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23rd INTERNATIONAL WIRE 
AND CABLE SYMPOSIUM 

SYMPOSIUM COMMITTEE 

Elmer F. Godwin, Co-Chairman, USAECOM (201-535-2770) 
Milton Tenzer, Co-Chairman, USAECOM (201-535-1834) 
Les Dunlop, GTE Service Corp. 
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Ronald Soloman, McDonnell Aircraft Co. 
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TECHNICAL SESSIONS 

9:30 a m. Session I: 
2:15 p.m. Session II: 
2:15 p.m. Session III: 

Tuesday, 9 December 1974 

Tutorial on Effects of EMP on Cable Systems 
Design and Manufacturing Techniques 
Polyolefins 

Wedneeday, 4 December 1S74 

9:15 a.m. Session IV: 
9:15 a.m. Session V: 
2:15 p.m. Session VI: 
2:15 p.m. Session VII: 

Filled and Polyolefin Cable 
Flat Cable Technology and Connections 
Coaxial Cables 
Telephone Cable Designs 

9:15 a m. Session VIII: 
9:15 a.m. Session IX: 
2:15 p.m. Session X: 
2:15 p.m. Session XI: 

Thursday, S December 1974 

Matrix Systems and Optical Transmission Cable 
Cable Construction Testing and Material Conservation 
Extrusion and Process Control 
Telephone Cable Applications 

PROCEEDINGS 

Resoonsibility for the contents rests upon the authors and not the Symposium 
Committee or its members. After the symposium all the publication rights of each ¡£r¡!ZZZ«> by their author,, and raqueta, lor «publication o. a pjp« 
should be addressed to the appropriate author. Abstracting is permitted, and It 
would be appreciated if the symposium is credited when abstracts or papers are 
reoublished Requests for individual copies of papers should be addressed to the 
authors. Extra copies of the Proceedings may be obtained from the Symposium 
Co-Chairman (Requests should include a check for $8.00 per copy, made payaWe 
to the Shelburne Hotel). Copies may also be obtained for a nominal fee from the 
KÄh^HntorrnaSon Se¿ic (NTIS). Operation, Division. SprlnplieM. 

Copies oTpapers pcewnted in previous years may also be obtained trom the 
National Technical Information Service. Papers from the first 20 years, with their AD 
numbers are cataloged in the “KWIC Index of Technical Papers, Wire and Cable 
Symposia (1952-1971),M December 1971. 

ii 

V. 



i 
í 

MEMORIAM 

; 

JACK SPERGEL 
1924-1974 

iii 

y 
V. 



JACK SPERGEL 

jack Spergel was born in Brooklyn, N Y. in 192« He attended City College of 
New York from 1942 to 1943. and served in the U S. Army . ,ir Corps from 19431 
1945 After World War II he attended Cornell University, where he received his 

eleC,|M9499heebegandworking on research and development of coaxial lines, wire 

and cable and Metrical connectors at the Electronics Techn°'°9y a"d De^ 
Lab^ratorv, U S. Army Electronics Command, at Fort Monmouth, N J In 1963 
was appointed as Chief, Transmission and Electromechanical Devices Branc an 
suje^vised the development of cable and connectors and their standardiza on 
within the Army and Defense Department Mr Spergel was the Army representative 
to the NATO Special Working Group. ‘'Electrical Connectors and Connections, 

1967He was chairman of a USAMC ad hoc committee for a handbook on electrical 

wire and cable He published more lhan 15 technical 
cable, and wrote a chapter on coaxial transmission lines for 2 McGraw-Hill 

book on wire and cable _ Q70 
Mr Spergel retired from the U S Arm E'ectromcs Command in 1972, and 

lomed the Communications Division of General Cable Corporation. Colonia. N.J., 
whpre he was employed until his death in May 1974 

sï.wfsLxl as co-ctianman o. .he me,national 
Symposium for nine years and as a committee member for two years His PerS(^a 
Son and innovative ideas contributed in a large measure to the stature that 
tt^s symposium enioys today In recognition thereof the award for the outstanding 

technical paper shall henceforth be known as the Jack Spergel Awa 
rlsTrS by bis wile. ,ha tome, Helene Leyine. and ,b,ee children. 

Howard Irene and Diane who live in West Long Branch. N.J 
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MESSAGE FROM THE CO-CHAIRMEN 

Welcome to the 23rd International Wire and Cable Symposium. 
Your co-chairmen are again pleased to report that last year's 
symposium (22nd) was a tremendous success, both in attendance and in 
the favorable responses received on the technical presentations. 
Attendance continued to increase, especially the international repre¬ 
sentation, with over one hundred and sixty (160) attendees, represent¬ 
ing twenty two (22) countries other than the United States. Representa¬ 
tives from seven of these countries presented a total of seventeen 
papers, or over 40% of all the papers presented. The increase each 
year in international representation is indeed encouraging and again 
attest to the true international flavor of the symposium. 

The response this year to the call for papers was greater than 
ever, with many excellent abstracts submitted for consideration. To 
provide for most of the excellent abstracts received, your committee 
decided to expand the program and include a tutorial session, followed 
by double sessions for each of the remaining morning and afternoon 
programs. The tutorial session on "Effects of EMP on Cable Systems, 
will be presented by representatives of Illinois Institute of Technol¬ 
ogy (I IT). 

We were saddened by the untimely deaths this year oí two of our 
dedicated symposium coiwiittee members, Mr. Stanley F. Luques of Brand- 
Rex Company and Mr. Jack Spergel of General Cable Corporation. Stan, 
who was serving his third year on the committee, was well-known and 
highly respected throughout the wire and cable community. Jack was 
co-chairman of the committee for 9 years during which time he initiated 
many new and innovative ideas for improving the technical level and 
content of the symposium. Both men will be long r^embered by their 
committee colleagues and business associates for tneir many valuable 
contributions to the wire and cable industry. 

Your co-chairmen once again gratefully acknowledge the unstinting 
efforts of our committee members and the unqualified cooperation of 
representatives of the many industrial organizations and government 
activities in attendance at these very successful symposia. The con¬ 
tinuation of such participation will ensure comparable success in the 
future. 

E. GODWIN, Co-Chairman 
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HIGHLIGHTS OF THE 22nd 
INTERNATIONAL WIRE AND CABLE 

SYMPOSIUM 

December 4, 5, and 6. 1973 
Shelburne Hotel. Atlantic City, N. J 

R Ballard of fhe Rural Electrification Administration, 
Department of Agriculture, making his keynote address 
at the banquet 

J D Kirk Alberta Government Telephones, receiving 
his Certificate of Appreciation for serving on the Sym¬ 
posium Committee for three years 

L. J Frisco. Raychem Corporation, receiving his Cer¬ 
tificate of Appreciation for serving on the Symposium 
Committee for three years 

J B Howard (left) and S. Kaufman (center), both of Bell 
Laboratories, accepting awards for technical papers 
Mr Howard's award was for outstanding technical 
paper "Stabilizr lion Problems with Low Density 
Polyethylene Insulations " Mr Kaufman's award was 
for outstanding presentation of his paper "Reclamation 
ot Water-Logged Buried PIC Telephone Cable " 
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Dr B. Wargotz, General Cable Corporation, discussing 
“Characteristics of Polyolefin Insulation for Wire and 
Cable” during the tutorial session on polyolefins. 

J B Howard, Bell Laboratories, discussing "Fun¬ 
damentals of Stability Testing of Polyolefins” during the 
tutorial session on polyolefins 

Breakfast for speakers and co-authors of Sessions V 
and VI. 

Guests and committee members at the banquet Lett to 
right L Dunlop, G W. Heller, T. F. Scoville (honored on 
retirement from government service), J. D. Kirk, W. L. 
Doxey, and E. F Godwin. 



CANDID SCENES AT THE 22nd IWCS 







AWARDS 

Outstanding Technical Paper Best Presentation 

1968 

S l’ibars and J A Olszewski, General Cable Corp— Analysis ol 

Strucural Return Loss in CATV Coaxial Cable 

1969 

J B McCann, R Sabia and B Wargotz. Bell Labora- 
Iones— Characterization ol Filler and Insulation in Waterprool Ca¬ 

ble" 

1970 

G E Setzer and A S Wmduler Bell Laboratories-'A Low Capaci¬ 

tance Cable tor the T2 Digital Transmission Line" 

1971 

R Iyengar R McClean and T McManus Bell Northern 
Research—"An Advanced Multi-Unit Coaxial Cable tor Tool PCM 

Systems ' 

J B Howard. Bell Laboratories- Stabilization Problems with Low 

Density Polyethy lene Insulations" 

Dr H Martin. Kabelmetal- High Power Radio Frequency Coaxial 

Cables Their Design and Rating 

N Dean B IC C - The Development ot Fully Filled Cables tor the 

Distribution Network 

J D Kirk, Alberta Government Telephones-"Progress and Pitfalls ot 

Rural Buried Cable 

Dr 0 Leuchs Kabel und Melalwerke-"A New Selt-Extinguishmg 
Hydrogen Chloride Binding PVC Jacketing Compound tor Cables' 

S Nordblad Telelonaktiebolaget LM Ericsson-' Multi-Paired Cable 
ot Nonlayer Design tor Low Capacitance Unbalance Telecom¬ 

munication Network 

N Ko|ima. Nippon Telegraph and Telephone-"New Type Paired 

Cable tor High Speed PCM Transmission" 

1972 
S Kautman Bell Laboratones- Reclamation ot Water-Logged 

Bui ad PIC Telephone Cable" 

1973 
R J Oakley Northern Electric Co . Ltd— ".A Study into Paired Cable 

Cro' -.talk ” 
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ABSTRACT 

A mathematical study is made of the length of a conductor in 
a bent cable compared to the length of the same conductor before 
the cable is bent. A comparison is made with graphic representa¬ 
tions describing the effect of the cable lay, as related to the bend¬ 
ing radius, on the change in the length of the conductor path in the 
cable. 

SUMMARY 

This study started out as an attempt to find a way to relate 
exactly a defined length of lay for each layer of a cable to the de¬ 
signed bending radius of the cable. At the time the author agreed 
to present the paper this seemed entirely possible and the mathe¬ 
matics had been worked out showing such a defined situation. 

Further study then proved the original hypothesis to be 
incorrect. The entire problem was then reworked and the findings 
are published here. 

This paper is a theoretical study of the relationship between 
two fixed cable parameters, the location of the conductor in the 
cable and the bending radius of the cable, and a variable parameter, 
the helical twist built into the cable to permit be ding. 

The length of the path of the conductor in th.- bent cable is 
always longer by some amount than the length of the path of the 
conductor in the cable prior to bending. The degree of difference 
in the lengths of the two paths is controlled by the pitch of the 
helical path of the conductor in the unbent cable. We call the pitch 
of the helical path the length of lay. It is the distance along the 
cable axis consumed during one complete twist of the conductor 
about the cable axis. 

We learn here that we cannot design a perfect cable • one in 
which no stresses are imposed on the conductor by bending the 
cable. Because the path of the conductor in the bent cable is always 
increased in length compared to the path occupied in the unbent 
cable, a tensile force acts on the conductor tending to elongate. 

The matter resolves itself into one of degree. The paper 
shows a solution to the degree of increased length - called the 
stretch - and develops an extremely interesting family of curves. 

What is implied by this study is that our conventional practice 
of placing the shorter lay in the inner layer of a cable and the 
longer lay in the outer layer is not always • or not generally - the 
best design practice« Also, in contradiction to our conventional 
practice, we find here that treating the specification of lays in one 
layer in respect to those in other layers in linear relation is 
incorrect. l 

This paper is not intended to be a defined solution to the 
design problem. The author hopes this endeavor will spur other 
students of cable problems to examine these findings, dtsttll and 
refine these ideas, and publish their own findings. Design of 
cables, laboratory studies, testing, and field experience are needed 
to resolve the design of probably the simplest of all our processes, 
twisting the csble. 

INTRODUCTION 

2. In the same type cable flexed less severely - that is over 
a larger radius pulley wheel, for instance - the construction had 
become distorted into a corkscrewed configuration. Examination 
showed some conductors in the cable had become shorter than others 
within the same layer of the cable. The condition was obviously 
caused by a tensile stress acting on the conductors destroying the 
helical pattern in the cable. 

3. Because of machine limitations, 500 MCM Class C 61 
Wire Strand Copper had been put up on 24" diameter drum reels. 
Each layer of the strand had a lay length about 15 times the O.D. 
of the layer in keeping with ASTM maximum specification. As the 
wire paid off these reels the strands in the outer layers were 
"Birdcaging" to almost five inches diameter at the bottom oi a 
3300 foot reel length It was quite obvious the copper strands had 
stretched in winding the conductor on to the reel 

During bending a tensile force had acted on the elements 
helically wound into these constructions. It was then reasoned 
that the path of the helically wound element mujit have been longer 

. »Is** Wavnf Í- (in <11 f I 

PRELIMINARY CONSIDERATIONS 

If we examine the mathematics ot the unbent cable we find a 
simple right triangle diagram which describes the length of the 
helical path of the conductor. 

¿>y 7Hi *n/<**. 

path Of 

Piren of rnt M€ua 

FIGURE 1 

One side of this diagram is the circumference of the helical 
path of the conductors and the other side is the pitch length of the 
helical path (the length of lay). The vector sum of these two 
distances is the length ot the helical path of the conductor for one 
turn of the conductor about the cable axis. 

A cross section diagram of a cable layer is shown in Figure i. 
All the conductors in the layer are located at a distance O. from 
the central axis of the cable. 

FIGURE 

In Figure 3 we have the right triangle diagram again but this 
time it is labeled with mathematical dimensions. 

Continual obaervationa of three phenomena prompted this 
attempt to relate the length of lay in a cable mathematically to the 
bending radius of the cable. 

1. In cables made up with flexible stranded conductors 
failure occurred often in the same way. Under continual flexing 
conditions, one or more conductors had broken inside the insulation. 
Examination of these failures showed that the copper had stretched 
and the resulting increased length developed a kink in the conductor. 
Additional flexing then had severed the conductor at the kink. 

2TM- 

FIGURE 3 

1 



To accommodate a solution to this problem this conventional 
right triangle diagram must be altered into two triangles each 
descriptive of the conditions for one half the lay. Figure 4 shows 
that diagram. Note that none of the trigonometric relationships 
have been changed. 

£ lM 

S.«yrira)vt(l£)fc f ( I) 

FIGURE 4 

Now that we have this diagram we will solve the problem 
comparing the length f, , • which is the length of the helical path 
of the conductor for 1/2 lay in the unbent cable ■ with the new 
length Si to be developed. Si is the length of the path of the 
conductor in the bent cable for the same 1/2 lay distance along the 
cable axis. 

Half of the diagram in Figure 4 is now discarded since we 
have symmetry and are interested only in comparing to the length 

S, . Ve set the retained half of the diagram upon a circle which 
represents the bending radius circle of the cable measured to the 
central axis of the cable. See Figure 5. 

FIGURE 6 

We now consider the triangle describing S’, , as a perfectly 
flexible material and we bend the triangle diagram about the 
periphery of the bending radius circle so that the side HJji. is 
congruent with a portion of the circumference of the circle: The 
diagram in Figure 7 shows the triangle diagram in the unbent position 
with the length of the path of the conductor labeled St, ■ and the 
triangle bent about the periphery with the length of the path of the 
conductor labeled 5a • 

FIGURE •> 

The bending radius in Figure 5 is labeled R . If we pursue 
a course now where the three parameters a. , R and in/ are 
used we become involved with too many variables to effect a work¬ 
able solution. At this point we recognize that for any given solution 
the value of a. is fixed and the value of R is fixed. That is to 
say that the location of the conductor in the cable in respect to the 
central axis is fixed and the design bending radius is fixed. So 
we adopt a ratio: 

FIGURE 7 

Also shown on the diagram in Figure 7 is the radius vector P 
of the curve developed by the hypotenuse when the triangle is bent. 

The curve developed is an Archimedean spiral with the polar 
equation: 

P« Ml 70.0 = û- (l + Tl), (UT) 

The geometric construction of this curve and the derivation 
of its equation is given in detail in Appendix A of this paper. 

5i, is a portion of the curve. 5». ■* •he length of arc of the 
curve from the point where pt *Íl , that is at 0 > 0. and the point 
where'* •* *‘9 «<*•»•“• <S«e Appendix A). 

In any basic text on integral calculus we find the length of arc 
of a polar curve to be: 

N- .A. 
‘ a. /?» Vo. 

Here: 

In regard to the length of lay, we now define a value T as 
being the number of turns of the helical path in the circumference 
of the bending radius circle. Thus: 

P' a. (**T0)J har) p*• aYnrV *<vr# v r 

To. X T'A 

Then: 

L*Ÿ t 
Si * Ä- 

Recalling now the expression for 5, , and substituting we 

y ■)* 2*ire * rje* de 

have: 

-5- (ip)'- > (l) 

and we integrate and apply the limits and arrive at: 

a 

BENDING THE CABLE 

Tk? diagram of Figure ; is now redrawn in Figure 6 and 
re la be cd. 
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Which is the length of the path of the conductor in the 
bent cable. Ve wish to compare this to the length i*, 
so we recall our expression for $, 

author cannot accept this as true. Rather it is believed we have here 
a situation which is indeterminant. Certainly more study is needed 
regarding the meaning of the intercept at positive values of V . 

S. = (TL) 

Now - I j * /00 tells us the 

percent increase of in respect to S¡ , and we call 
this quantity the "stretch”. 

To simplify our writing of these equations let: 
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APPENDIX A 

D- ^ fM‘tT‘)*2nN fTT* 

E-- p'"') 
Then 

S. 2* 

Trp+NP-NC+TVe.fo+Tr+AO-TVf-.fr 

Values are then plotted 

ft-) a 100 v:. T" for given values of V 

In Figure 8 typical plots of three curves are shown. Here the 
stretch is plotted against values of T for Af'/S1 , //• 3c , and 

Now from these type curves, data was picked off in order to plot 
r vs. V in a family of curves each of which represented a given 

degree of stretch. In Figure 9 such a family of curves is given where 
the stretch is taken as 1/2¾. 1¾. 2¾. 3¾. 4¾. 5¾. 6¾. 7¾. 8¾. 9¾. 
and 10%. 

The supporting data for these curves is given in Appendix B of 
this paper. 

CONCLUSIONS 

In the design of cables which must bend and flex it seems 
reasonable that we should design so that the stresses imposed on 
the conductors by bending would be equal on all of the conductors. 
We should also take care that the forces on the conductors should 
be contained within practical design limitations. 

When we examine the data developed here we find that our 
conventional practices in specifying lengths of lay in cables do 
not accomplish these requirements. 

Examination of the data plotted in Figure 9 where the curves 
are almost half circles, shows that depending on the values of 

V - we might have a situation where the lays in two layers should 
be the same. At a different bending radius specified, V might be 
such that the longer lay might be required in the inner layer and the 
shorter lay in the outer layer. Certainly the lays would never fall 
in linear relation to one another. The conventional practice of 
calling out lays as a constant multiplier of the layer diameter is 
then questionable. 

All the work done here is based on the position of the conductor 
in relation to the center axis of the cable being fixed. As long as 
the dimension CL remains fixed the conductor will stretch to some 
degree when the cable is bent. This suggests that cables intended 
for severe or constant flexing should be made with a resilient center 
member which would allow the CL dimension to diminish as the 
cable is bent and to return to proper position upon straightening 
the cable. 

The author has one reservation about the data developed here. 
The curves in Figure 9 show two intercepts of the axis of abscissas, 
one at which is entirely reasonable and one at some positive 
value of V . If T wore truly zero at some positive value of A/ 
then the lay would be infinite and zero twist would be requited. The 

CONSTRUCTION OF THE CURVE 

Draw a circle representing the bending radius circle. Draw 
a right triangle diagram ABC such that the base line of the 
triangle is tangent to the circle at the point B. Construct a radius 
line from the center of the circle to point B. Lay off the distance 
AB along the periphery of the circle from point B to a point desig¬ 
nated A1. Draw a radius line from the center of the circle through 
A’. Construct a tin'- parallel to AB passing through the center of 
the circle and label the line 00. The distance from 00 to AB is 
equal to the radius of the circle. 

The distance AB is the same as BA’ and is representative of 
the angle through which the arc of the curve passes. Divide AB into 
several equal parts (here shown six parts) and draw lines through 
these division points perpindicular to AB and extending from 00 to 
AC. These lines are equal to the radius vector to the curve at the 
angular divisions represented along AB. Divide the angle from A’ 
to B into the same number of equal parts laid out along AB (here 
shown six parts) and extend radius lines outward beyond the 
periphery of the circle. Along these radius lines scale off the 
corresponding distance from 00 to AC to locate points on the curve. 
Connect the points with a smooth curve. 

ARCHIMEDEAN SPIRAL 

Reference: Mathematics, A Text-Book for Technical Students; 
Bevis, Brunei Low; Longmans, Green and Co., London, New York, 
Toronto, 1931. 

If a radius vector rotates with uniform angular velocity and if 
a point moves along the radius vector with uniform velocity, then the 
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w poini Jescribes an Archimedean spiral. For equal inertmenis of 9 
there are equal increments of . If successive values of 9 are in 
arithmetical pronression the correspondin(i values of P ate also in 
arithmetical progression. . , . .

So the curve is an Archimedean spiral which in classic form has
an equation

nt 9

where -w is a constant, P is rhe length of the radios vector of the 
curve when the vector has turned throu(th 9 radians.

Out curve is removed a distance /l4i.(ihe radius of the bending 
circlel ftom the center. At 9’0 radians p-/va. : and when 0 is 
ai the othet end of the arc P ^ Nc^ ■, ra..te must then find Q
P- A/a. *1To. ■

The distance AB is:

a«'
RM'-. //a.0 
Afc© .

e . ff RADia>/S

So to satisfy P ^ f/c ■> Wo. »x 9 ■ ^ curve

has the equal ion:

P- Nc. 'Ta.9 ■ o. (ai* rg] ^ (ni) .

Note: The authoi has taken some small liberties with the 
Bevis reference in alterinft letter designations in order to avoid 
confusion with like letters used in solving this problem. For 
instance the telerence lest uses r as the length of the radius 
vector which is changed here to P . and the reletence lest 
letter CL is changed here to >n .

APPfcNniX B

TABl'L.ATION OF D* TA I'SFD IN Pl.OTTINf. 
THE FAMILY OF ( I RVES IN FKil.RE 9

N

A

10

lA

20

2A

AO

AA

40

AO

60

70

7A

80

90

T

0

Values of T for Stretch Values Of:

i/2n
45.2
A8.0
69.0
78.0
85.0 
91.4 

100.5 
108.0
119.0

1% 2% 5". 4% 5% 6% 7% 81 9% 10%

50.0 21.0 16.8 14.4 12.6 11.5 10.2 9. A 8.6 8.0

40.0 27.5 21.6 17.9 15.5 15.5 11.7 10. A 9.0 7.8
47.0 51.9 24.5 19.7 16.2 15.4 10.9 8.6 6.2 5.2

55.0 54.9 26.0 20.0 15.1 11.1 7.2
19.6 15.0

62.0 58.9 26.6 17.1 6.4
2.5

69.0
75.0
76.0
78.0

79.0
78.0

40.0
A8.0
55.8
24.7
15.6

0

25.0
9.4

Values on N at the T - 0 Intercept:

1/2% 1% 2% 5% 4% 5% 6*5 7%
514.2 157.1 78.5 52.4 A9.A A1.4 26.2 22.4

8'i 9% 10%
19.6 17.5 15.7

BIOGRAPHICAL SKETCH

Joseph C. Lilly began his studies in Electrical Engineering 
at Louisiana Slate University during his Army Service in torld 
War II. He received his B.S. in E.E. from Rhode Island State 
( ollege in 1949. He was employed until 195A by the L.S. Army 
Signal Supply Agency as an Inspection Engineet. For the past 21 
years he has been employed by the Plastic tire and Cable 
Corporation in a variety of Engineering positions.

1
I

y



PROGRESS IN SZ TWISTING AND STRANDING OF COMMUNICATIONS CABLES 

D- Vogelsberg 
SIEMENS AG 

Berlin, Germany 

Summary 

SZ twisting and stranding with"breathing'' 
accumulators as presented during the 20th 
Wire and Cable Symposium has meanwhile proved 
an economical and operationally reliable 
method requiring a minimum of personnel. Uni¬ 
versal use for conductor diameters between 
0.4 and 0.8 mm is now possible with a newly 
developed machine being able to twist 5 star 
quads from 20 cores in parallel at a pull-off 
speed of 100 m/min and to bunch them in the 
same operation to form a basic unit. Owing to 
the good coupling quality, control measure¬ 
ments on the finished basic unit can be omit¬ 

ted. 

Introduction 

In cable industry like in other branches 
of industry it is necessary to increase the 
productivity of labor to be in a position to 
manufacture cables economically also in fu¬ 
ture despite permanently rising personnel 
cost. Therefore, manual routine work has to 
be reduced and the disengaged manpower to be 
employed for more qualified activities, e.g. 
highly productive manufacturing processes. 

Let us look from this angle at the manufao- 
ture of communications cables: A great number 
of the twisting and stranding personnel has - 
out of the variety of operations required to 
make a communications cable - to do only a 
minor step, viz. to twist 2 or 4 wires with 
each other to form a new element - a wire 
pair or quad. In this connection, the person¬ 
nel's duty is not to supervise a complex ma¬ 
nufacturing process but simply to insert 
empty bobbins into the machine and remove 
full bobbins, if possible, without any inter¬ 
ruption - an activity which, in principle, 
could be performed also automatically. 

Since with the conventional stranding 
technique the whole material to be twisted 
and stranded has to swing around the stranding 
axis or to be encircled by a stranding flier, 
the boh’oins cannot be of any size, which 
means that they have to be replaced most fre¬ 
quently. Consequently, more than half the 
twisting and stranding personnel has to be 
engaged in the pair or quad twisting process. 
This statement is almost independent of the 
working speed of the twisting and stranding 

machines. 

Since such a combination of processes has 
the effect that the replacement of the wire 
bobbins or of the pair and quad bobbins can 
be omitted, the productivity of the machine 
operators can be nearly doubled, even if, com¬ 
pared to the separate processes, the working 
speed is reduced. 

The SZ-twisting and stranding method allows 
the use of stationary pay-off and take-up de¬ 
vices and thus also the use of reels of any 
size, which means another reserve for a pro¬ 
ductivity increase: Machinery for the com¬ 
bined twisting and unit stranding, where only 
once per shift large reels or containers have 
to be inserted, are, in fact, realizable to¬ 
day and being taken into consideration. Their 
operation can be organized so that,for exarrçüQ 
during night-shift operation only a minimum 
of supervisory personnel is required. 

Novel SZ-twisting and stranding methods fer 
the first twisting step, i. e. for pair twisting 
and quadding, which had been developed by the 
Siemens Company, were reported in 1971 . 

S7.-Meth0d with "Breathing" Accumulators 

The SZ-method using "breathing" accumula¬ 
tors has meanwhile gained particular impor¬ 
tance for local cables. The process is distin¬ 
guished by two roller-type accumulators rota¬ 
ting with constant speed in opposite direc¬ 
tions and altering their capacities inversely 
(Fig. 1)2. Since the sum of capacities of both 
"breathing" accumulators remains constant,the 
wires of the element to be twisted enter the 
first accumulator with the same constant speed 
with which the finished element leaves the 
second accumulator. Like with conventional 
twisting and stranding machines, deceleration 
and acceleration problems are, because of the 
uniform mode of operation, only of minor im¬ 
portance. Therefore, when using this method, 
higher pull-off speeds and thus also higher 
output rates than with other SZ-star quad 
twisting methods could be expected. 

*-const n-const n-const 
Li. 
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SZ-Tv/isting and Stranding 

To save personnel expenses, without using 
highly expensive automatic conveying and 
feeding eouipment, it is reasonable to com¬ 
bine the first twisting step (the pair or 
quad twisting) either with the conductor in¬ 
sulating process or with the subsequent unit 
stranding process. The appropriate method 
here is the SZ-tv/isting and stranding, which 
means stranding with section-wise reversing 

direction of lay. 

Fig. 1 SZ-twisting or stranding with two accu¬ 
mulators having changing capacities 
rotating constantly in opposite 
directions 

Meanwhile, the SZ-method with "breathing" 
accumulators has been further developed,tried 
out in a pilot manufacture of more than 
700,000 conductor-km (2.3 BCF), and introduced 
into normal manufacture. The process has 
proved suitable for the star quad twisting of 
plastic-insulated conductors of 0.4 to O.o mm 
(0.016 - 0.031 in) diameter and of paper-insu¬ 
lated conductors of 0.4 to 0.6 mm (0.016 to 
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0.02^ in) diameter, without using an adhesive 
to fix the lay reversal points. 

This method is, of c°ur8e* ?ls0 »“-líowÍ'ñff 
for twisting wires to pairs, ^er$£y 
an about hO percent higher pull-off 8Pe®<* a* 
the same accumulator rotational speed, even 
if equal lengths of lay are •»«“»<£ 8 
and star quads. This is possible by an opti¬ 
mized choice of the machine parameter I/Iq. 
for the production of wire pairs, where 1 is 
the interval between lay reversal points and 
10 the maximum changing rate in accumulator 
capacity’. 

In the following, a report is given a» the 
experience gathered with "breathing" accumu¬ 
lators used for a combined quadding and 
bunching process. The positive results ob¬ 
tained in view of productivity, operational 
reliability, and electrical characteristics 
led in the Siemens Company to the decision to 
switch in the next years the whole 
insulated local cables manufacture for the 
German Post Office over to the combined quad 
twisting and basic unit stranding process. 

Bxnerience Gathered with Test Machias 

Two types of test machines had been de¬ 
signed which, since the report given in 1971, 
have been further developed. According to the 
design of unit-stranded l°cal cable8 
duced in Germany, the two machines twist 20 
single wires each to 5 star quads in one 
single operation - with a pull-off speed of 
70 m/min (230 fpm). The star quadding is per¬ 
formed by means of "breathing" accumulators. 
The intervals between the lay reversal points 
were reduced to about 5 ® (16.4 ft;. 

For the basic unit stranding, two diffe¬ 
rent methods are appliedt 

With the machine shown in Fig.2a(up to now 
only designed for 0.4 and 0.6 mm conductor 
diameter), the basic unit is also SZ-stranded 
bv means of a "breathing" accumulator arran¬ 
gement and wound onto a stationary spooler. 
To reduce the mechanical stress on the wires 
to be twisted, a rotating pull-off device is 
connected between the star quadding part and 
the basic unit SZ-stranding part4 SZ-stran- 
dine of the basic unit is advisable, if large 
unit lengths are involved andbb®r®^ 
big reels with more than say 1250 mm(4.1 ft; 
flange diameter are to be used. The basic 
unit SZ-stranding makes it furthermore 
possible to perform the stranding process 
without any stops, if, for example, a double 
take-up stand is employed. 

V.'ith the machine illustrated in Fig. 2b 
for 0.4 to 0.o mm conductor diameter, the 
basic unit is bunched conventionally using a 
rotating spooler with preconnected rotating 
pull-off device. 

It has proved that the results obtained 
with regard to quality and output rate are 
with an appropriate machine rating and de¬ 
sign - independent of the fact whether a 
machine as shown in Fig. ?a or 2b is used. 
The method «pplied for basic unit stranding 
has no remarkable influence on the capaci¬ 

tance unbalance level. 

2b Stranding with constant lay 
(conventionally) 

Fig. 2 Combined quadding and basic 
unit stranding machines 

1 20 cores 
2 SZ quadding equipment 
3 5 star quads 
4 central spinner 
5 rotating pull-off device 
6 SZ basic unit stranding equipment 
7 basic unit 
8 stationary take-up device 
9 rotating take-up device 

*1 ■ *9 12 —— 

Fig. 3 Capacitance unbalances of a polyethy¬ 
lene-insulated local cable with SZ 
twisted star quads having 0.4 mm con- 
ductor diameter (0.016 in) 

k.: unbalances within a star quad 
1 (N = 200) 

krt unbalances between adjacent 
9...12 gtap quads within a basic 

unit (n = 800) 

The electrical and mechanical characteri¬ 
stics of the unit produced in one single ope¬ 
ration from single plastic-insulated wires 
correspond to the data obtained from units 
produced according to the hitherto used tech¬ 
nique, if otherwise equal prerequisites can 
be taken as basis. 

8 



The capacitance unbalances and kg to k^ 
follow most reliably a normal distribution 
according to Gauss (Fig. 1). The normally 
feared "outliers" from the normal distribu¬ 
tion are safely avoided. Characteristic mean 
and maximum values for solid-PE or cellular- 
PE-insulated cables, referred to 300 m ©84 fU 
are compiled in table 1. 

capacitance 
unbalance 

mean 
va! 

P*7? 

max. 
Lue 
)0 m 

number of 
values 

within a 
star quad k1 

40 200 250 

between adjacent 
quads within a 
basic unit 

k9 

to 

^2 

20 110 1000 

between non- 
adjacent quads 
within a 
basic unit 

13 65 1000 

Table 1 

To reach a satisfactory k1-level, the wires 
are pulled off "overhead" by fliers provided 
with hysteresis brakes. 

It is remarkable that the lay reversal 
points in the star quads themselves have no 
influence on the unbalances k1 within the 
quads being highly sensitive to geometric di¬ 
sturbances, even if the distance between the 
reversal points is 5 m (16.4 ft). More attri¬ 
tion has to be paid to the unbalances be¬ 
tween adjacent quads kq - k12, which will be 
treated later in a separate paragraph. 

Owing to the good unbalance level obtained 
with the combined quadding and basic unit 
stranding process using "breathing" accumu¬ 
lators, intermediate check measurements to 
be conducted on the finished basic units are 
not necessary at all. Only where conductors 
of 0.4 mm (0.016 in) diameter are involved, 
it is useful to subject the basic units to a 
"ringing" test to be in a position to notice 
and repair conductor breaks. Next to the 
economical side, this is a decisive stimulus 
to introduce this new twisting method. 

The mechanical stress on the copper con¬ 
ductors end the number of conductor breaks 
are not higher than with high-speed flier- 
type twisting machines. The mean resistance 
increase of 0.4 mm conductors - when passing 
the machine - comes up to about 1 to 2 per¬ 
cent. 

One operator can service two quadding/ 
basic unit strandin6 machines. The per-capita 
output, expressed in conductor-km or BCF, is 
almost double as high as with high-capacity 
quadding machines, since here no replacement 
of quad bobbins is necessary. 

When twisting paper-insulated wires, the 
paper lapping direction (and sometimes also 
the paper string lapping direction) as well 
as the moisture of the material to be íwiâed 
have to meet certain requirements so that 
paper breaks are avoided. The specifications 
applicable to paper-insulated uiit-stranded 

cables of the German Po«t Office can reliably 
be adhered to. 

A New Quaddine/Basic Unit Stranding Machine 

In cooperation with the FRISCH Kabel- und 
Verseilmaschinenbau GmbH, Ratingen near Dues- 
seldorf, a new universal machine for plastic- 
insulated and paper-insulated conductors of 
0.4 to 0.0 mm (0.016 to 0.031 in) diameter has 
been developed. Its maximun. pull-off speed is 
100 m/min (328 fpm). the reversal distance in 
the quads is about 4 m (13.1 ft). 

In 5 parallelly operating SZ-twlsting de¬ 
vices, 5 star quads are produced simultaneous¬ 
ly and immediately afterwards, with constant 
direction of lay, stranded to a basic unit 
(similar to Fig. 2b). Each star quad passes 
two roller-type accumulators arranged in se¬ 
ries and rotating with constant speed in in¬ 
verse directions, as shown in Fig. 1. By a 
continuous linear change of the roller distan¬ 
ces in axial direction, the pull-off speed 
between the accumulators arranged in 
series alternates -according to the lifting 
tackle principle - between two different 
values. The interaction of constant rotatio¬ 
nal movement and periodically changing pull- 
off speed at the transition point between the 
accumulators has the effect that in each of 
the 5 finished star quads there is a section- 
wise alternating direction of lay. 

The accumulator capacity increase and de¬ 
crease is performed time-synchronously for 
all 5 parallelly operating double accumula¬ 
tor arrangements by means of a middle frame 
C moving to and fro in axial direction, see 
Fig. 4. The 5 double accumulators are driven 
with different rotational speeds to achieve 
in the 5 star quads different lengths of ley 
and thus a good mutual decoupling. A photo¬ 
graph of the quadding part is shown In Fig.50. 

The finished star quads run via guide rol¬ 
lers looped not more than once into the sub¬ 
sequent basic unit stranding closer. Rollers 
of different sizes (D in Fig. 4) have the 
effect that the lay reversal points are spa¬ 
tially staggered so that they are not located 
parallelly in the c''-’-''1 et.ed basic unit and 
undesired couplings art avoided. 

The spatial staggering of the ley rever¬ 
sal poincs is also caused by different basic 
capacities,i.e. different axial dimensionr- 
of the back accumulators B. Here it is made 
use of the fact that the length shift of the 

9 
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5a 5-fold star quad twisting equipment
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5b Basic unit stranding equipment
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quads in the finished unit is determined by 
the different path lengths between the movable 
frame C, on whose transverse plane the actual 
modulation of the stranding process takes 
place, and the basic unit stranding closer E. 

The basic unit stranding part (Fig. 5b) 
corresponds to the known "Oruppenverseilma- 
schine" of the Frisch Company. The 5 SZ-twistsd 
star quads are stranded conventionally by a 
rotor while applying a helix, and the com¬ 
pleted unit is wound onto a reel with, say, 
800 mm flange diameter. 

The rotor is characterized by a cantilever 
eccentric pull-off capstan and a cantilever 
spooler". The pull-off capstan of 400 mm dia¬ 
meter is of slightly conical shape and pro¬ 
vided with an inclined deflector ring. Full 
take-up reels can be removed by a pneumatic 
lowering device. 

Fig. 6 Average value of capacitance unba¬ 
lances kn between SZ twisted 
star quads*ás a function of cable 
length 

1 without use of additional measures 

The above described machine can also be 
designed in building-block fashion, e.g. for 
10 pairs or for 7 or 14 star quads. Further¬ 
more, the conventional basic unit stranding 
equipment could be replaced by a basic unit 
SZ-stranding part using a "breathing" double 
accumulator suitable for conductor diameters 
from 0.4 to 0.8 mm, so that, for example, a 
stationary spooler for very large take-up 
reels could be employed. 

The capacitance unbalance level in plastio- 
insulated unit-stranded cables with 0.4 to 
0.8 mm conductor diameter which were stranded 
with the new machine approximately correspond 
to that given in Fig. 3 and Table 1. The 
limit values of the German Post Office Spe¬ 
cification FTZ 72 TV 1, Supplement 3, are 
reliably adhered to. 

N?w ftnowlyfeeafeout PeçquBUfig 9Î 
SZ-Twisted Elements 

Short intervals between lay reversal points 
of only some meters are critical mainly with 
regard to the couplings between adjacent 
twisted elements. When no special compen¬ 
sation measures were taken, length-propor¬ 
tional capacitance unbalances kg to k«* of « 
mean value of about 80 pF/1000 m ( 80 ify320Oft) 
were found between adjacent quads (curve 1 
in Fig. 6). 

These inadmissibly high capacitance unba¬ 
lance values are only little dependent on 
the geometric expansion of the ley reversal 
points, but they are mainly due to the fact 
that different quads of one unit have equal 
constant intervals between lay reversal ? oints. Equal constant intervals between 
ay reversal points for all quads of a unit 

are near at hand for reasons of a simple 
machine design. 

The observed length-proportional unbalan¬ 
ces can be explained by small remaining un¬ 
balances in each SZ-section (Fig. 7). These 
remaining unbalances have in each SZ-section 
the same amplitude and the same polarity. 
Therefore, the sum of unbalances increases 
linearly with the length. 

To eliminate these unbalances which are 
non-existent with conventionally twisted 

2 with modulation of reversal 
distances 

2SSZZZZ 
s 

(•Ml ZlrnU 

Fig. 7 Configuration of adjacent SZ star 
quads 

quads, at first, the intervals between lay 
reversal points were slightly modulated.This 
modulation"was applied in same manner for all 
quads following either a) a random function 
or b) a step function. As expected, the sy¬ 
stematic modulation according to the step 
function supplied the best results. At a 
length of 1000 m (3260 ft), the capacitance 
unbalances between adjacent quads were re¬ 
duced by half (curve 2 in Fig. 6). 

The solution with which the intervals be¬ 
tween lay reversal points are modulated in 
equal steps can easily be realized «hen using 
the SZ twisting and stranding method with 
"breathing" accumulators, if the movement 
of the frame C (Fig. 4) is not reversed pe¬ 
riodically but delayed step-wise.However, 
this solution, too, is not free from disad¬ 
vantages: The step length of the modulation 
function must be adapted to the used lengths 
of lay of the quads. 

This disadvantage is overcome by a newer 
and simpler method: The four wires of each 
quad are first guided through a lay plate 1 
as usual and then through a twisting closer 2 
before entering the first SZ-accumulator 
(Fig. 8). To compensate the capacitance un¬ 
balances kg to k.p between two quads in¬ 
creasing linearly with the length, the an- fular position of the lay plate 1 is - fol- 
owing a suggestion by Spatz and Dr.GUrkaynak- 

changed step-wise in intervals of, say, 50 m 
(164 ft) by turning it between 0° and 180°. 
In this manner, decoupling sections with 
same amplitude, but with opposite polarity 
of the undesired additional unbalances in the 
finished quads, are obtained. Each length 



r
twisted In constant angular position Includes 
a whole number of SZ-sections.

I ^0- wr

Fig. 6 Rotatable lay plate for elimination 
of length-proportional unbalances 
kg ^2 between adjacent star quads

In the SZ-machlne shown in Fig. 5 five 
quads are twisted in parallel. To achieve here 
a good decoupli.ig of all combinations kq to 
k^2> * turning scheme for four lay plates is 
used, see Fig. 9.
Qm« N> 1

1

Fig. 9 Scheme for turning of rotatable 
lay plates (refer to Fig. 6)

This new compensation method has shown so 
far the best results independent of the lengths 
of lay of the quads and further improvements 
seem possible.

Limits of Lconomv
When the combined twisting/unit stranding 

in one single operation is to be more econo­

mical than the twisting and stranding in se­

parate operations, certain prerequisites have 
to be fulfilled. For the combined quad twisting 
basic unit stranding of local cables with 
0.4 mm (0.16 in) conductor diameter as usual 
in Germany, the following data have been de­

termined:

The per-shift output rate of a quad Ikdstii^ 
basic unit stranding machine must be at least 
17.5 basic-unit-kn (57,400 ft) and one ope­

rator has to service two machines. The new 
machine developed in cooperation with the 
Frisch Company allows - with 100 m/min pull- 
off speed - a per-shift output rate of 25 
basic-unlt-km (b2,000 ft) thus exceeding the 
basic requirement by more than 40 percent.

The capital expenditure is almost the same 
for the combined quad twlstlng/baslc unit 
stranding and for the twisting and stranding 
in separate operations. However, the wage- 
dependent costs are only half as high with 
the combined twisting end stranding which 
means a clear advantage in favour of the com­

bined process.

When combining the basic unlt/maln unit 
stranding, comparably high cost savings can­

not be achieved, since with this concept there 
would still be the high personnel requirement 
of the separate quad twisting process.Further­

more, the main unit stranding machine could 
not be utilized optimally. Frequent replace­

ments of the small quad bobbins and the short 
unit lengths bring about undesired long down­

times, unless expensive automatic feeding de­

vices are used: At a pull-off speed of 100 m/ 
min, the per-shift operation of a main unit 
stranding machine for the different conductor 
sizes is by about 50 percent higher, when 
operating the machine with large basic unit 
reels instead of with small quad bobbins.

Comparable reflections appl;, of course, 
also to the manufacture of cables made up of 
wire pairs.
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Abetract 

This paper reviews the history of conductor 
stranding from 1912 to 1972 and concludes that meth¬ 
ods have not changed in these sixty (60)*'z years. It 
proposes that a reexamination of some widely accept¬ 
ed criteria is in order and makes some recommen¬ 
dations. The discussion is confined to concentric 
strand'ng of copper conductors. 

Introduction 

A review of accepted standards for the electrical 
resistance of contentrically-stranded copper conduc¬ 
tors Invariably shows the National Bureau of Stan¬ 
dards, Handbook 100, as the root source for the data. 
Based on this broad acceptance, this paper will 
briefly review its history and, thereafter, use it as 
a reference point for discussion. 

NBS Circular No. 31, April 1, 1912 

Circular No. 31 was the original Handbook 100 
and had a first edition date of April 1, 1912. The data 
on concentrically-stranded conductors was given in 
Table XII and the supportive discussion was given 
in Appendix IV. The Circular was published at the 
request of the Standards Committee of the American 
Institute of Electrical Engineers. 

NBS Circular No. 31. January 27, 1956 

This (fourth) sdition provides data on concentri¬ 
cally-stranded conductors in Table 17 and supportive 
discussion in Appendix 4. The "Standard" stranding 
of the earlier editions is additionally classified as 
Class B; six additional wire sises are given and 
extend the table to 5,000 MCM; the resistance change 
due to stranding is incrsased progressively from 2% 
to 5% for the six new wire sises; the Committee on 
Wires of ths American Society for Testing and 
Mataríais is named as the concurring authority. 

NBS Handbook 100, February 21, 1966 

Table 17 and Appendix 4 are a verbatim reprint 
of the 1956 version. 

Nomenclature 

The following terms and symbols ars applicabls 
as defined below for uie with the text and the appen¬ 
dix. 
a = minor axis of elliptical cross-section 
b = major axis of elliptical cross-section 
c * chord length of an elliptical cross-section 
d = strand diamster 
e = major/minor axis ratio of an slllptlcal 

cross section 
h = pitch, ratio of axial length to helical diameter 
n = number of c onductor strands 
n' = number of conductor strands comprising a 

given layer 

r * strand radius 
■ = number of layers or stratums of concentric 

strand* 
s^ = a specific stratum or layer 

s' - number of layers or stratums within a 
specified diamster 

8 = pitch angle or helical angle 
0 » angle taken through elliptical cross-section 

Stranding 

Stranding is a method of physically combining 
a number of conductive strands into a flexible cylin¬ 
drical shape for the purpose of passing currsnt. 

Foreword 

NBS Handbook 1003, from its earliest editions, 
established strand count for concentric stranding 
as a set of numbers starting with ssven (7) and end¬ 
ing in two-hundred and seventy-one (271). It did not 
give any numerical criteria for lay or pitch but 
analysed its impact on weight and conductor resist¬ 
ance. 

ASTM Standard Specification B-84 employs the 
same range of strand count as in the preceding refer 
ence and in addition prescribes limits for lay as a 
function of flexibility. In its later editions, NBS 
Handbook 100 refsrs to ths American Society of Test 
ing and Materials as a sourcs for this kind of data. 

This section will review strand count and lay as 
provided in tnese two sources and in addition will 
examine their relation with strand gap, strand 
deformation and normal area. They will be treated 
initially as independent parameters but their mutual 
relationships will be given under the section on 
Normal Area Maximisation. 

Strand Count, n 

Hexamerous Stranding. The construction most 
frequently used to form a concentrically-stranded 
conductor starts with a single conductor core and 
adds other layers which progressively increase in 
strand count by six (6), i. e.. hexamerously. See 
Figure 1 for a typical example and equation (1) and 
Table 1 for strand count. It should be noted that the 
fundamental shape is hexagonal and not cylindrical. 

Figura 1. 19 Strand Concentric Conductor Without 
Lay (hexamerous) 

n = 1 + 3s + 3s* (1) 



Table 1. Hexamerou» Stranding-Nine Layer» 

Core 

Strands Der layer 
n= 
Total 
Strands 1 2 3 4 5 6 7 8 9 

1 
1 
1 
1 
1 
1 
1 
1 
1 

6 
6 
6 
6 
6 
6 
6 
6 
6 

12 
12 
12 
12 
12 
12 
12 
12 

18 
18 
18 
18 
18 
18 
18 

24 
24 
24 
24 
24 
24 

30 
30 
30 
30 
30 

36 
36 
36 
36 

42 
42 
42 

48 
48 54 

7 
19 
37 
61 
91 

127 
169 
217 
271 

Polygonal Stranding. Thia ia a conatruction 
where the at rand count in any layer ia determined by 
the perimeter of the polygon circumacribed by the 
pitch circle of that layer. Cable diametere are 
alightly leaa than In the hexameroua method. See 
Figure 2 for a typical example and equation (2) and 
Table 2 for atrand count. It ahould be noted that the 
fundamental ahape la cylindrical 

Figure 2. 19 Strand Concentric Conductor Without 
lay (polygonal) 

conductor. Ita uaual limita are eight (8) and aixteen 
(16); the lower number, the tighter the lay. 

Pitch, h. Thia term ia uaed to give a true mea- 
aure of helicality. Pitch ia the ratio of the axial 
length of one turn of a strand and the helical or center 
line diameter. Pitch ia alao a numeric; it is alwaya 
larger than the "lay" and ia related to it by the 
following equation. 

h = (¾-1)1^ r*tio (3) 
Strand Gap. When the lay of a conductor ia inauf- 

ficiently tight to cauae all atranda to bear againat one 
another, there la an angular gap which may be equally 
apread between all the atranda of a layer or accumu¬ 
late and appear aa a aingle gap between two adjacent 
atranda. See Figure 3 and equation (4). 

Figure 3. Strand Gap, 19 Strand Conductor 
Without Lay 

Strand gap = w-n' arcain -^7- (h = •) (4) 

Strand gap can be reduced or eliminated by 
increaaing the tightneaa of the lay. 

kea 
n = 1 + I n/ 

k=l * 
(2) 

Table 2. Polygonal Stranding-Nine Layara 

Core 

Strands per layer 
n= 
Total 
Strands 1 2 3 4 5 6 7 8 9 

1 
1 
1 
1 
1 
1 
1 
1 
1 

6 
6 
6 
6 
6 
6 
6 
6 
6 

12 
12 
12 
12 
12 
12 
12 
12 

18 
18 
18 
18 
18 
18 
18 

25 
25 
25 
25 
25 
25 

31 
31 
31 
31 
31 

37 
37 
37 
37 

43 
43 
43 

50 
50 56 

7 
19 
37 
62 
93 

130 
173 
223 
279 

Stranding Parametera 

Lay (or pitch) and atrand count are the param¬ 
etera controlling the conatruction of atranded conduc¬ 
tion; atrand gap, atrand deformation and normal area 
are parametera reaulting from combinationa of atrand 
count and lay. Lay and pitch will be defined and aub- 
aequent1 paragraphs will examine the other param¬ 
etera. 

Strand Deformation. Strand deformation ia a 
metal displacement produced by the compression of 
adjacent atranda. It la also called "cold working. " 
It is alwaya present in a seven-atrand conductor and 
may be present in other atrandinga depending on the 
lay. 

Figure 4 shows a cross-sectional projection of a 
seven-strand conductor and illustrates the apparent 
increase in circumferential diameter caused by twist 
ing. Equation (5) gives the relationship. The radial 
diameter is not altered by twiating. 

a 

1. 0337d 

Figure 4. 7 Strand Conductor, 

Lay. Lay (or lay ratio) la the ratio of the axial 
length of one turn of a atrand and the outside diameter a = d secant 8 
of the conductor. It ia expressed aa a numeric and 
may be further defined as being left or right depend¬ 
ing upon the atrand rotation around the axis of the 
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Since the strand cross-section (before deforma¬ 
tion) was formed by the intersection of a plane and a 
cylinder, its shape is elliptical. The apparent diam¬ 
eter, a, of equation (4) is its major axis and the nomi¬ 
nal diameter of the strand is its minor axis. Strand 
deformation flats or truncates this elliptical shape as 
the act of twisting forces the conductor into a space 
sufficient only for a lesser cross-section. The dis¬ 
placed metal appears as a distortion at the ends of the 
chord of contact; it may actually add to its length, but 
the uncertainty of its shape prevents inclusion in num¬ 
erical data. The chord length will be taken as an 
elliptical chorC. See Figure 5 end equation (b). 

tial 

The maximum normal area provides circumferen- 
contact between all strands within a given layer. 

Normal Area. The normal area Is the total con- 
ductive area perpendicular to the axis of current flow. 
It is the summation of the elliptical cross-sections of 
the conductor strands. 

Since the area of an ellipse is 

area = nab sq. mils 

the following expression develops. 

normal area per strand = ed circular mils (8) 

and ellipticallity, e, is related to pitch by the 
following: 

.( 3. 14159\ foi 
e = secant (arctan ^ I 

The traditional increment of resistance and mass 
increase caused by stranding is given by: 

increment = (e-l)% (10) 

The stranding parameters which yield a 2% incre¬ 

ment are: 

e = 1.020 

h = 15.627 

increment = (1.020 - 1) = 2% 

The equation which describes this maximisation is 

(ID 4s - 1 tan —r n 

A typical arrangement is shown in Figure 6. 

Figure 6. Normal Area Maximization, 19 Strands 

Equations for pitch and lay remain unchanged. 

h = 
3.14159 

tan (arcsec e) 

2s'h 
lay ratio = + j 

(9) 

(4) 

Table 3 provides data for lay. pitch, strand count 
and ellipticallity for conventional concentric stranding. 
The number for lav provides normal area maximisa¬ 
tion and is applicable to the outermost lay ot the par¬ 
ticular conductor. For seven strand construction the 
lay is shown as "none"; see section on Strand Defor¬ 
mation for explanation. 

Table 3. Normal Area Maximization 

No. of 
Strands e h 

Lay 
Ratio 

7 
19 
37 
61 
91 

127 
169 
217 
271 

1.0 
1.03777 
1. 04318 
1.04494 
1.04573 
1.04623 
1. 04648 
1.04659 
1.04670 

Infinity 
11. 3153 
10. 5720 
10.3727 
10.2757 
10.2195 
10. 1801 
10. 1699 
10. 1594 

None 
9. 0522 
9. 0617 
9. 2202 
9. 3416 
9.4334 
9.5015 
9.5717 
9. 6247 

Table 4 delineates an optional stranding where 
additional strands have been added to loosen the lay. 
Conductor diameters are the same as ir Table 3. 

Table 4. Normal Area Maximisation 
Optional Stranding1 

(9a) 

(9b) 

(9c) 

Normal Area Maximisation. In order to provide 
the lowest possible current density, and therv-fore the 
highest ampacity, the normal area should be the maxi¬ 
mum attainable within a given conductor diameter. 
With a fixed number of strands, maximisation can 
occur only by increasing the lay to the maximum value 
allowed by wire manufacturing processes. 

No. of 
Strands e h 

Lay 
Ratio 

92 
129 
172 
221 
276 

1.01180 
1.0717 
1. 02274 
1. 02522 
1. 02770 

20.4119 
16.8685 
14.6748 
13.9027 
13.2556 

18.556 
15.571 
13.697 
13.085 
12.558 

15 

/ 

4 



Conductivity 

The ba»ic concepts relating to the increment of 
mass and resistance increase due to stranding have 
not been altered since they were first published in 
1912. The following is an abbreviation of what was 
conceived at that time. 

is necessarily the direction of the wire and therefore 
current is usually trated as a scalar.11 

1971. S. R. Seshadri6: "Since the potential varies 
only along the length of the wire, it is clear that the 
electric field is along the length of the wire and so 
also is the current. " 

Conductivity vs Stranding. 1912 

National Bureau of Standards, Circular 31, 
First Edition, April 1, 1912 stated in the opening 
paragraph of Appendix IV it is proposed to show 
that the percent increase of resistance of a cable 
with all the wires perfectly insulated from one 
another over the resistance of the equivalent solid 
rod is exactly equal to the percent decrease of re¬ 
sistance of a cable in which each wire makes perfect 
contact with a neighboring wire at all points of its 
surface. '' 

Figure 7 summarizes the quotation. 

1.02<i 

infinite 
contact 
resistance 
typ: 12 placea 

(a) hypothetical 
conductor 

(b) «olid rod (c) concentric 
strand 

Figure 7. Traditional Concept of Resistance 
Increase Due to Stranding 

Conductivity vs Stranding. 196b 

National Bureau of Standards, Handbook 100, 
February 21, 1966. Verbatum the above with a 
limitation of 2,000, 000 CM and an "allowable in¬ 
crease of about 1 percent for each additional million 
circular mils of area. " 

The two quotations above have been cited, not to 
deny that current flow in a stranded conductor may be 
multidirectional, but that the simultaneous use of a 
scalar solution and a non-axial model is questionable. 

The 1974 Model - Longitudinal Current Flow 

The Longitudinal Geometry. The cross-section 
of a stranded conductor taken through its longitudinal 
axis is illustrated in Figure 9. 

See Appendix for Precise Sectional Detail 

C 1 * ~^XT~outer layer^XT ¡ 
- LIT ^L-cor.-ri-ri-=— 

I C ~IX~~õuter layer Z/C ' j T 

.113d point contact 
flat 

Figure 9. Longitudinal Cross-section, 
7 Strands, Lay Ratio 16 

The conditions for axial current flow illustrated 
by Figure 9 are intentionally chosen to demonstrate 
a concept. There is always strand deformation in a 
seven-strand conductor and therefore continuous 
strand contact along the length of the wire. The outer 
layer is a cylinder of conductivity surrounding the 
core. It should be noticed that the contact of th» 
outer layer and the core is essentially a point con¬ 
tact: each strand is passing over the core at an angle 
of 7. 5°. In practice, the contact is somewhat larger 
than a point but the condition is not a necessary part 
of construction requirements. 

Helicality vs Resistance. 1912 and 1966 

The arguments given by the National Bureau of 
Standards for the increase in resistance, or the lack 
of it, are essentially related to helicality. For ex¬ 
ample, to support Figure 7(a), their words are "the 
path of the current is in this case parallel to the 
axis of the conductor, which path has a greater cross 
section than the sum of the cross-sections of each 
wire taken perpendicular to the axis of the wire. " 
Similarly, to support Figure 7(c), they state "the 
path of the current is longer than it would be if 
parallel to the axis of the stranded conductor. " 
Figure 8 details this last statement. 

Electromagnetic Theory, 1934 and 1971 

1934. W.V. Houston5: "When the current is 
flowing in a thin wire, the direction of the current 

Figure 10 illustrates the longitudinal cross- 
section of a nineteen-strand conductor without strand 
deformation; the lay ratio is typical. 

Figure 10. Longitudinal Cross-section, 
19 Strand, Lay Ratio 14.4 

It can be seen from viewing Figure 10 that the 
electrical contact of the first and second layer is 
longitudinally intermittent: the enclosing cylinder 
of conductivity, illustrated in Figure 9, is absent 
in the second layer because of strand gap. A nine¬ 
teen strand conductor, with a lay ratio similar to 
that shown, appears to make inefficient use of avail 
able copper. The lay ratio which would reduce 

V 
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strand gap to zero is given in Table 3 as 9.05 and is 
not seen in practice.

The strand gap illustrated in Figure 10 is drawn 
as though it were evenly divided between the twelve 
strands of the second layer. In practice, the gap 
may be concentrated between two adjacent strands 
and the remaining strands may be in contact or the 
distribution may be random.

Thermal Considerations^. Even though the 
twelve strands of a nineteen strand conductor may 
not efficiently add cross-section to the conductor, 
it can be agreed that they contribute to the ampacity 
rating of the conductor by providing a heat sink for 
the core and first layer. This contribution could 
increase the capability of the inner strands to pass 
current.

Mass

Acknowledgments

In _ddit=in to its analysis of lay-resistancc rela­
tionships, NBS Handbook 100 describes an identical 
lay-mass equivalence as follows: "-----the correc­
tion factor to obtain resistance or mass per unit
length of a stranded conductor-----." It continues:
"This correction factor must be computed separately 
for each layer of strands when the lay ratio is dif­
ferent for different layers of the conductor. " and 
"It should not be forgotten that usually the central 
wire (core) is untwisted. "

It establishes a density value of: - copper 
density = 0.32117 Ib/in^ (i 20°C and 100% ACS.
This constant is convertible to copper density =
0. 003027 lbs/CM/1000 ft. When a nominal 2% in­
crease is applied copper weight = 0. 0030875 Ibs/CM/ 
1000 ft. The circular mil (CM) area is taken per­
pendicular to the strand axis and summed for all the 
strands of the conductor.

Flexibility^ and Cvlindricality

In at least two respects, stranded conductors 
have developed because of their rope-like applica­
tions and not because of their conductivity. To 
achieve flexibility, strand diameters have decreased 
and strand count (and number of layers) has in­
creased. To achieve a well-defined cylindricality, 
the tightness of the lay has increased progressively 
with the number of layers. Concomittant with these 
increases is a resistance and mass increase. It 
seems fundamentally unsound but the axiom seems 
to be: "If you have to use more copper, you will 
get less conductivity."

Conclusion

Concentrically-stranded conductors have from 
the beginning developed around a mechanical rather 
than an electrical model. Their unction has con­
tinued to be a carrier of current and yet no effort 
to give the user more ampacity for fewer dollars 
is apparent.

This paper raises the question of the possibility 
of improvement. It suggests that wire-manufac­
turer's publish measured resistance data as a func­
tion of strand count. This data would be helpful in 
analyzing conductor resistance rather than relying 
on a doubtful formula. This paper, in the section 
on Normal Area Maximization, further suggests 
that the contact resistance between strands is more 
defineable than current practice would intimate.

Messrs. Wilbur C. Beckwith and Joseph C. Lilly 
of the Plastic Wire and Cable Corporation have been 
very helpful in filling in the blanks between the theory 
and practice aspects of this paper.
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Appendix 

Polygonal Stranding 

Strand count in any layer ia determined by the perimeter of the polygon circumscribed by the pitch circle 
of that layer. Refer to Table 2 and 62 strands with 25 strands in the 4th layer for an example. 

sin * . 12533>-jjj * . 125 
(2) 

. 180 - 1 
US 

Conclusion: 25 strands will fit in the fourth layer. 

Chord of Contact 

See equation and explanation below for longitudinal cross-section. 

Longitudinal Cross-Section 

Y Equation of the ellipse -2U- + -V « 1 
dZ 

T T* 

Equation of the line of contact v * cot $ x - s'd 

Substitute X line in x ellipse 

tan 0 (y + s'd)Z + e2y2 ■ 

Develop the following quadratic. 

-4r (i tan£0 + 1) y4, 4 °*y tan^í y tan^i -1*0 
2 . 8s'd ..2 

d e 
Solve and simplify. The parameter s is taken along the longitudinal axis. 

s'd + recsc 0 + eZ cotZ0 

■ , 2 2a 1 4 e cot 0 

Si 

o< I ¢1 (12) 

. z 
dhs* 

0 

See Figure 12 below for half-section development. 

Figure 12. Longitudinal Half-Section 7 Strands, Lay Ratio 16 

The chord of contact is the sum of two y intercepts when 0 equals and its equation is 

c * de esc —r n* 

V, . ,2 . 2 .2 TT 
1-4.' 4e cot ^ 

1 4 eZ cotZ n1 

(6) 

Tangency of the line of contact is the condition for Normal Area Maximization and is given by: 

2 .2 ft e cot —r * 0 n1 

Solving for e when 0 equals gives 

e * y4s'2-l tan p- 
(11) 
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A MATHEMATICAL APPROACH TO TUBING EXTRUSION 
OF THERMOPLASTICS IN ELECTRICAL INSULATION 

OF WIRES AND CABLES 

BY 

Roberto D1 Leonardo 
Canada Wire ard Cable Co. Ltd. 

International Operations Division 
Toronto, Ontario, Canada 

INTRODUCTION 

An approach to tubing extrusion of thermo¬ 
plastics tool design Is hereby treated and 
analytically developed. What follows Is subject to 
the 11 Dilutions resulting from the adopted 
assumptions. 

In extrusion of thermoplastics on electric wires the 
tool design Is to satisfy two basic requirements :- 

1. Combination of tip and die dimensions which 
will allow to run at the desired line speed. 
The pressure In the head Is a parameter to 
be accounted for within a tolerable range. 

2. Shape of tip and die which will be able to 
Impart the final properties to the product. 

While the second point seems obvious, the first one 
Is worth some discussion. 

In a conventional tubing extrusion, the openings of 
tip and die are often calculated with a sort of step 
approximation, where several empirical elements are 
Introduced. For a desired construction, a first 
correlation between tool size and construction of 
the Insulated wire Is obtained by defining what Is 
called draw down ratio (D.O.R. ■ R), 

Where 

D * Die Inner diameter (Inches) 
d * Tip outer diameter (Inches) 
c ■ Insulated wire diameter (Inches) 
b ■ Bare wire diameter (Inches) 

As for the solution of I 1, which gives a measure 
of the amount of plastic contraction Imposed during 
the draw down, two additional relations In the shown 
parameters are needed, when # 1 Is considered as an 
equation In D and d. However, a procedure Is 
adopted allowing a range of values for R and 
estimating d with respect to b, (e.g. 10 times with 
TEFLON F.E.P. 100) Thus, D can be empirically 
determined. The final combination of D and d Is 
attained, then, with a trial-error like technique, 
selecting the size of the set according to some 
practical Information as to usual range for R and 
rules of clearance between tip and die. 

The above problem Is sometimes handled by Introducing 
different rules for # 1. Once a value for R has been 

picked up, D and d have to satisfy 

D « \/r X c 

d " Vr X b 

It Is worth considering that # 2's are a further 
and tighter restriction on 0 and d, and, when 
considered as mathematical relations, they are not 
equivalent to # 1. In fact, they would be an 
Imposed sn’utlon of #1 through R. It can be seen 
that #2's combined properly (squaring and 
subtracting) yield #1. The vice versa Is generally 
not necessary, as the solutions of # 1 a re ¢^2 
against theool ones of #2's. 

The exposed approach, as It results. Is very 
empirical and lacking, as to land of tip and die, 
angle of entrance for the melt toward the land, 
pressure Inside the extruder head. In addition, 
the exposed procedure does not take Into 
consideration the properties of the plastic being 
extruded. The physical characteristics of the 
final product are affected by processing 
temperatures,tip and die design, line speed and 
RPM set. The shear rate of the molten plastic In 
the annulus Is also vitally affected by these 
factors. Without entering Into details for such 
dependences, It may be stated that, as for 
extrusion process of a given construction, an over¬ 
simplification takes place and It Is not unlikely 
that an ample manipulation of many parameters 
yields the desired final product, or corrects the 
perturbation Introduced by changing tools . This 
paper aims to a theoretically clearer dependence 
of the Involved parameters on one another, relating 
directly tool design and properties of the plastic 
being processed. Besides, as for extrusion 
optimization, considering the line speed as a 
dependent variable Is technically questionable and 
mathematically undesirable. In such case, 
production becomes function of the design, while 
the vice versa should be pursued, and the number 
of the dependent variables to be determined Is 
raised. 

DEVELOPMENT 

In order, then, to approach a design of tip 
and die which considers the line speed as an 
Independent variable of the process and deals with 
the properties of the molten plastic being extruded. 
It Is convenient to examine a practical case of 
flow characteristics of a material which Is 
typically tube extruded, for Instance Teflon FEP 
100. 
By looking qualitatively at Its log-log plot of 
shear stress and shear rate, FIG. # 1, several 
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regions can be considered, each referring to some 
particular conditions of extrusion 

FIG. I 

Typical Characteristic for 

Shear Stress vs Shear Rate (Apparent)ofTeflon FEP 
100. Tenperature 720°F (Melt & Die). For 
illustrative purposes only, not for design. Shapes 
location of curve S points (1), (2), (3) affected by 
temperatures (Die S Melt) and die design. 
Existence, breadth & location of super shear region 
are Influenced by temperatures and die design. 

It Is of Interest to consider that the graph appears 
linear In correspondence of those reç ons for which 
the extrudate shows smoothness and good quality. A 
linear graph, on a log-log plot, means that the 
analytical dependence between the actual variables 
Is either linear or of a power law kind. In the 
first case, the slope of the curve would be constant 
and equal to the unity; In the second case, It would 
be determined by the exponent appearing 1n the 
functional dependence. Really, and still 
qualitatively, Teflon FEP 10J Is not a newtonlan 
fluid In Its molten state (slope > 1 In a log-log 
plot), rather Its log-log plot for shear stress and 
rate resembles that of a pseudoplastic (slope 
between zero and unity). 

As the design of the tools Is to be related to the 
properties of the plastic, It Is necessary to know 
the behavior of that In order to use the correspond¬ 
ing analysis. 
It 1s assumed that Teflon FEP 100 practically 
behaves as an Ideal fluid, l.e. a newtonlan fluid, or 
Its behavior can be treated as newtonlan to a first 
approximation. Estimates usually made In studying 
FEP extrusion performances and using newtonlan 
relations yield meaningful results. 
It Is to point out that the assumption Is not an 
unreasonable extrapolation. In fact, the range of 
shear rtress (from 10 to 30 psl) and rate (up to 20 
sec - I) corresponding to conditions of normal 
extrusion’ , linear region 1n the graph. Is narrow. 
Moreover, It Is always possible, at worst, to think 
of rearranging the conditions of the extrusion line 

around the "point" where the melt flow characteristic 
curve better results tangent or parallel to that of a 
newtonlan fluid sheared 1n the same range. 

In order to proceed further with the analytical 
development of the design within the adopted 
hypotheses, It is necessary to relate the desired 
flow rate of the plastic to the dimensions of the 
annular orifice. This Is conveniently done by setting 
the differential conditions of dynamical equilibrium 
for an element of melt3. By developing on the basis 
of the pressure flow equation, 

dr 

with t shear stress, dv/dr shear rate and u viscosity 
of the plastic, and Imposing the boundaiy conditions 
to the resulting linear differential equation, the 
flow rate equation Is expressed as 

Q .m-xTo^d4- '^àL~\ 4) 
128uL L t 0 J 

1n <f 

where Q Is the plastic flow rate, P the pressure 
Inside the extruder head and L the die land length. 

Equation # 4, although exact. Is not easily handled 
being transcendent logarithmic of fourth degree In 
0 and d. However, It would be solved, at worst, 
with a graphical solution, providing that sufficient 
additional relations be found among the parameters. 

Instead of this cumbersome procedure, an approximate 
technique 1s used herein. 

A tubing die Is normally defined as an annulus, where 
0 and d are required to satisfy 

D « 3d 5) 

Which means a linear clearance between the two 
circumferences of not more than d. If now, the 
tubing die Is cut and opened up longitudinally. It 
will resemble a slit die, and tne closer D/d Is with 
respect to #5, the closer the analogy Is. Within 
this approximation, the analysis may be transferred 
to the "new" die. If new width and length are 
defined. Let these be, respectively. 

W - TT 
0 + d 

As It has been pointed out, the narrower the 
clearance, the more accurate the average length of 
the slit die. Anyway, the approximation results 
definitely acceptable and satisfactory In principle, 
as only an absolute 7Ï error will be made up In the 
melt flow. If D/d Is allowed to reach a ratio of 
10/1. The flow rate may be written as 

Q P W H3 7) 
12 UL 

Equation #7 attains more Interest, If the shear 
stress at the wall Is Introduced, 
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With #8, the sheer rete et the well mey be considered 

BMV end RNV ere right In M end N with one common 
engle. Therefore they ere símiler. The seme Is 
true for AMV, TNV. By geometrical símilerlty, for 
the first couple, 

9 
P H zur 9) BM , MV 12) 

Then #7 becomes For the same reason, with the second couple, 

10) AM , MV 
TN m 13) 

As it results, #10 relates Q directly to g, which 
gives the searched link between desired production 
end plastic materiel properties. This concept about 
g has a critical practical meaning, for It shows a 
threshold beyond which the molten plastic loses 
quality, degrades, fractures or anyway offers an 
unacceptable finish. Then, Q results determined, 
and so the line speed, by the threshold value of g, 
once the tools are thought established. As for the 
mentioned practical case of FEP, a typfcal critical 
value of g Is 20 sec-1, In the cited normal extrusion 
conditions. 

which gives with # 12 

TN/RN » AM/BM 1#) 

In order to use #14 practically, TR, In Figure 1 may 
be assumed equal to the wall thickness of the 
Insulation. Herewith, #14 yields 

In order to calculate the size of tip and die, an 
additional relation Is needed between D and d. 
Therefore, let the draw down of the molten plastic on 
to the running wire be slnwetrlcal around the 
perpendicular to the front face of the die, l.e. 
around the running wire, FIG. #2. 

which when coupled with #10 Is the equation solving 
the design problem. 

Before going Into calculations. It Is worth making 
some considerations. The assumed slmmetry of the 
drawn cone seems to be natural, providing that the 
flow Inside the land of the die 1s laminar, as It 
must be, and tip and die result concentric. The 
approximation contained In #14 assumes that the 
shrinkage of the p.ostlc, when this cools, affects D 
and d only by a small amount. In our practical case, 
calculations for a 26 AWG, with a final 30 mil O.D., 
show that the approximation Is not more than 0.7%. 
Moreover, #15 meets the experimental Indication 
concerning the range of variability of D/c toward 
d/b, or vice versa. In fact, the most convenient 
D/c ratio ranges 

0.9 d D . 1.2 d 16) 
F c F 

With the background of the above considerations, the 
tip and die dimensions can be calculated by solving 
together #10 and #15. The set equations may be 
conveniently written 

g-P«.,10* 
D.fd 

Where K_ 1s the density of the melt. The solution 
of the1,1 above systems offers 

Any consideration about the geometry of the draw can 
then be referred to any plane perpendicular to the 
die face and containing the wire. The cone of melt 
will have Its vertex along the median line MV of the 
running wire. In practice, the wire drags the nelt 
as soon as this touches It, but this Is of little 
matter as the consideration Is purely geometrical. 
Let a configuration be fixed In correspondence of a 
practical extrusion process, and the two sets of 
triangles (BMV, RNV), (AMV, TNV) considered 
separately. 

XC 18) 

d “ XÍtT S^g (c+b)W Xb 

These formulas for D and d become more expressive if 
the extrusion line speed Is Introduced. In fact, for 
the same Q, as In #18^, running along the line at a 
speed S, through the sectional area (TT/4) (c¿-b¿), 
although at a different density, 

21 

*• 
r 

( 

/ 



Q 17 K rh (c2-b2) s 19) unsound, as the extruder was only requested of 
perfomlng at a certain rate. 

where S Is In ft/m1r., and K 1s the density of the 
solid plastic. By summarizing the results, 

x^!¿r xc 
d “ \f12 X^I¿F * b 

20) 

It 1s Interesting, now, to go a step back and note 
that the Introduction of relations #20's Into #1 
yields a useful expression for R. 

» ■ 2,) 

This situation, however Interesting It may appear, 
shows that the Introduction of the parameter R Is 
unessential, because, as already pointed °ut> £ ” 
Implies # 1 (the vice versa Is not unique). There¬ 
fore, the solution of the problem through # 1 and, 
then # 15 Is a useless mathematical detour. 

Thus, although the proportionality constant appearing 
In # 20 Is just the square root of R, so that 

D * \/r X c 

d * \/r X b 

22) 

with R given In #21, It Is to emphasize that this 
result Is conceptually different from the analogous 
#2, as theoretically derived by adopting a different 
point of view for the line speed and with no 
Introduction of empirical rules. 

In order to fully design tip and die, the length of 
their land and the angle of entrance are to be 
calculated. 

A simplified approach Is treated here. 

If #10 Is considered, It appears that the same 
factors which contribute to specifying Q determine 
the P/L ratio In #9. The viscosity Is considered 
constant. Therefore, If #9 1s substituted Into #10, 
the P/L ratio results determined, once Q Is fixed. 
Now, as #9 determines only the ratio of P to L, 
these parameters may be conveniently specified by 
assuming P given, from which L Is unlvocally 
calculated through #9. Therefore, for a certain P, 

L 23) 

or through #20 and #6, 

Actually here, P is the pressure drop through the 
die along L. Therefore, If the outside aimospherlc 
pressure 1s taken as a reference P Is the Increase 
In pressure at the entrance of the die necessary for 

A^for'the angle of entrance, unfortunately the 
above discussion does not offer any attachment to 
It. However, lacking this might appear, It Is not 

The mathematical aspect of #20's can be analyzed. 
Relations #20's may be rearranged according to the 
particular parameters of Interest. By considering 
S and c as Independent variables, the corresponding 
analysis seems not to show particular Interest, as 
to functional dependence. In fact, over the fields 
of definition S»o, c»b»o, D and d do not have any 
extremal points. 

However, 1f S Is considered as a parameter, the 
functions D(c) and d(c) show some Interest. Being 
limited on the left by the asymptote c*b, both D(c) 
and d(c) go to +oowhen c tends to b. On the 
contrary, when c tends to +oo, while d(c) tends to 
zero, D(c) tends to +oo Therefore D(c) has a minimum. 
Qualitatively the plots are In FIG #3. Obviously 
D(c)>d(c) and both 0(c) and d(c) are larger than 
zero. If the derivative of 0(c) Is equated to zero, 
this yields the condition c * 3/2b, where 0(c) has 
Its minimum. It Is recognized that the condition 
1s consistent with #5 through #15. If #20 are 
Inverted Into S(c) functions, 

so“ f? 1Ç $ (c"b) 25) 

Sd“f?^(F)3 (c'b) 

With D and d as parameters, Sd(c) becomes a straight 
Une, Fig #4, Intersecting the abslssa c line at 
c»b, with tangent 

(gl^ d3) / (12KS b3) 

On the contrary SD(c), becomes a curve which Is zero 
for c«b, becomes zero for c going to Infinity and 1s 
concave downwards, as S 1s a physical quantity, 
always positive. The function Sn(c) has the maximum 
for c*3/2b and the flex point for c-2b. This Is 
still consistent with #5 through #15. The two curves, 
sJc) and sJc) Interesect for c-bD/d, which Is the 
rflnditlon d #15. 

i 
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TABLE II 

FIG. 4 

AWG 26 
INS.(In.) .005 

26 
.005 

b 
Inches 

.0159 .0159 

c 
Inches 

.0259 .0259 

d 
Inches 

.200 .250 

0 
Inches 

.326 .407 

S 
ft/mi n 

108 210 

Se 
ft/ml n 

115 197 

<41 
X 

6.5 6.5 

26 
.005 

.0159 

.0259 

.275 

.448 

280 

280 

0 

In conclusion , the proportional dependence contal neo 
ln #15 does not lead to contradictions. Being tha 
speed of production a real physical quantity. It must 
be the same regardless of the equation that Is used 
for Its calculation. Moreover, withstanding the 
elation #15, If 0 and d are used as parameters, 
consistently a maximum extrusion rate corresponds to 
a maximum '.peed. 

EXPERIMENTAL RESULTS. 

The exposed approach has been used In tubing 
extrusion of thin walls of Teflon FEP 100 to Insulate 
fine wires. The results are reported In the 
following tables : 

TABLE I 

AWG 30 
INS.(In.) .005 

b 
Inches 

.010 

c 
Inches 

.020 

d 
Inches 

.100 

0 
Inches 

.200 

S 
ft/ml n 

54 

Se 
ft/ml n. 

52 

1*41 3.7 

30 
.005 

.010 

.020 

.125 

.250 

106 

113 

6.6 

30 30 
.005 .005 

.010 .010 

.020 .020 

.150 .175 

.300 . 350 

183 290 

180 280 

1.6 3.4 

AWG 
INS.(IN.1 

b 
Inches 

c 
Inches 

TABLE III 

24 24 24 24 
.005 .005 .010 .010 

.0201 .0201 .0201 .0201 

24 
.010 

.0201 

.0301 .0301 .0401 .0401 .0401 

d 
Inches 

D 
Inches 

S 
ft/m1n 

"V“ 
ft/ml n 

.200 

.299 

53 

50 

.250 

.374 

104 

110 

.200 

.399 

106 

108 

.250 

.499 

208 

217 

.275 

.549 

278 

272 

1^11 5.7 5.8 1.9 4.3 2.2 

X--- 

AUG 
INS.(In.) 

“E- 
Inches 

c 
Inches 

“3- 
Inches 
“D- 
Inches 

S 
ft/ml n 

Se 
ft/ml n 

X 

TABLE IV 

10 2Ö"" 
-010 -PUL 
.032 .032 

.052 .052 

.325 .350 

lii Ü69 

112 142 

117 145 

4.5 2.1 

20 
Æ1 

.032 

.052 

.375 

109 

174 

170 

2.3 

I 
I 

r' 
i 

\ 
* 

i 

i 
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A conventional 1" extruder was used with L/D ■ 20/1. 
The screw was a conventional FEP screw (approximately 
3/1 compression ratio, one pitch transition section, 
four pitches metering section, Hastelloy C). A 
motorized pay-off was used to minimize tensions and 
vibrations. The extruder had three temperature 
controls In the barrel, one In the adaptor, one In 
the crosshead, one In the die. All controls were 
capable of IX of their total scale readings. From 
rear to front of extruder the zone.temperatures 
respectively ranged within 58Q-620°F, 620-£50oF, 
650-680°F, 680-70CTF, 680-720öF, 680-720ffE. 
The melt temperature reading, fixed at 720°F, was 
taken In the die with a common pyrometer. The wires 
used were all SPC wires (silver plated copper). The 
diameters of the Insulated wires were held at ±.001" 
for 30 and 26 AUG, at ■: .0013" - .002" for 24 and 
20 AUG. The diameters were gauged In line th an 
electro optical monitor. All the dies used were 
stand:.-'llzr1 at 3/4" ’and length and 60° Included 
angle of entrance. The sizes of dies In stock (.025" 
Increments) closest to the ones calculated In the 
tables were used; also existing sizes of tips In 
stock were used for economical reasons. The aim of 
the experiments was to check whether, at the output 
Imposed by the value of g (20 sec - 1), design of 
tip and die (#7 and #25's) the approach developed 
above yielded the established construction at the 
calculated speed. The properties of the final 
product would be obtained by using conventional 
extrusion technology. 
The values of the parameters K and-K. used In the 
calculations were : 1C ■ .05 lBis/1nJ 5 and Ke ■ 
.077 Ibs/ln . ^ s 
The good agreement between theoretical and 
experimental speed values (S, S ) does not Imply 
that the constructions repc.tede1n the tables may 
not be run at higher speeds. 
Despite the limitations of the exposed approach, an 
analytical tool Is supplied which can be used to 
design tooling and processing of a plastic to be 
tube extruded. The above development, If used to 
calculate R In #1, yields values within the 
commonly used range of D.D.R's for tubing extrusion 
of FEP. The relation of #24 was not checked 
experimentally as the pressure gauge of the extruder 
was Installed only in the front of the barrel. 
However, 1t was checked by calculating the pressures 
developed Inside the dies specified by the 
calculated diameters, used land length and angle of 
entrance. 

The results calculated through #24 are reported In 
Tables V - VIII. 

TABLE V 

AUG 30 30 30 30 
INS.(In.) .005 .005 .005 .005 

S 
ft/ml n 54 106 183 290 

P 
psl 970 696 580 497 

TABLE VI 

AUG 26 26 26 
INS.(In.) .005 .005 .005 

S 
ft/ml n 108 210 280 

P 
psl 690 551 503 

TABLE VI 

AUG 
INS.(1n. ) 

S 
ft/mln 

P 
psl 

24 
.005 

53 

878 

AUG 
INS.(In.) 

S 
ft/mln 

P 
psi 

24 
.005 

104 

702 

TABLE 

20 
.010 

112 

431 

24 
.010 

106 

437 

VIII 

20 
.010 

142 

397 

24 
.010 

208 

351 

20 
.010 

174 

372 

24 
.010 

278 

317 

As It can be seen the yielded pressure values 
are In ranae with values of current experience 
(»1000 psl). As a last consideration, It Is 
stated that the above approach Is general as 
Its analytical development can be used for 
any plastic, which can be processed by 
tubing extrusion, once the flow characteri¬ 
stic curve Is known. It will be then a 
matter of more or less Involved analysis. 
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ouamar.y; In order to produce metal micro- 
wires diameter leas than 50 micron manv ap­

proaches have been recently experimented with 
other than the classic cold drawn process. 
Amonx several the so named "spinning from 
melt" method would appear to have manv advant­

ages when the consistency of the production 
system 18 examined. Stated,simply the method 
and the resulting? technolo«ry ir to draw a 
filament from molten metal. Tne molten metal 
can flow out trom a nozzle into controlled 
atmosphere or it can be drawn simultaneously 
with a <?las8 capillary containirur the molter. 
metal.

The paper concerns mainly with the second spin 
nin^ method with the aim to show the inter­

dependence of process continuity with the par­

ameters of /?rain size, surface texture and 
resultant mechanical properties.
Also reported is the effect of the process

technique on the mentioned features usin/; a 
variation of the drawing ratio and coolini^ 
time.

Further a ccniparison is made between the spun 
microwires with those normally obtained by the 
cold drawn process.
The main ob’ect of the present research and 
development is based upon a desire to improve 
the mechanical features of the soun microwires 
either chan^ine: some process oarameter or 
metal composition.
At this 8ta#:e the metal ^lass-coated micro- 
wires have applications in the electric field 
as mentioned in this work in addition to some 
suKptestion for handling them in any expoit- 
ation.

INTRODUCTION

The demand for cheap production of metal fibers 
18 rapidly increasing both in the field of com 
posite materials and for electronic and elec­

trical aoplications.
to far the cold drawn process is widel- used.

Fig. 1 • Silicon oil jet of viscosity 
(poise) from a steel nozzle of 1 mir. oiareter: 
the length of the jet between the nozzle 
exit ana the first breakage is the par.vreter 
to determine the liquid'spinnability/

Fn.2 : Experiment similar 
with higher rate of flow

that fig 1

y



Fig. 3 : The jet breakage in metals, in stable 

fluidodinamic conditions,is mainly due to 

surface wave propagation and it occurs when 

the wave amplitude 6(x)«ft, (x) jet radius 

but the coat of fibers produced by this method 

increases remarkably ae fibre diameter decrea¬ 

ses. This is mainly due to the complexity of 

the process as the metal hardens in any pas¬ 

sages of the die so reducing its ductility. 

Furtherly the cold drawing process cannot be 

applied to metal and alloy which does not show 

plastic deformation. To overcome this diffic¬ 

ulties new production technologies have been 
developed in the last decade, one of them is 

the so called spinning process, related to the 

classic Taylor* method, which we have experim¬ 

entally approached as following. 

Spinnability of materials 

In material science, spinnability is the prop¬ 

erty to make filaments or threads by drawing 

any materials from liquid state, included or 

solutions or sospensions or emulsions. 

The measurement of spinnability consists to 

determine the length between the base of a 

liquid let and the first fracture downwards 

of the liquid attenuation path. We made a lot 

of experiments on liquid iets in order to have 

information on spinnability or liquids, glas¬ 

ses and metals /1/./2/,/3/,/4/,/5/. 

Pig. 1 and Fig. 2 

Fig. 1 ar.i 2 show some experiments with a sil¬ 

icon cil jet flowing from a nozzle /1/. 

It can be seen that for the same materials the 

length of the liquid thread, determining the 
"spinnability",depends also on the flow condit¬ 

ions, mainly from the rate of flow. 
Usually the thread's length increases with the 

rate of flow at least up to a certain level, 
determined mainly by the elongational viscosi¬ 

ty and surface tension of the liquid. Bevond 
such a level the process becomes unstable. 

The rate of flow of the iet shown in Fig. 1 is 

lower than that of Fig. 2. 
Apart the experimental conditions which invol¬ 

ve propagation of surface liquid waves and 

other fluidodinamic instabilities, the spinna- 

T,mp#roturt («C I 

Fig. 4 : Viscosity versus temperature diagram 

for most common glasses and some f.c.c. 

metals. 

bility can be simply a function of ratio bet¬ 

ween viscosity and surface tension: 

The glasses at ordinary spinning conditions 

show this ratio of the order of 10, the polv- 
-4 

mers of 100, the metals of 10 . 

’Vithout entry into details the polymers and 

glasses can be considered spinnable, but no 

the metals which forms easily drops rather 

than threads /4/, /5/. 

Fig”T” 

In fact because liquid metals show high sur¬ 

face tension (10? - 10^ dine/cm) and low vis¬ 

cosity (10-1 - 10“2 poises) their rate of flow 
through a nozzle must be quite high 
(1 - 10 g/sec) in order to obtain jets. 

The lets show surface waves which determine 

the jet's breakage when the wave amplitude of 

the liquid jet m(x) is equal to the jet at¬ 

tenuating radius ft(x)as shown in fig. 3. 
Liquid metals reach this condition at distan¬ 

ce of few nozzle diameters from the exit noz¬ 

zle. So to increase the spinnability ratio 

for metals we have to increase the viscosity 

or to decrease the surface tension. 

We have chosen the second possibility simply 

melting a metal inside a capillary of glass 

which must have the following features in or¬ 

der to be drawn simultaneously with molten 

metal and so to obtain e metal microwires 

coated by glass. 

Properties of glasses: 

The features of glasses have to be: 

1) The temperature at which the glass has a 

viscosity about 10^ poises must be about 

the melting temperature of the testing 

metals. 

Pig. 4 

Fig. 4 shows some commercial glasses in 
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Fig. 5 : Drawing zone profile of: a) glass 
caDillary: b) glass-coated r.crowire with 
no correct glass or process stable .-onditiors; 
c} r.ece5'‘ary condition for obtaining cortir.uoo- 
cut ir.icr*-. .re-:

our esperir.ento and nlso how 1C^ ooises of 
«>:lasses Hatches the neltin/r temoerature of 
copper, silver, ^old and aluniniuis.

2) The c.henucal reaction between the metal and 
the rla'' in the drawing; conditions has to 
occur properl”, .limpl - it is necessar;- a 
small chemical reaction which causes some 
chemical bond between i^lass and metal at 
the interface.
The result is a «rood adhesion at the inter­

face /6/.
3) The expansion coefficient of ^rlass has to 

be the hwthest possible in order to match 
those of the tested metals.

rV‘ ^

• A

.i

Fig. 6 : No correct surrounding atmosphere 
during spinning or high percentage of oxigen 

in copper or glass produce inaesirable 
bubbles in the drawing zone

Process conditions

The process conditions have to work in oilier 
to obtain the metal fiber conti-rious.
The main process phenomena are as follows:
a) the solidification point of the metal has 

to occur downwards the end of the <tlass 
fiber attenuation.

PiF. S

Fiat. 5 shows liquid metal breakages inside 
the *!la8s capillar” durinr the spinnin/t in 
the case that the metal solidification oc­

curs before the end of t‘'e ~'’'cr oen liar-.- 
attenuation.

b) The atmosphere inside and o>tside has to 
avoid the bubbles formation in the drawing 
zone.

Fi<?. 6

Fi^. 6 shows bubbles inside the formin/*- 
^tlass-metal drav/iru' zone when the outside 
atmosphere is not well controlled.

Heating source

The heating: source can be /?/«

1) Resistor heating; which softs the j'lass and 
molten the metal.

2) Induction heatin^r which molten the metal 
and,b” heatin#; conduction,softs the /»laas,

3) Resistor and induction heatirut workiru>: 
s 1 mu 11 aneou s 1.

The heatitvt source has to be optimize for cop­

per, Fold, silver and steel and other metals 
or allo--8.
.Ve achieveu Food results in cooper up to 4 
micron, silver up to 10 micron fO.2. micron 
discontinuous), Fold and steel to 4 micron.
The mam purpose of this paper is dedicated 
to a comparison between the properties of the 
microwire obtained bv spinninF and those ob­

tained by the cold drawn method. Here we con­

sider mainly the copper, oointinF out that 
similar conclusions can bo extrapolated to 
other metals /•/.

C0:.TARI30fl FOR COPPER rqCRO.VIHES

The spun fibres compared with the draw ones 
show some peculiar properties in relation to:
1. Glass metal interface
2. Grain struefrara, their arranF«»ent and size
3. Texture



Fig. 7 : S.t.K. Micrograohs of transversal 
section of a copper glass coated ir.icrowires 

m 30 microns) Magnification 1400 X. 
Interface looxs coherent and imifonr..

4.Mechanical properties
1. Glass and metal look reall•• in close con­

tact formin/t aiadherent interface as shoim 
by S.E.M. and T.F.!'. microrrachs in fip.7.

a : Longitudinal optical micrograoh show- 
grain arrangement in spun copper micro­

wires. Grain bounaariesare almost perpendicular 
to the fiber axis.

more difficult to obtain continuous micro- 
wires for the reason mentioned in the 
conditions process.

2. Grain structure, reallv peculiar, of spun 
fibers is determined b" the spinning method 
and their arraru'ement reflects the spinning 
conditions. .Veil PTOvm strains have their 
boundaries nearl" normal to the microwire 
axis and, as shown in fim. , are built up 
one upon another like bricks.

Fi«. 7

Especially when hi>th punt" copper is used 
normally, O.P. copper, best adhesion is 
«rained althoupih any diffusion phenomena is 
not present (fi<5. 7).
Thermal differential analysis /6/ on the 
blend of O.P. copper and ^rlass showed that 
metal does not wet the rlass and that no 
detectable CujO was diffused in the »>;1ess. 
In the microwire forming process also,clem 
ical reactio.i seems not to take place so 
that the metal »<lasa adhesion is to be 
acribcJ to the higher shrinka/re of the 
metal in the fibre axis direction comoared 
with the radial shrinkable.
This produces a compressive force towards 
the internal capillary <ilass surface lead- 
in* to the mentioned *ood adhesion in the 
interface. This fact lets the copper blase 
costed microv/ires to be bent up to very 
small bendin* radius (about 1 ram) without 
*lass coatin* breakabes.
V/hen no O.F. copper has been tested a small 
chemical reaction forming CO or CO2 has 
been detected in the metal rlass interface. 
This lets to better adhesion and so to less 
bendin* radius also for thicker raicrowires. 
Unfortunately when no O.F. is spun it is

Fib. "

The structure is sometimes interrupted by 
the presence of smaller rrains, radially 
arranged near the surface of copper micro- 
wire, created by different coolin* time 
between surfc.ee and center in the soinnin." 
process.

Grain size is bi*/»er than those of cold 
drawn fibers which are randomly arranged, 
fi*. 9, moreover.

Pi/r. o

Table 1 shows some tipical results.

ta-rle 1

Cold drawn fiber rrams arrarurement led to 
a double texture as verified b- us /2/ and 
s’.’ovm in the literature , /10/, namel"

/100/+ /11V v/hen the deformation is below 
'^6;' reduction in diameter. Copner sour, 
micro'.virer, on t'’e contrary rrenen*: - n-r.-le 
texture, namel" /C01/ and t .e r^-ilar stack 
in- of .'rains sin’:laten. ■. t'-e resaect 0 

- ra- s diffrac‘ion, a sirj'le cr' st'I 
be'avioir "lo: ' t a • e'"* .re ay c directio... 
■ oreovrr, the m.nor-.entetion an-le is

/



Fig. 9 : Lor.gituamal oatlcal .T.icrogranti of 
a cola aranTi coooer T.icrowire. Grains are 
ranGoir.ly arranged. Magnification nOC X.

Fig.10 ; Stress versus total oercentage 
elongation aiagrar. for cola oravr. and relt 
spun r.icrowires 20 r.icrons).

relativel ar.all v;-'.en eomoared ••.if’ ti-at 
of cold dra\-m nucro'-'-irec. I:, fact 4 m;- 
/»es 2°t 1i® ue-Tees in -leoer.dai.ce o;; f-.e 
diameter of the fi 'ier concared t e m-.i-e 
of 10® - 10® decrees for t e drr-.-.r. micro­
wires.

f., Mec.'.anical orooerties reflect also t:.e 
mentioned rrain stnct-ire and texture 
shown in table 1 - l-'i":. 10 comoares t'-e 
elastic-olastic behaviour of sn.ir. fi-:ers 
••vith that cuasi-elastic corresoor.dinF' to 
the cold drav/n microwires.

Fir. 1C

The stress-strain plot shovts a ver sharo 
transition between elastic and plastic 
zone and the •leld ooint. at which clastic 
deformation starts, remains nearl' constant 
with stress increasing. This feature shoiw 
the absence of a lockinr mechanism of dis­

location, renerated under the acolied 
stress, as expected in f.c.c. metals of 
ordinar-- curit”.

Consecuentl’- the total cercentare of elon­

gation is ouite hirh, almost 15^ and in­

creases as fli', decreases.

It IS worth rotinr that there is a relation 
between sninninr velocit", coolin» time, 
and mechanical characteristics of the soun 
fibers. Usuall- as the scinninr velocit 
increases,the coolinr time becomes shorter 
and conseauentl - f e -leld ooint is V'lx-’her 
and the plastic zone is reduced.
We have experimental!” verified what is 
also reported in literature A/ that the 
ultimate tensile strerwrht is increased b” 
hi«ther spinning velocit-.- as shown in Fi<?11,

Fif. 11

,.ote that cold dm-'?n nucro.-iiror' x-o -.- n 
shorter plastic zone nnl ''i-her - lefl 
ooint wit'’ a total oercentual elonmtionnl 
which does not exceed V'.

The mechanical orooerties have been exola-. 
ned b" structure investi"-ation!i. In fact 
T.IT.! . investi <w»t lOr.s on chemicall-- th’n- 
ned samples of coooer fiber, ' ave sho-.-m, 
as we reported before /7/, the oresence of 
larFe Frains v/ith also a lo-w dislocation 
densit”. fir. 12.

Fir. 12

Future experimental relation between 
structure and mechanical orooerties renuire 
further investirations in order to test the 
influence of spinning velocit” and ouencinr 
time to c’tain finer rrained fibers which 
should show improved the tensile strenrht 
of the spun metal microwires.

HANDLING AND APPLICATI0W3

In spite of the mentioned weak mechanical 
properties of the bare copper microwire ob­

tained from melt by a spinning process with 
glass, we think worth to mention the handling 
and the applications of the glass-coated micro 
wires which con be exploited as enamelled 
microwires up to temperature of 500®C,

Handling

One of the first question asked about handling 
It usually concerns stripping or baring the 
ends and how the wire is >oined to a terminal. 
Since the glass is relatively brittle it ma-- 
be removed by crushing with smooth -iawed plimrs

y



spinning velocity or cooling tir.e for comer 
of 20 ncrons in diarrcter

Fig.12 : T.r.K. r.icrograph ot a chencal'.v 
thinncc cooper ricrovire. Sr.all angle grain 
boundaries and low aislocation density are 
oresent. V.agnification 220.CCC

or vdth a specially built crushirvt machine.
A second method is to etch the frlass aivay with 
hydrofluoric acid but this ir not a ver- 
oleasant method for sreneral use. A third iva’- 
involves the use of the frlass as a flux in ' 
brazinp; ooeration. The wire in ivound round 
the terr.inal cost and heat is applied from a 
nichrome loon or, -.vith nractice from a pas- 
flame. The molten plass runs and acts also 
as a flux for the solder durirj^ the ointinp 
operation. In order to pive added strenpth 
to the 'Oint, soft solver and bared wire can 
be used. It is advisable to bury the end of 
the plass sheath inside the solver bead, 
licrowire ma" be wound,with care, in the same 
wa- as ordinar- wire. The precaution to be 
taken is that, unnecessary tension has to be 
pvoided into the wire. This means that the 
spool containinp the wire must be mounted on 
needle oivots in order to reduce friction.
The us'ual puide wheel svetem of pulle-s must 
be removed and a windinp machine drive must 
be used in which the rotation is started 
extremely slowly and accelerated as smoothly 
as rossible. Because the plass coverinp turns 
ductile copper into a wire,havinp a brittle 
nature,it is essential to rvoid stresses due 
to differential thermal expansion between the 
wire and any bobbin. Ceramic materials havinp 
appropriate expansion coefficient are availa­

ble and it is usual to employ then wherever 
the temperature excursions of more than a few 
deprees are to be expected. V/ith these 
precautions microwire is quite easily wound. 
Practice suppests to handle the plass coverinp 
with no bare handc if it can be avoided, and 
certainly the turns on a bobbin must never 
be touched with the finpers. In fact to scr- 
ane tne turns on a bobbin of wire with a fin 
pemail, invariably leads to many broken 
turns.

^Plications

The metal core diameter can be finer up to 
1 micron. The coverinp plass thickness can 
be between 1,5 to more than 10 tines the 
core diameter. Co the electrical insulation 
can be considered up to 10 K"/ at and a
little less at 500«C deoendinp on the kind 
of plass.
A part the handlir.p mentioned difficulties, 
the insulated coooer microwires can be ex­

ploited as an enamelled conductor in;
- intermediate frecuenc- transformers
- coils in pulse circuitry
- palvanometers windinps
- sealed and hiph temperature rela- coils
- miniature electric motors
- computer circuits microminiaturisation
It would appear that desipner of electronic 
circuits and components could recuest the 
special elass-coated microwires.
Further applications have been suppested by 
chanpinp the copper core with other metals 
or alloys as pold, silver, manpanin, chromel 
alumel, steel. Their use could he as con­

ductors or resistors or thermocouple workin^^ 
in corrosive atmosphere or other similar. 
From this point of view the soinninp process 
shows versatilit' to produce all the needed 
metal microv/ires included those whicn have 
not the ductilit” necessary to be obtained 
by the cold dra-wn process.

I ^
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Table I 
Typical data of tensile strenght ®b,»% at 

0,2% of elongation, ultimate tensile strenght 
0JT1 and total elongation percentage for 

spun copper microwires. Grain size as a 

function of diameter are also shown. 

Dia- Grain •«,« Total 

meter size . 2 Elon9ation 
( ) d (mm) (Igf/mnr) (Kg^mir, ) (%) 

10 1,15 17,00 It 0 8.15 

20 1,82 9,2 10,0 10,2 

30 2,70 8,0 9,2 12,7 

34 4,20 - 
40 7,55 5,2 5,8 13,1 

Note that colddrawn fibers show grain size 

up to 1-3 microns and their can be up 
to 40 Kgf/mm2 with about 3% of total elonga^ 

tion. 

CONCLUSION 

The investigation on the epinnability of li¬ 

quids, glasses and metals led us to test the 

possibility to obtain metal microwires with 

the so called "melt spinning method". 

The comparison of the properties of the cop¬ 

per microwires obtained by this technology 

show that new experiments must carry out to 

see how the spun microwires can approach the 

mechanical properties of the cold drawn micro 

wires which, at present, show a better features 

for the usual applications. 
Meanwhile the already obtained copper micro¬ 

wires coated by glass have actually suggested 

to be used in some special electrical applic¬ 

ations. This is mainly due to a ver/ good 

insulating properties of glasses up to 500°C. 

The mair limitations seem due to the brittl- 

ness of the covering glass which does not al¬ 

low to bend the glass-coated microwires arovrd 

the itself diameter as the ordinary plastic- 

enamelled microwires perform. 

The limitations of the spinning technology on 

one side, its versatility to be used for many 

metals, included those usually no-ductile,on 

the other side have driven our research to 

go on with the spinning process for the future 
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HIGH DENSITY POLYETHYLENE FOR PIC 
INSULATION: OXIDATIVE STABILITY 

Maureen G. Chan 
Bell Laboratories 

Murray Hill, New Jersey 0797^ 

Summary 

The effect of replacement of low density 
polyethylene by a higher density resin, and 
of changes in the polymer's stabilization 
system on the oxidative stability of cable 
insulation *as investigated. It was found 
that the high density resin embrittles at 
low levels of oxidation due to chain scission 
in its high molecular weight fractions. Pro¬ 
tection of high density polyethylene against 
incipient oxidation is critical if long-term 
stability is to be achieved. Fortunately, 
there is a considerable Increase in sta¬ 
bility of both the high and low density 
resins with the modified stabilization 
system. This stability is enhanced further 
in the high density resin because of the ex¬ 
cellent retention of stabilizers by this 
resin during the aging process. These 
factors indicate that the long-term useful¬ 
ness of the new product should be very good. 

Introduction 

The Bell System has made two important 
modifications in the polyethylene resins 
used as primary insulation for air core, 
multipair cables. The low density (.92) 
polyethylene resins used previously as insu¬ 
lation have been replaced by higher density 
(.95) polyethylenes. In addition, the resin 
stabilization system has been changed from 
one containing a single antioxidant, 
4,4'thiobis (3-methyl-6-tert.butyl phenol', 
to a system which utilizes both an antiox .- 
dant (A), tetrakis[methylene-3(3'»5'-ditert. 
buty1-4'-hydroxyphenyl)propionate]methane, 
and a copper deactivator (B), N,N'dibenzal- 
oxalyldihydrazide. The change from low to 
high density resin was made to improve 
physical properties of the insulation such 
as abrasion resistance, while the stabiliza¬ 
tion system was modified to enhance the 
thermo-oxidative stability of the material. 

The significance of these modifications 
on the long-term usefulness of the insula¬ 
tion has been under investigation. Since 
oxidation has been found^ to be one of the 
primary causes of deterioration in poly¬ 
ethylene insulations, changes in the chemi¬ 
cal and physical properties of both the low 
and high density resin upon oxidation were 

determined. In addition, the oxidative sta¬ 
bilities of wire insulations produced from 
polyethylene resins containing the new 
stabilizer systems were also studied. 

Experimental 

Sample Preparation 

Materials - Two base resins were used 
for the chemical and physical property stu¬ 
dies. The low density polyethylene was an 
ethylene homopolymer, ASTM Type I, with a 
density of .92. The high density polyethy¬ 
lene was a copolymer of ethylene and a 
higher mono-olefin, ASTM Type III, with a 
.95 density. Melt indices of both resins 
were in the 0.2 to 0.3 rang' . Ultraviolet 
analysis of the two polymers showed no 
detectable stabilizers. 

Wire insulations were manufactured from 
similar resins to which a nominal 0.1% each 
of A and B had been added. Infrared analy¬ 
sis of the resins before processing snowed 
that each of the stabilizers was present 
at concentrations of 0.10# in tne low den¬ 
sity polyethylene and 0.12¾ in the high 
density polyethylene. 

Fabrication - Films were prepared from 
the base resins by homogenizing pellets on 
a two-roll mill at l43±3°0 and molding the 
milled material on a steam press at lo5±5°C 
and 952 psl. Total exposure time at the 
elevated temperatures required for both 
procedures was estimated to be about ten 
minutes. 

Wires were produced by standard Western 
Electric manufacturing procedures. 

Oxidation - Strips (5 x 5/8 x .01") of 
the polymer films were suspended on glass 
rods and oxidized at 100°C in sealed tubes 
attached to mercury manometers. Oxygen- 
absorption levels were between 0.8 and 
7 cc/gm. Control samples were heated in 
helium for equivalent time periods. After 
heating, all samples were stored In nitro¬ 
gen, in the dark, until all tests were 
completed. 
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Oxygen-absorption studies on wire in¬ 
sulations were performed by a standard 
method^ with the conductors in place. Data 
were obtained at four temperatures: 119±0, 
139±1, 149+1, 159±1°C. Induction times, 
indicative of the onset of rapid oxidation, 
were measured by extrapolating the constant 
rate portion of the oxidation curve back to 
the baseline. Average induction times were 
calculated from multiple runs on each wire 
(2 to 4 runs at 119°C, 8 to 10 at other tem¬ 
peratures ). 

Wires were oven-aged in a Freas Model 
625 circulating-air oven, at 70±1°C and a 
medium air-flow setting. Wires were examined 
after oven-aging by oxygen-absorption tests 
at 138+1°C. There were 2 to 4 samples of 
each wire examined for the reported aging 
periods. 

Methods of Test 

Dielectric Properties - The dielectric 
properties of the films were determined by 
measuring the loss angle, 6, at 30 Mhz. A 
high-resolution, nondestructive, air-cell 
method was used.3 The dielectric loss of 
one area of each sample was determined with 
the exception of the most highly oxidized 
samples where several areas were examined. 

Infrared Spectra - Infrared transmission 
spectra were obtained on a Perkin Elmer 
Model 621 spectrophotometer using normal 
instrument conditions. A single area of 
each sample was examined and absorbance 
values were normalized by dividing by film 
thicknesses. 

Densities - Densities of three sections 
of each sample were determined in a density 
gradient column.4 

Tensile Properties - Tensile properties 
were measured using mlcrotensile specimens, 
(1-1/2 X 3/I6 X .01").5 Five measurements 
were made for each oxidation level. Cross¬ 
head speeds of .5"/ min. were used. 

Molecular Weights - Molecular weights 
were obtaineà by a standard procedure^ on a 
Waters Model 100 Gel Permeation Chromato¬ 
graph which is equipped with four, graded 
porosity, Syragel^ columns and a refractive 
index detector. The unit was operated at 
135°C with 1,2,4-trichlorobenzene as the 
eluent. A calibration standard, generated 
from NBS 1475 linear polyethylene, was used 
to compute molecular weight distributions. 

Effect of Oxidation on Chemical and 
Physical Properties 

The effect of oxidation upon the pro¬ 
perties of low and high density polyethylene 

insulation was examined by studying two 
unstabilized polyethylenes which were similar 
in composition to the base resins used in the 
formulation of cable insulation. The poly¬ 
mers were allowed to absorb small quantities 
of oxygen, between 0.8 and 7 cc/gm, and then 
changes in their dielectric loss, infrarec 
absorptions, densities, tensile properties, 
and molecular weights were measured. Four 
samples of each resin were oxidized. 

Oxidation rates of two of the samples 
was shown in Figure 1. They are representa¬ 
tive of all of the samples studied. While 
the high density polyethylene has an induc¬ 
tion period longer than that observed for the 
lower density polyethylene, its rate of oxi¬ 
dation is considerably faster once the 
induction period is over. 

Dielectric Properties 

The dielectric loss upon oxidation in¬ 
creases for both polymers (Figure 2). Dif¬ 
ferences between the two materials cannot 
be considered significant since variations 
found in the multiple runs are of the same 
magnitude. The observed increases in dielec¬ 
tric loss are believed due to the accumula¬ 
tion of polar species, e.g., carbonyl and 
hydroxyl groups, in the oxidized polymers 
(see below). 

Infrared Spectra 

Both materials show changes in the 
hydroxyl and carbonyl regions of their in¬ 
frared spectra after oxidation (Figure 3)* 
The 336O cm_l band which is attributed' to 
bonded hydroperoxide is present in both 
polymers and increases with oxygen absorption. 
An additional band appears at 3550 cm“1 (free 
hydroperoxide)7 in the low density resin. 
Complex carbonyl absorptions0 with band heads 
at 1705-IO cm“1 also appear in each polymer. 
In addition, vinyl? and vinylldene? (905, 
885 cm“1) absorptions decrease, and both 
polymers show a baseline drop in the C-0 
(1200-1000 cm“’-) region.H 

These changes are shown in Figure 4 
where the normalized absorbance values of 
the OH,C=0, and C=C groups are plotted. 
These data are similar to data obtained in 

results demonstrate that, while increase in 
carbonyl content upon oxidation is large for 
both polymers, it occurs to a greater extent 
in the high density resin. Increase in hydro¬ 
peroxide content, on the other hand, is con¬ 
siderably more pronounced in the low density 
polymer. Apparently, the decomposition rate 
of hydroperoxides in the high density material 
is rapid, leading to a high concentration of 
carbonyl-containing products. This could be 
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due to the nature of the hydroperoxidic 
group or to the presence in the resin of 
materials, e.g., polymerization catalyst 
residues, which catalyze hydroperoxide de¬ 
composition. 

Densities 

The average density values measured 
are tabulated in Table I. All of the sam¬ 
ples showed an increase in density upon 
heating, however, increases in density were 
far greater for samples heated in oxygen 
than for those heated in helium. This 
increase in density upon oxidation has been 
attributed11 to increased chemi-crystalliza- 
tion of the polymer. 

Tensile Properties 

Data illustrating the effect of oxida¬ 
tion on the tensile properties of the two 
polymers are summarized in Table I. The 
elongations (Figure 5) and ultimate strengths 
of both resins decrease as a result of oxi¬ 
dation. However, the properties of the low 
density resin are significantly less suscep¬ 
tible to oxidation than are those of the 
hign density polymer. After an absorption 
of 7 cc/gm of oxygen the low density samples 
retain moderate yield and ultimate strengths 
and have a measurable elongation of 62%. 
All of the oxidized, low density samples are 
pliable and show no sign of cracking when 
bent manually under ambient conditions. In 
contrast, the high density resin embrittles 
at very low levels of oxidation. Absorption 
of 0.8 cc/gm of oxygen causes the average 
elongation of this material to drop to less 
than k0%. At 1.8 cc/gm of absorbed oxygen 
the average elongation of the high density 
sample is only Yield and ultimate 
strengths of this material, when they still 
can be measured, also decrease rapidly. 
None of the high density samples remains 
pliable after oxidation. The sample that 
has absorbed 0.8 cc/gm of oxygen develops 
visible cracks, and the more highly oxidized 
samples fracture, upon manipulation at room 
temperature. 

Molecular Weights 

Three moments of the_molecular weight 
distribution, and Mz, were obtained 
for each sample. These average molecular 
weights are sensitive to different weight 
fractions of the polymers.12 The number 
average molecular weight, $n, is Influenced 
by changes in weight fractions of low molecu¬ 
lar weight species and relatively insensi¬ 
tive to changes in high molecular weight 
species. In contrast, the weight and 
z-average molecular weights, ïïw and TÎ», 
are more influenced by the pre£ei.ce of high 
molecular weight species with being 

particularly sensitive to changes in the high 
molecular weight fraction. 

The molecular weight averages of all the 
samples are summarized in Table II along wxth 
values of Ïïw/Rn which are characteristic of 
the polydisparsity of the polymers. The 
molecular weight distribution of both poly¬ 
mers narrows with oxidation. However, com¬ 
parison of the three molecular weight 
averages (Figure 6) shows interesting dif¬ 
ferences between the high and low density 
resins. _The high density polymer has a sharp 
drop in Kz, a moderate decrease in Mw and 
very little change in Tîn, upon oxidation. 
The low density resin, in constrast, shows a 
decrease in all three molecular weight 
averages with the decreases in T!z and T7W 
less pronounced than those observed for the 
high density polyethylene. Apparently, oxi¬ 
dation of the high density resin causes 
preferential scission of high molecular 
weight species possibly of the chain segments 
joining adjacent lamellae.11 This immediate 
drop In concentration of high molecular 
weight species parallels, and is believed to 
be responsible for, the observed, rapid 
decrease in physical properties (Table I) 
of the high density polyethylene in the early 
stages of oxidation. 

Oxidative Stability of Wire Insulation 

It is clear that oxidation has a severe 
effect on many of the physical properties of 
the high density base resin. Prevention of 
oxidation by the addition of stabilizers to 
the resin thus becomes extremely important if 
this material is to be used for wire insula¬ 
tion. The Bell System currently requires the 
addition of two stabilizers to polyethylene 
cable insulation, 0.1# A and 0.1# B. Long 
term,, low temperature, exposure tests of low 
density polyethylene containing these addi¬ 
tives show13 that they afford efficient 
protection to the low density resins. In 
order to evaluace the efficiency of these 
stabilizers in the high density resin, oxygen 
absorption and oven-aging tests were run on 
production wires insulated with a high den¬ 
sity resin which contained A and B. Similar 
tests were run on a comparably stabilized, 
low density resin. Four wires were examined: 
white and black high density, and white and 
black low density, insulated samples. 

Oxygen-Absorption Studies 

The wires showed typical thermo-oxidative 
behavior. All samples had long induction 
periods, with little detectable oxygen ab- 
sorotion, followed by a period of rapid 
oxidation. The average Induction times 
observed for the wire samples are shown in 
Figure 7. Differences among the four samples 
are slight. The two black samples are con- 
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parable in their oxidative stability. How¬ 
ever, distinctions between the white samples 
are more noticeable. The nigh density, white 
material is more stable than the low density, 
white insulation at all test temperatures. 
On the basis of these dgta, earlier work on 
the low density system^ , and similar tests 
on laboratory samples^, the high density 
insulation appears to be at least comparable 
to current production, low density, cable 
Insulation. 

Oven-Aging Tests 

The effect of oven-aging at 70°C on the 
residual stability of the insulation was 
determined by oxygen-absorption studies at 
138°C. Samples were examined before and 
after oven-aging for peiiods of up to 90 
days. Per cent changes in induction times 
were calculated and are shown in Figure 8. 
It is evident from these data that the high 
density insulation retains its oxidative 
stability to a far greater degree than does 
the low density material. 

I.OSS of stability in these samples upon 
oven-aging probably can be attributed to 
depletion of the resins' stabilization 
systems. Many antioxidants exude to the 
surface where they can be physically 
lost.16»1" Stabilizer depletion in the 
wire samples was checked by Infrared analy¬ 
sis of the two white insulations after 59 
days of oven-aging. The copper deactivator, 
B, remained in both insulations, although it 
appeared slightly depleted after oven-aging. 
However, the antioxidant, A, while still 
quite evident in the aged, high density 
insulation, could no longer be detected in 
the aged, low density sample. Since B is 
not an antioxidant, loss of A, the phenolic 
antioxidant, would severely decrease the 
oxidative stability of the polyethylene and 
the observed loss of this additive would 
account for the severe drop in stability of 
the low density material after 70°C oven¬ 
aging. 

Differences in stabilizer loss between 
the two resins is believed due to the mor¬ 
phology of these semicrystalline polymers. 
Diffusion of additives from the amorphous 
regions of the polymer» where physical loss 
can occur, is thought1” to depend on the 
crystalline structure of tne material. The 
lower density, less crystalline, resin has a 
structure more conducive to additive diffu¬ 
sion and eventual loss than does the high 
density polymer. Hence, the high density 
insulation sl.jws a greater retention of 
stability during aging "nd should be 
superior to the equivalently stabilized, 
low density resin when in service. 

Conclusions 

The effect of oxidation on the electri¬ 
cal and physical properties of the low and 
high density polyethylenes presently in use 
in the Bell System is considerable. Polar 
groups are formed in the two polymers during 
oxidation causing an Increase in the dielec¬ 
tric loss. This Increase is approximately 
the same for both resins. As oxidation of 
both polyethylenes proceeds, significant 
decreases in" their molecular weights occur, 
along with loss of mechanical strength. The 
effect of low levels of oxidation on mechani¬ 
cal degradation is much greater in the higher 
density material. Absorption of less than 
2 cc/gm of oxygen causes severe physical 
degradation of the high density resin. 

These results highlight the necessity of 
minimizing incipient oxidation of polyethy¬ 
lene cable insulation, particularly of the 
high density insulation. Fortunately, the 
modified stabilization system retards oxida¬ 
tion of the high density resin and is re¬ 
tained by this resin during aging. Any new 
stabilizer systems designed for high density 
polyethylene insulation must do likewise. 
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TABLE 1
PHYSICAL PROPERTIES OP OXIDIZED POLYETHYLEHES

TIm at 
100* C 

hrB.

Oxygen

Absorbed

cc/gm

Density* Elon|stlon' Yield** Ultimate**

Strength Strength 
pal pal

Lam Density V

S7.3
97.5

.8
1.6
3.2
7.0

.919 
hallue .923 

“ .923
.923 
.926
.928
.932

361.
501
311.
litii
6?

1272
laLR
11.25
1395
16U0
l'i7l
1517

2391.25ii
22RI
1983
1518
131.0
1<.33

High Dsnalty c
2U.1.
1*7.5
29.5
31.5
3“.9
37.0

.8
1.8
U.U
5.9

.998

.950

.950

.956

.959

.963

.972

313
?w0
1.12
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3..T2
3000
3601
2253
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TABLE II 

Mol«cul»r Mtlght» of Oxidized Polyethylen«» 

S«nple 

Um Mnslty 

Oxygen 
Abiontlon 

ce/tm 

- In helium* 

- in helium6 

.8 
1.6 

3.2 

7.0 

3.20 l.w 

2.LO 1.21 

3.11 1.7« 

1.60 1.02 

1.39 0.75 

1.70 0.58 

1.05 0.31 

4.60 !».5 

4.73 5.0 

8.15 5.7 

4.04 6.4 

2.35 5-4 

1.54 3.4 

0.84 2.9 

High Density 
- in helium* 

. in helium* 

.8 

1.8 
4.4 

5.9 

2.04 1.47 

1.75 1.29 

1.48 1.25 

1.78 0.62 

1.44 0.44 

1.25 0.32 

0.98 0.23 

6.72 7.2 

9.30 7.4 

9.99 8.5 

1.70 3.5 

1.06 3-0 

0.75 2.6 

0.50 2.3 

Samples nested in helium: “ 47.5 hours 

6 67.4 hours 

6 29.5 hours 

Figure 2 - Dielectric loss in oxidized 
polyethylenes 

Figure 1 - Oxidation of unatabillzed, 
polyethylene, base resins at 100°C 
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Figure b - Effect of oxidation on infrared 
absorptions 

Figure 3 - Infrared spectra of oxidized 
polyethylenes 

Figure 5 - Effect of oxidation on elongation 
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'igure 8 - Stability of polyethylene 
insulated wires after 70°C oven-aging 

Figure 6 - Effect of oxidation on molecular 
weights 

EXTNMOUTIO INDUCTION KMOO, (NOUNS) 

Figure 7 - Temperature effects on the oxi¬ 
dation of polyethylene insulated wires 
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THERMAL OXIDATIVE CRACKING OE POLYETHYLENE 
INSULATION ON TELEPHONE CONDUCTORS 

H. M. Gilroy 
Bell Laboratories 

Murray Hill, N.J. 0797h 

Sumina ry 

Field failures of low-density polyethy¬ 
lene wire insulation, found in Bell System 
pedestals, ha/e been duplicated at Bell 
Telephone Laboratories in the Experimental 
Pedestal tnstellation Complex. The rate of 
insulation failure as well as changes in 
cracking behavior as oxidation progresses 
are discussed. 

Improvements obtained by means of a new 
stabilization system and substitution of 
high-density polyethylene are shown to be 
far superior to the stabilization system 
used in the past. 

Introduction 

Several years ago insulation failures in 
polyethylene insulated conductors (PIC) began 
to appear in Bell System field installations. 
Detailed discussion of these failures have 
been covered by J. B. Howard^ and other field 
failures in low-density polyethylene (LDPE) 
were reported by Pusey et al.2 These fail¬ 
ures were mainly confined to the hotter 
regions in the south and only in pedestals 
used for above-ground terminations in buried 
plant.1 

PIC samples collected from field pedes¬ 
tals and aerial splice cases showed that 
only fractional amounts of antioxidant re¬ 
mained in the insulation and essentially 
none in the samples that had failed.1 Short 
term oven tests on Western Electric (WECo) 
production wires and experimental laboratory 
wires showed rapid antioxidant loss, but 
failure of the insulation in these short-term 
tests only occurred at elevated temperatures 
and then only on wires that were poorly 
stabilized. 

In an effort to simulate the field con¬ 
ditions that have resulted in insulation 
failure, the Experimental Pedestal Installa¬ 
tion Complex (EPIC) was established at Bell 
Labs. Standard WECo production cables with 
various stabilization systems were installed 
in actual pedestal domes maintained at a 
series of elevated temperatures. The wire 
insulation was then life tested to failure. 

Apparatus 

The pedestal domes used were Bell System 
B-type pedestals, complete with base plate. 
Custom-made heating mantles were used to heat 
the pedestal domes. Each pedestal had its 
own temperature controller and high tempera¬ 
ture alarm system (Figure 1). 

Cables Under Test 

The cables tested were all WECo produc¬ 
tion cables, 26 gauge copper conductor, pro¬ 
tected by several different antioxidant 
systems (Table 1). Testing temperatures for 
low-density polyethylene (LDPE) ranged from 
^0°C to 90sC in 10°C intervals and for high- 
density polyethylene (HOPE) from 40°C to 
IKTC. 

Method of Testing 

Insulation Cracking - Samples of insulated 
wire were periodically stressed by wrapping 
around a steel mandrel of the same size as 
the overall diameter of the Insulated wire. 
This method was used to simulate the handling 
that takes place in the field when termina¬ 
tions are made by the installer. Samples 
were examined visually at 5X magnification 
for insulation cracking and the first appear¬ 
ance of cracking was recorded as the initial 
failure. The unstressed portion of the 
insulation was also examined for cracks. 
In each pedestal one wire of each color was 
twisted into a pigtail by wrapping the insu¬ 
lated conductor back on itself. These pig¬ 
tails were also examined at selected Intervals 
for cracking. 

Residual Oxidative Stability - Insulated wire 
samples were removed at regular Intervals for 
examination by Differential Thermal Analysis 
(DTA) to determine the rate of stability 
loss.3 This loss of oxidative stability was 
used as a guide to determine the necessary 
frequency of inspection and stres ing of the 
insulation. All DTA measurements were made 
at 200°C in copper pans with the conductor 
in place. All testing at 200°C was carried 
out in pure oxygen. 



Internal Reflectance Spectroscopy - The onset 
of oxidation was detected by Internal re¬ 
flectance spectroscopy on the outer surface 
of the wire insulation. This technique is 
described in detail by Harriet and its 
application to wire insulation has been re¬ 
ported previously.1 

Cracking of Low Density Polyethylene (LDPE) - 
établllzatlon Svstem-U.^-thloblst 3-methvT-6- 
tert.butyl phenol fTMTP) - The inlllal insu¬ 
lation failures found ir LORE stabilized with 
TMTP are shown on an Ar.henius-type plot in 
Figure 2. The insulation in these cables is 
low-density polyethylene (LDPE) and all the 
tests were carried out at constant tempera¬ 
ture. The failures were all produced after 
stressing the insulated conductor by wrapping 
around a steel mandrel 0.026 inches in 
diameter. All the eracned samples were devoid 
of antioxidant as measured by differential 
thermal analysis DTA), and infrared measure¬ 
ments indicated that oxidation had started. 
None of the pigtails that were prestressed 
at the start of the testing program cracked 
prior to or at the time failures were found 
in the periodically stressed samples. 

As can be seen from Figure 2, the curva¬ 
ture is in the direction of decreasing activa¬ 
tion energy with decreasing temperature. 
This can possibly be attributed to a combina¬ 
tion of causes: copper catalysis, where the 
catalytic effect of copper becomes more 
dominant at lower temperatures5, and to 
morphological changes, where the rate of 
secondary crystallization is related to the 
test (annealing) temperature. 

When the data in Figure 2 are extrap¬ 
olated to 40°C, the temperature selected as 
a reasonable maximum to expect in warmer 
climates, the first failures could occur in 
as little as three years. 

In all the cases of cracking of TMTP- 
stabillzed Insulation the white wires failed 
first, usually followed by red, and then, 
except for black, the other colors (Table 2) 
in much the same rank order of failure found 
in the field.1 As failures occurred at lower 
temperatures (70°C, ôO^C, and 50’C, the spread 
between the occurrence of failures in white 
insulation and in the other colors became 
more pronounced. 

The samples shown in Figure 2 were main¬ 
tained at constant temperature, and, as such, 
do not represent the real situation where 
pedestals heat up during the day and cool off 
at night. Cable samples have been placed in 
EPIC pedestals on temperature cycles from 
room temperature to 60°C and 7(rc. Insula¬ 
tion failures in these cycling cables indicate 
that there is nothing unique about the failure 

rate or mode of cracking due to temperature 
cycling. The time for initial failures to 
occur is shown in Table 3. If we assume the 
same activation energy for the cyclic process 
as for the constant temperature process and 
draw companion curves to Figure 2, initial 
failures can be expected at 40°C in about 
four years. These data are in excellent 
agreement with field results reported pre¬ 
viously.1»° 

Type of Cracking Found in LDPE - The initial 
cracks found in Lt>PE stabilized with TBMA 
were tiny circumferential cracks, many in 
number, with little or no separation from 
the copper conductor and with very little 
copper exposed, often accompanied by dark 
exudation and discoloration of conductor and 
insulation. These cracks were not spon¬ 
taneous but were only produced when the 
Insulation was stressed. 

After about 90 days at 90°C and about 
150 days at 80’C, the character of Insulation 
cracking changed. Cracks that developed after 
this period of time were, in general, more 
catastrophic with only one or two cracks per 
test section and with large portions of the 
Insulation peeling back to expose the copper 
conductor but without any discoloration or 
exudation. 

With longer times at test temperature, 
another change occurred in the mode of crack¬ 
ing. Many samples could not be made to crack 
even though adjacent sections had cracked in 
earlier tests. These samples were removed 
from the pedestals and exposed to boiling 
xylene for one hour, along with control sam¬ 
ples of the same conductors that had not been 
subjected to exposure at elevated tempera¬ 
ture. The control samples dissolved rapidly 
and completely, while the exposed samples 
that refused to crack had Insoluble fractions 
of up to 60%, indicating a large amount of 
gel formation due to oxidative crosslinking. 

The amount of gel found at the various 
test temperatures is shown in Table 4. Here 
it can clearly be seen that the rate of gel 
formation is a function of the temperature 
and that a maximum gel constant is rapidly 
reached. The change in the character of the 
cracking and the decrease in the rate of 
cracking after oxidation is assumed to be 
caused by the large gel fraction found in 
these wire insulations. 

Cracking of Low-Density Polyethylene (LDPE) 

Stabilization System-MBHP/DBOD - Tetrakis 
(methylene 3-(3;5tditert.butyl-4-hydroxy 
phenol) propionate]methane and N, N' 
-dibenzyl oxalyl dihydrozide - Six cable 
samples of LDPE with MBHP/DBOD-stabilized 
insulation are being 
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tested In the BTL EPIC program. To date, 
failures haye occurred only at 90°C and 80°C 
(Table 5), and the failures found are not as 
rapid at these temperatures as seen with 
tne TMTP-stafcllized Insulation. As shown 
In Figure 3, the latter Insulation falls 
wltnln a very short time span, and with.the 
exception of' the black insulation, failures 
rapidly reach 1001¾ at 90°C. In the case of 
the MBHP/DBOD-stabillzed insulation, the 
failure rate is orders of magnitude slower 
and although the Initial failures would indi¬ 
cate that the MBHP/DBOD system Is only three 
times better than TMTP, the slower failure 
rate would Indicate that the MBHP/DBOD system 
Is considerably better, possibly ten times 
more permanent than TKTP in LPPE. 

The failures found In the LDPE stabilized 
witn MBHP/DBOD do not occur first In white 
insulation, as was ohe case with TMTP, but 
are Independent of color. The failure of 
wnite Insulation before pigmented insulation 
In TMPT-stabllized cables in field and labora¬ 
tory samples has been discussed by Howard1 
and'by Pusey et al.2 The addition of the 
metal deactivator DBOD to the samples in this 
program appears to have pacified or deacti¬ 
vated the white pigment, preventing any 
deleterious effects. 

Since there Is, as yet, no detectable 
white pigment effect, it is possible that 
the failure rate of MBHP/DBOD Insulation 
will not follow that of Figure 2 for TMTP 
but will possibly be a straight-line extrap¬ 
olation. If that is the c^se the MBHP/DBOD 
system should protect LDPE for the desired 
1*0 year life at Uo°C. However, extrapolation 
of only a few data points over several decactes 
can be misleading and for a firm prediction 
of the useful lifetime of this system, several 
more data points would be most desirable. 
Until other data is available one can justify 
the expected longer life of the MBHP/DBOD 
insulation by examining the total failures 
found in the EPIC pedestals. All the data 
is grouped together In Figure ^ giving a 
clearer picture of the relative failure 
rates of the two stabilization systems. 
This represents all the colors (except black) 
of all the cables from all the WECo plants 
for the entire period of EPIC testing. As 
can be seen from Figure 4, the MBHP/DBOD rate 
of failure is about ten times slower than 
TMTP at gO’C and 80’C, the only temperatures 
at which failures have teen found to date in 
the MBHP/DBOD system, giving further credence 
to the superiority of this system in LDPE 
wire insulation. 

High-Density Polyethylene Wire Insulation 

Stabilization System - MBHP/DBOB - WECo pro- 
duction cables with high-density polyethylene 

(HOPE) insulation are also under test in. this 
program. Because of the higher melting range 
of the HDPE the testing program, was extended 
upward to 110°C for HOPE. Insulation crack¬ 
ing found to date (Table 6) shows that HOPE 
is inherently more resistant to oxidative 
cracking than LDPE and this is attributed 
to retention of the antioxidant system by 
HOPE for a longer period of time than in 
LDPE. 

No failures have been obtained to date 
(2 years in test) for HOPE in EPIC pedestals 
at temperatures below 100°C and estim.ation 
of useful field life by straight line extrap¬ 
olation indicates that service well in excess 
of the required 40 year life can be expected. 

There is no effect of white pigment 
causing early failure of the insulation and 
this is again attributed to the presence of 
the metal deactivator. 
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RAPID ISOTHERMAL DTA TESTING FOR 
CONTROL OF STABILITY IN POLYOLEFINS 

J. B. Howard, H. M. Gilroy and E. Kokta 
Bell Laboratories 

Murray Hill, New Jersey 0797^ 

Summary 

The performance of a new six-place 
semi-automatic differential thermal analysis 
instrument designed primarily for rapid, 
precise routine quality control testing of 
stabilised polyolefin plastics is summarized. 
The apparatus is demonstrated to meet its 
design inueni. 

In the course of experiments exploring 
the versatility of the instrument, an unanti¬ 
cipated catalytic effect was observ d by 
which reactive fragments from an earlier 
oxidative decomposition appear capable of 
inducing premature failure in otherwise 
sound polyolefin specimens. The signifi¬ 
cance of this observation is discussed. 

Introduction 

Makers and users of wire and cable have 
a common interest in the stability of tne 
organic materials incorporated into these 
structures: the makers because they wish to 
maintain a reputation for quality and because 
tney must be able to manufacture these pro¬ 
ducts with a minimum of down-time on the 
extrusion line, the users obviously because 
they engineer for reasonable service life 
with a minimum of field problems. Fulfill¬ 
ment of these parallel aims requires that 
tests be made on both raw material and 
finished product to ensure that a suitable 
level of stability is present in each. 
Inasmuch as the raw materials involved are 
normally purchased against a control speci¬ 
fication, the material supplier also has an 
Interest in testing his wares against the 
stated requirements. Testing takes time and 
time equates to money, so the raw material 
supplier, cable manufacturer and ultimate 
purci.aser all have a common commitment to 
the establishment of rapid, precise methods 
for assessing stability. 

The materials to be discussed in this 
presentation are the polyolefins: low- and 
high-density polyethylene, and polypropylene. 
The test is an Isothermal differentia] 
thermal analysis (DTA) procedure designed 
specifically for rapid quality control test¬ 
ing on a routine basis. It makes use of 
semi-automatic apparatus capable of measuring 
the failure times of six individual specimens 
independently and simultaneously. A proto¬ 

type of the instrument was briefly previewed 
in an earlier paper.^ 

Description of the Apparatus 

Tne present model embodies a number of 
mechanical and electronic refinements, pro¬ 
viding improved control and greater sensi¬ 
tivity as a result of superior noise immunity. 
It consists of two units, a control console 
and a furnace module (Figure 1). The furnace 
itself, except for its isolation from the 
electronic components, is the same as the 
one designed by R. F. Westover for the pro¬ 
totype apparatus. The core of the furnace 
is a circular platform, about mm in dia¬ 
meter, fitted with seven platinum resistance 
thermometers, the six serving as specimen 
sensors arranged in a regular hexagonal 
pattern around the reference sensor at the 
center (Figure 2). This platform rides in a 
chrome-plated brass cylinder equipped with a 
band heater and a control sensor. A solid- 
state proportioning controller maintains the 
pre-selected temperature to ±0.12QC or better. 

A stream of pure oxygen, regulated by a 
pressure-reducing valve and a flowm.eter on 
the front of the module to a rate of 200 ml/ 
minute, is preheated by passage through a 
length of copper tubing wrapped around the 
outside of the heater band, and then passes 
up a helical groove cut into the shaft carry¬ 
ing the platform with its sensors. This flow 
of gas serves two purposes: the preheated 
stream provides the oxidizing atmosphere of 
the test chamber, and, under control of a 
small lever-valve on the front of the module, 
an unheated portion is diverted to lift the 
platform the 25 mm to the top of the heated 
cylinder for specimen loading. This loading 
is accomplished with the aid of a small hand¬ 
held device which positions all six specimen 
dishes on their respective sensors simul¬ 
taneously, after which the same valve lever 
returns the platform to operating position 
and automatically starts a set of timers in 
the control console, an individual timer for 
each specimen. The removal of the dishes 
from the previous run and their replacement 
by a fresh set requires only a few seconds, 
so that the temperature of the furnace cham¬ 
ber normally drops only about IoC during the 
operation and regains its preset level in 
under two minutes. A small Teflon cover put 
into place manually after the furnace has 



been closed helps bo minimize heat loss from 
tne top of the specimen chamber. 

The control console houses the elec¬ 
tronics, including the temperature controller 
for the furnace and a digital potentiometer 
control for setting said temperature at the 
desired level. On the lower front panel are 
the aforementioned timers (digital units 
reading to 0.1 minute) and six warning lights 
which indicate when a given timer has been 
stopped by termination of the induction 
period for the associated specimen. There 
are also individual controls for setting the 
base line and trigger voltages for each of 
the six channels, and provision for plugging 
in a sensitive millivoltmeter or recorder to 
monitor these. The upper panel carries a 
digital thermometer reading to 0.02^0, which 
continuously displays tne temperature of the 
furnace as indicated by the output of the 
reference sensor circuit. 

Modes of Operation 

This apparatus was designed specifi¬ 
cally for rapid quality control testing on 
a go-no-go basis against s stated minimum, 
failure time at a specified temperature. 
When the induction period of a given specimen 
terminates and the exotherm accompanying the 
oxidation reaction produces a voltage dif¬ 
ferential between the sensors for that 
specimen and the reference larger than a 
preset minimum, a relay is triggered and the 
timer for that particular specimen is stopped. 
If this event occurs before the specified 
minimum time has elapsed, the specimen con¬ 
stitutes a failure. If, on the other hand, 
none of the six specimens has failed when 
the specified time is reached, the group is 
recorded as passing, the instrument reset 
and the specimens replaced with a fresh set 
of six. Closing the oven automatically re¬ 
starts the timers. There is thus almost no 
lost time between runs, and the number of 
determinations per shift depends primarily 
on the duration of the minimum failure time 
specified. If, as an example, this is 25 
minutes, over 100 specimens can be tested 
in an 8-hour shift by a single operator using 
only one instrument. By suitably staggering 
the starting times, an operator can handle 
two, or even three instruments, so that the 
potential economies in testing time are sub¬ 
stantial compared with conventional DTA 
procedures. 

Obviously, the apparatus can also be 
used to determine the actual failure times 
of large numbers of specimens in a relatively 
short time simply by allowing each set to 
run until all six have failed. This approach 
can provide Insight into the extent of vari¬ 
ability within a given sample, since a sta¬ 
tistically satisfactory number of determina¬ 
tions can be completed with relative ease. 

It should be noted that the failure time 
established by the automated procedure will 
not normally be identical with the induction 
time for the same sample determ.lned from a 
recorder chart in the usual manner by extra¬ 
polation of the rising exotherm back, to the 
base line. This is a consequence of the 
type of automation employed, which depends 
for its end point on the development of a 
small but finite preselected level of 
exotherm, by the scecimen. It is exactly 
analogous to the "tx" of oxygen absorption, 
the time required for the specimen to 
consume "x" milliliters of oxygen per gram, 
which also differs from the induction time 
(tj_) determined by corresponding backward 
extrapolation of the rising curve of oxygen 
consumption as the oxidation reaction pro¬ 
ceeds. In each case, the two types of end 
point are more nearly equal for sarr.ples 
whose oxidation curves ascend steeply from 
the base line (curves "A'' of Figures 3 and 
4), and most different when the rise is very 
gradual (curves "B" of the same figures). 
Thus "induction time" is not strictly an 
accurate designation for the readout provided 
by the automatic timers, whence our choice 
of "failure time" (tf). 

The automated apparatus can also be used 
to determine the more familiar extrapolated 
induction time when this is desirable, as 
for calibration, because it is equipped with 
output jacks through which the amplified vol¬ 
tage differential between tne specimen and 
reference sensors can be switched to a suit¬ 
able recorder and a conventional DTA plot 
obtained for the necessary extrapolation. 
The new instrument thus has the potential 
for two additional modes of operation over 
and above the routine control function for 
which it is primarily intended. In each 
of the three, its isothermal operation and 
multiple specimen capacity offer attractive 
potential savings of testing time, plus 
greater freedom from certain cross-contami¬ 
nation hazards than is possible when a 
multiplicity of specimens are tested in a 
single dish, a practice which has been sug¬ 
gested as a time-saving device.3 

Repeatability of Results 

The first criterion of acceptability for 
a proposed control test is good precision, 
or repeatability of results. When the 
material being tested is a polyolefin, 
sample inhomogeneities can present a major 
problem in proving in the new test. The 
scatter of results for which compositional 
variations are responsible is, unfortunately, 
only too often attributed to the test pro¬ 
cedure instead of being recognized as a 
characteristic of the sample. Troublesome 
inconsistencies have been shown to arise, 
particularly in low-density polyethylene, 
from a number of sources, among them poor 
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solubility and migration of the stabilizers 
Kost antioxidants and metal deactivators, 
while soluble in or at least miscible with 
the polyethylene melt during mixing, tend 
to separate out in the solid state where they 
are virtually insoluble and exist as discreet 
and often surprisingly mobile phases.o« 
In order to minimize obfuscation from this 
source, the specimens employed in establish¬ 
ing the precision of the new six-place . 
apparatus were punched from freshly prepared 
films of low-density polyethylene 0.25 nun 
thick, stabilized with 0.05# by weight each 
of tetrakis [methylene 3-(3',5,-ditert.butyl- 
4'-hydroxyphenyl) propionate] methane and 
N, N' -dibenzal-(oxalyl dihydrazide). This 
composition is designated "Sample A . The 
specimens, which weighed approximately 4 mg, 
were tested in oxygen at 200°C on preoxidized 
copper inserts in aluminum dishes, with the 
criterion of failure «he development of 
O. 05aC differential between the specimen and 
reference sensors. 

For a universe of 132 determinations, 
the variation between successive specimens 
in any one of the six positions was found to 
be essentially the same as that between 
positions in any one run (cf. Table I). 
The overall average failure time was 25.29 
i 1.29 minutes. Being based on the largest 
number of determinations among all the data 
available, this level of reproducibility is 
taken as most truly representative of the 
inherent capability of the instrument. It 
compares uncannily closely with the standard 
deviation of ± 1.30 minutes found earlier 
for similar specimens in a commercial single 
specimen apparatus.7 

Having established the basic precision 
of the instrument with an ultra-uniform 
sample of one of the three materials with 
which it is most likely to be used, the 
next task was to determine its performance 
with the others. For a typical high-density 
polyethylene (Sample B), stabilized with 
0.10¾ each of the same ingredients and tested 
under the same conditions, an average failure 
time of 52.14 ± 1.69 minutes was found 
(Table IIA). Similarly, for a polypropylene 
'sample C) stabilized with 0.50¾ of bis- 
(ethylene 3-(31,5'-ditert.butyl-4'-hydro- 
xyphenyl)propionAte]sulfide and 0.10% N,N - 
dibenzal-(oxalyl dihydrazide), the mean 
failure time was 50*22 ± 2.25 minutes, again 
under the same test conditions. In each of 
the latter series of tests, only 42 deter¬ 
minations were involved. This may be a 
factor in the larger standard deviations 
found but there are doubtless others as well. 
One possibility is discussed below. 

Absence of Stabilizer Transfer 

The second criterion to be met by can¬ 
didate apparatus for control testing of 
several specimens at one time is the ability 

to identify the occasional nonconforming 
specimen in a group, the others of which 
meet the stated requirement. The need for 
caution in this regard in DTA testing was 
demonstrated by Marshall et al,3 who re¬ 
ported that when an inadequately stabilized 
specimen was included in the same dish with 
several satisfactory ones, stabilizer from 
the latter migrated into and measurably 
improved the performance of the former. 
Roe and his associates have confirmed that 
this migration can be extremely rapid at 
even r.oderately elevated temperatures. 

In the six-place apparatus, reliance is 
placed on a stream of oxygen moving rapidly 
from the periphery of the chamber, across 
the specimens and out the top center to 
minimize cross-contamination. To determine 
whether transfer of stabilizer is in fact 
circumvented by this gas flow under normal 
operating conditions, combinations were 
tested of poorly stabilized specimens of 
each of the three polyolefins intermixed 
with others of the corresponding well- 
stabilized sample for which results have 
been given above and in Table IIA. 

For the low failure-time materials. 
Sample D consisted of the same low-density 
polyethylene as Sample A, but stabilized 
only with 0.10¾ of 4,4'-thlobls(3-methyl-6- 
tert.butyl phenol) but no metal deactivator; 
Sample E was the same as sample B but with 
one-third of the total stabilizer package; 
while sample F was a commercial polypropy¬ 
lene containing a proprietary stabilizer 
system. The results of the tests involving 
appropriate combinations of these specimens 

are given in Table IIB. 

In brief, no eviaence whatsoever was 
seen of stabilizer migration from better- to 
less well-protected specimens. In no case 
did any of the poorer materials show an 
increase in failure time when tested in the 
presence of well-stabilized specimens. In 
this sense, the kinetic atmosphere of the 
test chamber proves to be effective and the 
automated apparatus performs its intended 
fu ..tions in a highly satisfactory manner. 

Catalytlcally Induced 
Premature Decomposition 

To carry our examination of the new 
instrument well beyond the limits of what 
might normally be anticipated in routine 
control testing, extreme combinations of 
specimens were assembled to study the effects 
of poorly stabilized or totally unstabilized 
material on normal or "good" specimens of 
the same, or even of different polymers, 
since mixtures of one polymer type with 
another might sometimes be tested in actual 
practice. The results of these experiments 
are shown in Table IIC. Here a totally 
unanticipated phenomenon is evident in the 
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dats. In each case where specircens with 
substantially different failure times were 
tested together, the tetter-stabilized mate¬ 
rial failed more quickly than when tested 
alone. It thus appears that gas-borne frag¬ 
ments from an earlier oxidative decomposition 
are capable of catalyzing premature failure 
in otherwise sound specimens. 

In tests where only a single polymer 
type was involved, the magnitude of this 
catalytic acceleration was found to be 
moderate (about 5-7 minutes) for the poly- 
etnylenes, but in polypropylene it was ob¬ 
served to be as large as nearly 20 minutes, 
or about of the original oxidative time. 
The relative effects are totally consistent 
with the native susceptibilities of these 
polymers to oxidation. It was also noted 
that unstabilized material produces an 
apparently larger, but perhaps merely a 
more rapid effect on well-stabilized speci- 
mens than does corresponding semi-stabilized 
material. This was found to be true for all 
three polymers. Oddly, the "incubation time" 
for the induced catalytic degeneration 
appears; on the basis of limited experi- 
mentation, to be shortest for low-density 
polyethylene where the net effect is least. 
This may be only a reflection of the relative 
concentration of stabilizer in the disordered 
pnase of the low-density polymer, which is 
the more susceptible portion of the material, 
compared with that in the corresponding areas 
of the more crystalline high-density poly¬ 
ethylene where the same weight percent of 
additive results in a proportionately higher 
actual concentration in the residual non¬ 
crystalline regions. In the case of poly¬ 
propylene, an extended "incubation time" can 
be rationalized in light of the much higher 
overall level of stabilization present. 

Limited testing in which polymer types 
as well as stabilization levels were deli- 
beratedly intermixed indicates that even 
more serious catalytic effects can result 
than "or homogeneous groups of specimens. 
The most pronounced degenerative activity 
was observed when specimens of unstabilized 
polypropylene were alternated, three and 
three, with those of HDPE Sample B. In this 
combination, the failure time for the latter 
showed a decrease of 57$ from its value when 
tested alone. In general, the same overall 
relative activities appear to obtain as 
found previously, with polypropylene produc¬ 
ing by far the largest and high-density 
polyethylene the smallest catalytic action, 
while that of low-density polyethylene is 
slightly, but significantly, greater than 
for its high-density homolog. Again, the 
relative activities are consistent with the 
known oxidative susceptibilities of the 
three polymers. 

Significance of the Findings 

Insofar as the original objective of 
this study is concerned, the newly recognized 
phenomenon has only minor Impact. It sug¬ 
gests that redesign of the top of the furnace 
chamber to preclude interningling of the 
atmospheres flowing over the seve-al speci- 
r.ens would undoubtedly be worthwhile, and 
indeed a simple modification intended to 
achieve this is being undertaken. This 
redesign may serendipitously result also in 
a simplified, one-handed specimen loading 
device. The new information in no way 
vitiates the usefulness of the six-place 
instrument for routine testing purposes. In 
its present form, this apparatus remains fully 
capable of meeting the original design intent 
of ’■•apid, precise quality control testing on 
a routine basis against a predetermined mini¬ 
mum failure time requirement. It Is neces¬ 
sary only that a simple set of operating 
rules be observed. Obviously, there is no 
problem when all six specimens in any group 
exceed the required minimu i time. Nor is 
there if only one oi the Sj.x fails to pass. 
If, however, two or more specir.ens fail to 
meet the required minimum, all except the 
first failure must ce regarded as potentially 
questionable and the samples they represent 
must be retested. With this simple proce¬ 
dure, the advantages of rapid, automated 
routine testing are available for all three 
polymers discussed. 

In using the six-place apparatus on a 
nonroutine basis to determine the actual 
failure times of the individual specimens, 
some additional restrictions should be ob¬ 
served since it appears unwise to test 
together specimens of widely differing 
failure times. This imposes no particular 
hardship since testing of this type normally 
involves several replicates for reasons of 
statistical assurance, and with the new 
apparatus, six can be tested in less than 
the time normally required to test one. 

The real significance of the phenomenon 
revealed in these experiments extends well 
beyond the original limited objective of the 
study. The data reported suggest that when 
active oxidation begins in a polyolefin, the 
ensuing decomposition literally floods the 
adjacent atmosphere with reactive fragments 
capable of "seeding" premature oxidation in 
any other polyolefin in the vicinity, whether 
in the close confines of thermoanalytical 
apparatus, in the perhaps less congested 
interior of an air oven, or under other cir¬ 
cumstances. A rapidly moving stream of gas 
is quite evidently inadequate for preventing 
the innoculation of other polyolefins nearby. 
On the basis of present knowledge, it appears 
that oxidative decomposition of Intensity 
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r
sufficient to induce premature failure of 
the kind found in these experiments occurs 
only under extremely vigorous conditions, 
as at o.uite elevated temperatures, and the 
phenomenon is probably Inoperative under 
normal use conditions for these mjaterials. 
Possible bearing on the behavior of polyole­

fins in processing equipment, particularly 
in the presence of catalyst residues or 
copper, may be worth considering, however.

fince the design of the new instrument 
is well-adapted to the Insertion of a mass 
spectrcgraphic probe, study of the decom­

position fragm.ents might contribute usefully 
to the analysis of oxidation mechanics.

Summary

A six-specimen Isothermal DTA apparatus 
designed specifically for rapid quality 
control testing of polyolefins is described 
and typical failure times reported for low- 
and liigh-density polyethylenes as well as 
for polypropylene. The new instrument is 
dem.onstrated to be equal in precision to 
good commercial DTA apparatus designed for 
single-specim.en use.

It is pointed out that the type of 
automation employed for determining the end 
of the induction period on a routine basis 
with the new apparatus is exactly analogous 
to one of the conimon ways of reporting 
oxygen uptake data, the time_ ;_tx) required 
for the specimien to consume "x” milliliters 
of oxygen per gram.. Just as this differs 
slightly in numerical value from the induc­

tion time 'ti') determined by the oxygen 
uptake apparatus, so does t.he failure time 
■'tf) established by the new Instrument in 
its semi-automatic operating mode differ 
slightly from the induction time as normally 
determined by either the new Instrument or 
by conventional DTA or DSC apparatus through 
back-extrapolation of the exothenn on graph 
paper.

No evidence is found of stabilizer 
milgration between specimens in the new in­

strument as has been reported for other 
multi-specimen DTA techniques.

The test data reveal instead a startling 
new phenomenon operating in the reverse 
direction; the catalysis of premature oxi­

dative failure by reactive fragments charged 
into the atmosphere during early decomposi- 
tlon of one of the specimens. This catalysis 
seems to require a m.oderate "incubation time", 
so that it does not Interfere excessively 
with the use of the new six-place Instrument 
for its intended purpose of routine control 
testing. It does, however, warn of a possi­

ble new kind of interaction between specimens 
in any grossly accelerated oxidative testing 
of the polyolefins, including oven tests. 
Perhaps miore importantly, it may have bearing

on the behavior of these materials in pro­

cessing equipment under certain conditions 
of operation, particularly in the presence 
of potential activators such as copper, 
certain plgm.ents, or adventitious catalyst 
residues.
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CELLULAR INSULATION AS AN ANSWER TO MATERIAL CONSERVATION 

E.D. Metcalf 
Telecommunications Division 

Anaconda Wire and Cable Company 
Sycamore, Illinois 

Abstract 

The polyolefin sho.*tage In the United States has 
prompted serious consideration of all possible ways to 
save materials in cable manufacture. One approach 
offering considerable potential is the substitution 
of cellular insulation for solid insulation in 
filiad telephone cables. While there has been some 
reluctance to make this change in the past, a study 
of the problmn areas indicates that most of the 
concerns can be resolved and only a minimal •»«'ifice 
in overall performance would be anticipated. On this 
basis, the long term availability and cost of poly¬ 
olefin materials will probably be the deciding factor. 

Introduction 

With the shortage of petroleum-base polymers in 
this country, both cable manufacturers and users have 
been faced with the probl» of extending materials. 
In reviewing possible conservation measures, one 
slanlficant material reduction becomes iamiediateiy 
obvious. This is the use of cellular insulation as 
a substitute for solid in Filled Telephone Cables. 

When filled type cables were introduced in this 
country 5 or 6 years ago, the one electrical 
characteristics were required that had been provided 
for non-fllled cables. Since the filling compound 
had a dielectric constant of 2.1 and was used to 
replace air with a dielectric constant of 1.0, it 
was necessary to Increase the Interconductor spacing 
to produce the same mutual capacitance. This was 
accomplished by going to heavier conductor insulation 
which increased both the size and the weight of the 

cable. 

With this construction, however, the dimensions 
could be reduced by lowering the dielectric constant 
of either the filling compound or the insulating ^ 
material. The British, who first introduced fill®* 
telephone cable, were concerned with the size problem 
from the start and chose to Immediately adopt 
cellular insulation. Several other countries have 
also followed their lead but in the United States 
there has been a reluctance to make this change. 
This hesitancy appeared to stma from concern over 
both the processing and performance characteristics 
of cellular insulation and there was no strong impetus 
to push the needed engineering and development 
investigations. 

About 12 or 15 months ago, however, the picture 
was changed - a new impetus was added. This impetus 

was the polyolefin shortage which has clouded the 
supply picture for the next several years. There was 
now a strong Justification for the engineering work 

required and several manufacturers picked up the 
challenge. The use of cellular insulation for filled 

telephone cable in the United States now began to 

receive some serious attention. 

Reduction in Material Usage 

What are the savings in critical materials that 
now make cell’ilar insulation more attractive? They 
not only include insulation but also fiUing compound 

and Jacketing materials. And this fast e*°win« 
construction already represents far more than half of 

the exchange area cable market requirements. 

In looking at a typical conductor size used in 

this cable, the solid insulation for 22 AWG wire 
would be 0.053 inches overall diameter using poly¬ 
propylene copolymer. Since telephone cable design 
is based on mutual capacitance, the dielectric constant 

which is 2.25, controls this diameter. The weight of 

insulation for one thousand feet of this c0“d'*c^" 
would be 0.67 pounds. This is based on an insulation 

thickness of .011» inches. 

Now, looking at this same 22 AWG conductor with 

cellular polypropylene insulation, the mutual 
capacitance again is the controlling design factor 

which determines the insulation thickness. 
cellular material, based on a typical 30* gas content, 
the effective dielectric constant now changes from the 

previous 2.25 to 1.82. This means that the insulation 
overall'diameter can be reduced from 0.053 to O.OUT 
inches. Likewise, the weight of insulation is reduced 

from 0.670 to 0.335 pounds per thousand feet. 

What the change to cellular insulation accom¬ 

plishes is shown graphically in Figure 1. The 
insulation thickness with cellular compound has been 
reduced 0.003 inches or 21* on the basis of the lower 
dielectric constant. The volume of insulation, based 

on cross-sectional area, is reduced 28*. The weight 

of insulation in turn is affected by both the 2Ö* 
reduction in volume and the 30* reduction in density. 

This means the weight of insulation per thousand 

feet of conductor can be reduced by 50* with the 

change to cellular material. 

53 

- a* --- — 

1,' 



SOLID CELLULAR 

100 illii72' $ 70 % 

CROSS-SECTIONAL DENSITY 

AREA 

FIGURE 1. Comparison of solid versus cellular 
polypropylene insulation. 

As stated previously, the reduction of critical 

materials does not stop at this point - other cable 
components are also involved. If the diameter of the 
insulated conductors are decreased, the overall 
diameter of the stranded pairs is likewise reduced. 

This means that less compound is required to fill 
the void areas around the conductors and over the 
core. Also, both the inner and outer diameters of 
the Jacket can be reduced. Taking a representative 
—nge of cable sites using 22 AWG conductors, Figure 2 
shows the reduction of materials by percent that would 
be realised with the change to cellular Insulated 
filled cables. As can be seen, the overall reduction 
is of a magnitude that is difficult to ignore. 

COMPONENT 
MATERIALS 

-22 AWG FILLED CABLES- 

25 PAIR 100 PAIR 400 PAIR 900 PAIR 

INSULATION 50% 50 % 50 % 50 % 

FILLING COMP. 7% 18 % 20% 21 % 

JACKET 5% 10 % 20 % 25 % 

FIGURE 2. Reduction of petroleum-base 
materials used with change from 

solid to cellular insulation. 

COMPONENT 
MATERIALS 

PERCENT 
REDUCTION 

POUNDS 
REDUCTION 

INSULATION 50 % 50,000,000 

FILLING COMP. 15 % 25,000,000 

JACKET 10 % 12,000,000 

TOTAL 22 % 87,000,000 

FIGURE 3. Estimated reduction in material 
usage for entire telephone cable 
industry with change from solid 
to cellular insulation for 
filled cable. 

Product and Process Considerations 

Now what ere the areas of concern that caused the 

reluctance to change to cellular insulation, basically, 
they involve manufacturing problems, electrical 
capabilities, long term stability and material com¬ 
patibility. While cellular Insulation has been used 
in other countries, the base materials, cable design 

and customer requirements in this country are all 
sufficiently different to warrant thorough evaluation. 

In looking at the manufacturing problems, one 
of the areas of greatest concern has been whether a 
completely consistent product can be produced using 
cellular Insulation, without excessive scrap. This 
question can probably best be discussed by first 
reviewing the process for making solid insulation. 

With a typical extrusion insulating line, the 
bare conductor is pulled from a supply reel and 
through the extruder head and sizing die by a variable 
speed capstan. Insulating compound is fed into the 
extruder hopper, heated, and forced around the moving 
conductor at a preset rate. By varying the speed of 
the capstan, the overall diameter of the insulation 
can be controlled. The bare conductor is preheated 
before entering the extrusion head to provide the 
optimum physical properties of the insulating compound. 

In telephone cable, the most Important electrical 

characteristic is mutual capacitance which is primarily 
controlled by the capacitance of the insulated con¬ 

ductor. With solid insulation, which has a fixed 
dielectric constant, the capacitance is controlled by 

varying overall insulation diameter. This can be 
accomplished by measuring the diameter by hand mi¬ 

crometer or continual gauging head and the capstan 
speed regulated either by hand or servo-system to 

hold the required diameter. 

Carrying this further, percent reductions in 
petroleum-base materials have been estimated for the 

typical average cable size and projected to 1975 
anticipated cable requirements. Figure 3 shows a 
rough estimate of materials savings for the entire 
telephone industry on this basis. As can be seen, 
a reduction of 50 million pounds could be made in 
insulating materials, alone. Besides this another 
37 million pounds could be saved in filling compound 

and Jacketing materials. This means that a total of 
87 million pounds of petroleum-base materials could 

be conserved in 1975 if cellular insulation was 
adopted for filled telephone cable by all manu¬ 

facturers in the United States. 

Now with cellular insulation, the process becomes 
somewhat more complicated because both the diameter 
and the percent gas or density must be controlled to 
provide the required capacitance. The gas is gener¬ 
ated by a blowing agent added to the insulating com¬ 

pound prior to extrusion. Whether this is done by 
the compound supplier or the cable manufacturer, a 

very precise control of quantity and dispersion of 
blowing agent is especially critical for consistent 

density. 

As with solid insulation, the overall diameter 
can be measured by hand or gauging head and controlled 
by speed regulation. However, the percent gas or 
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density will vary with any change in process temper¬ 

ature or pressure as well as with line speed and 
insulation cooling quench point. For this reason, 
capacitance control with cellular Insulation is not 

the simple operation it is with solid material. Be¬ 
cause stähle heat conditions are reached slowly in an 
extruder, because compounds vary from batch to batch, 

because different colors influence density and for 
many other reasons, it is impossible to simply set 
conditions and expect the line to produce a consis¬ 

tent product. In reality, a continuous check of both 
density and diameter must be made to provide the close 

control of mutual capacitance and capacitance un¬ 

balances required by the telephone industry. 

This is one area that has greatly concerned cable 

manufacturers since the electrical requirements in 
this country are generally more severe, and present 

insulating facilities in most cases are not equipped 
to provide the control needed. The answer to the 
problem, obviously, is to Install completely automatic 

control systans lor the insulating lines and this 
means a very extensive Investment on the part of the 

manufacturer. This consideration, of course, would 
be weighed heavily by the manufacturer in making the 

decision to change to cellular insulation. 

The automatic facilities required must first in¬ 

clude an in-line diameter gauge with a feed-back 
circuit which will control the line speed and thus 
hold the diameter to a close tolerance. Second, the 
conductor pre-heater must automatically vary the 
amount of heat to match any line speed change. Third, 
«n extruder heater controllers must be of the pro¬ 

portioning type to eliminate any abrupt tanperature 

changes. 

Along with this equipment, an in-line capacitance 

monitor must be added which is the only way the 
density or percent gas can be continually checked. 
With this monitor, automatic controls must be provided 
for compound melt temperature regulation and/or quench 
water entrance position to make corrections in density 

as required. Finally, seme form of interlink between 

the automatic diameter control and capacitance 
control must be provided so that neither will over¬ 

react relative to the other. 

The equipment described above is all currently 

available and it will provide completely automatic 
control. Using this equipment, it has been proven 
that the electrical consistency required for cellular 

insulated telephone cables in this country can be 
provided. Along with this conclusion, however, the 
substantial cost of control equipment and added scrap 

must be factored into the picture. 

On the basis that product uniformity is feasible, 
the next consideration is physical characteristics of 

cellular Insulation. The basic questions are how its 
performance compares with current requirements and 

whether it can withstand the rigors of high speed 
processing techniques. Since polypropylene has been 

our standard material for solid insulation, the 

investigation was based on this material. 

The first step taken was to check the physical 
characteristics of cellular insulation to current 
industry standards. Figure U shows a comparison of 

22 AWG cellular insulation with 0.011 inch wall 
thickness and 30* gas to REA requirements for solid 
polypropylene insulation. As can be seen from the 
table, the cellular insulation meets all the require¬ 
ments currently specified for solid polypropylene. 

TEST 
REA 

REQUIREMENT 
CELLULAR 
INSULATION 

TENSILE 3000 RSI-MIN 3300-RSI 

ELONGATION 300%-MM 570 % 

COLD BEND 
0 FAILURES 

AT -40* C _ 
0 FAILURES 

SHRINKBACK Vg" MAX < V 
FIGURE Comparison of cellular insulation 

physical characteristics to 
current REA requirements. 

A further comparison of the general physical 
characteristics of cellular polypropylene was made 
with solid low density polyethylene, solid high 
density polyethylene and solid polypropylene. Again, 

22 AVC insulation was used for this study. Test 
results for the comparison are shown in Figure 5. 
From the table, it can be seen that cellular poly¬ 
propylene insulation, in almost every test, is 
physically superior to solid low density polyethylene 

insulation which was the industry standard for many 
years. It also exceeds solid high density polyethylene 

in tensile, abrasion and some types of compression 
resistance. Solid polypropylene as would be «.pected, 

is superior to cellular in all these areas. 

TEST CELLULAR LOPE HOPE 

-1 

PPE 

TENSILE - PSI 3300 2400 3200 3800 

ELONGATION - X 570 650 590 600 

COMPRESSION 
RESIST. - LBS 

2' UWCML 

165 155 145 IBS 

COMPRESSION 
RESIST. - LBS 
l/t' DU UMOACL 

35 40 55 55 

ABRASION 
RESISTANCE 

CVL Kv X 1000 

200 150 60 410 

FIGURE 5. Comparison of physical char¬ 
acteristics of cellular poly¬ 
propylene with solid low density 

polyethylene, high density 
polyethylene and polypropylene. 

The abrasion and compression resistance tests 

were added in this series as a key to the ability of 
cellular Insulation to stand up under the abuse of 
high speed processing techniques. The areas of con- 
cern ar® passage through guide eyelets and around 

sheaves or any points of compression or impact. 
From the test results, it is obvious that cellular 
insulation must be treated more carefully than solid 

polypropylene in processing. Because of this, it 
may be prudent to exclude 26 AWG from the cellular 
construction for at least the initial start. 

Besides these manufacturing considerations, there 

is also the question as to whether overall plant out¬ 
put will be reduced with cellular insulation. Here, 
the area of basic concern is the insulation processing 

rate with the major problem centering around the 
adequate cooling of the insulation. Because cellular 

material is more fragile than solid material at 
elevated t«peratures, heat removal must be more 
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complete to prevent deformation in handling. It has 
been found that with either a more efficient cooling 
system or longer cooling trough, high speed extrusion 
of cellular insulation is possible. The investigation 
has generally shown that with automatic control equip¬ 
ment and an efficient cooling system the through-put 
speeds of cellular insulation can be equal to those 
of the equivalent solid Insulation. 

After having explored the manufacturing problems, 
the next area of concern is cable design. Primarily, 
the consideration is whether a cellular insulated 
product would be capable of meeting the electrical 
characteristics required for filled telephone cables. 
In designing and testing the product, it was found 
that in most cases the construction could be tailored 
to meet present Industry standards as they exist. The 
characteristics that would be the same as for solid 
insulation filled cable are listed below: 

1. ) Average Mutual Capacitance 

2. ) 7MS T'.vlatlon o' Mutual Capacitance 

3. ) Pair-to-Pair Capacitance Unbalance 

It.) Pair-to-Shield Capacitance Unbalance 

$.) Crosstalk Loss 

6. ) Mutual Conductance 

7. ) Copper Resistance 

6.) Resistance Unbalance 

9.) Insulation Resistance 

The principal area of deviation would be in the 
dielectric strength of the insulation. When O.OlU 
inches of solid insulation is replaced with 0.011 
Inches of cellular insulation incorporating 30Í gas, 
it cannot be expected that the same dielectric 
strength will be provided. Testing of finished 
cables would indicate that the following dc voltages 
would be reasonable for conductor to conductor re¬ 
quirements : 

19 AWO - 1*,500 volts 
22 AWO - 3,600 volts 
2k AWO - 3,000 volts 
26 AWO - 2,k00 volts 

Likewise, it would also be in order to reduce the 
conductor to shield test from 13,000 to 10,000 volts 
dc. This would make all voltage requirements the 
same as for non-filled, single Jacket cables. In 
discussions with telephone operating personnel, it 
has been expressed that these requirements would be 
considered generally acceptable for filled type 
cables. 

One other effect of the change to cellular 
insulation for filled cable would be found in 
atteruetion at PCM carrier frequencies. As dis¬ 
cussed earlier in this paper, when filled cable was 
introduced it was necessary to Increase the spacing 
between conductors to provide the same mutual 
capacitance. Because of this increased spacing, 
the attenuation for 22 AWG filled cable was reduced 
approximately ITS over air core (non-filled) type 
at T-l carrier frequencies of 772 kH*. Now, 
however, with the change to cellular insulation for 
filled cable, the distance between conductors can 
be reduced so that the reduction in attenuation over 
air core cables would be approximately B% instead 

of 179. Figure 6 shows the relationship of attenuation 
to frequency for solid and cellular Insulated filled 
and solid air-core cables. As can be seen from the 
graph, the change in attenuation for either type filled 
insulation would be Insignificant at voice frequencies. 

FREQUENCY IN KILOHERTZ 

FIGURE 6. Comparison of attenuation versus 
frequency for 22 AWG air core and 
filled type cables. 

Having established the electrical characteristics 
of the cellular Insulated filled cable, the next major 
concern was the long term electrical stability. At 
higher frequency operation, the deterioration of the 
primary electrical parameters becomes much more 
critical than at voice frequency. Electrical 
stability must be an important consideration with 
more and more circuits being used for high frequency 
carrier equipment. 

The first step in this area of investigation was 
to check the experience of those who have been using 
cellular Insulation for several years. Discussions 
with the British Post Office indicated that they had 
not experienced any appreciable deterioration of the 
electrical characteristics since they adopted cellular 
insulation. Several papers have been presented on 
this subject at previous Wire and Cable Symposiums. 
Also, while Canadian experience has been limited to 
a shorter periodi they likewise report no problems 
with electrical deterioration. 

To further prove-out the stability of the com¬ 
bination of cellular insulation and filling compound 
used in this country, an accelerated aging test was 
run for one year. A 4,082 foot length of 50 pair, 
22 AWG Alpeth type filled cable with cellular 
insulation was used for the test. This cable was 
held at a temperature of 168 F for five days and 
then returned to room temperature for two days. At 
the end of the two day cooling period, the electrical 
parameters were measured and the cable again brought 
to 168 F for five days. This cycle was continued 
for 52 weeks and the percent change in average mutual 
capacitance is shown in Figure 7. 

As can be seen from the graph, the entire change 
over the year of accelerated aging was only about 
3.59. It should also be noted that the curve is 
leveling off at that point. Since under normal 
conditions a buried cable would not see service at 
168 F, the logical question is how this relates to 
normal use. By extrapolation, based on the Arrhenius 
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equation, the 52 week cycle shown would be roughly 
equivalent to 1*5 years at a ground temperature of 50 F. 

The results of this test certainly help dispel much 
of the concern over long term capacitance change due 

to filling compound migration into the gas cells. 

carle: so mir/22 awg filled alpeth x a.ose long 

TEMP CYCLE 168* F - 5 DAYS. BOOM TEMP - 2 DAYS 

CABLE 25 PAM/22 ASO FILLED ALPETH I »»* LONG 
□ MUTUAL CAPACITANCE 

FIGURE 7. Effects of accelerated aging on 
mutual capacitance of cellular 

insulated, filled cable. 

In the way of further investigation into 
stability, approximately 1000 feet of 25 pair, 22 AWC 
Aineth tvne filled cable with cellular insulation was 

buried i^the test plot at our Ccsmwnication Pr®*J®ts 
Engineering Center. Several other cables were also 
buried in the same trench and all vereterminatedo 

a distribution frame in our Pilot for ease of 

testing. The cables were placed at a depth of 30 
inches with 10 inches of soil immediately over the 
cables. Above the soil, 10 inches of pea gravel was 

provided and a one inch plastic pipe wHh holes 
spaced at one foot intervals was placed in the center 

of the gravel area. The remainder of the trench was 

filled with soil. 

The plastic pipe was provided to insure that the 

cables were subjected to wet conditions. A pre¬ 
determined amount of water was «tered through the 

nine on a bi-weekly basis. For the first 64 weeks, 

the electrical characteristics were check*d T'"* 
four weeks. Because characteristics r«»!«'1 » 
the test schedule was changed to a quarterly basl 

at that time. 

Figure 8 shows both average mutual capacitance 

and average mutual conductance for the cable over 

the past 2 year period. As can be seen, l^ese 
characteristics have remained rmnarkably stable 
with only small cyclic changes in mutual capacitance 

ÏÏÎ>,-r.tr. to«.«« «* 
variations. For all practical purposes, the cable 
has Remained completely .table and this performance 

•gain helps to dispel concern over el«c^c^ 
stability of cellular insulation in filled cable 

constructions. 

FIGURE 8. Electrical characteristics of 
cellular insulated, filled cable 

buried in test plot. 

In this investigation, the same Propylene 

and filling compounds have been used £»• ^e ceUul 

construction that are currently used “olid 
insulation. Checks for compatibility with the 
cellular material have been made using oxygen uptake, 

DTA and oven aging procedures. Because these 
accelerated tests are run at high temperatures, 

filling compound present will migrate into ihe E 
“îîs SUice the same migration would not be the case 
, i installed tenperatures, the validity of such 

nr, « «». i..«.«™ 
to bequestioned. Based on oven testing ‘t reduced 

accelerated tmnperatures, there would appear to be 
about*. 3 to 5 “egree C reduction in ^ Performance 

ratine for cellular versus solid insulation. This 

would tend to corroborate data reported in P^ious 
papers and will be confirmed as long term testing 

progresses. 

To augment this overall investigation, several 

field installations have been made with celiular 

insulated filled cables. These cables 

monitored on a programmed 
laboratory test results reported in this paper. 

Conclusion 

c.bleIU"=ouldhisävinIppräSiteiyTtiu'o« 

“rÄ. «u« ..«i« 
control equipment amounting to more than ^ million 

dollars for the industry would be e*sent^\*"d 
««•ran rate would probably increase 2 or 3 percent. 
Most^standar^requirEments of the product could be 
M?e*££ for e«e .acrifice in voltee bretódown 

strength^and possibly a slight reduction of safety 

factor in long term stability. In gener , 
change wouldlrovide a reduction in «frlalcosts 

butmuch of these savings would have to go into 

increased production costs. 
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F On the beslB of this analysis, it vould appear 
that the concerns over the use of cellular insulation 
for filled telephone cable in this country can be re­

solved and the change will be dictated largely by 
availability and cost of petroleum-base materials.
At the time of publication, the critical polyolefin 
shortage has been eased somewhat but the need for 
long term conservation will continue to grow. This 
temporary relief is a welcome windfall to the Industry 
since it allows time for the furt ler testing needed 
to more completely establish the overall performance 
characteristics of the product.
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PROPERTIES OF A CELLULAR 
COMMUNICATIONS CABLE JACKET* 

by 
Lester Bragg and Irving Galperin 

Continental Copper and Steel Industries, Inc. 
Hatfield Conununications Products Division 

SUMMARY Mechanical Property Assessment 

A foamed ethylene copolymer jacket has 
been developed at a range of densities from 
0.63 to 0.87 gm/cm3. These foamed jackets 
have been found to be functional and pass 
industry standards. 

Use of the foamed jacket is projected to 
provide a materials savings of 10 to 30%. 

INTRODUCTION 

The use ot foamed dielectrics has been 
accomplished by several investigators. 
Reasons for using these dielectrics range 
from reduction of overall cable size to con¬ 
sumption of less compound. However, the use 
of foamed cable jackets has not been discussed. 

The major reason for the development of 
a foamed jacket is the savings effected 
through the reduction in compound consumption 
i.e. greater yield from every pound of 
compound. In an era of short polyolefin 
supply this consideration can be a critical 
factor in maintaining continuous production. 
In spite of this advantage a foamed jacket 
must, nevertheless, provide adequate pro- 
tection for the cable plus, exhibit all the 
functional properties of a conventional 3acket. 

Experimental 

Communication cables with foamed jackets 
have been made in pair count sizes from 6 
pair through 25 pair for direct burial, at 
densities ranging from 0.63 gm/cm3 to 0.87 
gm/enw. The base resin used was a standard 
communications jacket compound, of density 
0.93 gm/cm^ containing a low density poly¬ 
ethylene copolymer with 2.6% weatherable 
carbon black. 

Foamed Cable Jacket Properties 

Typical jacket properties are shown in 
Table 1. The foamed jacket has passed REA 
PE-39 test requirements. 

Tensile properties as well as failure 
mode behavior was found to be satisfactory 
and comparable to conventional jacket. 

Impact resistance at room temperature and 
low temperature were comparable to standard 
j acketing. 

Oven heat aging and oxidative stability 
as measured by Differential Thermal Analysis 

were found to be equal to standard jackets. 

The main concern with regard to the 
acceptability of a new jacket for burial 
applications is that the jacket must survive 
the ground installation procedures without 
damage to the jacket. In order to do this, 
the new jacket must be at least as tough as a 
conventional jacket and have sufficient flexi¬ 
bility so that underground installation can 
be accomplished without undue tension. To 
better understand the foamed jacket per¬ 
formance in comparison to the standard jacket 
and to enable us to predict its performance 
in the field, a detailed mechanical property 

Tensile strength, elongation, initial 
modulus, yield strength, stress-strain curve 
area and stress-relaxation values were 
determined, analyzed, compared with the 
standard jacket and related to projected 
field performance. 

Tensile strength and elongation remained 
high at densities from 0.75 to 0.87. The 
0.63 density foam was lower in these proper¬ 
ties. (Fig U2) . Initial modulus (Fig. 3) 
was lower as the density was reduced. The 
air resulted in a less stiff structure. A 
less stiff structure would result in greater 
ease of handling and could be a real 
advantage since installation into a ground 
trench is much easier when a cable coming off 
a reel unreels without any undue resistance 
as a result of excessive stiffness. 

Yield strength is a parameter which is 
very important in any deformation behavior 
because a material will behave elastically 
up to its yield value and then start to 
deform. The jackets at densities of 0.75, 
0.83 and 0.87 had higher yield strength 
values than those of the standard jackets 

(Fig. 4). 

Stress-strain curve area is a measure of 
jacket toughness. Again compounds at densi¬ 
ties of 0.75, 0.83, and 0.87 were good; 
demonstrating values which were either equal 
to or higher than those obtained for the 
standard jacket. A material with a greater 
stress-strain curve area can withstand impact 
and deformation more readily , without jacket 
rupture. (^9 • 5) 

Stress-Relaxation rate is a measure of 
creep and relief of strain under stress. As 
the density decreas id. the stress-relaxation 

rate increased. (Fig. 6). .Thi5h“a!|}ein 
result of the presence of air. The air 
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effect acts as a plasticizing agent. The 
foamed jacket when compared to the standard 
jacket manifests more rubberlike character­

istics .
Field Trials

Extended field trials are underw^ with 
direct burial cable. So far, these tests 
show an advantage for foam jacket in greater 
flexibility. Toughness compared to standard 
jacket, appears to be satisfactory. The 
abrasion resistance has been found to be 
adequate in direct plowing. The crush 
resistance indicates an improvement over the 
standard jacket in that the foamed jacket 
provides a cushioning effect to the cable core 
absorbino some of the impact. Tests are being 
made, both iii the laboiotv^ry and in the field, 
to determine the moisture penetration 
characteristics.

Material Savings
The real plus for use of cellular jacket 

is the savings in jacket compound. The 
savings in compound amounts to a minimum of 
10% at higher densities and a saving of up 
to 30% at lower densities.

CONCLUSION

1. Communications cable of pair count sizes 
6 through 25 have been made with jacket 
densities from 0.63 to 0.87.
2. Jacket densities of 0.75, 0.83 and 0.87 
had adequate mechanical properties and were 
superior to the standard jacket in toughness, 
flexibility, and manifested a more rubberlike 
character.

3. The foam jacket has passed REA PE-39 
tests.

4. Field trials are currently in progress 
that show promise of a new jacket with 
improved toughness and greater flexibility.
5. The use of cellular jacket is projected 
to result in a compound savings of 10 to 30%.
Future of Foamed Communications Jacket

The future of cellular jacket for com­

munications usage is dependent on customer 
acceptance. At this writing, the field test­

ing is being done in burial applications.
We intend to broaden our investigation 

by field testing larger cables. So far, our 
considerations have been towards REA appli­

cations with buried cable usage. However, 
other possibilities include aerial and CATV 
cables and these areas should be excimined as 
well. The attractive savings in compound 
usage should be a significant incentive for 
increasing interest in cellular jackets for 
communications applications.
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Fig 4 Yield Strength v$. Density 
Fig.6 STRESS RELAXATION RATES 

Fig.5 Jacket Toughness 
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RAM MATERIAL. INSPECTION POR 
EXPANDABLE POLYOLEFIN INSULATIONS 

by 

I. Marsha.1 and J. M. Turnlpseed, Western Electric Company 
and 

F. k. Wight, Bell Telephone Laboratories 
Norcross, Georgia 

Abstract 

Gas-expinded Insulations for communication cable wires 
made b* extrusion of polyolefins containing blowing 
agents such as azoblsformamlde, are now coming Into 
widespread use. The combination of resin and blowing 
agent seriously complicates the problem of character¬ 
izing either component by typical Inspection methods. 
Procedures have been developed for separating blowing 
agent from polyethylene pellets, for optical deter¬ 
mination of azoblsformamlde, and for measurement of 
pertinent physical and electrical piopertles of the 
resin In the presence of unreacted blowing agent. 
Melt flow and oxidation Induction time can be effec¬ 
tively measured In the presence of reacting blowing 
agent. Some alternative approaches are described. 

Similar methods can be used also for dry blends of 
resin with blowing agent. 

Background 

The concept of expanded communication wire Insulation 
Is not a new one. The Bell System and the television 
antenna lead Industry have made foamed wire Insula¬ 
tions for about 20 years. They use low density poly¬ 
ethylene expanded up to about 50¾ gas by volume. Num¬ 
erous Innovations In designs, materials and processes 
have appeared In the Intervening years. The first 
large volume telephone cable application appeared In 
Japan In 19581. This also, was Insulated with low 
density polyethylene. A significant step was taken 
about that time with the Introduction of the azobls¬ 
formamlde (ABFA - azodlcarbonamide) blowing agents. 
These opened the way to the manufacture of extruded 
expanded Insulations with higher melting polyolefins 
such as polypropylene and high density polyethylene. 

Today the growth of expanded Insulations 1s very 
rapid. This Is partly attributable to shortages of 
materials, bringing nn urgent need for material sav¬ 
ings, but growth would have occured even with more 
plentiful supplies because Its time had arrived In a 
technical sense. Mass production of high quality ex¬ 
truded expanded Insulations such as those described 
In a companion paper? Is now possible using various 
methods and materials typified by those discussed 
here. Material shortages and rising prices have only 
given us larger returns for our development efforts. 

Western Electric now manufactures three main types of 
expanded Insulations. One Is made from high density 
polyethylene, another from polypropylene, and the 
third, mentioned above, from low density polyethylene. 
Among these, there 1s rapid growth In the use of the 
high density polyethylene materials. This growth Is 
the result of the availability of readily processable 
compounds of expandable high density polyethylene 
containing the new non-plat1ng versions of azobls¬ 

formamlde. 

Along with the large scale use of expandable Insula¬ 
tion materials there arises the need for material In¬ 
spection systems. These are needed to help qualify 
new sources of material, to assess the quality of 

successive shipments, and to help in diagnosing causes 
of any problems that may arise 1n processability or 
product performance. This report describes some In¬ 
spection methods that have been used for both poly¬ 
ethylene compound and polypropylene preblend. The 
methods In use at this writing are regarded as pre¬ 
liminary answers to the present need. Improved meth¬ 
ods are expected later. 

Expandable High Density Polyethylene 

A compound of high denslb/ polyethylene with ABFA 
first appeared about I960 *. This material did not 
catch on because the Industry was not yet ready for It. 
Polypropylene was also available 1n combination with 
blowing aoent, and the volume of expanded product was 
not sufficient at that time to support the two com¬ 
peting systems. Later the Intermediate density com¬ 
pounds were Introduced and adopted In Europe4. The 
appearance of non-plating modifications of ABFA helped 
to accelerate progress in use of these systems. Re¬ 
cently the high density expandable compounds were re¬ 
introduced at a time when their applications were 

ready to grow. 

Polypropylene Dry Blend 

The expandable polypropylenes on the market Include 
both powder blend and coated pellet types of combina¬ 
tions of resin with blowing agent. The latter first 
became available about fifteen years ago. We have 
worked mostly with the powder blend type In recent 
years. But either of these confronts the user with 
different kinds of Inspection problems compared to 
the polyethylene compounds, and the application of con¬ 
ventional methods Is sometimes not practical. We have 
developed a few special methods for the powder blend 

material. 

Blowing Agent Analysis 

The ABFA In the polyolefin 1s a k«y Ingredient for 
successful processing. It Is Important, therefore, to 
be able to measure the amount and type of blowing 
agent present. Important characteristics of blowing 
agent are blowing temperature, gas yield, bubble size, 
and the effectiveness of plate-out preventing addi¬ 
tives. The ultimate answer to all of these Is obtain¬ 
ed only In extrusion trials, but methods of measuring 
them without Insulating wire are available. Extrusion 
trial without wire Is one example of a cost-saving 
evaluation method. Also, blowing temperature, gas 
yield, and relative processing fluidity of a compound 
can be measured In principle using a special modified 
version of a Brabender Torque Rheometer®. Thus far, 
we have relied on the use of methods for analyzing the 
compound for Its ABFA and ash content. The ABFA con¬ 
tent shows potential gas yield and ash content con¬ 
firms the amount of silica type plate-out preventing 

additive. 

The chemists might think of a number of possible ap¬ 
proaches to the analysis for blowing agent content. 
We have developed methods based on a spectrophotomet- 
rlc procedure for the determination of the concentra- 
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ti on of ABFA, whit.. In the presence of an appropriate 
solvent shows a strong absorption band In the visible 
wavelength region. For this reason, quantitative de¬ 
termination of Its concentration will not be affected 
by typical colorless additives found In polyolefins. 

The procedure requires first the use of a solvent which 
will remove the blowing agent from the resin. A sol¬ 
vent system of 70X xylene and 30% dimethyl sulfoxide 
(DMSO) was found to extract the ABFA from hot swollen 
polyolefin. Alternatively a mixture of 92X xylene and 
8% DMSO will dissolve both the polyolefin and the ABFA. 
The resin can be precipitated from this solution by 
cooling. 

Extraction of ABFA from polyethylene therefore can be 
accomplished In either of two ways. One Is to heat 
the 70-30 solvent system and polyethylene together and 
extract the ABFA from swollen resin melt. The system 
Is then coo.eu tc »olldlfy t:.e resin, and the liquid 
poured through a filter. Three stepwise extractions 
by this method can yield a quantitative result. 

In the alternative procedure the resin Is first dis¬ 
solved In pure hot xylene, sufficient DMSO Is added 
to dissolve the ABFA but not enough to precipitate the 
polyethylene. Polyethylene Is then precipitated by 
cooling the solution. DMSO Is added to bring the 
fluid to a 70-30 ratio. The mixture Is then filtered 
to remove the polymer, and the filtrate Is examined 
with the spectrophotometer. 

In the case of a powder blend, the separation of ABFA 
from polymer Is a much simpler problem. The powder Is 
merely treated with 70-30 solvent mixture and filtered 
to produce a solution similar to those obtained from 
the polyethylene solutions. 

The absorption of the ABFA solution 1s mearured at 419 
nm and the concentration of ABFA Is calculated using a 
Beers law plot of absorbance vs. known concentration. 

The molar extinction coefficient of ABFA In this sys¬ 
tem (absorbance-liters per mole-cm) was found to be 
54.155. Figure 1 shows the calibration plot and the 
good linearity between absorbance at 419 nanometers 
and concentration of ABFA. With the extraction pro¬ 
cedure or the powder blend system we generally work 
with solutions containing 15 to 18 ml 111 grams/100ml. 
Under these conditions the amount of ABFA content In 
the resin can be readily measured to an accuracy of 
about 3X. With the precipitation method more dilute 
solutions are used and somewhat more refined analy¬ 
tical skill Is required for this level of accuracy. 

Some typical results of analyses are given In Table 1. 

A simple method of testing material for gas yield was 
developed based on the use of a piston type rheometer 
as a volume measuring apparatus. The cylinder was 
packed with a carefully weighed charge at a tempera¬ 
ture below the blowing agent decomposition temperature 
The piston was applied with a relatively low pressure 
level. The temperature of the cylinder was then pro¬ 
grammed upward at a rate of about 5<>r per minute and 
the displacement of the piston was measured as a func¬ 
tion of time. Figure 2 shows the plot of volume ver¬ 
sus time when this method was applied to polypropy¬ 
lene powder blend containing pure ABFA biwing agent. 
The volume first shrinks as melting proceeds. It then 
Increases because of the combination of thermal ex¬ 
pansion and gas formation. Ultimately the volume 
levels out and decreases as gas begins to escape. By 
making a correction for thermal expansion one obtains 
a measure of the amounts of fourning under a known 

pressure and temperature. 
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Figure 3 shows a plot of X expansion versus blowing 
agent content for a number of samples prepared for cal¬ 
ibration purposes. The plots were measured at more 
than one pressure In the search for an optimum for cor¬ 
relation with extrusion performance. The plots show 
not only gas yield as a function of blowing agent con¬ 
tent, but also the solubility of the gas mixture as a 
function of pressure. Careful work yielded blowing 
agent content less precise than that obtained with the 
chemical analysis method, therefore the volume expan¬ 
sion method Is not preferred for blowing agent mea¬ 
surements . 

Physical Property Measurements 

Our expanded high density polyethylene Insulation was 
based on the same type of polyethylene us that used for 
solid high density Insulation, namely ASTM D-1248, Type 
III-5. Having established that the expected blowing 
agent Is present, It remains to examine the resin and 
other additives. If one 1s Interested In measuring 
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the same properties that he would expect to measure on 
solid high density polyethylene, then the problem Is 
to adapt the desired procedures to the reactive blow¬ 
ing agent compound. This requires either removing the 
blowing agent or learning how to test the combination. 

A method that has been used with low density polyethy¬ 
lene containing p.p'oxybls (benzene sulfanyl hyrazld), 
which decomposes at temperatures In the range of 150- 
160°C, was to decompose blowing agent on a hot roll 
mill. After the gas was formed and expelled the resin 
could then be Inspected by the same methods that would 
be used for solid Insulation compounds. When this 
method was tried with the high density polyethylene, 
too much heat was required to decompose the ABFA. The 
severe heat exposure destroyed some of the properties 
that were to be measured. An alternative method was 
to examine material containing unreacted blowing agent. 
This was found to be effective for most properties. 

Mechanical and electrical properties require the use 
of molded sheets. Sheets were compression molded under 
conditions which would not decompose blowing agent. 
This requires careful control of the temperature and 
time cycle. The sheet can be cooled In the press or 
removed and quenched In water. Me have preferred the 
quenched sheet because of the faster press cycle and 
because the quenched material has closer similarity to 
material quenched on wire. Quenching causes lower den¬ 
sity and yield strength, but the requirements can be 
adjusted to compensate for this change. 

Polypropylene Is conmonly tested for physical proper¬ 
ties using Injection molded specimens. Because poly¬ 
propylene has a higher melting temperature and thus 
requires a higher molding temperature, molding with¬ 
out decomposition of blowing agent was not attempted. 
At this point we are depending on specification of the 
resin type, which Is ASTM 02146 Type II-3. and testing 

of the extruded foamed Insulation. 

Examples of mechanical and electrical properties of 
polyethylene are shown In Table 1. Mechanical prop¬ 
erties were measured according to ASTM 0638 using Die 
C of ASTM 0412. Electrical properties were measured 
according to ASTM 0257. Density of moldings was mea¬ 
sured by ASTM 01505, and density of pellets was mea¬ 
sured by an air displacement plcnometer. 

Thermal Properties 

A valuable Index of molecular size In polyolefins Is 
melt Index. ASTM 01238 as commonly used Is not appli¬ 
cable to expandable compositions without serious er¬ 
ror, because 1t assumes a materia! to be relatively 
stable. A modified technique based on Condition E was 
used for both polyethylene and polypropylene composi¬ 
tions. Blowing agent reaction occurs at the 190°C 
test temperature but the effects of the reaction have 
been minimized ty changes In the procedure. 

The cylinder Is charged with a 2 gram sample In the 
case of readings higher than 1.0 decigram per minute, 
or with a 1.5 gram sample In the case of readings 
lower than 1.0. The material Is tamped for only one 
minute before the weight Is applied and readings are 
started. The cuts are made at 2 to 5 minute Intervals 
until flow slows, choosing the Interval to yield a 
specimen more than two Inches long. Flow rate passes 
through a maximum as Illustrated by Figure 4. It first 
Increases as the material Is heating, but ultimately 
decreases because the sample Is expended or because 
foaming has occurred. The two largest cuts are weigh¬ 
ed to obtain a result. 

I Reproduced from 
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Another thermal property of value for Indicating the 
amount of antioxidant present is the oxidation induc­
tion time at elevated temperatures. This is performed 
as described In t>« recent papers.6 The test is com­

monly performed In a copper pan of a differential ther­
mal analyzer. It was found, however, that the pres­
ence of copper In combination with blowing agent re­
action products interferes wHh the induction time 
test. By using an aluminun pan the interference was 
avoided. Figure 5 illustrates typical tests on poly­
ethylene In copper and aluminum pans. The thermogram 
for heating of the material in nitrogen is first re­
corded to show the approximate melting temperature of 
the polymer. This helps to identify the polymer, in­
dicating whether It has only one transition or more. 
Two or more transitions confirm exampijs of block co­

polymers or blends. When the sample has reached the 
desired temperature the atmosphere is changed to oxy­

gen and the isothermal oxidative Induction action is 
recorded.
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Raw material pellets tend to vary in oxidative induc­
tion time. More uniform results are obtained by tak­
ing specimens from molded sheets or melt index extru- 
date. In the case of polypropylene it was found that 
the material from the melt index extrudate yielded 
much more uniform induction times than the original 
powder blends. The difference is evidently attributed 
to mixing in the melt index tests. Typical flow and 
induction time data for both polymers are listed in 
Table I.

Miscellaneous Quality Tests
Having examined resin and additive mixtures for com­
position and properties, there may be questions about 
homogeniety of a material. Some tests were carried 
out, therefore, to reveal nonuniform mixing of addi­

tives. Such tests are valuable tools in cases where 
a correlation with performance can be shown.
One example of a test that is sensitive to compound 
uniformity is oxidative induction tiaie, as mentioned 
above. Another example was seen in some of our work 
on compounding of low density expandable material. 
Several small lots of material were prepared. It was 
found that the material could be foamed in a picture 
frame type compression mold to reveal some features of 
its foaming behavior. Figure 6 illustrates the re­

sults of the moldings. The nonuniformity was found to 
arise from poorly mixed compounds in the case of some 
of the laboratory lots. Separation of chips into size 
ranges was carried out to confirm that the cause was 
nonuniformity of the material before it was chopped.

Similar experiments were tried for the high density 
polyethylenes, but with little success. The .050 inch 
(1.25 mm) solid sheets molded directly from pellets, 
however, were found to show differences in composition 
in cases of opacity differentials or particle agglom­
erates. These can be useful observations in cases 
where processing problems are encountered and hetero­

geneous material is suspected as a cause.
Conclusion

By asseebling test methods such as those described 
here, a set of material requirements can be devised 
and made the basis for a material specification. We 
have not attempted to include all known methods for 
examining expandable compositions nor have we attempt­
ed to predict any methods for the future, but have at­

tempted to outline what we consider inUresting recent 
development work on the subject.
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EFFECT OF PETROLEUM JELLY FILLER 
ON LOW DENSITY POLYETHYLENE TELEPHONE CABLE JACKETING 

R. BOSTWICK 

Union Caroide Corporation 
Bound Brook, New Jersey 

SUMMARY 

Accelerated aging studies were made at 
60 and 70 C to measure the effect of petro¬ 
leum jelly filler compound on low density 
polyethylene telephone cable jacketing, 
using actual cables and also extruded pipe. 
No serieis effects were measured on prop¬ 
erties important for »uch jacketing. Time- 
temperature relationships were also studied 
on pressed plaques. 

INTRODUCTION 

There have been u number of papers 
published in the past several years on the 
effect of petroleum jelly filler on low 
density polyethylene insulation. However, 
a literature survey turned up only one re¬ 
ference to low density polyethylene jacket¬ 
ing and this was not very detailed.1 Ac¬ 
cordingly, a study was begun to measure the 
long-term stability of such jacketing in 
contact with filler. 

ACCELERATED AGING OF CABLES 

A two pair Witco SB-filled cable cere 
for a buried wire construction, with a 30 
mil jacket of Union Carbide DFDA-0588 Black 
9865 extruded directly over filler, was ob¬ 
tained and stored at 60*C and 70°C as 4" 
cut lengths. Samples were removed at inter¬ 
vals and tested for tensile strength and 
ultimate elongation by ASTM D412-68, using 
the "D" die and a testing rate of 20 inches/ 
minute. Results (average of three speci¬ 
mens) are shown in Tables I and II for an 
aging period of one year. The data show 
some scatter, but there is clearly some in¬ 
creases in tensile strength and decrease in 
ultimate elongation at both temperatures. 
However, no clear trend with time of storage 
is apparent. Assuming that a steady state 
with regard to absorption of the jelly by 
the polyethylene was reached in four weeks, 
averaging the data points from four weeks to 
one year shows a decrease in ultimate e- 
longation to 87% of original in the 70*C 
aging and to 92% of original in the 60C 
aging. This would not seem to be a cause 
for concern. 

A multi-pair, Witco SB-filled cable, 
65 mil jacket of DFDA-0588 Black 9865, ex¬ 
truded over a corrugated copper shield 
coated with filler was likewise stored at 
60*C and tested as above. 

The cable was used up at four months 
and the results are shown in Table III. In 
this case, there was practically no change in 
tensile strength and ultimate elongation, 
presumably because of the lesser availability 
of filler to the polyethylene jacket. Similar 
averaging of the data as above shows a 98% 
retention of tensile strength and a 96% re¬ 
tention of ultimate elongation. 

The Witco SB filler is reported to be 
a low oil petroleum jelly modified with 8% 
of a low molecular weight polyethylene and 
stabilized with 0.5% antioxidant, supplied 
by Sonnebom Division, Witco Chemical Co. 

ACCELERATED AGING OF FILLED PIPES 

A more extensive study was made by 
using one inch pipe of nominal 90 mil wall 
thickness extruded from two Union Carbide 
jacketing compounds - DFDA-0588 Black 9865 
and DFDA-6055 Black 9865. The pipe was 
prepared in the laboratory, cut into short 
lengths, corked at one end, hot-filled with 
Witco SB filler and stored in an upright 
position at 60#C and 70oC as shown in 
Figure 1. Pipe was used a8 being more like 
extruded cable jacketing than the pressings 
used so often in studies of this kind. 
Pipes were withdrawn at intervals, cleaned, 
weighed and tested for the properties be¬ 
low. 

Melt Index - ASTM D1238-70 
Environmental stress crack resist¬ 
ance, 10% Iqepal, 21 days, % fail¬ 
ure - ASTM Ò1693-70 
Tensile Strength and ultimate elong¬ 
ation - ASTM D412-68 (D-die), test¬ 
ing rate of 20 inohes/minute 
Low temperature brittleness, F,n - 
ASTM D746-73 

The ESCR test specimens were cut trans¬ 
versely to obtain the severest test con¬ 
dition; the other test specimens were cut 
longitudinally. Unfilled pipes were in¬ 
cluded in the program as controls. 

Data from these studies are shown in 
Tables IV through VI. Table IV shows a six 
months' study of filled pipe and unfilled 
controls of DFDA-0588 Black 9865 aged at 
70°C. 
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Absorption from the filler by the polyethy¬ 
lene at this temperature was essentially 
complete in a month and leveled off at 'v-B.S 
percent. Increase in melt index followed 
the same pattern( leveling off at ^0.80 from 
an original value of 0.37 on the extruded 
pipe. The ESCR testing showed no failures 
at all in any of the filled pipes. In ten¬ 
sile properties« a slight decrease in ul¬ 
timate elongation was shown for the filled 
pipes, with the average of the five weeks 
to six months data giving a decrease to 91% 
of the original value. A similar averaging 
of the control data gives 98% of the original 
value. Tensile strength showed an immediate 
decrease of 20% from the hot-filling oper¬ 
ation itself, which is probably due to strain- 
release in the pipe froa. the 110-120°C temp¬ 
erature of the hot filler. Further loss in 
tensile strength beyond that, again aver¬ 
aging the five weeks to six months data, was 
7%. Low temperature brittleness showed some 
loss with the LTB, F-0 value rising from 
-87#C to -72*C for tne filled pipes and to 
-82*C for the controls, using an average 
of the seven weeks to six months values in 
each case. 

Table V contains similar data for aging 
at 60C. The effects are similar but at re¬ 
duced level*. Weight increase leveled off 
at ^5% and melt index rose to ^0.6. The 
ESCR testing again showed no failures. 
Tensile strength showed no loss from the 
"after-fill" value; averaging of the five 
weeks to six months data shows a loss in 
ultimate elongation of only four percent. 
Low temperature brittleness again showed 
some loss, with the LTB, F-. value rising 
from -87C to -81C for the 3filled pipes, 
using an average of the five weeks to six 
months values. 

These properties are shown above to be main¬ 
tained essentially unchanged. Equilibrium 
absorption from the filler into the poly¬ 
ethylene jacketing is reached in one to two 
months and no unusual effects developed 
during continued storage after this point. 
In one of the two jacketing compounds 
studied, there was some increase in low temp 
erature brittleness, but this is not con¬ 
sidered to be serious. 

TIME/TEMPERATURE DEPENDENCE 
OF FILLER ABSORPTION 

Several studies were undertaken on the 
time/temperature dependence of filler ab¬ 
sorption and the effect of jacket thickness. 
The results are shown in Figures 2-5. This 
work was done with DFDA-0588 Black 9865 and 
the second lot of Witco SB filler. 

Figure 2 shows weight increase vs. time 
for 75 mil plaques totally immersed in filler 
at room temperature, 40C, 60C, and 70 C. 
The 70 C samples leveled off at 8.7% ab¬ 
sorption within two months, and the 60C 
sample leveled off at 7.9% absorption with¬ 
in four months. At room temperature, and 
40 C, absorption is still continuing after 
14 months, with the 40 C sample at 7.3% and 
the room temperature sample at 5.0%. It is 
obvious that significant absorption takes 
place at room temperature. 

The effect of thickness is shown in 
Figure 3. Specimens ranging in thickness 
from 50 to 90 mils were totally immersed 
in filler and are being stored at room 
temperature. It is obvious that the per¬ 
centage increase in weight with time is 
inversely proportional to the thickness. 

A similar study on pipe prepared from 
DFDA-6055 Black 9865 is shown in Table VI. 
The pipe stored at 60C is from a different 
lot of compound than the pipe stored at 70C 
and the control pipe, so that the original 
values are slightly different. A different 
lot of Witco SB filler from that of the 
-0588 study was used, which may account for 
the higher absorption values at 60C shown in 
Table VI. In other respects, the results 
are similar except that the -6055 compound 
was less affected in low temperature brit¬ 
tleness and actually showed an improvement 
in this property in the 70C aging. During 
the hot-filling, care was taken to keep the 
temperature below HOC and the loss in ten¬ 
sile strength on filling was minimal. 

ANALYSIS OF AGING RESULTS 

The aging temperatures of TO and 70 C 
were chosen because these are the highest 
temperatures the jacketing could reasonably 
be exposed to. Once the cable has been in¬ 
stalled, and in the case of filled cable 
this means usually burial and pedestal con¬ 
nections, the most significant properties to 
be maintained are elongation and environ¬ 
mental stress crack resistance. 

A cable jacket is exposed to filler 
only from the inside. Figure 4 shows the 
difference between one-side, and two-side 
exposure. This was done with one inch 
pipe of 90 mil wall, stored at 6CC. There 
is an obvious difference in speed of filler 
absorption and a small difference in the 
final level reached (8.5% vs. 8.0%). 

Summarizing, speed of absorption as 
well as the final level reached is influ¬ 
enced in the expected direction by temp¬ 
erature, time, thickness and one-side vs. 
two-side exposure. 

POLYETHYLENE IN THE MELT 

In the jacketing crosshead extrusion 
process, polyethylene compound is extruded 
at melt temperature of up to 225 C, or per¬ 
haps even higher. If the filled core is 
unshielded or if the shielding is itself 
covered with filler, then the jacketing is 
in contact with filler at those high temp¬ 
eratures for some finite period of time and 
at decreasing temperatures as the construc¬ 
tion cools. It is legitimate to ask what 
the interaction might be between the poly¬ 
ethylene and the filler at these conditions 
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The results of an experiment to shed some 
light on this is shown in Table VII. The 
procedure was to prepare an 8" x 8" x 50 
mil plaque, weigh it and place it into a 
75 mil cavity mold. This was then heated 
in a press at the temperature indicated.
The pressing was removed, quickly smeared 
with filler as indicated, cooled as shown 
and then reweighed after cleaning off ex­

cess filler. The data show that under ex­

treme conditions, as much as 17% of filler 
can be absorbed. Of course, the polyethy­

lene cannot really hold this much and sweat- 
out quickly occurs at normal temperatures. 
The data also show that smearing both sides 
is more ..^ve'~ than sr'^nring only one side, 
and as might be expected, absorption rises 
with increasing temperature of contact and 
time -.r contact at the high temperatures.

The condition in the last column of 
one-side smearing and cooling immediately 
after contact at 190 C is not so far re­

moved from what can actually occur in a 
cable jacketing operation. Even with e- 
fficent cooling, a jacketing operation 
where the jacket is extruded directly over 
an uncovered filled core can be expected 
to lead to a 3% or higher absorption of 
filler.

rdlB.

FIGURE 1

AGING OF PIPES

i

CONCLUSIONS

Low density polyethylene jacketing will 
absorb significant amounts from petroleum 
jelly filler depending upon time, temper­

ature, jacketing thickness and other con­

ditions of exposure. With Witco 5B filler 
and two Union Carbide jacketing coitpounds, 
an ultimate level of 8-9% absorption is 
possible. No physical properties are de- 
garded sufficiently to impair functional­

ity of the jacket.
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FIGURE 3 

FILLER ABSORPTION AT 
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FIGURE 4 

FILLER ASBSORPTION OF PIPE 
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TABLE I 

APING OF FILLED CABLE AT 70°C 

Time 

T»nSne Strength ult. Elongation,, 

PSI * of Original % % of Original 

Original 

One Week 

Two Weeks 

Three Weeks 

Four Weeks 

Six Weeks 

Eight Weeks 

Three Months 

Four Months 

Six Months 

Nine Months 

One Year 

1640 

1990 

1370 

2270 

1750 

2050 

2010 

1920 

1930 

1730 

1920 

2380 

100 

121 

84 

138 

107 

125 

123 

117 

118 

106 

117 

145 

473 

426 

436 

386 

413 

416 

370 

466 

363 

363 

413 

466 

100 

90 

92 

82 

87 

88 

77 

99 

77 

77 

87 

99 
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TABLE II 

ftnTNn OF FILLED CABLE AT 60°C 

Time 

Tensile Strength 

PSI % of Original 

Ult. Elongation 

% % of Original 

Original 

One Week 

Two Weeks 

Three Weeks 

Four Weeks 

Six Weeks 

Eight Weeks 

Three Months 

Four Months 

Six Months 

Nine Months 

One Year 

1640 

1870 

1500 

2150 

1780 

2120 

2190 

2080 

2080 

1925 

2150 

2340 

100 

114 

92 

131 

109 

129 

133 

127 

127 

117 

131 

143 

473 

430 

440 

460 

396 

433 

440 

440 

446 

406 

453 

470 

100 

91 

93 

97 

84 

92 

93 

93 

94 

86 

96 

99 

Original 

Two Weeks 

Four Weeks 

Six Weeks 

Eight Weeks 

Ten Weeks 

Three Months 

Four Months 

TABLE III 

APING OF FILLED CABLE AT 60°C 

2010 100 613 

1820 91 586 

1820 91 593 

2020 101 583 

2100 105 603 

1940 97 583 

1970 98 596 

1890 94 580 

100 

96 

97 

95 

99 

95 

97 

95 

72 



TABLE IV 

Original 
Filled 
2 Heeks 

3 Weeks 

25 Days 
5 Heeks 
7 Weeks 

10 Weeks 
4 Months 

6 Months 

Original 
2 Weeks 
3 Weeks 
5 Weeks 

7 Weeks 
10 Weeks 
4 Months 
6 Months 

Original 
Filled 
2 Weeks 
25 Days 

5 Weeks 
7 Weeks 

10 Weeks 
4 Months 
6 Months 

Original 
2 Weeks 
25 Days 
5 Weeks 
7 Weeks 

10 Weeks 

4 Months 
6 Months 

Original 
Filled 
2 Weeks 
1 Month 
2 Months 

3 Months 
4 Months 

5 Months 

STORAGE OF DFDA-0588 PIPE AT 70eC 

FILLED WITH WITCO 5B 

Wt. Increase % 

ESCR 
M.I. % Failures T.S., PSI U'.E. % 

0.3 
5.9 

7.3 
8.0 
8.0 
9.1 
8.2 
8.0 
8.7 

0.37 0 

0.42 0 
—— 0 

2365 695 
1900 685 
1940 665 

0.78 
0.78 0 
0.85 0 
0.77 0 

0.75 0 
0.90 0 

1770 625 
1820 640 

1650 615 
1920 615 
1710 655 

UNFILLED (CONTROL) 

0.37 0 2365 695 
0.36 20 2070 715 

0.35 0 
0.41 0 
0.37 0 
0.35 0 

0.36 0 

2100 695 
2160 705 
2330 655 
2180 705 

1920 640 

TABLE V 

STORAGE OF DFDA-0588 PIPE AT 60°C 

FILLFD WITH WITCO 5B 

0.3 
2.6 
3.5 
5.2 
4.6 
3.6 
4.5 
5.2 

0.37 0 
0.42 0 
0.48 0 

0.48 0 
0.55 0 
0.56 0 
0.56 0 
0.58 0 

0.65 0 

2365 695 
1900 685 
2000 675 
1970 660 

1910 675 
1950 645 
1930 745 

2080 635 
1950 635 

UNFILLED (CONTROL) 

0.37 0 
—— 0 
0.36 0 
0.37 0 

0.35 0 
0.38 0 
0.37 0 
0.37 0 

2365 695 
2090 705 
2320 745 
2160 715 
2220 665 

2070 695 
2280 720 
2010 675 

TABLE VI 

STORAGE OF DFDA-6055 PIPE 

FILLED - STORED AT SO’C 

0.3 
4.4 

6.2 
6.8 
7.1 
7.1 

6.8 

0.33 0 
0.38 0 
0.56 0 
0.62 0 
0.68 0 
0.74 0 
0.78 0 

2070 655 
1900 635 
1800 635 
1900 665 
1840 605 

1840 625 
1880 620 

0.72 1870 605 
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LTB 

F50 , °C 

-87 
-87 

-78 

-83 
-68 
-74 

-75 
-69 

-87 

-83 
-87 

-81 
-78 
-87 
-82 

-87 
-87 

-76 
-82 
-81 
-80 

-86 
-78 

-87 

-83 
-82 
-86 
-79 
-90 
-88 

-100 
-100 
-88 
-96 

-86 
-91 
-93 

-95 



Original 
Filled 
2 Weeks 
1 Month 
2 Months 
3 Months 
4 Months 
5 Months 
6 Months 

TABLE VI CONTINUED 

FILLED-STORED AT 70°C 

ESCR . 
Wt. Increase t M-I» * Failures T.S., P-il 

0.4 
6.1 
8.4 
7.4 
9.4 
7.9 
9.3 
8.2 

0.29 0 2030 
0.31 0 1930 
0.56 0 1770 
0.67 0 1700 
0.69 0 1770 
0.75 0 1730 
0.75 0 1910 
0.70 0 1920 
0.55 0 1930 

LTB 
U.E. 4 FSTT’C 

670 -88 
700 -87 
620 -84 
600 -85 
635 -88 
595 -93 
580 -91 
625 -94 
665 -92 

UNFILLED - STORED AT 70oC 

Original 
2 Weeks 
1 Month 
2 Months 
3 Months 
4 Months 
5 Months 
6 Months 

0.29 0 
0.30 0 
0.31 0 
0.30 0 
0.30 0 
0.31 0 
0.30 0 
0.30 0 

2030 670 -88 
2080 680 -92 
2070 685 -89 
2110 685 -95 
2020 675 -93 
2040 635 -93 
2120 655 -100 
2200 670 -100 

TABLE VII 

MOLTEN -0588 AND FILLER 

Weiaht Increase, * 

Both Sides Smeared1 One Side Smeared3 

Press3 Water11 Bench5 Bench5 

190 

150 

120 

16.9 

13.1 

7.7 

8.0 

6.7 

4.0 

10.7 

6.9 

4.3 

3.8 

3.1 

2.1 

1. 
2. 
3. 
4. 
5. 

Smeared with a total of 10 grams Witco SB filler. 
Smeared with 8 grams Witco 5B filler. 
Held in press for 2 minutes after smearing, then cooled 
Thrown into cold water after smearing. 
Let cool on lab bench after smearing. 

in press. 
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SHEAR & FLOW CHARACTERISTICS OF WATERPROOF PETROLATUM 

_BASED CABLE FILLER COMPOUNDS_ 

J. J. Kaufman, T. E. Luial 

Witco Chemical Corporation 

New York, New York 

Abstract 

During the past several years, filled cable has 
become a large portion of the total production 
of polymer Insulated telephone cable (PIC). 
A review of the filler material used in the United 

States indicating characteristics at its incep¬ 
tion and hang«*" that are occuring is given. Em¬ 
phasis is placed on the chemical, physical and 
functional properties of the filler material 
required by the cable manufacturer; trends in these 

data are presented with an extrapolation to pos¬ 
sible future requirements. New laboratory test 
procedures for evaluating flow characteristics in 

relation to shear stability of these cable filler 

materials are discussed. 

Introduction 

Shortly after the practice of burying PIC cable 
was adopted, it became apparent that such cable 
was susceptible to subsurface moisture. This 
moisture caused the degradation of electrical 
properties and, at times, complete electrical 

failure. Approximately ten years ago, the British 
attacked this problem directly by replacing the 

air in the cable with a hydrophobic material 
thereby precluding the entry of water into the 
cable. The material used was, what the petroleim 

industry calls, a petroleum grease. The choice 
yes a good one since this material was inexpensive, 
hydrophobic, electrically acceptable and compatible 

with the other components of the cable. Ir. 1969, 
at the 18th International Wire & Cable Simposium, 
Bell Laboratories introduced their approach to 
waterproofing telephone cable, i.e. the now well- 
known polyethylene/petroleum jelly or "PE/PJ" 
compounds.(D These compounds were designed to 
meet the more severe temperature extremes to be 

found in the United States as well as the more 
stringent electrical performance requirements 
necessitated by the desire to transmit over longer 

distances, and at higher frequencies. 

In 1973, steps were taken in the United States to 
Introduce a polyethylene-free petroleum hydrocarbon 
system someLimes referred to as "single component 
system" (SCS). This product fulfilled the physical, 

as well as the electrical performance required of 

the PE/PJ type product. Due to the narrower 
molecular weight distribution, the single component 

cable fillers have lower melting points and viscos¬ 
ities and are softer at low temperatures (36°F) than 

the PE/PJ compounds. 

p»frni«t-iim Composition and Structure 

To better understand the problems associated with 

the development of filling compounds we will 
briefly review the composition and structure of 
petrolatum which is the principal constituent of 

the various compositions. 

Petrolatum is a complex mixture of petroleum hydro¬ 

carbons consisting of straight chain paraffins, 
branched isoparaffins and naphthenic and aromatic 
structures. The graphical form of typical structures 

are depicted in Figure #1. 

C— C — C—C20 c14— c —c8 

02^ ^ C2 

PARAFFIN ISOPARAFFIN 

NAPHTHENE AROMATIC 
Fig. #1 

The composition of petrolatums used in the manu¬ 
facture of cable filling compounds can be typically 
characterised as straight chain molecules: 2-5Z; 
branch chain molecules: 10-25%; molecules containing 

aromatic and/or naphthenic rings: 80-90%.' ' 

The petrolatum in the PE/PJ compounds contain 
structures which have approximately 20 to 50 carbon 

atoms per molecule. In addition, there are an 
almost "infinite" number of configurations for 
molecules of the same carbon atom number. The 
physical and functional character of the petrolatum 
is determined by the ratio of the different molecular 
structures present in it's composition. This ratio 
is dependent upon the source of the crude oil from 
which the petrolatum is derived. Higher levels of 
paraffins give a harder, brittle product. Conversely, 

higher concentrations of isoparaffins, naphthenics 
and aromatics lead to a softer product. Petrolatums 

having melting points from 100°F to 140°F cannot 
be used by themselves as filling compounds and require 

modification by incorporating compatible higher 

melting point additives. 

Current Systems Prevalent in the United States 

PE/PJ - These systems consist of low molecular 
weight polyethylene added at various levels to 

petrolatum plus a stabiliser. 

"Sinaia Component" - Earlier in the paper, 
reference was made to a petroleum grease. This is 
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a fraction extractad from the heavy dlatlllata of 
crude oil. It contain« molecule« with carbon atone 
In the range of ** Pr,vlou,ly 
It conaleta of a mixture of many atructurea which 
Influence It'« performance aa a cable filler 
material. It la poaalble to fractionate thia 
petroleum greaae deriving from It e number of 
frectlona of different melting pointe and molecular 
weight«. By fractionating and aelectlvely combin¬ 
ing aona of theae fraction«, a product can be 
obtained which la not too hard at low temperature 
and yet glvea the deaired high temperature perfor¬ 
mance for a cable filling compound. Thle SCS has 
an advantage over the PE/FJ type In that It doea 
not have the skewed molecular weight distribution 
and the Inhärent non-unlformlty problems that may 
aria« due to the wide molecular weight distribution 
found in the FE/FJ systems. 

BelatlonahlP of Crystallisation to Shear end Flow 

The use of polyethylene with It's much higher 
melting point and molecular weight whan added to 
petrolatum significantly affects the rheology of 
tha system. This affect on the liquid-solid 
transition of FE/FJ la a function of tha cocryatal- 
llaatlon of the polyethylene and the petrolatum. 
In the PE/PJ compounds crystal sisa la dependant 
upon tha molecular weight, molecular weight distri¬ 
bution and the concentration of the polyethylene, 
together with the cooling rate and tha degree of 
shear Imposed during crystallisation. Tha smaller 
tha Individual crystal, the larger tha total 
crystal surface area provided by a given concen¬ 
tration of polyethylene. The resultant Increased 
density gives a harder material with an Increased 
resistance to flow. For a given polyethylene in 
a static PE/PJ System (l.e. sero shear) whose 
cooling rate la moderate to slow relatively 
large, macrocrystais ara formed.'3) The resultant 
coofound will have a higher flow temperature and 
be harder than tha same compound which Is sub¬ 
jected to shear In the solid state. This is shown 
graphically In Figure #2 where the macrocrystal« 
have a block-Ilka, laminar structure which after 
shearing becomes a random dispersion of crystal 
fragments. Figure #3. 

LAMINAR ORIENTATION RANDOM ORIENTATION 

Fig. #2 Fig. #3 

This change In structure resulting In a softening 
of tha product, Is termed "hardness loss" In 
petrolatum technology. It should be noted, that 
If the rnnount of surface presented by the poly¬ 
ethylene crystals In the sample la sufficiently 
large, the disorientation produced by shear becomes 

much less significant in terms of effect on flow. 
However, such a product does tend to be undeslre- 
ably hard. In Table #1, the effect of shear on 
flow using the Western Electric Flow Test (App. 1-e) 
Is demonstrated. Controlled shear was obtained 
using a standard grease worker (App. 1-b • ASTM 
D-217). It should be noted that with the sheared 
samples the conditioning preacrlbed in the W.E. 
Test must of necessity be eliminated, since melting 
the sample would negate the effect of shearing. A 
review of the data confirms that the currently used 
systems (PE/FJ and "Single Component System") are 
sensitive to shear In the solid state and care 
must be exercised in the manufseture of the cable. 

The Ideal Filling Compound 

An Ideal filling compound should have the following 
properties: 

Hydrophobie - It must not be soluble in nor 
absorb water. 

Compatible - It must not hsve any significant 
effect on other components of the cable. 

Stable - Under field conditions. It should be 
oxidatively and thermally stable. 

Non-waitIna • It should not melt nor flow at 
temperatures below 70°C. 

Soft - It should not become excessively hard 
nor brittle at low temperatures. 

Adhesive - It should adhere well to the cable 
components, but be readily removable for splicing. 

Cohesive - It should not embrittle or crack 
over the temperature range of field exposure. 

Electrical - It must meet established electrical 
criteria. 

Non-toxic - It must be dermatologically safe 
and non-vo?.atlle under normal handling. 

Uniform - There should be no phase separation 
when cycled through tha temperature range of 
flsld exposure or If subjected to shear. 

inemmanalva - It should be relatively Inaxpen- 
slve and not add more than a nominal cost to the 
cabla. 

Tha PE/PJ and SCS satisfy, to an acceptable degree, 
most of tha abovm requirements. However, they 
do have several limitations. As reported, these 
solid state products are shear sensitive and are, 
therefore, normally Introduced Into the cable aa 
liquids. This may, in some cases, lead to voids 
occurring In the cable due to shrinkage of tha 
filler material during cooling. Sines cable 
filler materials are a mixtura of many Isomers of 
different molecular weights rather than a singla 
chemical spades, there la a possibility that 
classification or phase separation may occur under 
a given sat of circumstances. However, we are not 
aware of any reports citing phaae separation as 
a failure mode In tha field. 
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Table #1 

EFFECT 01' SHEAR ON FLOW* 

loss, Weight % 

Ssnple 

Zero Shear 

149°F 
160°F 
176°F 
190°F 

Moderate Shear 
(60 Cycles) 

149°F 
160OF 
176°F 

Severe Shear 
(10,000 Cycles) 

149°? 
160°F 
176°F 

*W.E. Flow Test - 2 hours 

European Type 

0 
0 
1.5 

62.5 

70.0 

0 
0 
0 

0.5 

70.5 

47.8 

C 
Pg¿£¿ 

0 
0 
0 

0.1 

56.8 

52.0 

D 
SCS 

0 
0 
0 

67.0 

96.0 

98.0 

E 
GEL 

0 
0 
0 

0.1 

0 
0 
2.0 

0 

1.2 

Table #2 

phase separation test 

Loss, Weight % 

Sample 

Zero Shear 

149°F/2 Hrs. 

Severe Shear 
(10,000 Cycles) 

l49°F/30 Min. 

0.1 

94.3 

8.4 

22.8 

0.5 

5.2 

8.7 

92.7 

Pel Cable Filler 

A new generation eaterlal which has ail the advantages 
of the FE/FJ end single component materiels “J1*11 
as good shear stability has been developed. 
physical end functions! properties of such a ■•terlal 
would allow It to be filled "cold" Into the cable as 
a soft solid. In addition. It la highly resistant 
to phase separation and would, ‘harefore, constitute 
an excellent cable filler material. The data for the 
eel system in Table #1 In contract with the current 
systems Indicate a product that is atabla under shear. 

laboratory Teat Procedure Crltlme 

One of the many problems associated with the evalua¬ 
tion of filling compounds has been trying to deter¬ 
mine by laboratory techniques how • "“J; 
perform physically in the cable. The flow test , 
(App. 1-c) was developed by Bell Laboratories to 
predict temperature at which a filler would fl0" 
a cable. While the test proved successful. In estab¬ 
lishing a minimum criteria, a direct correlation 
between what would happen In a cable end the test 

Itself has not been established. 

Our Laboratory Is examining this problem and Is 
developing procedures which It Is believed would 
more accurately predict the drip or flow 
of the compound in the cable. A procedure developed 
In our laboratory to determine the effects °* *•"*• 
erature, temperature cycling, and shear on the flow 
characteristics of filling compounds Is the Phase 
Separation Test (App. 2). It Is a severe test of 
the phase stability of filling compounds under stress. 
Data appear In Table #2. Compering the date of 
Tables #1 & #2, the Phase Separation Test appear« 
more severe than the Western Electric Flow Test, but 
sufficient data has not been collected to allow a 
definitive statement to be made. This test may also 
be used to evaluate the effects of temperature 
cycling on filling compounds. 

An established procedure under evaluation Is the 
Ubbelohda, drop point of grease method (App. 1-a). 
In Table #3 flow temperatures of the samples are 
recorded using this method. 
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Table #3 
DROP POINT OP CREASE (IP 31/661 

Semple 

Zero Shear/0F 

Severe Sheer/°F 

A 

203 

155 

206 

1Ö3 

ç 

200 

Ibl 

D 

184 

12b 

E 

>250 

>250 

Exemliün« the data from Tablea #1, « and M we observe 
consistant differences ln «araples A and D v».B »nd C. 
Uhareas each sample la adversely affected by 
the effect of the polyethylene In samples B and C can 

be observed. From the earlier discussion on crystal- 
ography we might conclude that severe shear would 
contribute to an incraase in surface area of poly¬ 
ethylene compared with a moderately sheared sample 
resulting in an Improvement in flow characteristics 
of the severely sheared sample. Thia is confirmed in 
Table ¢1 where the weight X loss is less for severely 
sheared samples of B and C vs. the moderately sheared 
samples. The effect of the polyethylene on rheology 
after severe shear is also noticeable in Table #2 where 
the weight % loss is less for B and C than A and D. 
Similarly in Table #3 B and C have higher flow temp¬ 
eratures. By each method of evaluation sample E is 

essentially unaffected. 

PHYSICAL PROPERTIES OF FT1XER COMPOUNDS 

A B _Ç_ 

Melting Point 
Drop, ASTM M27, F« 
Congealing, ASTM 1V938, F. 
Drop Point, IP 31/66, °F 
W.E. Flow Test**°F 

Cone Penetration 
1) Petrolatum, ASTM IK937, 

77°P., 0.1 mm 
Lubricating Orease, ASTM D-217, 

77°?., 0.1 mm 
2) After 60 double strokes 

" 10,000 double strokes 
Hardness Loss (2-1 ■ HL) 

yl*KlSStlc, ASTM D-445. SUS 3 210»F. 
SUS 3 266°F. 

wedle Penetration 
Petroleum Waxes, ASTM M321, 

36"P., 0.1 mm 

»1ertrical Properties 
Dielectric Constant, ASTM D-150, 

K<? 10*8« 
K 3 lO6» 

Dissipation Factor, ASTM M50 
D ■ tan delta, 10-Hx 

10e H* 
DC Vo lune Rasiativity, ASTM I>-257 

OHM-CM 

206.4 
179.0 
203 
175 

44 

206 
321 
162 

62 

55 

207.5 
185.0 
206 
206 

105 

275 
315 
170 

565 

207.5 
181.0 
200 
199 

60 

230 
313 
170 

202.7 
177.5 
184 
190 

69 

204 
315 
135 

2.22 

.0017 

.0023 

53 

2.18 
2.15 

74 

52 

81 

65 

N.A. * 

>250 

88 

210 
314 
122 

N.A. * 

0.0001 
0.0004 

2.13 
2.15 

0.0002 

0.0007 

2.10 
2.14 

0.0001 
0.0006 

49 

2.11 
2.14 

0.0004 
0.0007 

1.3 X 10 )16 1.1 X 1015 2.7 X 1016 2.4 X 1015 2.2 X 1015 

* NA ■ Teat not applicable to gela. 

««Hestern Electric "Flow At Elevated Temperature" - Temperature of Plow 

Table #4 

In Table #4 data are presented on the varioustyp«« 

of petrolatum baaed filling 
used to date as well aa a new "gel or cold fill 
type. Under Melting Point, data are given using the 
IV127 D-938, (App. 1-a) and the Mastem Electric 

«_used extensively. Also included is the Drop 
«oint of Orease method which la slap 1er and quicker than 
Si S.«.™ metric Flow Teat and offers, close 
eanarison to it in the case of non-sheared samples. 
The coamsrlson does not hold up as well vhen C0™par np 
samplet subjected to shear (Table ♦lys. Table 
Samples B and C perform better in Table #3 than might 
be expected from the data in Table #1. »••• 
ence?may be explained by both the composition of the 
COIT«.mde and the conditions of testing. 

The cone and needle penetration (App. 1-b) data in 
Table #4 are indicative of hardness at a specified 
camnarature. The hardneaa lose repraeents the 
difference in hardnsss betwean sheared and non-shearad 
ÍÜdÍST This-y be interpreted to represent change, 
in the crystal structure and orientation induced by 

shaar. 

Cnapatlblllty W<th Cable Sheathing 

To evaluate th. compatibility of filling «-pound r£¡¡ 
low density PE sheathing compound, “"P1” 
tubing were made from Jacket grade PE (Union Carbide 
DFDA-0588). The tubing was cut into 6 lengths, 
weighed, calipered, and plugged at one end. The tube 
were then filled with the cable compounds under taut 
and placed in a 160°F air circulating oven for 840 
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hour«. tetvMti 350 and 500 tMura a light oily flln 
«as noticeable on tha exterior of the tubing. At the 
end of 840 hours tha tubes «ara cleaned, weighed and 
calipered. Might change and wall thickness data 
appear In Tabla #5. 

Zero g^ear 
Chai.we ln Wt., Wt. X 
Change In Caliper, X 

10.7 7.5 9.8 6.9 
7.9 4.6 4.6 2.1 

Severe Shear 
Change In Ht., Ut. X 
Change in Caliper, X 

9.2 7.8 10.3 7.5 
3.8 2.4 3.8 1.6 

Table #5 

Differences are noticeable between compounds. While 
some plastlclsatlon of the jacketing material occured, 
as measured by weight gain and wall thickness It was 
concluded chat there was no significant effect on the 
sheath by any of tha compounds. It Is our under* 
standing that Union Carbide confirms our observa¬ 
tion. 

Susggrx 

The data presented in this paper Indicate that while 
progress Is being made, additional work la required 
to predict from laboratory procedures tha behavior 
characteristics of filling compound In the finished 
cable. Our Laboratory Is continuing work In this 
area and la Interested In joining with others con¬ 
cerned with this problem In test procedure evalua¬ 
tion programa. 

Cabla filling compounds have bean on the scene for 
only a few years and While admittedly not perfect, 
have on tha whole done a creditable Job. He believe 
tha new generation of galled filling compounds now 
on the horlson represent a significant advance. 
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Physical Methods 

"Drop'MsUlng Point of Petroleum Wax Including 
Petrolatum" ASTM: D 127-63; IP: 133/64 

"Congealing Point of Petroleum Waxes, Including 
Petrolatum" ASTM: D 938-71; IP: 76/64 

b. Penetration 
"Cone Penetration of Petrolatum", ASTM: D 937-67; 

IP: 179/68 
"Cone Penetration of Lubricating Crease", ASTM: 

D 217-68; IP 50/69 
"Needle Penetration of Petroleum Waxes", ASTM: 

D 1321-70 

c. Viscosity 
"Kinematic Viscosity of Transparent end Opaque 

Liquids", ASTM: D 445-72; IP: 71/66 

Electrical Methods 

d. Dielectric Constant. Dissipation Factor 
"A-C Loas Characteristics and Dielectric Constant 

(Permittivity) of Solid Electrical Insulating 
Materials", ASTM: D 150-70 

DC Volume Resistivity ,, 
"D-C Resistance or Conductance of Insulating 

Materials", ASTM: D 257-66 

Functional Properties 

e. Flow Resistance 
"Plow at Elevated Tamperaturee", Western Electric 

Mf-17000, Section 1061 modified as par W.E. MS 62072, 
Issue 2, October 5, 1972. 

Flow Temperatura 
"Drop Pointof Orease", IP: 31/66 

"PhaseSSaparation Test", Wltco: AM No. 240. 

Phase Separation Test 

Apparatus¡ 
1. Funnels - Analytical, 58°, Klmax, 55 m diameter 
(l.e., Sargent Welch 8-35309-C) 
2. Beakers - GriffIn, low form, with pourout (l.e., 
S-W No. S-4675-J) 150 ml 
3. Class Cutter • Tubing, Griffin (l.e., S-W No. 
S-39953) 
4. Glass Rod - KG-33 Glass, Klmax, 4 mm diameter 
(l.e., S-W No. S-40087-D) 

Preparation of Apparatus: 
1. Funnels - Remove part of the stem using the 
Griffin tubing glass cutter. Leave approximately a 
10 ms stem. Fire polish In a bunsen burner flame. 
2. Tapered Glass Rod - Drew the 4 sei diameter glass 
rod In a bunsen burner fieme to give an approximate 
20 mn taper (l.e., 4 me to 1 mm). Total length of 

lfm mama 

ÎT**Obtain tare weights on a funnel and beaker for 
each apeclmsn. Prepare duplicate specInara. 
2. Place assembled funnel, beaker and ta;.trad glass 
rod In an oven at i00°P. to pre-condition for 0.5 
hour minimum. 

3. Heat test sample to 260°P. minimum, (or 23°P. 
above the cloud point, whichever Is greater). 
Stirring frequently, allow the sample to cool to 
240°P. (or 10°P. above the cloud point, Whichever 
la greater). At 240°P., remove the funnel aasanibly 
from tha oven and Immediately pour tha sample into 
the funnel. Pill tha funnel to the rim (-30 grams). 
Be sure not to overfill the funnel. Allow the filled 
assembly to cool to ambient (approximately 0.5 to 
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1.0 hours). 
4. When the sample has reached ambient, carefully and 
gently twist and pull the glass rod out of the funnel 
and sample. Care should be observed to avoid 
disturbing the sample-rod Interface anymore than nec¬ 
essary. 
5. Weigh the filled funnel (without rod). Record 
this value. 
6. Replace the funnel in the beaker. Place this 
assembly In a forced-draft oven at the desired test 
temperature. 
7. At the end of the oven testing time, remove the 
assembly, being careful not to jar or shake the 
assembly so as to cause any drops to fall from the 
funnel stem Into the beaker. Allow the essembly and 
sample to cool. 
8. Rswelgh the beaker, If anything has flowed Into 
It. Record this value. 
9. Determine weight l flow at T°F. and time t. 
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SYSTEM EVAUIaTTON AMD PROTECTION OF CONDUCTOR INSULATION IN OUTSrPE PLANT 

Louis Anee end Joseph P. McCsnn 
Rural Electrification Administration 

Washington, D. C. 

Abstract 

Samples of high density polysthylene con¬ 

ductor Insulation are randomly cracking after rela¬ 

tively short exposure In field Installations« 
Analysis of the cracked samples and the environmental 
exposure conditions Indicate a combination of sunlight, 

heat, and antioxidant evaporation are primarily 
responsible for the rapid deterioration of the system. 

Methods for protecting the conductor Insulation In 
field Installations are discussed. A redesign of the 

housings and the use of a bag type enclosure are 

recommended. 

Introduction 

The basic premise of designing a working 

telephone system Is to Insure that all of the parts 
Intermesh and function as Intended. The system design 
should be based on a thorough understanding of the 
performance requirements of the system as well as of 

the Individual coeiponent parts which comprise the 
system. This study would Involve specialists end 
laboratory personnel who have some part to play In 
the design and fabrication of tha component parts. It 
requires technical coordination between personnel In 
overlapping flelda In achieving the best in the system 
design. Using this systems approach, this paper has 
proceeded to anelyxe the present field failures of 
conductor Insulation, and has attempted to correlate 

the random cracking of conductor Insulation with a 
breakdown of the system design. In this analysis, we 
have pinpointed several areas In U.e system design 
where additional safeguarda should be applied, either 
prior to cable installation or In the field, to pro¬ 

vide a long-term reliable telephone system. 

Background to System 

A. Cable Development 

The REA telephone program can be considered 

to have gone through three période of plastic- 
insulated cable development. The first period, from 
1954 - 1965, utilized low density polyethylene Insu¬ 

lation In aerial and burlad plant. A great deal of 
this cabla plant la still In use In our borrowers' 
systsms without sny problsms from the standpoint of 
conductor Insulation cracking. The requirement for 
low density polyethylene conductor Insulation was 
discontinued In REA specifications In approximately 

1965. Santonox was the primary antioxidant used in 

the Insulation without any copper Inhibitor. 

The second period of development begun In 

1963 extended until approximately 1972 requiring the 
use of high density polyethylene as conductor Insu¬ 
lation for both aerial and burled aire core cables. 
Santonox waa the principle antioxidant used In these 
cables. To the best of our knowledge no copper 

Inhibitors were used In the Insulation. 

From 1967 until the present time ethylene/ 

propylene copolymers constituted a portion of the 
conductor Insulation. These ethylene propylene copol- 

yir-rs used proprietary antioxidant syatama, and wera 

tested according to ASTM D2342 for stability to oxida¬ 
tion. Ethylene propylene copolymers for Insulation 
ware used In aerial and air core type burled cables. 

The third period of cable development has 

been In the area of filled telephone cables. The 
requirements for basic cable conductor Insulation 
continues to also be high density polyethylene or 
ethylene propylene copolymer. Because of the possible 

extraction of antioxidants and stabilizers by the 
filler material, the Industry has become cognizant of 
potential conductor Insulation failure due to loss of 
stsblllzatlon. This awareness has created a need for 
new stabilizer systems and also the methods and kinds 

of tests performed. 

Sollclna. Pesian and Application of Housings 

One of the original considerations In the 
development of burled plant was the elimination of 
exposure of the plant to storms and other dasiage from 
the elements at a cost low enough for application In 
rural areas. Another major consideration In the de¬ 
sign of burled wire and cable was the provision for a 
corrosion-resistant shield adequate for electrical 

protection and mechanically strong enough to prevent 

damage from ground rodents, such as gophers. 

During this development almost no thought 

was given to the housing other than serving as a 
mechanical protection for the above-ground appearances 

of wire and cable. In the Initial field trial of 
burled plant, c. section of transite pipe was modified 

to serve as a housing for the protection of above¬ 

ground appearances of burlsd cable. 

Two types of housings were adopted as stan¬ 

dard units In the REA program. The channel type 
housings are made up of three parts; a back plate, an 
upper cover plate and a ground line cover plate 
formed Into a "U" ahape and secured to the back plate 
to form a rectangular column. See Figure 1. The dome 
type housings are made up of three parte; a top cove» 
shaped like a dome and fastened to a cylindrical 
shaped base which is mounted on a closed "U" ¿take. 

See Figure 2. 

It was during the testing of the completed 
plant that the mnount of condensation found In the 
housing was affactlng the electrical parformance of 
the system. Due to the condensation problem In the 
housing, It became a raqulrement In the proposed 

specification at that time that all units must be 

free breathing. 

Holes were drilled In the experimental 
housings in order to reduce the condensation within 
these unita. The earlier designed system required 

the use of terminal blocks and load colls equipped 
with buss bars attached across binding posts. Leak¬ 
age occurred between buss bars and ground. The ter¬ 

minal blocks and colls equipped with buss bars were 

later eliminated as standard Items. 

In 1960 a revision of REA Standard PC-2 was 

made to Include the use of split cable guards to be 
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pUced over the epllce bundlee to protect them from 

mechenlcel end electrice! demege. In 
■yetema which were built In 1960 through 1965 with 
epllce bundlee protected by epllt cable guarde, no 
cracking of Ineulatlon hae been found to date. The 

only cracking found to data during thla period le 
where epllt cable guarde had been removed for main¬ 
tenance purpoeee. In 1966 a revlelon of PC-2 wa* 
made to delete the requirement for the uee of epllt 
cable guarde over expoeed conductora due to the fact 
that the Inetallere almoet never would replace theee 

guarde when removed for maintenance purpoeee. Moet 
of the reporte received to date regarding cracking of 
conductor Ineulatlon cover eyeteme which were built 

In 1966 and latar. 

In February 1972 with the advent of filled 

cablee In the REA program, Interim epllclng proce¬ 
dure were l.eued requiring that all expoeed conduc¬ 

tor* In terminal houelnge be repacked with filling 
material and wrapped with inuelln tape. Due to the _ 

difficulty of reentering houelnge containing 
epllce bundlee, It wa* decided that another method wae 

needed to protect the expoeed conductor*. 

The protection needed hae to be ecroe aort 

of covering which would provide protection for con¬ 
ductor* from eunllght, condensation, duet and enow. 

Several material* were tested to determine which 
product would be beet suited for this application. 
A polyfoam type material wa* selected at this time 
since It showed the beet all-around physical and 

mechanical properties. The polyfoam material 1* 
formed Into a bag which 1* positioned over the splice 
bundlee and escurad Into position at the lower end of 

the bag using sealing block*. 

light as well ae circumferential cracking In unstressed 
areas indicative of oxidative Instability. We have had 
one report of cracking which wae analyzed due to heat 
aging. We have been able to obtain samples of cracked 
Ineulatlon from the field which ehowe fading 1* random 

In effect and the same conductor will be faded and 
cracked In one area and not In another area. 

During a recent Inspection trip on one REA 

borrower'* project, conditions were found In several 

housings as follows: 

1. Housing: Channel type, Installed 1965 - 1966. 

Condition: Good. 
Ineulatlon: No cracking or color fading. 
Location: Cable Rt. 1-26, Well shaded. 

2. Housing: Channel type, Installed 1965 - 1966. 

Condition: Very poor mating surfaces; can 
see some conductors. 

Insulation: Color fading and cracking. 
Location: Cable Route 1-26, no tree coverage; 

gets sunshine most of day. 

3. Housing: Channel type, Installed 1965 - 1966. 
Condltl'm: Very good; all hardware In place. 
Insulation: Slight color fading and cracking. 

Location: Cable Route 1-28. Well shaded 

all day. 

4. Housing: Channel type, installed 1960. 
Condition: Fair; all hardware In place. 
Insulation: No lading or cracking; conduc¬ 

tors protected by split cable 

guards and vinyl tape. 
Location: Cable toute 2-1; located in sun 

most of the day. 

Svatems Analyall 

A. Field Rasuits: 

The Industry Is aware of the deterioration 

of the low density polyethylene conductor Insulation 

In air core telephone cables In housings under normal 

operating conditions!1» 2,Th* deterioration of low 
density polyethylene Insulation flrat becmne evident 

In the housings In the Southwestern area of the 
United States. Further Instance* of Insulation 
deterioration have been reported In the more northern 

areas of the country. The Bell Telephone operating 
companies coranenced treating the cracked Insulation 

by spraying all of the conductors.13) The prediction 

of longer life for the high density polyethylene 
Insulation In cables, using the same antioxidant 
system In air core cable, haa not materialized. 
(Table 1) Complaints from REA field engineers con¬ 
cerning the deterioration of high density polyethy¬ 

lene Insulation are being received. Several re¬ 
porta of ethylene propylene copolymer Insulated 
cables In REA Telephone Companies ahow the same 
pattem of deterioration of thesa polymer*. The map 
(Figure 3) ehowe the largest majority of complaints 
In tha South. However, we have alao received com¬ 
plaint* from aa far north aa Minnesota and Michigan. 

The time for these failures to occur varies 

from 1963 to 1971 (construction date) with the 
majority of complaints being for those systsm* built 
In 1966. To date we have received many field com¬ 
plaints on conductor Insulation failure* of which at 

laast twenty have been confirmed by our staff. 

5. Housing: Channel type, Installed 1960. 
Condition: Very good; all hardware In place. 
Insulation: No fading or cracking; conductor 

protected by split cable guards 

and vinyl tape. 
Location: Cable Route 2-2; located In sun 

most of the day. 

6. Housing: Channel type, Installed 1960. 
Condition: Very good; all hardware In place. 
Insulation: No fading or cracking. Conduc¬ 

tors protected by split cable 

guarda. 
Location: No coverate, open area, cable route 

2-3. 

7. Housing: Channel type (BD 2) Installed 1960. 

Condition: Fair 
Insulation: No fading or cracking, conductor 

protected by split cable guard*. 

Location: Open area; cable route 2-6; load 

point. 

8. Housing: Dome type BD3; Installed 1961. 

Condition: Good 
Insulation: No fading or cracking - conductor 

protected by split cable guards. 

Location: Cable route 5-8, No tree coverage. 

9. Housing: Dome type BD3; Installed 1961. 

Condition: Excellent 
Insulation: No fading or cracking conductors; 

protected by split cable guards. 

Location: Cable route 5-12A; open area. 

The type of failures we have notlcad are 
shown In Figure* 4, 5 and 6. Thase failures show 10. Housing: Dome type BD3; Installed 1961 

both fading of the conductors due to exposure to sun- Condition: Fair 
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Insulation: No cracking but slight fading 

of colore across the top of 

cable loop not protected by 

split cable guards. 

versus the areas exposed. 

6. Deterioration occurred generally In both the 

stressed and unstressed areas. 

Location: Cable route 5-14; open area; 

load po't t. 

7. No reported deterioration of black colored 

Insulation. 

11. Housing: Done type BD3; Installed 1961. 

Condition: Very good. 
Insulation: No fading or cracking con¬ 

ductors protected by split 

cable guards. 
Location: Cable route 5-17; Open area; no 

shade trees. 

Discussion 

We have had several reports of cracked ethy¬ 

lene propylene copolymer Insulation In housings. 
These reports Indicated that the cables In question 

had been Installed In the last five years. 

We have not received any reports of cracked 

Insulation occurring In aerial cable plant even though 
such Insulation Is the same as In burled type cables. 
The antioxidant systems In both types of cables are 
the same and one should expect similar results In both 

types of plants. 

. . At least three Individual field reports 

havi verified that Insulations made up of either low 

density polyethylene or high density polyethylene, If 

properly protected from sunlight or volltlzatlon and 
evaporation of antioxidant will last for a longer time 

period. The most unique example of this oxidative 
stability Is reported from Death Valley, California. 

The Bell System type "B" housings used were similar 
to the REA BD-2 housings. These cables were Installed 
In 1962 with the housings completely sealed. No de¬ 
gradation of the conductor Insulation was found on g 
recent Inspection. The average temgerature was 100 F 

with recorded temperatures over 130 F. In addition, 

another older telephone system In Iowa was visited by 

REA personnel to determine reasons why the original 
cable plant did not show evidence of cracked Insula¬ 
tion. From Inspection It was noted that all of the 
cable splice loops were protected by polyethylene 
split cable guards and In some portions of the loop 

by two half lapped layers of 7-mll vinyl tape. The 
housings, both channel and dome types, In these In¬ 
stances were not sealed to provide sunproofness or 
restrict air flow. The original cable plant was 
Installed In 1960 and subsequently a number of replace¬ 
ment cables were Installed In a portion of the route 
In 1966 using the same older housings. No protection 

was provided for the newer cables In the housings. 
Only the replacement cables showed evidence of 

cracked Insulation. 

An analysis of the cable system In the 
housings showed the following patterns of failure as 

observed In previous studies: 

1. Degradation occurred only In the housings. 

2. No degradation occurred under the Jacket. 

3. No degradation occurred under taped areas 

with the Jacket restored. 

4. The colors, white and red, with the highest 

percentage of Ti O2, deteriorated first. 

5. Levels of antioxidant concentration In the 

Insulation were higher under the areas not exposed 

In addition to these observations, the 

following have been noted: 

1. Color fading of the high density polyethylene 

Insulation. 

2. Little or no deterioration of Insulation com¬ 

pletely sealed to light and restricted alt circulation. 

3. Reenterable housings are more susceptible to 

cracked Insulation. 

4. Housing designs allow Ugh*’, to enter. 

5. Improper maintenance procedures. 

6. Improper construction procedures. 

7. No ultraviolet stabilizer or copper deacti¬ 

vation to provide sunlight and thermal protection. 

These findings are based on observations and 

examinations of field samples from operating telephone 
systems. The opinion of field personnel In the South¬ 
west Is that the Insulation Installed over eight years 

ago In all probability will require replacement If 
maintenance protection Is not Imnedlately provided. 

To date the samples of cracked conductor In¬ 

sulation In the REA borrowers' systems Is primarily 
low density and high density polyethylene In air core 

cables. We have had reports of polypropylene cracking 
of which only one case has been substantiated. The 
report Indicated that the cable In question had been 
Installed In 1969. With filled cable conductor Insu¬ 

lation we have had no reports of trouble In the 
systems. This lack of trouble could be the result of 
our system protection concept Instituted In 1971. 

Examination of Field Samples 

The samples returned from the field have been 

examined for oxidative stability by Differential 
Scanning Calorimetry (DSC) In oxygen at 200 C. In 
most cases the area of exposed cracked Insulation in 
the cable showed an oxidative Induction time of zero 
to two minutes. (7,8,9,10,11) The Insulation area 
under the tape, cover guards, and sheath showed a time 
greater than two minutes. The effect of color was 
also apparent. (Table 2) The black Insulation exhib¬ 
ited no cracking In the exposed ares In the area under 
the cable cover guard and sheath. The white and red 
Insulation showed the greatest Incidences of cracking 

than any of the other colors. (See Figure 7) In the 
lower pair size cables, the red aod white colors of 
Insulation appear more often than the other colors. 
Therefore, the basic colors code should reflect these 
colors which will provide the greatest protection from 
ultraviolet light. In Instances where direct sunlight 

entered the housings one-half of the longitudinal sur¬ 
face of the red Insulated conductor had turned (faded) 

white while the other half was still red. Several of 
the samples obtained from the field have demonstrated 
this type of failure. The melting point range (DSC) 
gave temperatures of 125 ”130 C for low density 
polyethylene and 135 - 140 C for high density poly¬ 
ethylene. (12) The density and intrinsic viscosity of 

the black Insulation did not change significantly In 
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th« exposad and vintxpossd areas. The white Insulation 

had a change In density from 0.955 under Jacket to 
0.988 for the exposed, and an Intrinsic viscosity of 
1.98 under jacket to 0.54 for the exposed. Molecular 

weight (Mw) decreased from 15 x 10 to 2.5 x 10 . 

Laboratory Studies! 

Weatherometer Testing 

Smnples of conductor Insulation ware tested 

In a Weatherometer for fading and clacking/ The 
samples were checked after each fifty hours of testing. 

The Insulation was selected from five cable samples 
returned from the field and Included the following 

typess 

1. Filled ethylene propylene copolymer conductor 

Insulation - 1971. 

2. Unfilled ethylene propylene copolymer con¬ 

ductor Insulation - 1969. 

3. Unfilled high density polyethylene - 1971. 

4. Unfilled high density polyethylene - 1967. 

5. Unfilled high density polyethylene - 1967. 

These samples represented a good cros* 

section of cable from different manufacturers, as 

well as various type antioxidant systems. 

The data shows that the black and white 

Insulation did not change to any considerable degree 

after 194 hours of testing. The other colors showed 
considerable fading using either the ethylene propy¬ 
lene copolymer or high density polyethylene Insulation. 

The following colors showed deterioration for both 

types of conductor Insulation: 

(1) Orange 

(2) Red 
(3) Yellow 

(4) Violet 

(5) Green 

(6) Brown 

(7) Blue 

(8) Gray 
(9) White 

(10) Black 

The cable samples listed In descending order 

of deterioration are as follows: 2, l, 3, 4, and 5. 

59 min., respectively after 107 days In the oven. 
Under these same conditions the open air samples gave 

54 min. and 40 min., respectively. A second set of 
samples Immersed In petrolatum for l week «1 Z0 Ç 0 
showed the following Induction time at the 70 and 90 C 

levels for air versus sealed samples. Air Jlght 
samples after Inmersión In petrolatum at 70 C and 90 C 

oven temperatures gave 90 min. and 46 min. DSC oxida¬ 
tive stability respectively after 107 days In the oven. 
Under these same conditions, the open air samples gave 
50 min. and 34 min., DCS respectively. In both cases 
the closed samples showed considerably longer Induc¬ 

tion times than the open air samples. 

Conclusions and Recowmendatlons 

The system design concept of defining the 

cracking of conductor Insulation, emphasizes the 
responsibility of the manufacturer and the accessories 

suppliers to be aware of the ultimate requirements 
their producta must meet. The data shows that sun¬ 
light can enter the housings and that free breathing 
type pedestals are presently being used or have been 
used by the Independent Telephone companies. These 
conditions are not being reflected In the laboratory 
tests which are used to evaluate stabilization systems. 

In cases where no volatilization of the antl-oxldant 
occurs or sunlight Is allowed to enter the system, low 
density polyethylene and high density polyethylene 

have performed satisfactorily. 

The use of a bag or enclosure to guard 

against these additional hazards, plus the addition 
of stabilizers Including ultraviolet light types In 

the bag Itself, are recommended. The newer houelngs 
have been designed with mating surfaces such that they 

give protection to the cable from sunlight and free 

air flow. 

As a result of these series of tests we find 

that the present color code of our telephone cables 
merits changing. In low pair size cables, the wiilte 

insulation comprises the first five pairs, «h“« 
red Insulation comprises the next five pairs. Field 
samples show that of all the colors these two colors 

are the most affected by oxidation and heat. We, 
therefore, recommend changing the color code of 
cables to the use of black for the first five pairs 
and another distinguishing color which Is highly 
resistant to ultraviolet light for the next pairs. 

This test data correlates with our field 
smnples which show fading and cracking except for the 

white. Other teete with the eame weetherometer 
showed efter 250 houre (equivalent to 1 yeer exposure 
In Florida) the ethylene propylene copolymer Insula¬ 
tion cracked badly Including the »diite Ineulatlon. 

Samplee ot the conductor Insulation from 

theae cables were twleted Into plgtaile and tested 

In a rooftop environment for two months In 
Washington, D. C. Most of the various cable samples 

faded In color. The red conductor In all of the 
cablee exhibited the same red/white atrlped appear¬ 

ance as the sample recovered from the field. The 
yellow conductor of sample two cracked upon bending. 

These teste ere continuing. 

We also recommend that research personnel 

became better acquainted with the end product In order 

that their testing procedures may reflect the con¬ 

ditions under which the end product Is used. 
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In addition to the Weatherometer teet, 

white high denelty polyethylene on #22 AWG copper 
conductore wae aged In an air circulating oven at 

both 70° and 90°C (See Figures 8 and 9). One set 
of samples was open and a second eat was sealed. 
After oven aging, the samplee were tested for resid¬ 
ual oxidative stability In DSC. Air tight samples 
at 70ÕC and 90°C oven temperatures gave 82 min. and 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

TABLE I 

LOCATION 

Texas 

Kiir.saï 

ï'îXfl.S 

Miuuouri 

love 

IOV.4 

MIssout 

Tennessee 

Oklaho.i-. 

Oklahoum 

Arizona 

Arizona 

Texas 

Tennessee 

Texas 

Texas 

Nebraska 

Florida 

Minnesota 

North Carolina 

REPORTS OF CHACKED INSOIATION 

INSTALLATION DATE DATE CRACK REPORTED 

1961 

1966 

1966 

1966 

1966 

1963 

1970 

1969 

1963 

1969 

5/9/74 

5/14/74 

2/1974 

4/1974 

1/1974 

1/1974 

4/1974 

11/1973 

2/1974 

12/1973 

8/1973 

12/1972 

10/1973 

10/1973 

8/1973 

6/1974 

8/1974 

9/1974 

MATERIAL 

L.D.P.E. 

H.D.P.E. 

L.D.P.E. 

H.D.P.E. 

H.D.P.E. 

L.D.P.E. 

H.D.P.E. 

H.D.P.E. 

L.DJ.E. 

H.D.P.E. 

H.D.P.E. 

H.D.P.E. 

Ethylene, 
Propylene 

Copolymer 

TABLE 2 

(-.BACKED INSULATIONS FROM FIELD SERVICE, 
COTOR"TTTm1MBERS REPRESENT CRACKED INSULATIONS FROM . 

IN GAUGE AND 
POPULATION STUDIED 

19 GAUGE 

White - 21 

Slate - 5 

Blue — 4 

Orange - 3 

Green — 2 

22 GAUGE 

White — 3 

Slate - 1 

Blue — 1 

2L GAUGE 

White — 7 

Red — 3 

Brown — 1 

Green -- 3 

Violet — 2 

Yellow -- 2 

Blue — 1 

SUte — 1 

26 GAUGE 

White - 6 

Orange — 2 

Red — 2 
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FIGURE 1 
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F1GUR£ 4
RED/WHITE CONDUCTOR

FIGURE 5 
CRACKED HIGH 

DENSITY POLYETHYLENE
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FIGURE 6
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AGING PERIOD 
FIGURE 8 

TELEPHONE SINGLES AGING 

OPEN AIR VS. AIR TIGHT 

AGING PERIOD 
FIGURE 9 

TELEPHONE S INCUS AGING 

OPEN AIR VS. AIR TIGHT 
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NEW MULTI-PAIR SUBMARINE CABLE 

K. Suzuki 
Nippon Telegraph and Telephone Public Corp. 

Tokyo, Japan 

R. Spwada 
Ocean Cable Co., Ltd. 

Yokohama, Japan 

Introduction 

Japan consists of four main islands and 
many other small ones. Polyethylene-insulated 
polyethylene-sheathed multi-pair submarine 
cables (hereinafter referred to as PE-P sub¬ 
marine cable) have been used as short 
-distance communication cables to connect 
these islands. Failures of such cables have 
occured at a rate of fifty times a year. For¬ 
ty percent of them was caused by fishing and 
trawling equipment or ship anchors while 
thirty percent was caused by natural mechan¬ 
ical abrasion or corrosion. 

Sea water penetrates into the cable core 
over a wide range of cable length, once its 
sheath is subject to damage for any reason. 
Then a fairly long cable length must be re¬ 
placed to repair the failure. It was also 
found that corrosive gas such as hydrogen 
sulfide (H|S), which is generated in the sea 
bottom environments, permeates into the 
cable through its sheath and causes insula¬ 
tion failure. Reduction of such failures is 
very important in order to improve perform¬ 
ance reliability and reduce maintenance cost 
of the system. 

This report describes new multi-pair 
submarine cables for shallow water use, spec¬ 
ially designed to meet the above require¬ 
ments. 

Cable Design 

Cable Structure 

As shown in Table 1 and Figure 1, the 
new cables consist of cable core, sheath and 
armoring. Features of the new cable are as 
follows. 

1) A compound is forced into the air space 
of the core to prevent water penetration 
into a cable core. 

2) The sheath consists of an inner sheath 
and an outer sheath, with a polyethylene 
laminated aluminum layer, which is lon¬ 
gitudinally wrapped over the inner 
sheath, to prevent the corrosive gas 
from permeating into the core. 

3) The armoring consists of an anti-corro¬ 
sive layer covered steel wires and 
serving layers of synthetic higfr molec¬ 
ular weight materials to improve dura¬ 
bility. 

The differences between new cable and 
conventional PE-P submarine cable are shown 
in Table 2. A layer type assembly construct¬ 
ion is used for a cable core of not more than 
100 pairs. For a cable core of not less than 
200 pairs, however, a unit type assembly is 
used to improve splicing and terminating work 
efficiency. 

Electrical Characteristics 

Typicrl frequency characteristics of 

Table 1. CABLE STRUCTURE OF JELLY-FILLED 
LAMINATED SHEATHED SUBMARINE CABLE 

(EXAMPLE) 

Cable 

Cable 
Core 
Diameter 

(mm) 

Sheath (l) Sheath (2) Armor Wires Serving 

Thick¬ 
ness 
(mm) 

Overall 

Diameter 

(mm) 

Thick¬ 
ness 
(mm) 

Outside 
Diameter 

(mm) 

Thick¬ 
ness 
(mm) 

Outside 
Diameter 
(mm) 

Diameter 

(mm) 

Number 

0.3 mm 
20 Pairs 

8 1.7 11.5 2.5 16.5 6.6 12 1.5 37 

O.63 mm 
30 Pairs 

12 1.7 I5.5 2.5 20.5 8.6 11 1.5 45 

O.63 mm 
200 Pairs 31 2.0 35 2.5 ko 6.6 

8.6 
23 
24 1.5 81 

0.9 mm 
100 Pairs 29 2.0 33 2.5 38 8.6 17 1.5 63 

* Sheath (2) contains a polyethylene laminated aluminum layer. 

/ 
y 
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Quad 
Compound ( fully filled! 

' '- *’°11 °thyleno »heath( 15 
•' , Laminated aluminum 

ft </' ''polyethylene sheath(2) 
••.vw.:..'.- \ -• .. tnp0 

1>P spit t yarn) 
coated wire 

serving 
(PP yarn and 
polyolefin compound) 

/r 1, ■'////I>°lyethyl 
vC\/ : -4 Cloth tap 

trvip ¢4^^7//^¾ Bedding(P 
\V -i'\ . /V. Plasti sol 

l / ' Outer ser 
Vi )) . : r*"- T ) ; " (PI* yarn 
Xv. i polyolei 

Figure 1. Jelly-filled Laminated Aluminum 
Polyethylene Sheathed Submarine 
Cable (Layer Type) 

secondary constants are shown in Figure 2. As 
the cable core is filled with compound, the 
cable attenuation indicates an increase of 
aoout 15^ over that of an air-space core. 
Since this cable is used for short-distance 
communication, an increase of cable attenua¬ 
tion matters little, while other electrical 
properties are reasonable. 

Basic Approach for New Design 

Waterproofing 

A filled cable core construction has al¬ 
ready been adopted for some land buried ca¬ 
bles, so that the core is protected from 
water penetration when the sheath is damaged. 

Figure 2. Frequency Characteristics 
of Secondary Constant 

(Core Diameter 0.9 mm) 

Submarine cables are naturally required to 
have more superior waterproof chracteristics 
than land cables, because of higher water 
pressure in location where undersea cable is 
generally installed and greater difficulties 
of repair operations. 

Filling Compound 

The filling compound must meet require¬ 
ments of innoxiousness to insulating and 
sheathing materials, excellent electrical and 
waterproof characteristics, good process- 
ability and moderate cost. 

Some compounds, based on petrolatum or 

Table 2. DIFFERENCE BETWEEN NEW CABLE AND CONVENTIONAL 

CABLE 

Structure Conventional Cable j New Cable 

Cable Core Core Space Air Spaced Fully Filled 

Insulation 
Thickness 

conductor 
0.5 mm * 0.25 mm 
0.65 mm « 0.25 mm 
0.9 mm 1 0.30 mm 

conductor 
0.5 mm 1 0.15 mm 
0.65 mm i 0.20 mm 
0.9 mm 1 0.27 mm 

Stranding 
Type 

layer type 
sS’.îSo Palr8 * layer type 

pairs « unit type 

Sheath PE one layer PE double layer 
with aluminum layer 

Armor Wire Anti-corro¬ 
sive Layer 

tarred or PVC cov- 
ering(not adhesive 

plastisol coated 

Wire 
Diameter 

(mm) 

1».5 or 6tone layer 
4.5 and 8tdouble 

layer 

6.6 or 8.6i one layer 
6.6 and 8.6t double 

layer 

Outer 
Covering 

Serving Jute yarn PP split yarn 

C ompound tar-pitch type polyolefin type 
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Figure 3. Weight Change of PE in Filling 
Compound 

Figure 4. Tensile Strength Change of PE 
in Filling Compound 

polybutene and low molecular weight olefinic 
polymer were considered satisfactory in meet¬ 
ing these requirements. 

Test results showing the effects of com¬ 
pound A and compound B on polyethylene sheets 
are shown in Figures 3 and 4. The tests were 
made on molded low density polyethylene 
sheets immersed in the compound at tempera¬ 
tures of 30*C and 60*C. Changes in weight 
with time are shown in Figure 3 and changes 
in tensile strength in Figure 4. Figures show 
that compound A, consisting of polybutene and 
low molecular weight olefinic polymer, is 
less noxious to polyethylene compound than 
polybutene compound B blended with other ma¬ 
terials. The filling compound is applied to 
the core in the core assembly process and is 
additionally coated over the core in the 
sheath extruding process. 

Waterproof Characteristics 

The following laboratory test was made 
on the watertight characteristics. One end of 
a five-meter length of cable was set in a 
hydraulic test vessel with open ends. A pres¬ 
sure of five Jcg/cm* was maintained for six 
days. However, no water-leakage at the outer 
end of the cable was found. A 1.5-km-long 
field trial cable was laid and left for a 
week with one open end on the sea bottom at a 
90-meter depth and the other end on land for 
continuous observation of cable characteris¬ 
tics. It was found that sea water penetrated 
into the core as far as 11.5 meters from the 
undersea cable end. No change was seen, how¬ 
ever, in insulation resistance, cable atten¬ 
uation or other electrical characteristics. 

Another field trial cable, 100 meters in 
length, was laid at a five-meter depth on the 
sea bottom with one open end and the other 
end sealed. Two four-mm-diameter holes had 
been made previously in the sheath. The sea 
water penetrated one meter from the open end, 
but no substantial penetration was seen at 
the holes in the sheath. These experiments 
show that the new cable has sufficient water¬ 
proof characteristics. 

Prevention of H»S Gas Permeation 

As described previously, H*S gas reacts 
with a copper conductor and produces copper 
sulfide. The product, copper sulfide, then 
grows, with time, in the polyethylene insula¬ 
tion to tiee-like states to cause insulation 

failure. Such failures sometimes occured 

within two to six years after the cables 
were laid. 

Polyethylene laminated aluminum sheath, 
where aluminum tape is wrapped longitudinally 
around the cable with overlap, was considered 
a most effective countermeasure to the gas 
corrosion. It was further observed that adhe¬ 
sion between the overlapped aluminum tapes 
has a considerable effect on prevention of 
gas permeation. Some experiments proved that 
HtS gas permeation, when an adhered overlap 
sheath is used, is reduced to a sixteenth of 
that with non-adhered overlap sheath, while 
non-adhered overlap sheath's permeation is 
about a thousandth of a conventional polyeth¬ 
ylene Sheath's permeation. Based on these 
results, a double polyethylene sheath with 
adhered-overlap aluminum layer was finally 
developed for the new cable. 

Test cables were laid where sulfide 
-treeing trouble has actually occured to de¬ 
termine the degree of conductor discoloration 
(turns black) as an index of gas corrosion. 
Discoloration occured in several months with 
conventional polyethylene sheath. With poly¬ 
ethylene laminated aluminum sheath with ad¬ 
hered overlap, however, no discoloration was 
seen after more than three years. The results 
proved the effectiveness of polyethylene 
laminated aluminum sheath. 

Many surveys were made of sea bottom 
environments on possible cable routes. Con- 
ducto’- discoloration was also checked for 
many existing conventional PE-P submarine 
cables in operation, liom such studies of sea 
bottom pollution, it is reasonable to apply 
the double polyethylene sheath with adhered 
-overlap aluminum for all undersea cables. 

Armoring for Cable Protection 

Armor Wire 

Two types of wires were formerly in use 
for armoring in Japan. One was a traditional 
tarred steel wire and another was an anti 
-corrosive steel wire with an extruded poly¬ 
vinylchloride (PVC) compound layer over an 
individual steel wire. The layer was normally 
0.5 mm thick. The thickness is desired, how¬ 
ever, to be as thin as possible, to cut down 
on the gap between armor wire windings from a 
standpoint of mechanical characteristics of 
the cable, such as elongation, twist and 
breaking strength. A thinner layer is also 
helpful to prevent a cable failure caused by 
some fishing and trawling equipment penetrat- 
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ing into the cable core through gaps between 
wires. The thinner the layer is, however, the 
more susceptible it is to be crushed by com¬ 
pression when the cable is being handled. 
Adhesion between PVC layer and steel wire 
proved to be a convenient solution to the de¬ 
fect. An anti-corrosive steel wire with 0.3nmi 
thick PVC layer adhered to steel wire has 
been developed from these consideration. Two 
types of manufacturing processes have been 
developed; one produces a plastisol coated 
wire and another produces an adhesive PVC 
covered wire. 

A plastisol compound consists of poly¬ 
vinylchloride paste resin, plasticizer, sta¬ 
bilizer and other additives. The compound is 
coated on the steel wire covered with a bond¬ 
ing agent and then is baked at a high temper¬ 
ature, resulting in the plastisol coated 
wire. An extrusion process is used to get the 
adhesive PVC covered wire. Bonding agent ap¬ 
plication and heating operated in tandem with 
extrusion make the PVC layer adhesive to 

cal current flows out from wire to sea water. 
The electrical current is sometimes caused by 
tidal current action and terrestrial magnet¬ 
ism as well as by induction from outside 
power sources. A new steel armor wire splic¬ 
ing procedure is being studied to improve its 
anti-corrosion characteristics. The new pro¬ 
cedure aims at electrical insulation between 
lengths of spliced wires, and it is ex¬ 
pected that such armor wires will be less 
susceptible to electrical corrosion. 

Outer Covering 

l) Servings 
Cutched or tarred jute yarn has been 

used for bedding or outer serving. These 
treated yarns do not have enough anti—rotting 
characteristics. Additionally, particular 
attention muat be given to coal tar noxious¬ 
ness during cable manufacture. 

Polypropylene-jute yarn (hereinafter 
pn-jute), a mixed spinning with polypropylene 

Table 3. ANTI-CORROSIVE WIRES MECHANICAL PROPERTIES 

Property 
PVC Covered 
WIRE (not 
adhesive) 

Adhesive 
PVC Covered 
Wire 

Plastisol 
Coated Wire Test Method 

Wire Diameter (mm) 5 8 8 Micrometer 

Anti-corrosive 
Layer Thickness (mm) 

0.5 0.3 0.3 

Bonding Strength 

Ug) 
0 110 iko 

Tensile load necessary 
to strip a 9.5-mm-long 
coating layer from 
wire. 

Abrasion Resistance 
(number of times) 

8 ll* 10 

Number of grinder 
revolutions until wire 
surface is exposed, 
(load t 1 kg) 

Scratch Resistance 
(number Of times) 

11*5 500 1*80 

Number of scratching 
times until wire is 
exposed. 
(load : 1 kg) 

Compression Crush 

Strength 
(ton/3.5 mm width) 

0.9 2.6 2.8 

Compression load when 
anti-corrosive layer 
breaks. 

steel wire. Products by the two processes are 
rather sJaiiiar in characteristics, but 
plastisol coated wire was chosen for the 
cable in subject due to superior performance 
of adhesion. 

Table 3 shows one example of mechanical 
characteristics of anti-corrosive armor 
wires. Table 4 shows mechanical characteris¬ 
tics of armor wire after it was laid in the 
sea bottom for ten months. The Table shows 
that anti-corrosive layer of wires without an 
outer serving shows some degradation in its 
abrasion resistance. Further detailed study 
proved, however, that its material itself 
does not show any degradation and apparent 
degradation comes from fine surface scratches 
made during cable laying . This was proved by 
an experiment where samples buried in a beach 
for six months, but with no scratches at all, 
did not show any degradation. 

It is well known that armor wire is con¬ 
sumed by electrical corrosion where electri- 

Table 4. COMPARISON BETWEEN ANTI-CORROSIVE 
WIRES BEFORE AND AFTER UNDERSEAS 
IMMERSION 

Test Item 

10 Months After 
Immersion 

A B 

Bonding Strength 
(kg) 

150 133 

Abrasion Resistance 
(number of times) 

9 6 

Scratch Resistance 
(number of time) 

1*79 372 

Compression Crush 
Strength (ton) 

2.8 2.8 

Notes t A s with outer serving 
B i without outer serving 
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libre and Jute fibre, was considered one so¬ 
lution of the problem. It has high tensile 
strength and excellent anti-rotting charac¬ 
teristics, but it is rather costly. As an im 
proved solution, polypropylene •P“* *a™¿a8 
been brought into consideration. It is made 
of an abrasion resistant polypropylene com 
pound.*A stretched PP film is -piit mechan¬ 
ically to form meshes, like a net, then 
twisted into yarn. Figure 5 rela¬ 
tion between yarn weight (denier) «d break 
ing strength. Also, abrasion r®Blsta"c*“ 05OB 
different yarns are shown in Figure . 
estimated that a yarn weight of J^’00 
deniers is necessary to meet,m*chaní;‘; *hree 
strength requirements. Use of two- or 
*ply yarn was studied for its increased abra¬ 

sion resistance. From anleconon,ical12°ôôJ or” 
ation, however, single ply yarn of 12.000 or 
15,000 deniers was finally used for out 
serving and that of 10,000 deniers for bed¬ 

ding. 

Figure 5. Tensile Strength vs. Yarn Weight 

6|P00 denier PP yarn 

8P00 denier PP yarn 

IQpOO denier PP yam 

13P00 denier PP yam 

1^000 denier PP yarn 

6p00 denier X 2-ply 
PP yarn 

28 X 3-ply Jute yam 
(correspond to 26.000 d.) 

21 X 3-ply PP Jute 
(correspond to ZkfiOO d.) 

□ 
□ 

: -41 

not as a rot resistant. Conventional tar 
-pitch type compound proved not to oona 
firmly enough with PP yarn. It is al®° 
tended with environmental pollution difficu 
ties. A new flooding compound consisting ol 
olefinic polymer, was developed to meet the 

requirements. _ 
Properties of new compound are ^°n- 

trasted with conventional ones in Tabl® 
Its softening point was determined to be so 
high that it does not become sticky at high 
temperature environments. The new compound, 
light brown in color, dirties laying opera¬ 
tors and laying gears very little. 

3 CD 

Table 5. FLOODING COMPOUND PFOPERTIES 

Compound 
Softening 
Point (*C) 

Penetration 
(25*C,100g) 
(o.l mm) 

New Compound 155 25 

Tar -pitch Type 
Compound 

43 l60 

Asphalt Type 
Compound 

53 30 

200 400 2P00 

Grinder rotations 
until yam snaps 

Figure 6. Abrasion Resistance of Yarns 

2) u..d for PP yrn -- 

serving i. r.qnlr.d t» only «0« •* 
agent between PP yarn and armor wires, but 

3) Mechanical Characteristics of Armor 
Two mechanical tests, Squeeze crush test 

and Drag abrasion test, were made on the ar¬ 
mored cable to check protection effect of the 

armoring. 
a) Squeeze crush test dc 

’ As shown in Figure 7, the test cable is 
wound around a fixed iron cylindrical 
pole 240 mm in diameter at an angle ot 
45 degree. The cable is given a recip¬ 
rocating sliding motion under a ®P«C- 
ified tension of three tons. Appearance 
of cable surface is checked to d®ter- 
mine how it is subject to damage due to 
crushing on the iron pole 8U^ace- 
actual number of repeated motions caus¬ 
ing breaking of outer serving ®"d **P°- 
sure of armor wires was checked. Table 
6 shows test results on three kinds of 
cables differing in outer serving 

layer. 
b) Drag abrasion test 

Test cables are dragged on a concrete 
road to test abration characteristics 
of the cable. The same three kinds of 
cables as those used for Squeeze crush 

test were tested. 

These tests proved that the new design 
of outer serving is much superior in Protec¬ 
tion effect to the conventional 
serving consisting of Jute yarn and tar-pitch 
type flooding compound. It was also proved 
that the combination of PP yarn and asphalt 

Tension motor 

\ 
—0 

Iron pole —— 
(diu. 240 mm) 

Stroke 1 m 

Cable 

Tension 
3 tons 

Figure ?. Squeeze Crush Test 
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type compound Is a little inferior In effect 
to the newly designed serving. Tnls comes 
from the weaker adhesion character! tics be­

tween yarn and compound.

Table 6. SQUEEZE CRUSH RESISTANCE OF 
OUTER COVERING

Outer Covering

PP Yarn/New Compound

PP Yarn/Asphalt Type 
C ompotind

Tarred .Tar-pitch 
Jute 'Type Compound

Drawing Timaa Till 
Coverings Break

Actual New Cable Use
The first trial cable was laid In Octo­

ber, 19Y2. Since then, about 24 km of now 
cable vnine sections) were laid by July, 1974. 
All the cables have been kept In good opera­

tion, except that one length of cable was 
damaged by a ship anchor. Besides, the new 
type of cable armoring has been used for a 
trunk submarine coaxial cable 108 km in 
length (two sections).

Conclusion

Improveswnts and backgrounds have bean 
described for new multi-pair subsiarlne cable 
consisting of Jelly filled core, anti 
-sulfurizing barrier and anti-corrosive ar­

moring. Now cable has been widely applied in 
Japanese waters. It is expected that the new 
cable will reduce the failure rate and also 
the length of replacement cable needed for 
failure repair.
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NEW COPPER DEACTIVATOR FOR POLYOLEFINS 

by 

K. YAMAGUCHI, T. YOSHIKAWA. H. KISHI 
M. MASAKI and N. SAKAMOTO 

Ube Industries, Ltd. 
Tokyo, Japan 

SUMMARY 

As a consequence of screening tests of many 
chemical substances, two new chemical compounds 
designated as 3J-15 and 3J-26 have been found to 
be efficient copper deactivators for polyolefins. 
They do not impair the physical and electrical 
properties and appearance of polyolefin insulations. 

Various tests on them proved that they prolong 
the lives of polyolefin insulations more markedly 
than a typical one of conventional copper deacti¬ 
vators. The results of DSC and other tests indicate 
that both of the new copper deactivators are particu¬ 
larly effective for polyolefins which contain cupric 
ion in high concentrations. 

It is noteworthy that both deactivators exhibit a 
remarkable synergism when they co-operate with 
antioxidant. They can significantly lengthen the 
weathering lives of polyolefin insulations as 
measured by weather-o-meter. 

INTRODUCTION 

It has been shown recently that premature failure 
of polyolefin insulations of telephone cables is 
largely due to the copper-catalyzed oxidative 
degradation of polymeric substances. To minimize 
this effect, therefore, it is proposed to apply copper 
deactivators to polyolefin Insulations. In the United 
States it is considered that incorporations of select¬ 
ed copper deactivator into polyethylene or polypro¬ 
pylene is essentially necessary to adopt the optimum 
design of persistent cable insulations. 

From practical point of view, however, the cop¬ 
per deactivator has to satisfy following essential 
requirement; it is highly copper-deactivating but 
does not impair the insulating properties of poly¬ 
mers; it is not lost by migration even when the 
polymer insulation is exposed to a warm ambient 
temperature for a long period of time; and it is 
resistant to ext action by water or petroleum-jelly 
to which the polymer insulation might be exposed in 
the jelly-filled cable. 

Pusey, Chen and Roberts!) presented a paper 
before the 20th International Wire and Cable 
Symposium to discuss the field failure of low density 
polyethylene telephone cables within the splicing 
enclosure and referred to the degradative effect of 
copper conductor. This study was followed by a 
very detailed report of Howard2) at the 21st 
Symposium. He analytically studied the premature 
brittle failure of low density polyethylene telephone 
cable insulations in terms of interaction of a number 
of variables of which Involvement of copper in 
oxidative degradation was emphasized. 

At the 22nd Symposium the authors3) made a 
brief mention of the compounds which showed a 
considerably excellent copper-deactivating effsct 
of polyethylene insulations. The present pape' 
describes the copper-deactivating properties cf two 
new compounds which evolved from the forme, 
reagents by further modification. The compounds 
we deal with in this article are effective for jow 
density polyethylene, high density polyethylene and 
polypropylene in the presence of metallic copper 
or cupric ion. 

EXPER1MENTALS 

Base Polymer 

The polyolefins used for the preparation of the 
samples are given in Table 1, 

Table 1 The polyolefins' used for the evaluation 
of copper deactivators. 

Low Density High Density Polypro- 
_Polyethylene Polyethylene pylene” 

Melt Index 0.25 0.30 3.0 
Density 0.92(: 0.947 0.90 

Stabilized by a maximum irreducible amount of 
antioxidant. 

** Ethylene-propylene b'ock co-polymer. 

Sample Preparation 

Blending of additives into the polyolefins was 
carried out ii a Brabender Plastograph. 

The film (0. 25 mm) and copper screen laminate 
(1. 0 mm) of polyolefin were formed by compression 
at 190°C under a pressure of 300 Kg/cm2. The 
polyolefin insulated conductors (26 AWG) were also 
prepared. The pig tall specimens were made con¬ 
ventionally from the insulated conductors and were 
subjected to thermal stress cracking test. 

DSC Measurement 

The DSC apparatus of Rigaku Denki Ltd. equipped 
with an oxygen supply line was used. The induction 
period of the onset of exothermic peak due to oxi¬ 
dation was measured for the film of polyolefin at 
200*C in oxygen. 
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Aging and Weathering Testa 

Aging tests were performed for film, laminate 
or insulated wire in an oven heated at a constant 
temperature by hot air circulation. 

Weatherability was measured by a weather-o- 
meter furnished with xenon lamp at a black panel 
temperature of about 60°C with intermittent spray 
of water. 

The aging or weathering performance is express¬ 
ed by the time of resistance to the onset of brittle¬ 
ness on the film or insulation. 

<■ Low density polyethylene with 1000 ppm of 
Irganox 1010 and 1000 ppm of copper deactivator. 
High density polyethylene with 1000 ppm of 
Irganox 1010 and 1000 ppm of copper deactivator, 

a** Ethylene-propylene co-polymer with 4500 ppm 
of Irganox 1010 and 3500 ppm of copper 
deactivator. 

Loss tangent and dielectric constant were measured 
at 1 MHz. 

Low density polyethylene 

Oxygen Uptake Test 

The oxygen uptake of insulated conduct jr vas 
measured by the volumetric method. 

RESULT AND DISCUSSION 

Effect of copper deactivator on 
the properties of polyolefins 

In Table 2 are given the properties of our copper 
deactivators, i.e., 3J-15 and 3J-26. Their effect 
on the properties of polyolefins are also given. 

Both of them are innoxious, white powder with 
a sharp melting point and hardly soluble in water 
or organic solvents. They give no adverse effect 
to processability of polyolefins and cause no dis¬ 
coloration. The electrical properties of polyolefins 
containing them are satisfactory for cable insulation 
and comparable with the values in the parentheses 
for a commercial copper deactivator known as highly 
effective and designated as MDA-1 throughout in the 
present paper. 

Table 2 Properties of the new copper deactivators 
and the polyolefins containing them. 

Property of copper 
deactivator_ 

3J-15 3J-26 

Melting point (“C) 
Color 
LD5o (g/Kg) 

253 193 
white white 

>24.13 >7. 03 

Properties of polyolefins 
containing the copper 3J-15 
deactivator 

3J-26 MDA -1 

LDPE* tan f xlO® 
e 

HOPE** tan f xlO^ 

PP*** tan f xlO6 
E 

Surface of insulation 
Color and odor 
Processability 

66 
2.28 

62 
2.32 

158 
2.24 

13 
2.28 

69 
2.32 

170 
2. 24 

(65) 
(2. 28) 

(56) 
(2.32) 

(153) 
(2.24) 

excellent 
no no 

excellent 
no 

The induction periods of the low density poly¬ 
ethylene films measured by DSC at uie temperature 
of 200°C in a stream of oxygen are shown in Figs. 
1 and 2. 

Fig. 1 shows the relation between the induction 
period and the amount of cupric stearate added to 
the polyethylene which contains 1000 ppm of the 
antioxidant Irganox 1010. As shown in the figure, 
the addition of 500 to 1000 ppm of cupric stearate 
to the polyethylene sharply reduced the induction 
period. Zero induction period was obtained when 
1000 ppm of cupric stearate was added. 

Fig. 1 Effect of cupric stearate on DSC induction 
period of low density polyethylene with 
1000 ppm of Irganox 1010. 

Fig. 2 Effect of copper deactivator on DSC induction 
of low density polyethylene with 1000 ppm of 
Irganox 1010 and 1000 ppm of cupric stearate. 
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Fig. 2 show» the revival of the induction period 
of the polyethylene whose induction period was once 
reduced to zero by addition of 1000 ppm of cupric 
stearate. It is seen that the copper deactivators 
revive the lost initial induction period and raise it 
up to about 40 minutes. About 1000 ppm of either 
3J-15 or 3J-26 is sufficient to regain the initial in¬ 
duction period, whereas more than 5000 ppm of 
MDA-1 is necessary to revive the stability of copper- 
free polyethylene. 

Fig. 3 shows the induction periods for low density 
polyethylene samples free from copper, which con¬ 
tain Irganox 1010 (1000 ppm) and various amounts of 
the copper deactivators. The figure shows that no 
perceptible change in induction period is observed 
when copper substrate is absent. This means that 
the copper deactivators are not harmful to copper- 
free polyethylene. 

Fig. 3 Effect of copper deactivator on DSC induction 
period of low density polyethylene free from 
copper, containing 1000 ppm of IrganoxlOlO. 

Fig. 4 Irganox 1010 (A.O. Y. Copper deactivator 
(C.D.A. ) ratio veraus DSC induction period 
of low density polyethylene free from copper 

Of interest is the interaction between antioxidant 
and copper deactivators. In the absence of cupric 
ion, copper deactivators little improve the aging 
performance of polyethylene. This is true even 
when the antioxidant is present. The induction 
period changes nearly linearly with the quantity 
antioxidant as shown in Fig. 4. The effects of anti¬ 
oxidant and copper deactivators are, therefore, 
assumed to be simply cdditive, indicating that there 
is no interaction between two stabilizers. 

Strikingly different are the results when the poly¬ 
mer contains 1000 ppm of cupric stearate, as given 
in Fig. 5 in which the content of Irganox 1010 plus 
that of copper deactivator is kept constant at 2500 
ppm, but the ratio between both additives is varied. 

Fig. 5 Irganox 1010; copper deactivator ratio 
versus induction period of low density 
polyethylene containing 1000 ppm of 
copper stearate. 

The plot of induction period versus stabilizer 
ratio is no more Unear. Remarkable sensitizing 
(or synergistic) effect is observed between 3J-15 
and Irganox 1010, as weU as between 3J-26 and 
Irganox 1010. A sharp peak of induction period 
appears at A.O. : C.D.A. ratio of 200 ; 500. 
This means that the optimum ratio of Irganox 1010 
to 3J-15 or 3J-26 would Ue near 4 : 1. 

On the other hand, the synergistic effect .» 
scarcely recognizable in the combination of Irganox 
1010 and MDA-1. 

Fig. 6 gives the induction periods of oxygen up¬ 
take of the low density polyethylene insulated con¬ 
ductors measured at 180*C in oxygen atmosphere. 
It is seen that the copper deactivators considerably 
prolong the induction period, as deduced from the 
comparison with the control sample which contain 
no copper deactivator; the induction periods of the 
samples stabiUzed by 3J-15 and 3J-26 are as long 
as 3 and 4 hours, respectively, while that of control 
sample is only 12 minutes. 
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Fig. 6 Effect of copper deactivator on induction 
period of oxygen uptake at 180°C on poly¬ 
olefin insulated conductors. 

Polyethylene : Irganox 1010 1000 ppm 
Copper deactivator 1000 ppm 

Polypropylene : Irganox 1010 4500 ppm 
Copper deactivator 3500 ppm 

Control : Irganox 1010 
1000 ppm (polyethylene) 
4500 ppm (polypropylene) 

Copper deactivator none 

The aging test of pig tail specimens of the insu¬ 
lated conductors mentioned above in a circulating 
air oven at lOO'C is now being carried out. Thus 
far, no thermal stress cracking has been observed 
after 2000 hours of aging. 

High Density Polyethylene 

The possible interaction between antioxidant and 
copper deactivator was studied with high density 
polyethylene containing various quantities of cupric 
stearate, in a similar manner to the case of low 
density polyethylene. 

Fig. 7A to 7C show the induction periods of high 
density polyethylene containing 500 to 4000 ppm of 
cupric stearate. They are stabiUzed by the com¬ 
bination of Irganox 1010 with copper deactivator 
whose total content is constant (4000 ppm) but their 
ratio is changed. 

The figures show that the combination of Irganox 
1010 with either 3J-15 or MDA-1 exhibits a remark¬ 
able synergistic effect for high density polyethylene, 
but the effect of 3J-15 is aiways superior to that of 
MDA-1. Except for the case where the concentra¬ 
tion of cupric stearate is extremely high (4000 ppm), 
the optimum womposition (A.O. : C. "'.A. ratio) is 
seen in the range from 3 : 1 to 7 : 1. 

Fig. 7 Irganox 1010 (A.O. ) : Copper deactivator 
(C. D. A. ) ratio versus DSC induction period 
of high density polyethylene containing 
various amount of cupric stearate. 
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The stability in oxygen atmosphere of high 
density polyethylene insulated conductor was 
already referred to in Fig.6. The induction 
period of samples stabilized with 3J-15 or 3J-26 
is about 3 to 4 hours in contrast to the control 
sample whose induction period is as small as 12 
minutes. 

The aging test of pig tail specimens of insulated 
conductor is being carried out in a similar way 
to that of low density polyethylene. No thermal 
stress cracking has been observed at 2000 hours 
of aging. 

With a view to estimating the stability of 
jelly-filled polyolefin insulated conductors, the 
samples were dipped in hot (85°C) petrolatum for 
18 hours, wiped and then placed in an air oven 
kept at 100°C. As given in Table 3, in contrast 
to the life of 6 days for the control (no copper 
deactivator), the sample stabilized with 3J-15 
or 3J-16 give the longer aging life, i.e., 16 and 
18 days, respectively. 

Table 3 The aging life ( 100«C> of high density 
polyethylene insulation after contact 
for 18 hours with petrolatum heated 
at 85°C. 

Copper deactivator control 3J-15 3J-26 MDA-1 
Aging life (days) 6 16 18 14 

The results of experiments made with samples 
containing copper dust ( 1.5 phr) are shown in 
Fig. 9. Both 3J-15 and 3J-26 combined with the 
antioxidant display a synergistic effect, the 
optimum ratio of A.O. to C.D.A. being around 
3 : 1 in each case. 

Fig. 9 Irganox 1010 : Copper deactivator ratio 
versus aging life (150°C) of polypropylene 
containing 1.5 phr of copper dust. 

Polypropylene 

The synergistic effect of the Irganox 1010 copper 
deactivator combination for polypropylene was 
measured by the aging test performed at 150oC 
with the films of polypropylene containing either 
cupric stearate or copper dust. The amount of 
the additives in total was kept at a constant value. 

Fig. 8 shows the results of experiments with 
the system in which cupric stearate ( 1000 ppm) is 
the copper source. It is seen that both 3J-15 and 
MDA-1 exhibit the synergistic effect when combined 
with Irganox 1010, the optimum ratio of A.O. to 
C.D.A. spreading in a wide range between 3 s 1 
to 1 : 3. 

Fig. 8 Irganox 1010 : Copper deactivator ratio 
versus aging life ( 150°C) of polypropylene 
containing 1000 ppm of cupric stearate. 

The samples of polypropylene containing 
Irganox 1010 and copper deactivators in four 
different ratios were prepared and subjected to 
aging and weathering tests ; the compositions of 
stabilizer pairs are given at the bottom of Fig. 10. 

" }j.|j Jj-H M0*-l CONTfO. 

1 i0 

s 
i s 

i 

10 

l ) * 111* lilt 113 4 

Fig. 10 Aging life of polypropylene samples 
containing cupric stearate (3000 ppm) 
or copper dust (1.5 phr) stabilized by 
the combination of Irganox 1010 (A.O.) 
and copper deactivator (C,D.A.) in the 
ratios of ; 
1. A.O. 
2. A.O. 
3. A.O. 
4. A.O. 

1000 ppm 
1000 ppm 
4000 ppm 
4000 ppm 

C.D.A. 
C.D.A. 
C.D.A. 
C.D.A. 

3000 ppm 
5000 ppm 
3000 ppm 
5000 ppm 

101 

J 
a 



Fig. 10 shows the result of the aging tests, 
it is seen that all of the copper deactivators are 
effective in lengthening the aging life of the poly¬ 
propylene samples containing copper. In the 
presence of cupric stearate, 3J-15 and 3J-26 
display markedly superior effect to that of MDA-1. 
Since the aging life for the control (containing only 
cupric stearate) was found to be always nearly zero, 
it may be assumed that both 3J-15 and 3J-26 
possess the ability to stabilize the polypropylene 
insulation which is highly contaminated with cupric 
ion. 

Fig. 11 gives the result of the weathering test 
for the polypropylene samples which contain the 
antioxidant, copper deactivator and the copper 
source. Their amounts are the same as are given 
in Fig. 10. It is shown that both 3J-15 and 3J-26 
exhibit a high ability to give a long weathering life 
to polypropylene which contains either copper dust 
or cupric stearate. As shown in Fig. li, the 
polypropylene samples which contain cupric 
stearate are stabilized by 3J-26 to such an extent 
that failure has not been observed even after 60 days 
of weathering. 

Table 4 Aging life ( 100=0 of polypropylene 
insulation after contact for 18 hours with 
petrolatum heated at 85°C. 

Copper deactivator control 3J-15 3J-26 MDA-1 
Aging life (da,,8) 

Series A* 4 10 6 7 
Series B** 6 17 7 15 

* Reagent grade petrolatum was used. 
** Petrolatum containing 0.5% of Irganox 1010 

was used. 

Table 5 shows the result of the aging test of the 
copper screen-polypropylene laminate in the oven 
heated at 200°C. The laminates stabilized by 
Irganox 1010 - 3J-15 or Irganox 1010 - MDA-1 are 
not degraded by this procedure. 

Table 5 Aging test of copper screen - polypropylene 
laminate at 200oC for one hour 

Additives (ppm) Result of test 
Irganox 1010 3J-15 MDA-1 

JJ- 15 jj.je M0A-I CONTROL 

-LUJ 
1 2 3 * 123* 123* 

Fig. 11 Weathering life of polypropylene samples 
containing Irganox 1010 and the copper 
deactivator. Their amounts are the same 
as given in Fig. 10. 

The oxygen uptake experiment of insulated 
conductor as already referred to in Fig.6, shows 
that the polypropylene insulation containing 3J-15 
or 3J-26 affords the induction period of about 3 
and 4 hours, respectively in contrast to 12 minutes 
for the -'ontrol. 

The aging test of pig tail specimens of polypro¬ 
pylene insulated conductor is being carried out 
in a similar way to that of polyethylene insulations. 
At 2000 hours of aging, no indication of thermal 
stress cracking on the insulations has been 
observed. 

The resistance of the copper deactivators against 
extraction from polypropylene insulation by hot 
petrolatum is demonstrated by the results given 
in Table 4. A series of experiments was run to 
confirm the effect of antioxidant added to petrolatum. 
It was proved that the polypropylene insulation 
containing 3J-15 keeps the longest aging life in both 

series. 

4000 
1000 3000 
2000 2000 
3000 1000 

1000 
2000 
3000 

failed 
not failed 
not failed 

- not failed 
4000 failed 
3000 not failed 
2000 not failed 
1000 not failed 

CONCLUSION 

The newly developed copper deactivators 3J-15 
and 3J-26 exceedingly stabilize the polyolefin 
insulations against the copper induced oxidative 
degradation as demonstrated by various laboratory 
tests. Very small amount of 3J-15 or 3J-26 is 
sufficient to check the effect of copper when an 
antioxidant such as Irganox 1010 is present since 
both copper deactivator and antioxidant form a 
synergistic system. One of the striking charac¬ 
teristics of 3J-15 and 3J-26 is ability to improve 
the weatherability of copper-containing polyolefiis. 

The long-term aging test at lower temperatur s 
and the natural weathering test are being underta. in. 
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r CIRCULAR/PLAST1C--A NEW GENERATION OF CONNECTORS

fetrick Lannan 
AMP Incorporated 
Harrisburg, Penna.

Abstract

In describing a nev.' family of all-plastic circular 
connectors, this paper demonstrates how a combination 
of materials and geometry can lead to better overall con­
nectors with increased reliability for a wide variety of 
applications. Although this is the only family of all­
plastic circular connectors on the market today, it is 
the forerunner of a new concept in commercial connectors 
that combine the desirable advantages of cylindricals with 
the cost and weight advantages of plastic-bodied connectors.

The connectors described are molded from heat- 
stabilized, flame retardant, Se-1 thermoplastic, and have 
built-in co-itact protection, positive keying, etc. Both 
sealed or unsealed versions for panel mounting or free 
hanging applications are covered, as are standard and 
reverse sex versions as well as pressurized bulkhead 
feed throughs. The stamped-and-formed crimp-type 
contacts accept wires from AWG to =2t> and either pins 
or sockets snap readily into either plug or receptacle 
housings. Screw machine and solder contacts are also 
discussed.

A technical paper about an all-plastic circular 
connector family brings up an intt renting pair of ques- 
tions--why circular and why plastic ’

Why Circular'’
An easy way out of this question s to state that 

these connectors are circular because circtilai connec­
tors are the single most widely used multi-pin connec­
tors in the electrical and electronic industry.

Naturally, there are some very sound reasons 
for this popularity. One of these reasons is the very 
favorable weight-to-strengtli latio that the circular shape 
has over other geometric forms.

Another benefit is that the standard rotating coupl­
ing mechanism of circular connectors eliminates the need 
for separate jackscrew hardware. Also, the inherent 
mechanical advantage found in rotating couplings elimi­
nates the need for additional mechanical devices as the 
contact densities increase and the mating and unmating 
forces become greater.

Perhaps one of the most attractive advantages of 
circular connectors is their versatility. They can be 
modified and changed to a considerable extent without 
destroying their basic "standard ' characteristics.

Why Plastic'’
— Naturally. circular plastic connectors cannot be 
judged "better " when used in applications or environments 
where metal is essential. But plastic does have consider­
able advantage over metal in connectors where weight- 
savings is a prime or even secondary design consideration. 
Molded plastic connector housings are less expensive to 
fabricate than their metal counterparts, and modem plastics 
have the strength a.id durability of metal in many cases and 
can stand some fairly hostile environments as well.

The light weight of the plastic, which is less than 50"^ 
of the weight of an equivalent metal shell connector, is also 
of benefit in many applications.

The Need

A great many industrial and commercial applications 
require a connector'that is better than the inexpensive soft 
shelled connectors used in the appliance industry, yet these 
applications do not require connectors built for use in a 
military environment. In the past, it has been necessary 
to use these .neial shell connectors designed primarily for 
military and aerospace applications, as these were the only 
choice for a connector to meet the reliability requi^'ements. 
The plastic connector described in this paper is designed 
specifically for these high reliability commercial and in­
dustrial applications. The first requirement was to design 
a low-cost light-weight connector that would satisfy these 
commercial and industrial requirements without sacrific­
ing performance and reliability. An additional constraint 
was that the connectors should have the same ease of use 
by customers as the standard metal cylindrical connectors, 
including the features of minimum number of parts, cable 
damns, etc. The result was a product line known as the 
CPC connectors or the Circular Plastic Connector family 
illustrated .n Figure 1. The fact that these connectors 
are currently used in aircraft, trucks, tractors, farm 
machinery, computers, computer peripherals, business 
machines, television sets, test equipment, etc. is an in­
dication that needs for this type of connector exist in the 
commercial and industrial marketplace.

Figure 1. The Circular Plastic Connector FamUy.
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Connector Body 

The most obvious difference between these con¬ 
nectors and the military versions is that the construc¬ 
tion is completely of plastic. The bodies are made of 
glass-filled nylon which is rugged and resistant to many 
types of chemicals. The coupling ring is also made of 
a resilient thermal plastic and the back shell strain relief 
is made from the glass-filled nylon. These materials are 
not only resistant to corrosion, but are very rugged. Whe., 
one of our Field Engineers ran over a mated pair of cop. 
nectors with a truck having dual wheels, the connectors 
remained operable. This is a severe test for any connec¬ 
tor either metal or plastic. 

In order to furnish effective keying five individual 
keys are provided to prevent mlsmatlng. Clocking is not 
provided, but inter-conuct keying is provided in all the 
connector series. This provides a great deal of flexibility 
when many connectors are used in the same area. 

A square buttrus type thread was chosen for the 
coupling ring rather than fine threads or a bayonet coup- 
ling. Bayonet couplings are notorious for their failures 
under vibration and fine threads take too many turns to 
provide full connector engagement. This coupling ring 
has two thread segments 180° opposed to provide the 
mechanical advantage to engage and disengage the con¬ 
nector. With a double lead thread design, it requires 
that the coupling ring be rotated not more than 1/2 turn 
to begin thread take-up. This ring is also positioned on 
the plug such that the plug body must enter into the recep¬ 
tacle and have the proper alignment prior to thread en¬ 
gagement. This prevents the possibility of cross plug¬ 
ging the connector and thereby protects the pins in the 
receptacle from possible damage. This has proven to 
be an excellent compromise between bayonet and threaded 
type couplings. A readily felt detent is incorporated to 
provide a locking action and ensure full connector en¬ 
gagement . 

Che of the design goals was to minimize the role 
of the end user. In the Series I and III connectors the 
body and the mounting flange and housing is all one piece 
instead of the separate Insert and shell arrangement of 
standard circular connectors. In the Series II connectors, 
two moldings are required to provide the inner geometry 
required for the rear release feature. However, these 
are bonded together at the factory and so as far as the 
user is concerned, it is still one piece. 

The pin contacts, which are generally agreed to 
be the most vulnerable component in an electrical connec¬ 
tor system, are protected in the receptacle housing by a 
skirt which extends from the mating face of the connector 
and completely encircles the pin contacts. This skirt ex¬ 
tends about 1/8" beyond the pin tips so that a foreign ob¬ 
ject must penetrate into the receptacle area to damage 
the contacts. We believe this feature is essential even 
in commercial environments. 

The skirt s five keys ways for polarization, fur¬ 
ther ensures contact pntectlon. These key ways, in 
conjunction with the corresponding keys in the plug, en¬ 
sure that the two connector halves are In perfect align¬ 
ment before the possibility of a pin and socket engaging 
or even touching each other. 

Circuit identification is provided by raised molded- 
in numerals on the rear face of the connectors and on the 
mating faces. 

These connectors are recognized under Underwriters 
Laboratories Incorporated, component recognition program 
and are CSA approved. The product line has been submitted 
for VDE and other foreign approvals. 

The field versions of this connector use the same 
components as the unsealed version. An O ring is used 
for a circumferential seal to protect the contact interface 
when the connector is mated. A neoprene boot is used to 
protect the rear of the male or female plug when a jacketed 
cable is used. This has been tested for operation under 50 
of water for one hour. Rear individual wire seals ano cable 
seals with strain relief will be available in the future. 

Configurations 

Four shell sizes currently form the basis of this 
connector family. These are shell size 11. size 13, size 
17 and size 23. The shell sizes as in metal circulars are 
based on the diameter of the body in l/16ths of an inch as 
indicated in Figure 2. 

Figure 2. Shell sizes are based on body diameter. 

This range of sizes allows for connectors with from 3 to 
63 contacts. The best method of presenting sizes is to 
define one series of connectors at a time. The Series 1 
standard density connector or 13 ampere contact types 
have the following sizes available: 

Size 11 - 4 contact 

Size 13 - 9 contacts 

Size 17 - 16 conucts 

Size 23 - 37 contacts 

The reverse sex versions of this connector series 
are: 

Size 11 - * contacts 

Size 17 - 14 contacts 

Size 23 - 37 contacts 

The Serles II or 7 1/2 ampere contacts are high 
density rear release versions. These of course have a 
greater number of positions. The sizes currently tooled 
are: 

Size 11 - 8 contacts 

Size 11 - 9 contacts 

Size 17 - 28 conucts 

Size 23 - 63 contacts 

The reverse sex versions of this series are the: 

Size 11 - 8 contacts 

Size 17 - 28 contacts 

Size 23 - 57 conucts 
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Size 17-16 in the Series I has a reverse sex version 
that is a size 17-14 and the 23-73 in Series II has a reverse 
sex version of 23-57. This is necessary due to the area 
occupied when the sex of the contacts is reversed.

The Series III, or 35 ampere contact, versions have 
a more limited selection due to the space required. There 
are no connectors available in size 11 or 13 versions. The 
standard sex versions are;

Size 17 
Size 23

3 contacts 
7 contacts

The reverse sex versions of these connectors are 
the same as the standard sex or:

Size 17 
Size 23

3 contacts 
7 contacts

Of course, as with any product line, there are 
specials. Some of these are the 23-22. That is a shell 
size 23 with two power or 35 ampere contacts and 20. 13 
ampere contacts. As this connector is used in the trucking 
and machine industry, the 13 ampere contacts accept *14 
AWG wire.with an insulation diameter of . 150". Standard 
13 ampere connector versions accept a wire insulatirai 
diameter of . 125" in order to obtain higher density.

The 17-3C is a size 17 shell with one twinax con­
tact for shielded unbalanced lines and two 13 ampere 
signal conucts.

Contacts

The performance of any connector is first depen­
dent upon the contacts being reliable. This entails such 
elements as craitact resistance, contact retention, contact 
life, conductor termination and insulation support. When 
designing the Circular Plastic Connectors it was decided 
to biild a connector line based on proven contacts used in 
other large volume product lines rather than design new 
contacts. This not only takes advantage of the long his­
tory of proven contacts, but allows the user to introduce 
the product into hts equipment using the same contacts 
he has been applying in his rectangular connectors. This 
obviates adding more engineering time, drawing numbers, 
testing and approvals. This standardization of contacts 
affects inventory, volume purchases, application tooling 
and field repair tooling.

For a complete connector family it is necessary to 
have contacts with a broad range of current carrying 
capabilities and different densities. As a result, three 
contact sizes were selected--a 7 1/2 ampere size, a 12 
ampere size and a 35 ampere size. Each contact size 
was used to designate a series.

The first series uses the 13 ampere size 16 contact, 
which many of you know as MlL-C-28748 type. This is re­
ferred to as the Ill-t contact when it is stamped and formed 
and as the Type II contact when it is the screw machine 
equivalent, ftjth are front release crimp-snap-in contacts. 
The three retention tines ensure excellent contact reten­
tion. They are available with many plating ontions and 
cover a large range of wire sizes from *14 AWG through 
«30 AWG with insulation diameters up to . 150 outside 
diameter. The platings available are tin-plated contacts, 
gold flash over all the contacts, selectively plated gold 
over nickel plate, and heavy gold over nickel plate. A 
new low cost one-piece stamped and formed contact is also 
available for this connector series. The series using this 
co,->tact is designated as Series 1 or Standard Density.

The high density version was designed using con­
tacts that are also available as screw machine conUcts

•Urn i
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Figure 3. Contacts for Series 1 Connectors.

(MIL-C-24308), stamped and formed versions, and stamped 
and formed versions with insulation support. All these con­
tacts are interchangeably used with commercial and military 
versions of other connector families. These are 7 1/2 
ampere contacts and are on approximately . 109 centers 
and are known as the Series II connectors in the Circular 
Plastic Connector family.

Figure 4. Contacts for Series II Connectors.

The power connectors use a stamped and formed 
blade type contact rated at 35 amperes. Heat rise testing 
has indicated this contact can actually carry 48 amperes 
with a 30°C temperature rise. These are called Series 
III. Automatic application tooling has been well proven 
for all these contact types. This tooling includes bench 
type crimping machines, stripper crimpers and high speed 
AMPOMATOR machines for volume appl icat ions.

r-l •

Figure 5. Contacts for Series III Coinectors.
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Metal vs. Plastic 

This connector series was not designed to a 
military specification, but to an internal specification 
requirement. One of the connectors most commonly used 
in commercial applications are connectors built to MIL-C- 
005015E (Navy). The following chart shows a comparison 
of performance requirements of connectors to this Spéci¬ 
fication when using crimped removable contacts and the 
circular plastic connectors specification. 

MIL-C-005015E (NAVY) 
Circular Hastie Connector 108-10024 (AMP) 

Magnetic Permeability 

Test wired or unwired connectors with an Instrument 
conforming to MIL-1-17214. 

Permeability shall be less than 2.0. 

Not required. 

Maintenance Aging 

Insert, remove and resinsert all contacts one time. 
Forces are measured. Mate and unmate connectors 10 
times. Nine additional cycles of extraction/insertion 
on 20% of contacts. Insertion/removal force measured 
on half the contacts during the ninth cycle. 

Contact insertion and reme forces 
shall not exceed the value shown: 

Insert, remove and reinsert all contacts one time. Mate 
and unmate the connectors 10 times. Nine additional 
cycles of extraction and insertion of 20% of contacts. 

Connectors must meet all subsequent test 
requirements. Rirpose of procedure is to 
provide accelerated aging of the contacts, 
locking mechanism, coupling ring, etc., 
prior to environmental exposure. 

Contact Insertion/Extraction 
Size Fore« 

(Pounds, Maximum) 

16 
12 

8 
4 
0 

20 
25 
30 
40 
40 

Contact Retention 

Axial loads are applied to the mating end of Individual 
contacts. Contact displacement is measured under 
load. Test is performed with cable clamps tightened 
and removed. 

The individual contacts shall withstand 
the specified loads without dislodging 
or having a displacement exceeding 
0.025 Inch. 

Contact Axial Load 
Size (Pounds, Minimum) 

16 
12 

8 
4 
0 

25 
25 
40 
50 
50 

All conucts that were subjected to 10 cycles of mainten¬ 
ance aging have an axial load applied to the mating end. 
Contact dispUcement is measured under load. Cable 
clamps are removed during test. 

The Individual contacts shall withstand the 
specified loads without dislodging or having 
a displacement exceeding 0.012 inch. 

Contact 
Size 

Axial Load 
(Pounds, Minimum) 

20 
16 

8 

10 
10 
25 

Insulation Resistance 

Reistance is measured between adjacent contacts, 
unmated connectors, at room temperature. 

Resistance shall be greater than 5000 
megohms at room temperature and 
greater than 1.0 megohm at elevated 
temperature. 

Resistance is measured between adjacent contacts, connec¬ 
tors mated at room temperature. 

Resistance shall be greater than 5000 megohms. 
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Dielectric Withstanding Voltage 

The specified test potential is applied between adjacent A test potential of 1200 volts RMS is applied between all 
contacts and the contacts and shell> connectors mated and adjacent contacts and the contacts and mounting hardware 
unmated, at sea level and altitude. at sea level. 

Service Test Voltage (Volts-RMS) 
Rating Sea Level 70,000 Feet 

Inst. 1000 260 
A 2000 360 
D 2800 400 
E 3500 440 
B 4500 480 
C 7000 560 

No evidence of breakdown or flashover. 
No evidence of breakdown or flashover. Leak¬ 
age current shall not exceed 2 ma. 

Thermal Shock 

a. Connectors . . unmated. 
b. Numbers of cycles ..5. 0 0 
c. Temperature extremes . . - 55 /+125 C. 

No evidence of damage detrimental to 
connector operation. 

a. Connectors . . mated. 
b. Number of cycles . . 5. 0 Q 
c. Temperature extremes . . -55°/105 C. 

No evidence of damage detrimental to connector 
operation. 

Water Pressure 

Mated connectors are immersed In up water to a depth 
of 6 feet for a period of 48 hours. Insulation resistance 
Is measured at the end of the 48 hours while Immersed. 

No evidence of leakage. Insulation resis¬ 
tance shall be 100 megohms or greater. 

Mated connectors are Immersed in tap water to a depth of 
30 Inches for a period of 1 hour. Insulation resistance is 
measured and a potential of 400 volts RMS applied for 5 
minutes while Immersed. 

No evidence of leakage. No voltage breakdown or 
flashover. Insulation resistance shall be 1000 
megohms or greater. 

Durability 

Connectors are mated and unmated 500 times with the Connectors are mated and unmated 200 times as In service, 
coupling rings removed. 

No evidence of damage detrimental to connector 
No evidence of damage detrimental operation, 
to connector operation. 

Vibration 

a. Connectors . . mated. 
b. Amplitude . . ISC's peak. 
c. Frequency . . 10 to 2000 lb. 
d. Duration . . 12 hours. 
e. AU conucts wired in series with a current 

of 100 mUliamperes flowing. Monitor for 
discontinuity of 10 micro-seconds or greater. 

No physical damage nor loss of con¬ 
tinuity of 10 micro-seconds or greater. 

a. Connectors . . mated. 
b. Amplitude . . ISC's peak. 
c. Frequency . . 10 to 2000 Hz. 
d. Duration . . 12 hours. 
e. AU conucts wired In series with a current of 

100 mlUiamperes flowing. Monitor for dis¬ 
continuity of 10 micro-seconds or greater. 

No physical damage nor loss of continuity 
of 10 micro-seconds or greater. 

Moisture Resistance 

Mated connectors are tested In accordance with method 
106 of M1L-STD-202 (10 days exposure). Insulation 
resistance measured at end of test period whUe at the 
high humidity. 

Insulation resistance shall be 100 megohms 
or greater. 

Mated connectors are tested in accordance with method 
103 of MIL-STD-202 (96 hour exposure). Insulation 
resistance measured after 4 hour conditioning period 
at room ambient conditions. 

Insulation resistance shall be 100 megohms 
or greater. 
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Shock r 
I a. Connectors . . mate'*. 
I b. Wave form . . half-sine. 
I c. Gravity units . . 50. 
I d. Duration ..11 milliseconds. 
K e. All contacts wire In series with a current 
I of 100 milliampères flowing. Monitor fo» 
K discontinuity of 10 micro-seconds or greater. 

No physical damage nor loss of con¬ 
tinuity of 10 micro-seconds or greater. 

Mated connectors are exposed to a 20% salt spray 
test for a period of 48 hours. Connectors shall be 
unmated and mated one cycle before any subsequent 
tests. 

Connectors must meet all subsequent 
test requirements. 

a. Connectors . . mated. 
b. Wave form . . half-sine. 
c. Gravity units . . 50. 
d. Duration ..11 milliseconds. 
e. All contacts wired in series with a current of 100 

mllliamperes flowing. Monitor for discontinuity 
of 10 micro-seconds or greater. 

No physical damage nor loss of continuity of 
100 micro-seconds or greater. 

Corrosion 

Mated connectors are exposed to a 20% salt spray test 
for a period of 48 hours. 

Connectors must meet all subsequent test 
requirements. 

Contact Resistance 

Voltage drop measured in accordance with MIL-C- 
23216. Probe points 6 inches apart. 

The voltage diop shall not exceed the 
specified values. 

Contact Wire Test Max. Drop 
Size Size Current (Millivolts) 

Probe points on the current-carrying conductors 13mm 
back from each end of the mated connector. 

The voltage drop shall not exceed the speci- 
field values. 

Contact Wire Test Max. Drop 
Size Size Current (Millivolts) 

8 8 46.0A 30.0 
8 10 33.0 37.0 

12 12 23.0 60.0 
12 14 17.0 55.0 
16 16 13.0 60.0 
16 20 7.5 55.0 

8 8 46.0A 55.0 
8 10 33.0 37.0 

12 12 23.0 46.0 
12 14 17.0 31.0 
16 16 13.0 56.0 
16 18 10.0 50.0 

^ Fluid Immersion 

Unmated connectors are fully immersed in the follow- Not required. 
ing fluids: 

a. Hydraulic fluid (MIL-H-5606) - 20 hours. 
b. Lubricating oil (MIL-L-7808) - 20 hours. 

» / Connectors shall mate properly after 
./ Immersion. 

Insert Retention 

Inserts, less accessories, are subjected to the sped- Not required, 
fled axial loads, load varies with shell size. 

Inserts shall not be dislocated from 
original positions or damaged. 

External Bending Moment 

Mated connectors are subjected to the load sped- Not required, 
fled for the particular shell size. 

No evidence of damage at 3X 
magnificat ion. 
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r Air Leakage

Not required. Receptacle connectors are subjected to a pressure dif­
ferential of 10 pounds per square inch at a temperature 
of -55“C. Leakage rate shall be measured.

Leakage rate shall not be greater than one 
atmospheric cubic inch pter hour (4.5S x 
10 cubic centimeters per second).

Temperature Life

Not required. Mated connectors are subjected to an ambient temperature 
of 10S°C for a period of 200 hours.

Connectors must meet all subsequent test re­
quirements.

Torque to Couple/TJncouple

Not rc-quired. Force required to mate and unmate the plugs from its 
counterpart receptacle is measured.

Force must not exceed the value specified 
for each shell size.

Impact

Not required. Plug connectors, wired as for service, are dropped from 
a height of .12 inches, b>- a pendulum action, to strike a 
steel plate. The number of drops is 8 and the plug is 
oriented for each drop to expose a different surface for 
test.

Rug and accessories must not break and 
plug must mate with receptacle.

Summary

This paper has described a line of connectors that 
is complete including standard sex connectors, reversed 
sex connectors, flange, flange mounted plug and recep­
tacles, cable mounted plug and receptacles, free hanging 
plugs and receptacles, bulk-head feed throughs.

.Tiese reliable economical connectors should find 
many additional applications in the industrial and com­
mercial market place as well as in "design to cost" mili­
tary aj'.plications.

Patrick E. Lannan graduated as an EE from 
Rochester Institute of Technology in 1939. Me has held 
positions as Senior Research Engineer. Stromberg 
Carlson Co.: Vice President and Director, Designers 
of Industry Inc.: Vice President Frontier Electronics- 
Vice President Drexel Dj-namics and Division Chief 
Engineer, International Resistance Co. In his present 
position of Product Manager at AMP Incorporated, he is 
responsible for coordinating all marketing efforts relat­
ing to multi-posit ion pin and socket connectors produced 
by the Connector Products Division of the Connector and 
Component Products Group.
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flat conductor cables for extremely high temperature applications 

Walter S. Rlgllng 
Martin Marietta Aerospace 
Orlando, Florida 32805 

SUMMARY 

Flat conductor cables have been developed which 

are capable of operating at temperatures ranging from 
-65*C to 350*C. The cables, a 25-conductor signal 
cable and a 3-conductor power cable, were continuously 

roll laminated as prototypes and then fully character¬ 
ized at temperatures from -65*C to 350*C. Electrical, 
mechanical and physical characteristics were evaluated 

in these tests. 

As a result of the successful completion of the 
prototype development, production lengths of 3000 ieet 
were fabricated. These cables were also subjected to 
rigorous testing, including flexing endurance at 

350*0. The results of the tests and a discussion of 

the cable performance are presented. 

As in the development of any article which 
challenges the state-of-the-art many problems and 

frustrations were encountered. Their nature and their 
solutions are discussed along with guidelines for 

avoiding them in the future. 

As a result of this development an extremely 
heat resistant family of flat conductor cables are 
now available. These cables can be fabricated using 
standard roll laminating equipment. While their 

primary application is for elevated temperature 
envlronsients they also provide a large current over¬ 
load factor when used in more moderate temperature 

applications. 

INTRODUCTION 

Flat conductor cables employ conductors made 
from copper strips slit from copper foil or round 
strands rolled Into a rectangular cross section. 

These conductors are typically Insulated with two 
layers of film, collated and bonded under heat and 

pressure using roll laminating techniques. 

The insulating films are either all-thermoplastic 
or are thermosetting films bonded with thermosetting 

cr thermoplastic adhesive. The highest temperature 
rating in MIL-S-55543, 200*C, Is applied to polyimide 
film bonded with flourlnated ethylene propylene (FEP) . 
The program discussed had as its goal the production 
of two 2-inch wide flat conductor cable designs, one 

with 3 (0.010 X 0.500 inch) conductors and the other 
with 25 (0.004 X 0.040 inch) conductors capable of 
meeting electrical and mechanical test requirements 
at 350*C. Because of this extremely high temperature 
requirement, it was recognized that conventional 
constructors or msterial combinations would not be 

adequate. 

PREINSULATED - WOVEN CONSTRUCTION 

While a polyimide film insulation was available, 
there was no known adhesive that could survive this 
temperature under flexing conditions. Therefore, 
roll laminated constructions were initially ruled out. 
This left, as an alternate construction, preinsulated 

flat conductors woven together with high temperature 

resistant glass yarns. 

Because the overall thickness of the insulation, 

including woven yarns, could not exceed 0.012 inch 
(adder) it was essential that the materials selected 

could be applied as films or as multiple pass 
varnishes. This approach would make it possible to 
maintain the required wall thickness and concentricity. 

With this as a goal, eight material systems were 
selected for initial screening. The materials listed 
in Table I were first subjected to thermogravimetric 

analysis (TGA) by monitoring weight losses the 
temperature was increased at a rate of 3“C per minute 

(Figure 1). The most heat resistant insulation 
material was number 4, polyimide film (Kapton supplied 
by DuPont), which resisted degradation beyond 500 C 

under the short term conditions. The most heat 
resistant composite construction was number 5. 

IABLE I 

L ANUIDA« INSU ATI UN NAURIAl-S 

Figur« 
Numb«/ 

1 

2 

3 

4 

¾ 

b 

7 

8 

9 

10 

iteain Symt«m ÇpjSUi.4.°.° 

Khodia Ferimid bOI Polyamldt-imide Cured 24 hours i* 480*F 

film 

Khi«! i a Kerimid SO0 Polyamide-imide 

varnish 

DuPont "Liquid H" Polyimide 

DuPont KAPTON Polyimide Film 

•Wire I nsulat ion Composite 

Fluorinated I thy lene Propylene Film 

Ciha '<figy PIO^A Polyimide 

Hex cel HX-57!> Polyimide (prepreg) 

Hexcel MX-.75 Polyimide (prepreg) 

Klmdia Kerimld 601 Polyi ide "B" 

Stage Resin 

* 0.1-iuil FFP adhesive bonded single 

2/3 lap with polyimid overcoat. 

Cured 24 hours w 480^1- 

Cured 24 hours * 480*F 

As received 

As received 

As received 

Cured 1 hour p* 550*F 

Cured 24 hours (f 480* F 

Cured 24 hours 480’F 

Cured 24 hours 480’F 

layer 1.0-mil polyimide film. 

Figure 1. Thermogravimetric Analysis 

of Candidate Materials 

/ 
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While the FEP bonding layer in the composite 
Insulation melted at the 350#C test temperature, th« 
mechanical integrity of the composite was maintained 
by the overcoat and the wrapped construction. It was 
concluded that this construction would be satisfactory 

for the test cable; however, there was some concern 
over embrittlement of the polyimide overcoat as a 

result of aging at 350*C. During the search for a 
more flexible overcoat material, a polyamide-imide 
varnish (Kerimld 500), supplied by Rhodla Corporation, 
was evaluated. When applied as a varni'.n over the 
composite insulation it exhibited greater flexibility 

after 24 hours at 350°C than did the "liquid H" 
varnish. Beyond 24 hours, it exhibited approximately 

the same degree of embrittlement. 

ROLL LAMINATED CABLE DEVELOPMENT 

Although there was a great deal of confidence 

that the preinsulated woven construction would meet 
program requirements, the possibility of applying 

the polyamideimide to the polyimide film as an 
adtiesive caused the program to be redirected toward 
the development of a roll laminated flat conductor 
cable. This action was based on the fact that roll 

lamination is a faster more economical method of 
construction and that the finished product could be 

used with existing flat conductor cable hardware 

and termination equipment. 

Experimental samples of 2-mil polyimide film 

coated with 2-mll polyamideimide dried adhesive were 
obtained from Circuit Materials Company. A 25-conductor 

test cable was press laminated in the laboratory and 

after aging at 350*C for 288 hours the specimen 
remain flexible. The success of this Initial 
specimen provided the necessary encouragement to 
implement an investigation into the feasibility of 

fabricating longer lengths of cable using roll 

laminating equipment. 

The experimental roll lamination was performed at 

Parlex Corporation with 2-mil Kerimld coated, 2-mil 
Kapton film. A wide range of variables were investi¬ 

gated and included preheat of the adhesive coating 
on the film as controlled by the time against the 
rollers, the speed of tape traveling between the 
rollers, the pressure of the rollers on the tape, and 

the surface of the film that is laid against the 

rollers. 

While greater than 10 combinations of parameters 

were tried, the basic results were always the same. 
At temperatures below 288*C the appearance of the 

laminated films was good with very few voids 
discernable. As the temperature of the rollers was 

inrreased, the voids became more numerous until at 
over 340*C the bonding layer was totally blittered. 

Attempts were made to drive off solvent in the 
adhesive prior to reaching the rollers; however, little 

success was achieved. In addition, while the bond 
after lasiinating was somewhat greater than the initial 
prelamination bond, the final result was not consilered 

acceptable. 

Various attempts were made to improve the 
product, including hard silicone rubber rolls, lower 
temperatures with steel rollers and high^pvessures, 

and longer term - lower temperature (175 C) post 
cures. As a result of the data and experience 
gained, it was agreed that preproduction lengths 
should be attempted. Consistant with this discussion, 

both 3-conductor and 25-conductor prototype cables 

were laminated. Both cables, while passing water 
inmersión dielectric strength testing, exhibited 

marginal bonding of the adhesive layer to the 

insulating film and did not show a complete encapsula¬ 

tion of the conductors by the adhesive. Nonetheless, 

the cable was a distinct improvement over the original 

prototype attempt. 

The results of these experiments clearly 
demonstrated the feasibility of roll laminating a 

flat conductor cable capable of meeting program 
technical requirements by using the polyamide-liside 
adhesive on the polyimide insulation film. There 
remained, however, two major problems. The first 
concerned the elimination of bubbles during lamina¬ 
tion and after post cure and the second concerned the 

improvement of the Kerimld to Kapton bond. 

Based on limited runs per formed at MSFC, which 

utilized adhesive coated film that had been dried 
for 15 minutes at 121*C, there was an indication 
that bubble free lamination may be achieved by using 

a film containing something less than the 23Z solvent 
supplied in the film used for the initial runs. 

In an effort to verify this theory three lots 

of Kapton film coated with Kerimld containing 28Z, 
20.4Z and 9.9Z solvent were shipped to Parlex. 
Unfortunately, atteints to produce a suitable cable 
with the low solvent material was unsuccessful since 

the flow of the Kerimld was drastically reduced. 
It was apparent that, in order to obtain adequate tack 
and flow of the Kerimld at reasonable pressures and 
temperatures (177°C), greater than 20Z solvent was 

required. 

At the same time a parallel inveatigation was 

being conducted into means for improving the Kerimld 
to Kapton bond. While it was significant that the 
material to date had been processed with the adhesive 

on the glossy side of the Kapton film, the most 
important factor in developing an Improved bond was 
the discovery that 3-mil film exhibited substantially 
better and more consistant bondablllty than the 2-mil 
film. Exasiination of the surfaces of 2 and 3-mil 
Kapton film using the scanning electron microscope 
(SBO exposed no significant difference in surface 
roughness between the films. When questioned as to 

the reason for the difference in boodabillty between 
the films DuPont specialists were unable to explain it; 

however, they were aware of this fact. In addition, 
their experience shows that 5-mil Kapton has the 
greatest bondablllty and the 1-mil has the least. 
From this point, it was agreed that 3-mil Kapton would 

be used for all future cable and that a 2 to 3-mil 
thick layer of Kerimld adhesive would be used for the 

next prototype cables. 

In the fabrication of the first prototype cables, 

several approaches using combinations of rubber 
rollers were tried. The most successful cable 
fabricated was a 25-conductor version using two steel 

rollers at 177*C at a speed of 2 feet per minute. 
This cable had good adhesion to all interfacing 
materials and the fill between conductors was 

excellent. 

Although the fill and adhesion of tl ¢,( rond 
three conductor cable prototype was consi . ;.>ly better 
than that previously supplied, the rubber rollar did 

not sufficiently deform the Kapton film tu ensure fill 
of the Kerimld adhesive against the edge of the thick 
(0.01 inch) conductor. A grooved steel roller was 
considered a necessity for future 3-conductor cables. 

The validity of this decision was verified by the 

fabrication of a third 3-conductor prototype. The 
effect of the grooved rollers was apparent with fill 
along the edges of the conductors complete and the 

interlaminar bond excellent. 
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TEST SUMMARY With both prototypa cable types successfully 
lasdnated. It reaalned for a post cure cycle to be 
developed that would drive out the solvent without 
adveraely affecting the interlanlnar bond of the cable 
and without introducing bubblea in the adhesive layer. 

The solvent content in the adhesive layer after 

the cable haa been laminated was still approximately 
15X. Thie solvent, which is N-Methyl Pyrolidone, 
if allowed to remain will cauae severa blistering 

when the cable is subjected to the 350*C teat 
temperature. A great deal of effort was expended in 

the ptoceas of optimising a practical post cure cycle. 
It was found chat a long term-low temperature cure 
was necessary prior to Implementing shorter term- 
higher temperature steps. It was further determined 
that any attempt to accelerate release of the solvent 
by shortening the time at alevated temperature would 
cause blistering. The time-temperature relationship 

for the 25-conductor cable poet cure cycle wee 

finalised as follows: 

121*C-16 hours, 177*C «hours, 200*C-4 hours 

232*C-4 hours, and 260*C-24 hours. 

The final consideration in the optimisation of 

the cure cycle was the elimination of the severe 
darkening of the Kapton film as the result of the 
post cure. This problem was overcome by continuously 
purging the curing oven atmosphere with nitrogen. 

While there remained a certain degree of darkening, 

the cured cable wee completely translucent and not 
opaqua as was the cable that was curad in air. The 
uae of nitrogen also eliminated slight embrittlement 

of the film that was noted after the post cure in air. 

It was expected that the post cure cycle 
developed for the 25-conductor cable would also be 
applicable to the 3-conductor cable. Unfortunately, 

the additional thickness of adhesive that results 
slong the edge of the 0.010-inch thick conductor 
contains a proportionately greater amount of solvent 

which must be released slowly if bubbles sre to be 
prevented. The 121*C starting temperature was too 

high for this cable end efter much testing the 

following cycle wss selected: 

24 hours at 68*C, 8 hours each at 94, 108, 121, 
135, 149, 178, 204, and 232*C, and 24 hours at 

260*C. 

Evan after this extended cure, small bubbles 
wars observed in the sdheslve layer adjacent to the 
conductor. Exhaustive testing was undertaken in an 
attempt to eliminate these bubbles; however, no way 

was found to completely svold the evolution of 
readonly dispersed l-rnm and smaller diameter bubbles. 

With the successful fabrication and test of the 

prototype cables, it ramained for the 3000-foot 
production lots to be fabricated. Based on the 
thorough background and experience gained in the 
development of the previous cables no major problems 
arose in the fabrication of these production cables. 

Due to this being the first attempt at long lengths, 
■oderate difficulties were encountered while attesting 
lengths over 100 fast; however, the following percentages 

of various lengths ware produced: 

3 conductor-over 100 feet-72X, over 50 feet-14Z 
over 25 feet-14X, 25 conductor-over 100 feet-50X, 

over 50 feet-12X, over 25 feet-38X 

Testing of tha production cables was successfully 
collated after post curing using the cycles previously 
developed. 

The laminated and post cured cables successfully 
met the comprehensive test requirements described below. 

In addition to meeting the electrical requirements, 

there was no visual indication of mechanical or 

physical degradation. 

1. Insulation Resistance - wet - 500 megohms 
per 1000 feet between each conductor and 

water and adjacent conductors. 

2. Dielectric Withstanding Voltage - wet - 
1500 volts (DC) between adjacent conductors, 

all conductors and water. 

3. Moisture Resistance - Insulation resistance 

of 50 megohms per 1000 feet minimum when 
tested as described above after six days 

humidity cycle (MIL-STD 202/106). 

4. Insulation Flaws - 1500 volts (DC) between 
all conductors and wet sponges on the 
surface with a minimum 0.2 second contact 

time. 

5. Thermal Shock - After 5 cycles from -55* 
+ 5*C to 350*C + 15*C the shrinkage was not 
greater than 1/8 inch, either end of cable. 
The cable passed dielectric withstanding 

after this conditioning. 

6. Flammability - All cables extinguished 

limBedlately after removal of the flame. 

7. Flexure Endurance - Withstood 800 bending 
cycles around a 1-inch diameter mandrel 

at both -55 + 5*C and 350 + WC, see 
Figure 2. AÏ1 conductors were connected 
in series with maximum fault duration of 

one microsecond. 

Figure 2. Flex Test Fixture 
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F COHCLUSIOWS

The aany Mterlal, design, fabrication, and 
analysis factors Involved In the successful developasnt 
of flct conductor cables capable of operation at 
te^>eratures of 3S0*C have been aasessed In this 
progran. While It was the original goal of the 
progran to produce the cables using prelnsulated flat 
conductors woven together using high teaperature yarns. 
It Is of najor significance that, through the Innova­

tive application of new adhesive materials and 
processing techniques. It was ultimately possible to 
provide roll laminated cables similar to those 
presently used for lower teaperature applications.

The success of the program la attributed to Cha 
cooperative efforts of the Industrial team that 
supported Martin Marietta Corporation's Orlando 
Division In the development of these cables tihlch 
essentially double the operetlng temperatures of 
previous cables. This ceau, consisted of the Parlex 
Corporation, Circuit Materials Company, Rhodla Inc. 
Polymlda Division, and Che DuPont Film Department.

This program was sponsored by the Research and 
Process Technology Division of NASA Marshall Space 
Flight Center under Contract iJo. iJASb-29076.

WALTER S. RICLnC

Mr. Rlgllng la suparvlaor of the Electrical 
Materials Laboratory of Materials Engineering 
Laboratories. He Is responsible for Che research 
and development of electrical and electronic 
materials snd processes designed to cope with extra­

ordinary requirements of missile and electronic 
syacems. Some of Mr. Rlgllng's responsibilities are 
printed wiring, thin films, dielectric materials, 
molding and Insulating compounds, wire and cable, 
and mlcro-sudule packaging and special Installation 
techniques.

Mr. Rlgllng Is known In the Industry as an 
advocate of new techniques and test procedures. Ha 
has presented several papers on the subject of 
electrical Insulation materials and processes.

Mr. Rlgllng la a maaber of the IEEE, and SAMPE 
technical societies arui a member of several IPC 
coamlttees. Ha received a degree In electronics 
from Temple University In 1951 and a BS degree In 
Business Management from Florida Southern College In 
1971.
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CONNECTOR - FLAT CABLE COMPATIBILITY 

Gerald C. Smith and David A. Luzadis 

The Bendix Corporation 
Electrical Components Division 

Sidney, New York 13838 

INTRODUCTION 

Mass termination can be one of the advan¬ 
tages of using flat cable, whether it con¬ 
tains round or rectangular coiductors, and 
is an important factor to coi aider in obtain¬ 
ing compatibility between flat cable and 
electrical connectors. A great variety of 
flat cables and connectors have been develop¬ 
ed to irv'et the multitude of user applications 
and along with this, various termination 
techniques have also been developed. These 
termination processes vary from stripping and 
soldering to crimping and/or piercing systems 
with each method requiring certain contact 
design configuration which accommodates the 
termination process and the conductor geome¬ 
try. 

More recently a joining method called Energy 
Pulse Bonding (EPB) has been developed which 
offers some unique advantages in providing a 
reliable, cost effective production oriented 
system and improved compatibility between the 
various flat cables and a relatively simple 
contact geometry. 

EPB PROCESS THEORY 

Energy Pulse Bonding (EPB) is lot exactly new 
but an application of the old icience of 
thermo-compreesion bonding. Through the use 
of thermal energy and mechanical force a two 
stage condition between joining metals is 
obtained. First, plastic flow of the asper¬ 
ity points disrupts surface contaminates and 
oxides producing intimate contact between 
large areas of the two metals. Secondly, 
accelerated molecular diffusion across the 
interface serves to establish a metallurgical 
bond. 

Figure 1 

Thermal energy and mechanical force are si¬ 
multaneously applied to the joining metals 
in the form of a unified bond pulse of con¬ 
trolled amplitude and duration (Figure 1). 

Since metals are not free of contaminants 
and/or oxides and contain many asperity pro¬ 
trusions the mechanical force disrupts the 
insulating mechanisms and flattens various 
asperities obtaining a very necessary con¬ 
dition of intimate contact between greater 
surface areas. Without intimate contact 
molecular diffusion will not take place and 
without asperity deformation large voids 
will exist which may detract from a good 
metallurgical bond. Theoretically molecular 
diffusion does occur at all temperatures 
above absolute zero, but, to obtain reason¬ 
ably short bond times, higher temperatures 
are utilized to accelerate the diffusion 
rate, which varies with different metals. 
The bond temperatures used are normally in 
the realm of 50» to 75* of the melting point 
for the conductor material. 

Since bonding temperatures are significantly 
below the conductors melting point the for¬ 
mation of brittle intermetallics or cast 
microstructures, which occur in fusion types 
of welding are eliminated. The pulse dura¬ 
tion or bond time is dependent on bond tem¬ 
perature and type of metal being joined, and 
has been limited to six seconds or less in 
most cases. 

FORCI 

The energy pulse is applied by a pair of 
specially designed continuously heated bond¬ 
ing heads mounted and aligned in a vertical 
plane (Figure 2). One is stationary and the 
other is mounted in the moving arm of a pneu¬ 
matic press which supplies the required me¬ 
chanical force. The temperature of each 
bonding head is independently controlled to 
provide various combinations of thermal pro¬ 
files, as desired. The application time for 
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the bond pulee is electronically controlled 
from the time of contact between the bonding 

heads and oarts to be joined. 

ENERGY PULSE 

BOND 

FUSION WELD RESISTANCE 
WELD 

SOLDER 

Figure 3 

The EPB process differs from other termina¬ 
ting techniques (Figure 3) offering unique 
advantages over the others. Since joining 
does occur by diffusion no detectable nugget 

containing brittle intermetallics exist such 
as in resistance and TIG welding. EPB does 
not require additional low meltirg filter 
materials such as in soldering nor external 
mechanical fasteners or special contact de¬ 
signs as used in crimping techniques. 

EPB FEASIBILITY 

With a theoretical understanding of the pro¬ 
cess and general equipment requirements, an 
evaluation of application feasibility 
made. Test véhiculés of bare and insulated 
metals consisting of the more common materi¬ 
als found in flat cables and connector con¬ 
tacts were joined and evaluated for joint 
resistance and mechanical strength. Mechani¬ 
cal strengths were determined by both tensile 
and peel tests. Effects of process parameter 
variation on resulting bonds for various ma¬ 
terials were determined by process plots 
(Fiaure 4). This was accomplished by evalu¬ 
ating peel strength data if joints I**'16 
varying bond pressures (deformation) and bond 
temperatures. If failure occured at the 
joint interface it was noted by an (0) and if 
the parent metal failed it was noted by an 
(X) and an area of bond deformation versus 
bond temperature can be described in which 
qood or acceptable joints are obtained. 
These plots can be cataloged for various 
materials and combinations of materials and 
recorded in a cookbook for reference to ob¬ 
tain proper bond parameters and allowable 
variations of each parameter. Thia doe> 
provide a method of assuring quality joints. 
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GENERAL BOND CHARACTERISTICS 
-COPPER- 

Figure 5 

Curvea shown in Figure 5 indicate the gener¬ 
al mechanical and electrical characteristics 
of an EPB termination. Tensile strengths 
decrease with joint deformation due to de¬ 
ceased cross sectional joint area, however, 
the peel strength increases to a maximum at 
which point the parent metal fails instead 
of the joint interface. Normal joint ten¬ 
sile strengths were between 80% and 90% of 

the original conductor strength where peel 
strengths averaged between 35% and 50% of 
the original conductor tensile strength. 

The joint resistance, including both mater¬ 
ial bulk and contact resistance increased 
with deformation, again due to reduced cross 
sectional area. 

f ' 
. / 

BOND STRENGTHS & RESISTANCES OF JOINTS 

MADE BY VARIOUS PROCESSES 

BOND TEST 

I2EE_tEEii_ 

Solder Peel 

Puelon Weld Tensile 
(1) 

A-LBS._2_ 

1.12 0.72 

6.98 1.72 

NO. OP 
SAMPLES 

17 

18 

xyw.s 
X 10-6 

9} 

264 

Resistance 

Weld Peel 
(2) 

Crimp Peel 

EPB Peel 

0.53 0.39 18 

6.10 0.27 12 

4.12 0.41 29 

155 

590 

98 

<r 

23.44 

102.09 

26.61 

196.55 

8.97 

NO.Of SAMPLES 

12 

14 

12 

18 

12 

(1) Fusion weld geometry made peel tests impossible. 

(2) Peel teste on crimped conductors are not completely valid but 

are included for comparison. 

Figure 6 
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In comparinçi the resulting data with that of 
other processes for the same materials, the 
EPB joints were superior in most cases or at 
less equivalent to those formed by other 
techniques (Figure 6). For peel tests, where 
direct comparisons could be made, solder and 
resistance welding, EPB was superior in both 
average strength and joint strength varia- 
tions. Other fusion welded samples were 
joined so that the test was actually of 
tensile strength and not peel strength. For 
crimped samples the crimping device was in¬ 
cluded in the joint area and definitely 
should provide a higher peel strength char¬ 
acteristic. However, in comparing these same 
crimp joints for contact resistance, they 
were found to be inferior to those of the 
other processes, with EPB again providing 
lower resistance on a more consistent basis. 

The bonds twrmr.J by EPB were also evaluated 
for mechanical and environmental characteris¬ 
tics such as thermal shock, vibration, salt 
spray, industrial gas and flexing strength 
with satisfactory results. 

EPB ADVANTAGES 

With an understanding of how EPB works and 
its joining capability demonstrated, what 
does it offer in terminating flat cable and 
electrical connectors? 

Energy Pulse Bonding offers several distinct 
and unique advantages over other available 
termination methods. These include (1. solid 
state bonding, (2. direct termination of in¬ 
sulated conductors, (3. simultaneous joining 
of multiple joints, (4. termination of vari¬ 
ous conductor geometries, (5. good parametric 
control and (6. good contact termination den¬ 

sity. 

As was stated earlier, the bonds result from 
molecular diffusion between joining surfaces 
at less than material melting temperatures. 
This eliminates the chances of brittle joint 
interfaces, consequently weakening bonds 
around the nugget normally formed by material 

melting. 

A big advantage is the capability of termin¬ 
ating insulated conductors, eliminating an 
extra stripping operation and reducingcosts. 
This is accomplished by utilising the thermal 
energy from the continuously heated bonding 
heads to either vaporize and/or sublimate or 
sufficiently soften the insulation to a point 
where it can be displaced by the mechanical 
force of the ram and its bond surface geome¬ 
try (Figure 7). Removal of different insu¬ 
lations requires a variety of bond profiles 
which must be compatible with the metal join¬ 
ing requirements. A good method for deter¬ 
mining this compatibility is through the use 
of Thermo-Gravimetric Analysis (TGA). TGA 
plots weight loss versus temperature for a 
particular material (Figures 8, 9 and 10). 
From the plots it is noted that some insula¬ 
tions have complete weight loss at compati¬ 
ble bond temperatures, while others may 
leave a small percentage of residue. Another 
condition is that some insulations (polyimide) 
require significantly higher temperatures and 
do stress the process capability. With the 
discovery of new insulation materials, each 

BONDING TOGETHM OF TWO PIECES OF 

INSULATED FIAT CABLE 

INSULATION 

o. Start of bonding procots 

\ HCATfO / 

\x/ 

.4 y y V \ \ \ \ \ ^ \f_ 
\ \ \ \ \ \ \ \ \Va. 
////// nTjj 

^/// u. frrs 
CONDUCTORS 

HEATED 
RAM 

b. Bonding procots complefod 

DISPLACED 

Figure 7 

must be evaluated to determine the effects 
of the use of EPB and this can be accomplish¬ 
ed by either TGA or actual bond samples. In 
studying micro-photographs (Figure 11) no 
significant quantity of entrapped insulations 

have been detected. 

A big plus for EPB is in its capability of 
simultaneously bonding multiple numbers of 
conductors. lUnce the bonding heads consist 
of a simple geometrical surface of desired 
length, multiple contacts, in a single plane, 
may be joined simultaneously, making the 
system a natural for flat cables. This mul¬ 
tiple joining along with a reasonabiyfast 
bond cycle (1.5 to 6.0 seconds) provides for 

mass termination. 

Another inherent advantage is thft the ter¬ 
minating surfaces are not a sophisticated 
geometry. This simplifies the connector con- 
tact design and allows the termination of 
either round or rectangular types of conduc- 
tors. Again this is a cost reduction in 
savings on contact design and one termina¬ 
tion system for both types of conductor geo¬ 
metries. One requirement is the need to pro¬ 
vide a surface area width sufficient to ac- 
camnodate conductor deformation, especially 

for round conductors. 

The EPB process is accomplished by three 
basic bond parameters, (1. temperature, (2. 

pressure and (3. time and a11 *hre* ,. 
readily controllable. Controllers for all 
three parameters are highly perfected to 
provide reliable parametric control of the 
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THERMO - GRAVIMETRIC ANALYSIS 

INSULATION TYPE: POLYESTER 1 

TEMPERATURE . *C 

Figure 8 

THERMO - GRAVIMETRIC ANALYSIS 

INSULATION TYPE: POLYESTER 2 

Figure 9 
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THERMO - GRAVIMETRIC ANALYSIS 

INSULATION TYPE: POLYMIDE 

ligure 10 

*0 PLATEO CU 

AO PLATED CU 
IPCP INSULATION) 

X 1*00 

Figure 11 

EPB procea» ond each parametric value i» 
within a realistic magnitude. Both termina¬ 
ting »urfacea, contact and bonding head, are 
simple geometry, allowing for high termina¬ 
tion densities within line contact *P*°i?g* 
in the order of 0.050 inches. More complex 
tails of termination techniques require 

greater spacings. 

CONNECTOR 

ro utilize advantages offered by the EPB ter- 
nination process a flat cable-connector ha*, 
seen developed by Bendix and connector cable 
issemblies evaluated for pertinent functional, 
jharacteristics. The test resuits indicate 
nore than satisfactory characteristics for a 
non-environmental connector-cable assembly. 

The connector design offers a si"!pl® 
uration providing low profil«« and minimized 
weight through the use of » »in9j-e P1®^* 
molded body. Since the molding is a thermo 
plastic material, a technique known as 
Dielectric Retention (RDR) is used to reform 
the body geometry to provide contact reten¬ 
tion and cable strain relief. This Pro®«®® 
has been the subject of other papers. Reflow 
Dielectric Retention utilizes thermally heat¬ 
ed rams to heat and reform the material 
through mechanical force to obtain desired 
features in the molding once 
cable are properly installed. This elimin¬ 
ates the need for a second part to perform 

these functions. 

Contact design is a tapered cantiLever beam 
tuning fork, which minimizes engaging *°rce« 
and contact resistance and allows P^*®*”®nt 
on 0.050 inch center spacings for 9r«»t«_ 
densities. The termination area is a ^“Pl® 
flat surface 0.025 inch wide by approximately 

0.075 inch in length. 

The connector-cable t®r”in®^¿on,^“ 
tained via EPB by locating the flat cable 
conductors overlapped with the termination 
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NEW FLAT FLEXIBLE COAXIAL CABLE AND MASS TERMINATIOTn' 
TECHNIQUE FC« HIGH-SPEED DIGITAL APPLICATIONS

William L. Schumacher 
AMP Incorporated 
Harrisburg. Penna.

Keeping pace with tomorrow's need for signal 
efficiency and shielding is the purpose of a new novel 
multiconductor flat flexible ribbon coaxial cable for the 
digital processing industr>’. Disclosed are physical and 
electrical attributes with capabilities for mass stripping 
and termination, placing this cable into today's need for 
economic reality.

Electronic equipment circuit advancements have 
already readied the stage vhe-e the transmission line is 
of prime importance. Cross talk, transmission speed, and 
efficiency needs of tthe equipment are forcing a change to 
coaxial cable. In order to achieve this transition to coax in 
the most economical fashion, a newly designed ribbon coax 
cable has been produced. Its unique construction permits 
mass termination of a true coaxial cable.

Coax cable in single and flat multiple conductor form 
has been available for many years. All pre^-ious multiple 
ribbon forms have been basically ribbonized constructions of 
various indtvidual cables.

'' m
Figure 1. Typical versions of individual coax 
cables in ribbon form.

Whether woven, laminated, chemically bonded, 
or heat bonded together in order to make a neat, flat 
package, the termination of the cables is still an in­
dividual. tedious operation. This high handling cost 
was a contributing reason for the development and use 
of open air flat cable having a defined impedance. These 
use round and/or flat conductors, and can be mass ter­
minated. Digital electronic equipment speeds are now 
near or past the capability of these open constructions. 
The new coax cable, described in this paper, has the 
mass termination capability of the open fir construction, 
along with the inherent coax characteristics and capa­
bilities.

Mechanically, the new ribbon coax uses individ­
ual multicond'jctor lines. Each individual cable in the 
ribbon has its own center conductor, dielectric and 
shield. The center conductor size, dielectric material, 
and variations of the dielectric outside diameter are

Figure 2. Coax cable constructed to AMP 
Incorporated design.

varied, to provide different cable characteristic im­
pedances. Solid wire center conductors are used for 
ease of wire stripping and termination. Each center 
conductor s located on predictable centerline to cen­
terline spacing. The shield is of a foil and drain wire 
construction. The aluminized Mylar TM shield totally 
covers the coax core while the solid drain wire acts as 
a low resistance path and the shield terminating means. 
The drain wire locations are also of prime importance. 
They are located on predictable spacings the same as 
the center conductors. With both center conductors and 
drain wires in known local ions. mass stripping and’er- 
minaiing is now possible.

CENTER CONDUCTOR FOIL SHIELD
\.

O' -“P
DRAIN
WIRE

OUTER
JACKET

.100^
TYP

1 ^ -
DIELECTRIC

Figure 3. Cross section of AMP coax ribbon cable.

The stripping action removes the foil shield with 
the cable jacket, exposing the drain wire and center con­
ductor. Depending on the application, the dielectric on 
the center conductor may be stripped off or left in place. 
Where ihe dielectric is left on the center conductor, the 
slotied-beam wire termination technique is used with its 
dielectric displacing capability. The same slotted beam 
technique can be used on bare center conductors and the

/



hart’ drain wires. The dielectric may be left in placci 
a* an in*'Ulator lo positively prevent shorting at a con­
nect ton.

I
Figure 4. Ribbon coax cable siri,)ping nuichine.

At the time of writing this paper, 50 ohm cable on 
. 100 center-to-center spacing and US-ohm cable on . 150 
spacing have been produced. Sevc-niv-five ohm and 93 
ohm on . KHI centers, and 95 ohm on . 125 centers are being 
tooled. Test results on the 50 ohm cable will be used for 
discussion in this paper.

Cable construction is a blend of decisions based 
upon size considerations for mass termination, cable 
electrical efficiency, and economics. Considering that 
conduction loss in the dielectric and resistive loss in the 
center conductor arc the two inaior sources of loss in a 
coaxial cable f'- *) these were chosen carefully. A
balance between the low characteristic impeiiance cable 
and high impedance construction cable on a given center- 
to-center space of the cable indicateti that a »28 (11126 
Dia.) center conductor could he used for 50 ohm cables, 
and a smaller size »i0 (.010 DU.) would best (unction in 
the 75 and 93 ohm cables. The larger the center conduc­
tor. the lower the resistive and skin effect losses. Be­
low 1 GHz. attenuation is mainly resistive loss while skin 
effect has increasing effect at higher frequencies. The 
conductor materUI being used is solid copper, tin plated. 
The dielectric (or the higher impedance cables is a foamed 
polypropylene or polyethylene in order to keep the physical 
size within the . KHi center-to-center spaces. The 50- 
ohm cable uses solid polypropylene. The balance of 
low dielectric constant (or high impedance designs with 
the high dielectric constant of the low impedance cable 
makes the dielectric outside diameter more of a common 
size. This common size spaces the dram wire to one 
side ui a smaller tolerance zone area. The foamjnl 
material gives a propagation delay time about 13'. bet­
ter than teflon, and the solid polypropylene is about 5V 
slower. Nominal time deUy (or the solid material Is 
1.54 nano seconds/ft., and 1.29 for the foamed.
Generallv, rise lime degradation is effected by the cable 
lenghis^'**. Dielectric loss is dominant In lengths of 
approximately 3 ft. or less. In long lengths of over 30 
ft.. the dielectric loss has already laken its toll, and 
now resistive loss is prinury. Between 1 and 10 feel 
length, the cable loss is a combination of both. The di­
electric power factor is very close to that of teflon, thus 
providing similar transmission capability.

Shield construction resulted from the desire to 
have some means of easy mass termination. Braid is not 
easily gang stripped nor terminated. A single solid wire 
at a known location can be controlled. The foil completes 
the shielding of the coax core. The foil can be easily 
removed with the jacket during the gang strip sequence.

figure 5. Gang sirip|xsl rilibon coax cable.

This stripping action exposes the drain wire where 
it can be easily controllcsl (or termination. Braid uses 
not only expensive copper, but also adds bulk. The lech- 
I.ique ol aluminum foil shielding has had alxHit fifteen years 
of practical use in service. Because of the many plus 
features, the toil drain wire shield is used.

It has been stated that the spacing of the center con­
ductors with respect to each other, and the drain wires 
with respect to each other, is of prime importance. This 
oriented spacing provides the key to proilucing various 
type terminations onto boards, or into connectors. It 
would be appropriate to point out that the spacuig toler­
ance is not very critical, providing there Is no great 
accumulative overall tolerance. The stripping action re­
moves the )acket and toil, leaving tfu- exposed dram and 
center conductors. These now have the capability to be 
moved slightly left or right. The teimination techniques 
have the capability for adjusting the conductors to match 
the contact location. The close space tolerance required 
in an enclosed fixed construction is minimized.

figure h. Mass termu ated ribbon coax cable 
showing signal side of connector.

Cable of this new construction has been produced 
with the foil and drain wire to the inside against the di­
electric, as well a- (oil on the outside with the drain



wire pressed againsr i(. Bolh methods show the charac­
teristic impedance values, as indicated b>- TDR, to be 
quite stable. Minimal variation was observed along the 
length of the cable using either method.

To check the bend or crush resistance of the 
cable, the St) ohm cable was checked tor insulation re­
sistant. dielectric withstanding voltage, and impedance 
on a TDR. A 10 inch length of cable was checked as pro­
duced, after being clamped in a 'W)° bend, Md after a 1 
hour hold while still being clamped in an 80°C ambient.

ITgure 8c. Cable bent, at 80PC ambient after 
three hours soak.

Figure 7. Cable clamped In 90° bend position.

All lines passed all 60 second dielectric withstand­
ing voltage tests held at 1 .S Kv dc. The insulation resis­
tance was 1.4 X 10*1 megohms average uiitially, 1.7 x lit** 
megohms average bent 90°, and 8.8 x 10^ megohms 
average after the 80°C heat age. The bend cau.sed approxi­
mately a 0. 1 ohm rise in characleristic im(Kslance f/o)at 
the bend, a 0.7S ohm increase at the bend while at elevateo 
temperature, and a permanent change of 0. 1 ohms Zo over 
its full length after i^tuming to roon^ ambient. All read­
ings were within SO - 1.7S of the SO - 1 ohm tolerance of 
the cable.

Figure 8a. Unbent "as produced" cable.
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I igure 8d. Cable at room ambient after three 
hour 80°C soak.

The shielding efficiency between ad)acent lines of 
the cable was cliecked by Sweep RF and Digital methods. 
Using a Waveiek 2IKI1 and an UPsSSl, a 11 ft. lo inch 
piece of SO ohm ribbon coax cable was swept from 0 to 
141K) Mtb. The spectrum analysis between ad|acent 
pairs indicated the minimum isolation was approximately 
16 db at the 7 10 Mlb level. In the 12S MIb frequency 
range of ECL - lO.OtX), the isolation was greater than 
60 db.

600 »0C

f MM/

F'igure 9. SO ohm ribbon coax spectrum 
analysis of cross talk isolation.

The digital cross talk was checked by using an HP 
141S. Braid coax (RG-174) and twisted pair were also 
checked ai the same time, to give a comparison to the new 
foil ribbon coax consiruciion. Using a i nano seconil rise 
time, tile backward cross talk coefficient Kg could not be 
deiecietl on the braided and ribbon coax, and was consi­
dered as being less than 0.04 The rw isied pair Kg was 
9 . The forward cross talk coefficient K|. was .00044 
nano second ft. for the ribbon coax. Braided coax K|. was 
.00024 and twisted pair Kp was .010. Where Kp fns ft) x



rate of rise (volts/ns) x cable length (ft) = volts of cross 
talk and Kb (”) x signal (volts) = volts of cross talk.

In logic families that use high speed, such as the 
I-CL - 10.000, there are four prime contributing factors 
in the line interconnections. These are propagation delay, 
attenuation, cross talk, and irismatch reflections. Wm. 
R. Blood. Jr. states^ that in MECL circuits the parts 
specified to drive transmission lines will drive coaxial 
cables over distances limited only b>- the bandy.ddth of the 
cable. In addition, he indicates the shielding in coaxial 
cable gives good isolation frcm external noise.

%

Figure 10. Ribbon coax application to a fixed 
printed circuit board.

The objective in developing and producing this flat 
flexible ribbon coaxial cable has been to meet today 's and 
tomorrow's requirements for high speed applications. 
The cable saves valuable material and assembly time, 
while providing the excellent transmission capability 
required.

Figure 11. Ribbon coax connector application.

The author wishes to acknowlcxlge the excellent 
backing of the program by management. Mr. J. L. Boscov 
and his staff for pro\iding early productive product. Mr. 
J. H. Huber and his ardent development effort, and Mr.
J. C. Latimer and his test laboratory personnel.

References

1. R. Wigington, Transient Analysis of Coaxial Cables 
Considering Skin Effect. PROCEEDINGS OF THE IRE. 
Feb.. 1957.

2. O. Kerns and F. Kirsten, "Pulse Response of 
Coaxial Cables ", File No. CC2-1B(I) Rev. July 29. 1%6. 
Uwrence Radiation Uboratory, University of California, 
Berkeley.

3. F. Kirsten and L. Proehl, "Physical Characteristics 
of Coaxial Cables". File No. CC2-2C(1), Rev. May 31. 
1966. Uwrence Radiation Uboratory, University of 
California, Berkeley.

4. Norris S. Nahman. "A Note on the Transition (Rise) 
Time Versus Line Length in Coaxial Cables . IEEE 
Transaction on Circuit Theory, March 1973.

5. Tom Balph. "'.Avoid ECL - 10,(K)0 wiring problems". 
ELECTRONIC DESIGN IK. September 2. 1972 and 
"Interconnection Techniques for Motorola s MECL
10,000 Series Emitter-Coupled Logic ", .Application note 
556, Motorola. Inc.. 1972.

6. William R. Blood. Jr. "MECL System Design Hand­
book". 2nd Edition, Motorola Semiconductor Products, 
Inc.
MECL - Trademark of Motoiola Inc.

William L. Schumacher is Manager of Development 
Engineering, COAXICON-RF Division, AMP Incorporated. 
He has been working in the electrical/electronic field 
with RCA and AMP Incorporated since obtaining his BSEE 
degree from the University of Missouri in 1949. He is 
a senior member of IEEE. He has had patents issued 
and pending in connector construction, crimp techniques, 
high application rate terminations, coaxial contacts, and 
RF transmission techniques and products.

y



NIASS WIRE INSL LATION DISPLACING TERMINATION OE FLAT CABLE 

Donald J. Doty and George A. Mton 
AMP Incorporated

Abstract

It has been often said that, widespread usage and 
application of flat cable has been restrained because of the 
lack of a suitable and reliable termination technique. A 
highly innovative new development has made possible the 
first insulation-displacing, mass terminating connector 
that can terminate both round and flat conductor cable.

The same connector can be used to term mate 
twisted pair flat cable providing the unique capability of a 
single connector that is suitable for every variety of flat 
flexible cable used in low and medium frequency signal 
termination.

This paper covers the technical aspects of 
" Di splat ion . the insulation-displacing terminatior phe­
nomena and describes the associated tooling that permits 
mass wire termination.

Several examples of mass-terminated SO-position 
telecommunications connectors are illustrated usmg lami­
nated. bonded, woven, extruded, etched, and ribbon cable.

Design Obiectives

The general requirements for a permanent wire 
connection suitable for use in telephone central office 
equipment were listed by VanHom* in the pioneering work 
of BTL on the wrapped-wire termination. These require­
ments. With the very slight modifications to make them 
applicable to the termination to be discussed, are:

1. Intimate contact must be achieved between 
wire and terminal.

2. The points of contact should be gas-tight 
to withstand corrosion.

3. The mmimum dimension of the gas-tight 
area should be great enough so that it does 
not decrease appreciably during the expec­
ted life (40 years) because of corrosion or 
relaxation of stresses wire and/or terminal.

4. The sum of the areas of Intimate conuct 
should be equal to or greater than the cross 
section of the wire, to prevent local heating.

5. The connection should be mechanically 
stable so that forces applied duruig shipping, 
handling, installation and subsequent main­
tenance activities will not dislodge the wire 
and break the points of intimate contact.

6. The wire should not he excessively deformed 
or embrittled so that it may break due to 
normal handling and service stresses.

These requirements are equally valid loday as they 
were 20 years ago, and they form the design objectives 
established for the CHAMPwlre termination. The following 
paragraphs describe this new termination method and how it 
meets these objectives.

Basic Termination Concept

Stamped and formed from high conductivity beryllium 
copper, the wire terminating area resembles an inverted 'U" 
as shown in Figure 1. Each leg of the "L' contains a wire 
slot with precisely controlled dimensions.

An Insulatel wire fits loosely into the uppermost por­
tion of the slot. Ai. the tool pushes the wire deeper into 
position, the "funnel shaped" area of the slot displaces the 
insulation and restricts the conductor. Additional downward

Figure I. In use wire fits loosely into upper 
portion of slot (a), "funnel shaped area dis­
places insulation (b)and, conductor is forced 
into narrow bottom portion of slot (c).

movement of the tool forces the conductor to fit into the 
confines of the narrow parallel portion of the slot where 
electrical contact i.- made. Oiring this process, the con­
ductor deformation d...places oxides or other conuminants 
that may exist on the conductor surface producing a clean 
metal surface to aid in effecting a stable electrical resis­
tance. The wiping action that takes place as the conductor 
is forced deeper into the slot produces a similar cleaning 
of the terminal slot walls.

Residual spring energy in the terminal causes the 
two side walls of the slot to function like opposing canti­
lever beams mainuining the constant pressure necessary 
to ensure intimate metal-to-metal contact.

The two slots (front and rear) are of different 
widths. The front slot functions in the manner just de­
scribed. The rear slot Is wider and deforms the conduc­
tor to a lesser degree serving as insulation support and 
strain relief. The cross sectional photomicrographs shown 
(Figure 2) illustrate the type and amount of deformation 
that typically takes place on round conductor solid wire.

*R.H. VanHom, "Solderless Wrapped Connectiuna- 
Phrt HI. BSTJ 32. No. 3. May. 1953. P.591-592.

CHAMP is a Traden.ark of AMP Incorporated
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Figure 2a. Relationship of conductor and slot 
dimensions is shown in this view. Front slot is 
on the left, rear slot on ihe right.

n:,
m

Figure 2c.Figure 2b.
Amount of conductor deformation is readily 
seen in this view of front slot (2bl. while 
deformation is somewhat less in rear slot (2c).

Wire Oeformatiop and Contact Area

When the wire is inserted into the slot of a 
CHAMP i^rminaL plastic deformation of the wire takes 
place. The original circular cross siction of ihe wire 
IS changed to shapes corresponding >o the sketches in 
Figure 3. It is conceivable that the wire deformation 
may occur with or without longitudinal extrusion of 
the wire. Therefore, to calculate the contact area 
formed by deformation of the wire two cases are con­
sidered. In Case I. the original circular wire cross 
section is simply truncated in producing the final s'lape 
obtained in the slot region, which may also implicitly 
assume that longitudinal extrusion occurs. In Case II, 
no longitudinal extrusion occurs, and the total cross 
section of the wire remains constant during deformation

Caa*2

^ ^ T K
Ow R

Figure 3. Minimum and Maximum Wire 
Information.

In the slot region. The real case lies somewhere between 
these extremes.

For either case, we get the expression for the 
ratio of contact area to wire cross section are:

^ '*11A. wD.
W here. Fur CaM I.

/„,(*» -2x 2k
Caw II.

/„,(*) - \ 5* - V * IMHI - Ft

The functions ffk) are plotted in I igure 4. It is 
-ppareni that with i terminal stock thickness approxi­
mately equal to the wire diameter, a lOf reduction of

(f(K)l

Figure 4. Deformation and Contact Area 
Relationship.
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area of all connector contacte and simultan¬ 
eously terminating all joints. 

To make this operation cost effective and 
usable for high volume connector quantities, 
a production oriented line of machines and 
tooling has been designed allowing for ex¬ 
pansion into various contact numbers. The 
system is designed to provide completed EPB 
operation of 20 seconds per connector inde¬ 
pendent of contact numbers, but dependent on 
bond head length. As an example, with a 50 
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wire diameter by the seat will product a total contact 
area greater than the wire area. For the specific case 
of a *24 wire in the 50 position connector: 

D. - 0 020 inch 

/ ■ 0.010 inch 
and 

. 0.6.16/(A) 
A » 

In the contad slot, A 20“„. and 

?» .636(1.3) - .827 
A • 

pound 

where i is total deflection inches and F is contact force in 
pounds between wire and each slot side. The differential 
spring "ate than is 

rff ^ 2.35 pounds 

äs mil 

Empirical curves have been established to give the 
contact force as a function of wire deformation. Figure 5 
indicates that with #24 wire, the contact force ranges from 
6.7 pounds at a minimum 20% deformation to 8.0 pounds 
for a maximum 34% deformation. 

In the “strain relief slot, A ~ 5"„. and 

às - 636(.6) - 0.3816 
Am 

So the total contact area in the two slots is: 

Ar » 1.2/1. 

Contact Resistance 

In all CHAMP terminals, the cross section of the 
terminal is greater than that of the wire being terminated. 
However, even when the true area of intimate contact be¬ 
tween wire and terminal Is equal to or greater than the 
wire area, there arises a “constriction" resistance at the 
interface because of the abrupt change in cross section area. 
Defined as the "Minimum Constriction Resistance of Full- 
Area Contact,"2 it is a resistance which must be added to 
the calculated (or measured) bulk resistance of the contact¬ 
ing members--wire and terminal--to obtain the overall 
resistance of the connection as normally measured. In a 
sense, this "minimum constriction resistance" reflects 
the inability to utilize the entire terminal cross section 
for conduction at regions close to the interface. 

It Is possible to calculate the minimum constriction 
resistance by application of Passion's equation. For prac¬ 
tical purposes a sufficiently accurate approximate can be 
obtained from the simple Holm formula for constriction 
resistance: 

where p = resistivity of the large contact member, d = 
diameter of small wire. For #24 AWG Copper wire and 
beryllium copper terminal, this gives: 

H . 3-93 « 10 * micro-ohm-inch 
' " 2(20) X IO'1inches 

98 microhms 

This is the value of constriction resistance expec¬ 
ted in the CHAMP termination when full-area contact has 
been achieved, and when the cleaning action during wire 
insertion has been effective in removing all films from 
the contact interface. It should be noted that this minimum 
value applied even when the total contact area is greater 
than the cross section of the wire. When the true contact 
area is less than the wire area, the constriction resistance 
will be larger than the above value. 

Force (lbs.) 

Figure 5. Relationship of Contact Force to 
Terminal Deflection and Wire Deformation 

To confirm the force deflection characteristic ob¬ 
tained from the strength of materials analysis, and to 
identify regions of maximum stress, the terminal was 
treated by finite element analysis.4 The results of this 
analysis indicate that the average terminal stresses are 
relatively low and well below the 110 KSI yield stress 
for beryllium copper. Since the wire is plastically de¬ 
formed during insertion in the slot, it is apparent that 
the average unit stress in the wire Is high. In fact, it 
is at the yield point for the wire. In evaluating the 
stored elastic energy in the two members, It has been 
found that for (AWG #24), 98% of the stored energy re¬ 
sides in the terminal, a highly desirable situation with 
respect to the ability to maintain contact forces over a 
long period of time. 

Creep 

The wire can be expected to contribute most to 
creep and stress relaxation in the termination because 
it is under higher unit stress than the terminal and be- 

Terminal Force/Deflection and Residual Energy 

A complete "strength of materials" analysis of force 
deflection characteristics'’ performed on CHAMP terminals 
indicates that the resilience of the terminal structure is 

^.H. Whitley, "Minimum Constriction Resistance of Full-Area 
Contacts", AMP Research Note #21, January 7, 1966. 

*G. A. Patton & J. H. Whitley "Appendix I, The Force 
Deflection Characteristic for the Slot Terminal, Ter¬ 
mination Analysis of AMP 50 position (25 pair) Cable 
Connector" Report #110-6009, February 1973. 

4M.A. Oliver "Appendix II, Finite Element Analysis of 
50 Position CHAMP Connector, Termination Analysis of 
AMP 50 Position (25 pair) Cable Connector," Report 
#110-6009, February 1973. 
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cause the terminal alloy Is more resistant to creep. 
Data on compressive creep of copper wire Is scarce, 
especially at low temperature. It Is believed that an 
estimate based on tensile creep data will represent a 
worst-case situation. Under compression, creep is 
Inhibited by the "friction hiU” effect at the conuct faces. 
The wire is also strain-hardened In the region under com 
pression, which Improves creep characteristics. 

Tensile data Indicates that 1% creep in copper is 
a large amount to be obuined at room temperature even 
with high stress. At normal room temperature, the total 
c'eep is more usually given as fractions of a percent. 
The wire dimension in tlte slot (for AWG #24) Is about 
14.6 X 10'3 inches. If this dimension decreases by 1%, 
it represents a deflection" of 146 microlnches which 
must be accommodated by the elastic deflection of the 
terminal. The terminal deflection is normally i * 3100 
microinches. The indicated terminal deflection after 
creep is then i - 2953 microlnches, which implies that 
the contact force will be reduced to F' = 6.96 lbs. 

wire in a terminal designed for solid wire. The feasibility 
of this approach has been confirmed by preliminary testing, 
Testing covering electrical characteristics and the effects 
of stress relaxation, temperature cycling, thermal shock, 
moisture, shock and vibration, etc. has been in process 
since early 1972. 

Figure 7 is typical of the preliminary test results 
obtained with stranded wire. To obtain the data presented 
in Figure 7, initial millivolt drop readings were taken, 
and the samples were subjected to 99°C for 16 hours, then 
exposed to - 15<>c for 30 minutes. The samples were then 
subjected to vibration cycling. The first segment of vib¬ 
ration was 5 to 31 cycles/sec. for 12 sweeps with sweeps 
of 6 minutes. The second segment of vibration used 31 to 
100 cycles/sec. for 12 sweeps; with 12 minute sweeps. 
After vibration testing, the samples were placed in a 
humidity chamber for 4 cycles of 24 hours each. No 
termination tested exceeded 2 milliohms change in resis¬ 
tance. Heatage exposure of 244°F for 33 days produced 
similar results. 

The 5% reduction in contact force is considered 
reasonable and safe, and is greater than that which would 
actually occur, since as the force diminishes the stress 
decreases and the creep rate decreases. 

To reduce the contact force to one-half its initial 
value, the total creep of the wire must be greater than 
10¾. This is 10 to 100 times the creep actually expected 
in service. 

Mechanical Stability 

Potentially the most serious weakness of single 
wire-li>-slot connections is mechanical disturbance of 
the contact Interface due to externally-imposed forces 
and torques on the wire. The double slot of the CHAMP 
terminal is effective in eliminating this weakness. The 
separated slots reduce the effect of bending moments. 
The strain relief slot, being wider, does not appreciably 
deform (and hence weaken) the wire as much as the con¬ 
tact slot. 

So the CHAMP termination is purposely designed 
to withstand the forces of handling shipping, and mainten¬ 
ance activities. Actual field experience with the standard" 
CHAMP termination has proven the efficacy of the approach. 

Performance With Different Conductor Types 

Solid Wire--Original design centered around solid 
wire and extensive testing has been performed with solid 
conductors. These tests included; heat aging (244°F for 
33 days), temperature cycling (MIL-STD-202D, Method 
102A, CondltionD), moisture resistance (MIL-STD-202D, 
Method 106C), as well as shock, vibration, industrial gas, 
and salt spray. The heat age test results shown in Figure 
6 are typical of the data obuined. 

Figure 6. Solid Conductor Millivolt Drop 

Stranded Wire--Investigation indicated that satis- 
factory performance will also be obu!ned with stranded 
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Figure 7. Stranded Wire Millivolt Drop 

Flat Conductors--The flat conductors found in flat 
conductor flexible cable required special consideration. 
To prevent the Insulated flat conductors from folding away 
from the slot walls during Insertion, a forming support 
device was designed. This supporting member is basically 
a square wire that serves as a mandrel over which the in¬ 
sulated flat conductor is formed as it is pressed down into 
the terminal slot as shown in Figure 8. 

Besides serving as a forming device, the square 
wire remains in the terminal slot providing the mass 
and rigidity required to adequately deflect the terminal 
beam members. Thus, with the addition of the square 
wire support device, the basic terminal accepts the flat 
conductors used in flat conductor flexible cable. 

The only cable preparation required is a simple die 
cutting operation to provide clearance windows between 
conductors. There is no requirement to remove the in¬ 
sulation as it is displaced during termination. Figure 9 
illustrates this and also the "stuffer" wire assembly. 

130 

R
E

S
IS

T
A

N
C

E
 



Figure Stuffer ' wires «re pre-positioned on
.08S" centers by insulating Triers.

The same testing perfc for stranded wire ter­
minating was performed on flat conductor terminations. 
The dau presented in Figure 10 is typical of the results 
obtained.

Figure 10. Flat Conductor Millivolt Drop.

Although the test program is sttU underway and 
formal results are not yet available, early data indicates 
that the same terminal that provides suitable performance 
with solid and stranded wire can also be used with flat-con­
ductor flexible cable.

The photomicrograph shown (Figure 11) is typical 
of the results obtained by terminating flat conductor cable 
with the "stuffer" wire.

Figure 11. The square "stuffer" wire provides 
the backup support necessary to bring the thin 
flat conductor into intimate contact with the 
terminal slot.

Mr-At-A-Tlme Machine

Designed specifically to terminate multiple pair 
round conductor communication cables to CHAMP con­
nectors. the machine shown in Figure 12 simultaneously 
cuts to length and terminates two wires. With the con­
nector loaded in the machine and the cable clamped in 
position, the operator loca'es the appropriate pair of 
wires as indicated by a revolving color-code wheel and 
pulls the wires down over a guide bar. Completion of 
this action trips the two microswitches that actuate the 
machine. After the machine terminates each pair of 
wires it automatically indexes the connector and color- 
code wheel to the next position.

Figure 12. Mr-At-A-Tlme Machine for 2S- 
palr Communication Cables.

Including the time required to load the machine 
and identify and position the wires, ine total time required 
to terminate a 25-pair cable Is approximately two minutes. 
The machine operates from 110 vac and requires less than 
two amperes.

Mass Termination In The Field
The manual tool concept used with these connectors 

lends itself readily to mass termmatlon. The manually 
operated tool Ulustrated in Figure 11 slmuluneously cuts 
to length and terminates all conductors (or a given connec­
tor.

t
Figure 11. Fland Tool for mass termination of 
25-pair communications cable.



In use, a connector is loaded into the tool, all 
wires dressed into position in a comb-like ho'ler. the 
wire holding fixture swung into place, and a nitigle clos­
ing stroke of the handles terminates all couduc ors. For 
2S-pair communication-cable or other cables r equiring 
wire positioning, this entire sequence requires ess than 
six minutes.

For flat cables with round conductors which are 
not located on the same centerline spacing as the terminals 
a simple slit and form operation is required in order to fan 
the individual wires into the combs for mass termination.

The straight action manual tool shown in Figure 14 
is specifically designed to mass lerminate flexible flat 
cable, flat conductor or round conductor (solid or stranded) 
with conductors located on the same centerline as the con­
nector. The tool is totally self contai.-.cd and can fully ter­
minate up to a 64-position connector in less than 2 minutes.

of Figure IS. Feasibility of terminating up to a 64 
position connector with fiat cable having either round 
(solid or stranded) wire or flat conductors in less than 
10 seconds has been established. I or flat conductors, 
the square ' siuffer ' wire a- emblies are fed to both 
sides of the connector, i or round conductors, the 
staffer feed mechanism is uncoupled or the reels re­
moved completely from the machine. Connectors are 
magazine loaded. This machine is iniended specifically 
for cables with conductors on the same centerline spac­
ing as the terminals.

Flat Cable Applications

Although the various types of flat cable (bonded, 
woven, extruded, laminated, and etched) pose different 
terminating proltlems, each of these commonly availaUe 
types can be successfully mass terminated in the same 
CHAMP connector.

l-igure 14. Straight .Action Hand Tool for 
Flai Cables.

Mass Termination in The Factory

For higher production rates a fully automatic mass­
terminating machine is shown in the anist's conception

Laminated Cable

Since laminated cable is available with conductors 
locateti on the same centerline spacing as the terminals 
in standard CHAMP connectors, the termination process 
is simple and straightforward. After the insulating web 
has been window punched to provide clearance between 
the individual conductors, the entire cable is positioned 
on the connector and all the conductors terminated simul­
taneously in the manual tool shown in Figure 14. The 
cable illustrated in Figure 16 was terminated in this 
manner in less than one minute.

Figure 16. Laminated Cable.

Bonded Cable

To terminate parallel-conductor bonded cables, 
such as the one shown in Figure 17 it is necessary to 
separate and fan the conductors into position with a 
simple fixture. Once the conductors are located in their 
respective positions, they can all be terminated simul­
taneously.

Figure 15. Fully Automatic Mass Terminating 
Machine.
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i igure 17. Parallel-Conductor Bonded I'lat 
Cable.

Twisted pair bonded cables like the one in I-igure 
Iti. are slightly more complex to terminate since each wire 
of each pair must be visually identilied. separated, and 
positioned. However, once the mdtvidual wires are prop­
erly positioned the entire cable can be mass terminated 
like parallel-conductor cable.

Figure I*!. Woven Cable.

versions and is terminated in a manner basically similar 
to that used (or bonded cable.

lackcied (able

The term "jackeic-d cable is meant to include any 
flat cable protected with a relatively thick extruded or 
laminated plastic jacket such as that il'ustrated in Figure 
20. The cable itself can be either extruded, bonded, or 
laminated. Several types are available and some include 
a copper or aluminum shield on one or both sides of the

4
Figure IK. Twisted-Pair Ikinded 1 lat Cable.

Woven Cable

Woven Cable, such as that shown in Figure 19 is 
al-f available in both parallel-conductor and twisted-pair Figure 20. jacketed Cable.
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r cable beneath the outer jacket. Once the outer jacket has 
been sirippcsi to the proper length, the cable is terminated 
like any other flat cable. Shield continuity is carried 
through with a simple grounding clip.

Flat Conductor Cable

The preferred flat-conductor cables which should 
be considered for mass-termination are those with con­
ductors located on the same centerline spacing as the ter­
minal with which they are to be used. It is also rc-com- 
mended that the conductors be over .025" wide to produce 
adequate contact area. Fortunately these two require­
ments po.se no great problem since such cable is readtly 
available from a variety of sources. Before terminating 
the cable shown in Figure 21 a simple punch die cuts 
"window" openings between adjacent conductors. These 
openings are sized to fit over the insulating barriers be­
tween each terminal, and are located away from the lead­
ing edge of the cable leaving a continuous "tic bar" of 
insulation or 'he ler>ding edge of the cable. All openings 
were cut simultaneously.

Figure 21. Flat Conductor Cable.

An integral strip of square "stuffer wires" (in­
sulated from each other) is then positioned over the cable 
and all conductors terminated simultaneously.

The uninterrupted insulation "tie bar" provides the 
terminated cable with enhanced tensile strain relief. Ad­
ditional flexure strain relief is provided by a close-fitting 
rib inside the rear cover of the connectors.

Etched Cable
Etched cable, flat flexible circuitry. with conduc­

tors on the same centerlines as the connector can be ter­
minated in the same manner as just described for flat 
conductor cable (Figure 21).

Ribbon Cable
Ribbon cable which is essentially individual round 

conductor (solid or stranded) wires laminateti between two 
plastic carrier strips and located oii the same centerlines 
as the connector is terminated in the same fashion as 
laminated cable. (Figure 16).

It is possible to terminate this type of cable (Figure 
22) without die cutting windows if the dielectric carrier 
strin is of the nroper thickness and durometer.

Figure 22. Spaced Paralled Conductor 
"Ribbon" Cable.

CONCLUSION

The design objectives established at the onset of 
the CHAMP connector development program have been 
met, and the resultant terminating technique has been 
proven suitable for mass termination. Solid wire, stran­
ded wire, and flat conductor cable have demonstrated 
satisfactorv levels of performance when terminated in 
standard CHAMP connectors. Tooling has been developed 
to terminate 25-pair communication cable and flexible 
flat cable of bonded, woven, extruded, laminated, and 
etchc*d construetton.

The CHAMP connector concept has brought mass 
termination of flat cable, and effective wire management 
one step clo.ser to reality.

I
Donald J. Doty is Manager of Development Engineer­

ing, Communications Products Division. AMP Incorporated. 
A graduate of Rutgers I'niversiD’ with a Bachelor of Science 
Degree in Engineering, he has more than 20 years ex­
perience in the design and manufacture of electronic com­
ponents and equipment, including microwave and UHF 
components, and printed circuits.
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ABSTRACT 

This papar concerns a newly developed wide band 

leaky coaxial cable (LCX) for a mobile coaaunication 
system on 800 MHz band, and describes the basic de¬ 
signs of the large diameter (72D) cable structure and 

the advanced slot array cut uu the outer conductor 

for a wide band use. 
Two different typical size cables, the 72D (new 

size) and the 50D (former size) LCX, are discussed 
for the 800 MHz band use. Through the experimental 
evaluations, the wide band coupling characteristics 
have been examined over 300 MHz to 1,000 MHz. 

In addition to these basic properties of the new 
LCX, the system construction method and some future 
applications are discussed in the paper. The field 
test in the practical system construction has been 
applied now by using about and 800 meter length new 
72D LCX line installed along the railway track in the 
Railway Technical Research Institute of the Janrnese 
National Railways. It is expected that the coupling 
level change along the LCX line will decrease within 
+5 dB in total. A unit repeater length at 860 KHz 
7an be enlarged to about 1.3 kilometers by arranging 
several types of the new 72D LCX with different leak¬ 

ages in cascade. 

Figure 1 shows the cable structure and the shape 
of the particular slot array whose properly spaced 
slots convey a leaky wave and form a uniform radiation 
field along the cable for good coupling with mobiles. 
As a result of the good performances of the many field 
tests laid practical feasibility studies, the Japanese 
National Railways (JNR) has decided to adopt the LCX 
as shown in the figure, and has proceeded to install 
the LCX train communication system to the JNR lines, 

as well as the Sanyo New Trunk Line. 
For the present, the 150 MHz and 400 MHz bands 

allocated for the ordinary mobile radio communication 
channels are the main aiming frequency ranges for the 
LCX manufactured in Japan. However, considering the 

present situation of confused radio channels and the 
insatiable need for communication, it is anticipated 

that the utilization of the 800 MHz band will be done 

for mobile radio communication. 
Heretofore, there is no example of an LCX for 

800 MHz band use, nor is there a report of it. In the 
paper, the design of a new LCX for 800 MHz band, the 
basic properties of the developed cables and the sys¬ 

tem construction method, etc. are discussed. 

2. CONSIDERATIONS OF THE LCX FOR 800 MHz BAND 

1. INTRODUCTION 

In general, in the carrying forward a scheme of 
a mobile radio communication system, one of the last 
technical problems is the countermeaaure to insure 
excellent communication quality covering over the de¬ 

sired service region in whole. Especially in the 
case of a train radio communication, any interrup¬ 
tions of coamunlcation channels cannot be permissible 
even though inelde tunnels or in poor electromagnetic 

field reglone. 
Up to thle time, varloue kinde of open type 

wired-wireleea transmleslon lines were proposeo. A 

leaky tranemlasion line of coaxial etructure with 
alot array cut on the outer conductor, which was 
developed for train radio comemnication in tunnels 

about 7 years ago is recognized as one of the 
moat desirable transmission lines to fulfil the above 

aientloned problems. 

There are two approaches to the realization of 

the LCX for 800 MHz band. One is only to reform a 
alot array for 800 MHz band using the former size 
cable structure, and the other both the slot array and 

the cable size. 
Owing to the former method, it is natural that 

the transmission loss will increase considerably on 
800 MHz band. Figure 1 indicates the former type 
cable structure (50D) for 400 MHz band use. The basic 
heat loes of the cable approaches 36 dB/km at 860 >Wz, 
and the less the coupling loss, the more the transmis¬ 
sion loss Increases by the amount of the increased 
radiation. Thoae increased transmission losses on 800 
MHz band inherently invite the contraction of the re¬ 

peater spacing. 
The other method acompanied by the moderate in¬ 

crease of cable size will be expected to compensate 
the increased loss. On the occasion of decision on 
the cable size, the following three technical problems 

were investigated. 

Corrugated aluminum outer conductor 

Messenger wire 
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O) To rompensate the increased loss on 800 MHz 
band

(2) Not to enlarge cable size to exceos, so that 
the coaxial transmission mode may be a TEM-mode 
and each slot may operate under the nonresonant 
condition,

(3) Not to impair the flexibility of a cable.

3. CABLE STRrrTl'RK OK THE NTW L<’X

Figure 2 shows the rross-sertional view of the 
newly developed I/'X (72D) for HOO MHz band, as the 
result of the investigation described the above. The 
inner conductor is a corrugated copper pipe (av. dia­

meter; 27.^mm), and the outer conductor is a corruga­

ted aluminum tape with the advanced slot array which 
is longitudinally applied to the coaxial structure 
(av, diameter; In wide, to protect the slot
parts from deformation and cracks through the manu­

facturing process and the cable installation, the 
outer conductor is barked by a lamination of plastic 
films. As the insulation structure of the coaxial, 
the natural polyethylene string of a square cross- 
section spirally wound on the inner conductor and the 
plastic tapes wound around the spiral string struc­

ture are applied. The spiral polyethylene string has 
comb-like cuts periodically, which assist the winding 
operation and give flexibility to the cable. The 
cable jacket is sheathed by the black polyethylene, 
and the overall diameter of the cable is 72mm.

Slot marker

ti'iO

7:jo

Fig, 2 Cioss-sectional view of the new LCX (72D)

Figure 3 shows the manufactured cable samples of 
the 72D and 50D LCX.

Fig. 3 Manufactured cable samples of 721) 
and =;0D LCX

4. SLOT ARB AY MISIGN
4—1 Basic Theory of Radiation Condition

As a typical example of the former slot arrays, 
the zig-zag slot array is shown in Pig. 1. It is 
well known that a coaxial struct are with closely 
spaced slots nn its outer conductor conveys surface 
wave modes, while that with properly spaced slots 
conveys leaky wave modes. On this, the subject of 
great interest to us is a leaky wave transmission.

In general, these periodical slot structures on 
the outer conductor induces many kinds of space har­

monic modes of different phase constants in the outer 
space around the cable. For the conventional zig-zag 
slot array, the radial phase constant 'h of the n-th 
order space harmonic mode is given by;

ITTU X 
P /

where X t t u t p and n represent a wavelength in free 
space, a waveguide wavelength, a contraction ratio of 
/.y to A (i/= Ay//_ ), a repetition interval of slots and 
an arbitrary integer, respectively.

The n-th order space harmonic mode begins to radi­

ate outwards in the radial direction when Tn is a real 
number, so that the radiation regions (or the leaky 
wave regions) of space harmonics are illustrated in
Fig. 4.

th -2 Single-be am
n * 1 region

1 \ ) 1 k
-1 ■ f 1 > - 4 12 P

Fig. 4 Radiation regions of space harmonic
modes in case of a zig-zag slot array



In the figure, the »ingle-beam radiation pattern can 
only be attained where n=-l, and the ratio of upper 
and lower frequency limits is two times. On the 

other hand, the region of À / p^d/^+l) in the figure 
means that of surface wave modes, and the region of 
/./p<.UA+1)/2 means that of multibeam radiation 

patterns which spoil the coupling characteristics 
owing to the interferences among plural space harmonic 
waves of different phase constants with one another. 

The advanced slot array which is adopted to the 
new LCX discussed in the paper is characterised by its 
sinusoidally varing source-intensity distribution that 

makes it possible to greatly extend the single-beam 
radiation region. Figure 5 shows the practical imple¬ 

mentations of the slot array based on the above 

thinking. 

In the figure, the region which is bounded with lines 
n=0 and does not overlap with other radiation regions 
represents a stable single-beam radiation. Since 
such a radiation pattern is most desirable for mobile 
communication applications, the design of le slot 
pitches P0 and p should be determined in relation to 
the wavelength to be used, so that the parameters <' /P0 

and X/v "»y in the single-beam region all over 
the frequency band necessary to the desired mobile 

communication system. 
When the slot pitches P0 and p are chosen prop¬ 

erly according to the above procedure, the ratio of 
upper and lower frequency limits for the single-beam 
leaky wave can be seven times, in case of the selec¬ 
tion I^.-Sp as shown in Fig. 5. When the degree of 
approximation of the sinusoidal sourre-intensity dis¬ 

tribution is improved, the ratio will come up to 19 

times in case of l> =0.9. 

4-2 Radiation Property of Leaky Wave 

The radiation beam angle of leaky wave is natu¬ 

rally frequency responsive. When the angle f) is 
defined as Fig. 7, the relation between f) and ^/P0can 

be calculated from Eq. (2) as follows; 

0 = arcsin (3) 

Fig. 5 Advanced slot array for wide band use 

In the advanced slot array shown in Fig. ï, the 

phase constant in the radial direction In of n-th 
order the space harmonic mode can be expressed as 

follows; 

''*°>2-(¥)2-(¥/[+ 

± “LI2 
Po P J 

nil 2 Po + P J 
> (2) 

where p and P0 are the minimum slot intervals and the 
repetition period of the sinusoidal change in the slot 

array, respectively. 
The radiation regions in the case of the above 

mentioned slot array can be got under the condition 
(r+n)2 >o in Fq. 2, and graphically drawn as shown 
in Fig. 6. 

Fig. 8 Property of radiation beam angle vs. X/To 

Fig. 6 Radiation regions of spa;e harmonic 

modes in case of the advanced slot array 
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Figur* 8 »hows th» property of rodlotlon b**« oncU 9 
»,. ;/P owing to Eq.(3). In the figure, the dotted 
line indictee the engle of the next higher order mode 
of epece harmonic wave in the caee of the xigiag elot 
array of uniperiodicity P , which means the limitation 
of the single beasi radiation region. In the case of 
the advanced slot array of dual periodicity P , p, the 
undesired radiation of the above mentioned higher m^e 
is Inherently suppressed, and the superior wide band 
radiation characteristics can be realixed. Figure 9 
shows the example of the radiation pattern in the hor­

izontal plane including the cable axis measured by 
using the new 72D LCX of 2 meter length at 860 Ifli.
The measured radiation beam angle is good consistent 
with the caculated value.

f • 920 Mte

Pig. 9 Exuiple of •••■ured radiation pattarn 
of the now 72D LTX

t r
(C I light velocity)

the basic characteristics of their teat cables are 
mainly discussed.
?-l Coupling Loss Characteristics

Figure 10 shows the frequency characteristics of 
the coupling loss conc.'rning four types of the LCX.
The amount of coupling losses are usually defined as 
the ratio of the transmitted power Inside the cable to 
the coupled power by a mobile antenna in a decibell 
unit. The coupling loss measurements were done by the 
standard construct.on method as shown In Pig. U.

22. 

25 .

»7o

«

300 SOO TOO 900

Frequency ( MHz >

Fig. 10 Coupling loss characteristics of the 72D U:X

PrlReceived Power)

The frequency accorded with the condition of the 
radiation angle 9=0, the broadside radiation, means 
the resonance in the array of slots, and is represen­

ted as the following relation.

When such a resonance occurs, the value of the Input 
reflection coefficient of the cable exceeds the 
allowable limit, and the transmission and radiation 
characteristics may be unstable close to the resonance 
frequency. These resonances will occur at all inte­

gral times of the basic resonance frequency indicated 
in Eq.(4). In designing the advanced slot array, care 
must be taken .-uch that these resonance frequencies 
are not Included in its operating frequency band.

5. EXPERIFENTAL EVALLATIOM OP THE NEW LCX
Four types of the 72D LCX with different leak­

ages have been manufactured on the basis of the cable 
and slot designs described above. In this chapter,

Fig. n

Cone rele floor

Standard construction method of 
coupling loss measurement

It can be seen from the experimental result in 
the figure, that the new 72D LCX has a coupling loss 
of about 88, 80, 78 or 88 dB just as expected, and 
that the wide band and the flat coupling characteris­

tics is realized from 300 Ftfs to 1,000 His.
Figure 12 for example shows the recorded charts 

of coupling loss measurement, whose coupling level 
changes can be aeen as very small and stable, as for 
both 400 FWz and 800 MHz bands.
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Length of Toat LCX 

Inatallotion Mothod 

Receiving Antenna 

Antenna Separation 

: 50 meter» 

t LCX extended onto 
the concrete floor 

i Half wave length Standard 

Dipole antenna 

( 1.5 meter upper the LCX 

Pig. 12 Measured data of coupling characterietice of the test cable 

5-2 Transmission Loss Characteristics 

Figure 13 shows the measured results of trans¬ 

mission loss characteristics as to the four type 
cables. The aeasureaents were carried out on the same 

concrete floor as in the previous experiment. 
It can be observed that the basic heat loss at 

860 MBs reduced to about 23 dB/hm, and that the in¬ 
creasing tendency of the loss values according to the 

decrease of coupling loss on 800 Mis band is more 

noticeable than that on 400 Mis band. 

5-3 VSVR Characteristics 

Frequency characteristics of the VSWR measured by 

the test cables are shown in Fig. 14. Two large peaks 

of the VSWR are observed in the figure, which a8rB® 
with the resonant frequencies of the slot array. ™e 
VSWR characteristics other than the above mentioned 

resonance points are below 1.2 in whole, which is 
agreeable for good connection to radio equipment. 

According to these measurements, the new type 

wide band LCX was found to be well suited to the use 
in not only 400 MHx band, but also 800 MBs band. 

Fig. 14 VSWR characteristics of the 72D IÆX 

6. FIELD EVALUATION OF THE NEW 1ÆX 

Four types of the aforementioned 72D ICX have 
been installed on the wayside of the railway track in 

the RTRI of JNR in order to evaluate these new cables 

through a field test. Figure 15 illustrates the 
system construction and the coupling level diagram of 

the field test, where the graded design method by 

arranging four types of the cables with different 

139 

Fig. 13 Transmission loss characteristics of 

the 72D LCX 

y 



l^aka^en in cascade is introduced to decrease a cou— 
plinir level chan^ as small as possible.

TO.

Fif. 15 System construction of the field test and 
it* standard level diafram (at 810 MHi)

Figure lb and 17 show the appearance of the field 
test system, and a part of the cable joint, respec­

tively. The new train antenna for 800 >flt band as 
shown on the left hand side in Fig. 16 is equipped 
for good coupling with the new I/*X line. The antenna 
consists of 8 elements of radiation slots in a plane 
which are cooperated-fed so as to get a good beam- 
matching with the LfX in whole 800 NHs band. Its 
isotropic gain con»es up to 13 dB.

m L, nz
a - I;

Fi(j. If. Appear.nce of the fi.ld t.st system

Fig. J7 Part of the 7JD LTX joint

Zjo Frequency i 917.22
Antenna i 8 ele. slot antenna

Height of UTX installation : about 0.7 meters

Pig. 18 lieaeured data of coupling characteristics in field test
140
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Examples of the measured data of the coupling 
characteristics between the 72D LCX and the train 
antenna are shown in Fig. 18. The coupling level 
fluctuations are considerably suppressed by using the 
antenna. At the parts of the graded steps, the adjusts 
ment of the electrical length of the joint-cable was 
done so as to satisfy the co-phase condition of the 
radiation fields between the adjacent LCX. 

As the first step of the field test, it has been 

confirmed that the basic characteristics of the new 
LCX are displayed as expected. Hereafter, the prob¬ 
lems of the stability of the LCX line, the improvement 
of the coupled level fluctuation and some applications 
of transmissions will have been investigated. 

7. SYSTEM CONSTRUCTION AND FUTURE APPLICATIONS 

Figure 19 shows the relations of the standard 
coupling loss vs. tiansmissio.. loss at 860 MHz, as the 
result of the experimental reduction. From the rela¬ 
tion in the figure, the LCX system construction for 
800 MHz band mobile radio communication is simply 
designed as shown in Fig. 20. Practically, proper 
margins of coupled level should be included in corre¬ 
spondence with the cable installation condition and 
the system requirements, in addition to the basic 

system level diagram. 
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Fig. 19 Relation between coupling loss 
vs. transmission loss (at 860 MHz) 

Output of 1R : 1W 

Fig. 20 U:X system construction for 800 MHz band 

As seen in Fig. 20, the graded design method in 

5 dB step is adopted, and the standard repeater spac¬ 
ing will be enlarged to about 1.3 kilometers. On the 
other hand, the repeater spacing will reduce to about 
0.9 kilometers, in the case of the 50D system. 

The features of the LCX can be summarized as the 

wide frequency band radiation characteristics for a 
good coupling with mobiles, and the low loss trans¬ 
mission characteristics with no leakages. In other 
words, the transmitted signal in the cable below a 
certain frequency cannot leak out as described in 
chapter 4. These two features enable the integration 
of both mobile communication and ground-to-ground 
communication systems by one line of cables. Figure 
21 shows an example of frequency allocations. The 
lower part of the frequency bands is used for ground- 
to-ground communications, and the higher part for 
mobile communications, as in the figure. 

Noi-lealqr ranz« Leaty range 

Pi*. 21 Frequency allocation of l£X system 

8. CONCLUSION 

The newly developed wide band LCX for 800 MHz 

band has been examined through theoretical and exper¬ 
imental investigations, for the two different cable 
sizes, the 72D (New size) and the 50D (Former size). 
The wide band radiation characteristics of the ad¬ 
vanced slot array of dual-periodicity has been 
confirmed over 300 fWz to 1,000 Ifflz. The basic system 
construction method and the possibility of future 
applications of LCX have been mentioned, too. 

Nowadays, the JNR proposes the introduction cf 
leaky coaxial cables endowed with wide band character¬ 

istics of 400 MHz to 800 MHz band, in consideration 
of the need for the large capacity mobile communication 

in high speed railways in the near future. 
The good results presented in the paper will be 

expected to provide a reliable basis for the earnest 

investigation of their introduction. 
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LARGE SIZE LEAKY COAXIAL CABLE FOR 400 AND 800 MHz FREQUENCY BAND 

T, SAKO; T. NARUSE, H. YASUHARA, T, KATO 

The Fujikura Cable Works, Ltd., Tokyo, Japan 

ABSTRACT 

A leaky coaxial cable (LCX) is an ex¬ 
tremely good medium as a wave guide for wire¬ 
less communication system. We have been 
studying the basic transmission character¬ 
istics of leaky coaxial cables and have con¬ 
tinued development of practical applications. 

A large leaky coaxial cable for 350-900 
Mhz in addision to conventional LCX was de¬ 
veloped by tne improvement of a radiating 
slot arrangement. To reduce transmission 
loss at high frequency, the cable O.D. was 
enlarged about 77mm and the insulation was 
composed of double layers in order to reduce 
equivalent permittivity. In this paper, 
transmission characteristics and performance 
of this cable are described and experimental 
results are given. 

1. INTRODUCTION 

With the recent progress in communica¬ 
tion systems, studies have been made to use 
leaky coaxial cables to develop previously- 
unknown vehicular communications in weak 
electric field regions and for inter-commu¬ 
nications in tunnels and buildings. 

Although a wireless system is usually 
used for vehicular communication, a wired 
system also offers advantages. With a wired 
system, electromagnetic waves can be trans¬ 
mitted while enclosed within certain space 
(space division). When this space is ex¬ 
tended to surrounding space along wires, it 
covers the disadvantage of a wireless system 
and serves as an effective medium of vehic¬ 
ular communication. Recently, it has been 
possible to use as extremely limited frequen¬ 
cy band for vehicular communication. For 
this reason, the need for using a frequency 
band efficiently occasionally surpasses 
economic factors. Space division by a wired 
system is extremely advantageous in such 

cases. 

Leaky coaxial cables have been developed 
against such a background. They were fi* st 
applied to railway communication when free 
space propagation of 150 MHz and 400 MHz 
bands were used. 

Vehicular communication in tunnels is 
extremely important in Japan because trans¬ 
port routes pass through many mountains. 
A radio induction system (50-250 KHz) using 
a parallel wire line is also frequently used. 
But it has seme serious disadvantages, in¬ 
cluding difficult installation and mainte¬ 
nance, (secure connection of cables and an¬ 
tennas) , and large connection level fluctua¬ 
tions. Leaky coaxial cables can solve theso 
difficulties. A non-radiation inductive wave 

from open coaxial cables was used in the 
first stage of application. Subsequent de¬ 
velopment brought about radiating leaky 
coaxial cables with zigzag slots on the outer 
conductor. 

LCX has already been put into practical 
use in Japan. Up to now it has been utilized 
in the 150-400 MHz frequency band, but this 
range will be extended to the 800 MHz band 
in the future as vehicular communication ma¬ 
tures. But, if conventional cables are 
adapted for the 800 MHz band, the cable will 
cause more attenuation than occurs in the 400 
MHz band, thus the repeating section should 
be shortened. Therefore we have studied a 
large size LCX in order to reduce the atte¬ 
nuation factor. 

Since leaky coaxial cables have some 
remarkable properties, serving both as trans¬ 
mission lines and antennas, their application 
has been extended to several fields, such as 
highway communication, remote vehicle control 
, telemetering and wireless telephone systems 

The remainder of this paper discusses 
the basic properties, design and experimental 
results of leaky coaxial cables with major 
emphasis on railway communication. 

2. THEORETICAL BACKGROUND 

2-1. Leaky waves 

Assume a completely conductive wide sur¬ 
face with a slit of infinite length, as shown 
in Fig.1. The slit is excited from one 
region (1). The electric field on the slit 
goes through with a phase change in the 
direction of the slit (direction z). 

Eg » Aexp (-jßgz) .(D 

in which A: constant 

Bg: propagation constant 

When the region (I) is a hollow wave 
guide or a coaxial cable, Bg may be consid¬ 
ered as phase constant. The electromagnetic 
field that is produced in the space of the 
region (n) by this electric field consists 
of the following three components in a cylin¬ 
drical co-ordinates (r, 6, z), shown in Fig.l. 
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ko “ u/ coUo • 

(3) 

2ïï 
-y : propagation constant 

in the region (H) 

H$ : 0 order, Hankel Function of the 
second kind 

In other words, vg (the phase speed of excit~ 
ing electric field) must be larger than v 
(phase speed in the region II ) to produce 
radiation wave in the region H . 

In this case, radiation wave is plane 
wave whose equiphase surface is propagating 
from direction at the angle of Ç shown in 
Fig. 2. 

Ç - tan1 (£*) = sin1 (r^) - sin1 (~).... (8) 
X »^0 Vg 

_-i,ß 

Fig.l Infinite slit on conductor 
plane 

The electromagnetic field of the region 
(n) is calculated bolow by using the equa¬ 
tion (2). 

Ee j _**£_ .Hi (krr) "jß9z ....(4) 

The electro magnetic field in an adequate 
far region (krr»l) is calculated below. 

AkreJ7 e-l(krr+M>...(5) 

/TiJtrr“ 
Ee- 

Fig.2 Leaky wave from the slit 

When energy leakage from a transmission 
line over a semi-infinite length forms plane 
wave, this transmitting wave with radiation 
is called leaky wave. 

However, TEM waves in coaxial cables are 
slow waves and vn is smaller than v. There¬ 
fore kr is pure imaginary figure and the 
equation (6) can be written as Sr ■ 0. 

But, it is possible to replace an infi¬ 
nite length slit with periodic slots to 
increase apparent phase velocity for obtain¬ 
ing effective radiation from TEM waves in 
coaxial cables. When a conductor's flat 
surface has exciting slots repeated at the 
cycle of P in a line, the excited electric 
field becomes a periodic function of the 
period P. The excited electric field (Equa¬ 
tion 1) can be shown by Fourier series devel¬ 
opment with En as amplitude modulus, as shown 
below. 

The energy flow in r direction per unit area 
in a sufficiently far region is given below. 

E" “ En-exp{-j(6g + ^)Z} (9) 

Sr - 2 Ra(EeH*) * —|Ee|2 

2uii( 
(6) 

Note that Ra(kr) means the real part of kr 
in the above equation. So, if k« is larger 
than Bg in the equation (3), energy flow of 
r direction exists in the region (H). 
The equation (7) shows propagation constant 
Bg and kg with phase speed. 

Bg - ^ 
v* I 

In other words, propagation constant is 
expressed as Bg * 2irn/p. For this reason, 
radiation waves also consist of numerous 
spacial harmonic waves based on the period P. 
The radiation direction of each harmonic 
waves are as shown below. 

B, «. 12L!» ßg ♦ 
Çn - tan1(—■ ■ ? ) « sin*( 

Ttrn ' ' k# 

in which krn2 * kc2 - (Bg + ~)2 

2irn 

P )--(io: 

...di 

/ 
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It gives a radiation field only when km is a 
real number as mentioned previously. ts . Equivalent dielectric constant in 

coaxial cable 

2-2. Radiation from coaxial cables *9 * Wave length in coaxial cable 

To obtain radiation from a TEM wave 
transmitting in a coaxial cable, it must have 
slot for cutting the wall current flowing on 
the external conductor, like a waveguide, or 
slots that leave wall current uncut must be 
excited by a post or other methods. Slanted 
zigzag slots on the external conductor, as 
shown in Fig. 3, are ordinarily convenient 
for practical use and manufacturing. Since 
one set of zigzag slots is in about one wave 
length of the transitted electric field, the 
direction of axial fields components (Ez) 
generated by these slots are reversed to be 
cancelled and circumferential field component 
(E6) are directed to the same direction. 

•-P-• 

1 J ^lot ^ 
Fig.3 Slanted zigzag slots 

Therefore, the longitudinal electric field 
components (Ez) are suppressed, while perpen¬ 
dicular (circumferential) electric field 
components (E8) alone remain to allow the 
radiation of circumferential leaky waves. 

Fig. 4 shows the radiation direction at X/.Xg 
= 89^. It is known that krn is a real number 
in the case of n<0. The basic mode is in the 
case of n = -1 and it radiates backwards. 
Backward waves are peculiar to a periodic 
structure. The range for basic mode (Ee_i) 
radiation alone is given below. 

< i < 1 + /ËI .(16) 
2 P 

To quantatively determine leakage from 
cable, the coupling loss (Lc) between a 
standard half wave dipole antenna and a cable 
is defined as the equation (12). 

Lc - -10 log-E£- .(12) 
pt 

pr: power received by antenna 

pts power to be transmitted in cable 

For measurement, a cable is laid on the 
ground and a half wave dipole antenna is 
moved longitudinally abobe the cable. 
Although electric field strength changes a 
little longitudinally, the average read out 
is used as coupling loss. 

The phase constants (direction Z) of 
electromagnetic field components (Eg, Ez 
field components) radiated from the slot 
layout shown in Fig. 3 are as given below. 

Sen ■ Bg + Tp~ (n “ +1» +3...) .(13) 

ft*n ■ So + ^ * +4.,.) ....(14) 

The radiation direction is «.g follows from 
the equation (10). 

sinÇn ” Xg + ^ + ^ . 

Fig.4 Radiation angle 

Since other spacial harmonic waves of n = -2 
or less exist simultaneously at X/p ¿(1 + /ës) 
/2, a longitudinally uniform field cannot be 
obtained. One of the features of a leaky 
coaxial cable with slanted slots is that the 
amount of coupling can be changed considerably 
by changing slot length-angle combination. 
Fig. 5 shows an example in case of large size 
leaky coaxial cable. It is important data for 
actual cable designing. 

2-3. Extention of usable frequency band 

In the case of a leaky coaxial cable 
with a single zigzag slots, the usable fre¬ 
quency band is limited to the range of equa¬ 
tion (16). Currently, 150 MHz and 400 MHz 
bands are widely used for wireless communica¬ 
tion systems. Recently, and 800 MHz band has 
also been developed. 

The frequency band can be extended to a 
certain extent by changing the dimensions and 
layout of zigzag slots. As equaMon (13) 
shows, n - -1, -3 . is finite and n « -2, 
-4 ... is zero for the component £$. There¬ 
fore, a five times wider band becomes availa¬ 
ble by cancelling n - -3(Ee-3). Various 
methods are available for this purpose. In 
view of easy fabrication, the method of 
cutting many slots at equal intervals, (as 
Fig. 6 shows) was used for this study. 
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Slot len9th (an)

Fig.5 Coupling loss of various slot 
dinentions

Fig.6 Hid# band slots arrangsasnt

When the excited field is expressed with 
equation (9), its higher harmonic components 
are expressed by the following equation

En - A(n,e,l,p)Yexp(ji^p.) (l-e"^"”)

1-exp (j^sp.) 
A(n,6,l,p).(l-e^ )■ ®- - - ...(17)

in trhich •P«<|

A (n,e,l,p): Constant determined by slot
inclination and dimensions

The second modulus of equation (17) shows 
that En is equal to zero for an even number 
n because of the symmetry ut the slots.
The third modulus shows tho effect of multi­

slots. The following condition must be 
satisfied to obtain En - 0 at n - -3.

2 an 
P

ipi - 2ra(r - 0,tl,+2'

Therefore, a wide band region can be used by 
selecting such numbers of slots (s) and slot 
intervals (pc) that satisfy equation (18).

3. Description of the cable
Various sizes of lea)cy coaxial cable are 

t2d3ulated in table 1. The series is similar 
to son type Antenna Feeder cable, but a 
little different in means of permittivity.

Table 1

Inside dia. of 
outer conductor

Frequency band

20D type LCX ab.21iisn 150MHz
32D • ab.32mm IS

4 3D ■ ab.4 3mm 150, 400N1Z
77D ■ ab.69mm 400, 800MHZ

Smaller cable has already been used in 
practical application, but it causes more 
attenuation in 800MHz band than occurs in 
400MHz band. Therefore cable li)ie the 77D 
type is required. This paper reports a new 
77D type lea)cy coaxial cable. The details of 
its physical structure are shosm in Fig. 7,8,

s 9
\

f P /
i

1^1-

■------------------------------ ^1

r ____ J
T

> .■ . .a k
LCX LARGELCX

Fig. 7 Photograph of the LCX

&Q
(18) Fig. 8 Photograph of PE-dis)cs
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Fig.9 Photograph of the LCX core

It has Ai-pipe made by the tape forming 
method as the inner conductor which may be 
corrugated if easy bending is required. 
Insulation formation is a combination of PE- 
disk inlaid at suitable interval and extruded 
onto PE-pipe. PE-disks are made by injection 
molding method. The outer conductor is 
wrapped longitudinally with laminated 0.2nsn 
thick At-tape and is covered with a PE-sheath.

The zigzag arrangement of two parallel 
slanted slots(s«2, p -p/6) made in the outer 
conductor, is able to suppress spacial har­

monic waves, so that the available frequency 
is from 350Wz to 900MHz, while the radiation 
angle is kept within +30 degrees. The cal­

culated radiation angle is shown in Fig.10.
The specially designed machine for punching 
slots in Al-tape is capable of making slots 
for the 150-800MHZ band and others.

Dia. of I.C.
Dia. of 
Insulation

Cable O.D
Permittivity

Characteristic

Impedance

Table 2 Cable Design
43D LCX 
17.2nn

PE-string
39nn

PE-pipe
43s»

ab SOimn

1.27

SOD

77D LCX 
27.Bmm

PE-disk 
6 3mm

PE-pipe
69mn

ab 76.5mm 
1.17

son

4. Electrical performance

Fig. 11 shows one example of measured 
coupling level. It is clearly seen that the 
field fluctuation is very small.

Fig.10 Radiation angle from the larq» LCX

A comparison of the cable design be­

tween the new 77D type leaky coaxial cable 
and the popular 4 3D type leaky coaxial cable 
is shosm in Table 2. The equivalent relative 
permittivity of new LCX is lower than conven­
tional 43D LCX because of disk insulation.

Fig.11 Radiation uniformity along the cable

Coupling loss defined by the equation (12) 
is steasured to be graphed in Fig. 12 for the 
cables with four different values of coupling 
loss. The real line shows a cable on the 
ground and the dotted line shows one on a 
concrete surface. It is evident from Fig. 12 
that a difference depending upon frequency is 
observed at about a 6dB decrease in the 
800MHz band compared to the 400MHz band for 
cables which radiate great amounts of energy. 
But, this phenomenon does not occur strongly 
in less radiating cables which have short 
radiating slots. So, this frequency charac­

teristics of coupling loss seems to depend 
on the radiating slot length. Some differ­

ence of coupling loss due to the places where 
the cable is laid is considered that the 
effect of reflected waves appeared.

y



Fig. 13 shows the measured gain and phase 
directivity pattern. An antenna installed 
0.5m from a slot front is used as the refer¬ 
ence in the figure. 

The external radiation field from a cable of 
constant coupling loss decreases linearly due 

Fig.12 Coupling loss VS. frequency 

Fig.14 Transmission loss 

y 

to basic transmission loss because of radia¬ 
tion. The total measured transmission loss 
is shown in Fig. 14. Transmission loss in¬ 
creases sharply when coupling loss falls to 
50dB especially in the 800MHz band. This is 
probably due to loss of surface wave compo¬ 
nent. 

r 

(a) 430MHz -gain 
- phase 
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The relation between coupling 

designing a» actual ayatem. Fig. 15 ahowa 
the experimental résulta. 

Structual return loaa 11. 
SWR) of the cable ia shown In Fig.16. The 
measurement was achived by the frequency 
sweep method. The resonance frequency ia 
clearly evident from the figure and, except 
for near that frequency, V.S.W.R. 1« tair y 

good. 

50 60 70 80 

Coupling loss (dB) 

s. Effects of environmental conditions 

nn radiated electric field 

Since leaky coaxial cablea are often 
installed along railway« and in t«*»»®1“' 
their radiation characteristic«, 
environmental condition«, must be -tudi.^ 

When a cable ia installed ^“ir¬ 
on the ground between two rail«, ^h« inte 
ference between radiation waves and wall 
reflected waves sharply changes the electri 
field intensity and increase, fluctuation 
The cable-wall plane distance and the re“ec 
Son efficient of the wall may be consid¬ 
ered as parameters. 

Measurement, with a dipole antenna show 
that the level of radiating field is high and 
fluctuation is extremely small when a cable 
is installed on the ground. However, tlu. 
properties sharply deteriorate when a cable 

«“o» T. 
shown in Fig. 17. 

Flo 18 shows a measurement taken ^ a 
tunnel. A cabirwa. installed on the wall, 
hut it had a flat concrete surface as well as 
ï; J£v¡¡» .Sriic. lu. to tunn.1 eo».tructioh. 

Field drop-out of radiation occurs 
due to obstacles such as electrified poles. 

Although a drop-out of 15dB was ^ 

dipole antenna ro8a8Uï®,n®n£?;ha" travelling 

I'S Ä ît“S. -'ir-a th.t 

SaÄbic 

Fig.15 Coupling loss VS. transmission loss 
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When a cable is suspended beside a 
metallic fence, fluctuation increases sharply 
probably due to complicated radiation mode 
generated between the metallic surface and 
the cable. Radiation field fluctuation also 
increases when a cable without a messenger 
wire is supported by metal or lashing wire.

Another effect of a wall is some in­

crease of cable attenuation. When the leaky 
coaxial cable approaches a wall, cable 
altenuation increases mainly due the loss of 
surface wave component, and a cable of larger 
leakage is more influenced by earth or wall.

6. Conclusion

This paper outlined the basic properties 
of the leaky coaxial cable especially for 400 
and 800MHz bands. In some measurements, 
adequate results were obtained for extending 
the frequency range up to 900MHz by using a 
new large size leaky coaxial cable. These 
cables have been developed for use in various 
fields and are ready for practical applica­

tion. Further development and application 
are expected in the future.
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RELATING TRANSFER IMPEDANCE TC COAXIAL CABLE RADIATION 

by Keneth A. Simons 
Simons and Wydro Associates 

Hilltown, Pa. 18927 

Summary 

The effectiveness of the shield surround¬ 
ing a coaxial cable is characterized in 
terms of two basic parameters: the transfer 
impedance, and the capacitive coupling 
impedance. These can be computed in some 
cases, but in general some kind of test 
fixture is required. Once these quantities 
are established a difficult question arises: 
Given the shielding parameters, how does one 
arrive at the degree of radiation to be 
expected in a given situation or, converse¬ 
ly, the en^igy to be cx^ected within the 
cable when immersed in a known field? This 
paper describes some experiments conducted 
using cables with known parameters in an 
attempt to find a suitable technique for 
answering the question. Tests were made 
using calibrated antennas both with fixed 
position and variable frequency, and with 
fixed frequency and variable position. 

The Transfer Parameters 

In relation to a shielded coaxial cable 
the transfer impedance is defined by: 

AV, 
ZT - 

_2 
rjzi 

:i) 

where ZT is the transfer 

impedance, in ohms per 
meter. 

A X is an incremental 
length of cable (very short 
compared to a wavelength)in 
meters. 

*1 is the current 
flowing on the inner surface 
of the shield at this point, 
in amperes. 

Y- is the resulting voltage 
drop along the outer surface 
for this length. 

In practice this impedance may be resis¬ 
tive (for DC and very low frequencies), 
inductive (at high frequencies, with braid¬ 
ed shields), or have any phase angle at all 
depending on the skin effect, and the way 
the above factors combine at any given 
frequency. 

There is another mechanism which allows 
transfer of energy from a shielded cable, 
which involves capacitive coupling. In 
the past this effect has been called the 
"Transfer Admittance" with the symbol "Y^,", 

measured in micro-siemens per meter. 

However, at a recent meeting of Working 
Group 1 (Screening Efficiency) of IEC 
Subcommittee 46A it was agreed that this 
terminology was confusing and cumbersome, 
and the capacitive effect is now to be 
described in terms of the "Capacitive 
Coupling Impedance" with the symbol "Zp", 
to be expressed in the same units as 
the Transfer Impedance, i.e. milli-ohms 
per meter. The relationship between this 
new unit and the mutual capacitance per 
unit length between the inside of the cable 
and the surrounding environment is given by: 

(Note: The development of this and the 
other relationships in this section are 
detailed in Appendix I.) 

ZF = Z01 Z02 2‘^f C12 

where Zv is the Capacitive Coupling 
* Impedance, in ohms per meter 

Zni is the characteristic 
impedance of the cable, 
in ohms 

Zn? is the characteristic 
impedance of the outer 
surface of the shield 
in relation to the 
surrounding electrical 
environment, in ohms 

f is the frequency, in 
Herz 

C12 is ihe mutual capaci- 
'¿ tance between the 

inner conductor and 
the environment, in 
farads per meter 

Measurement of the Transfer Parameters 

The IEC has standard methods, in use for 
many years, for the measurement of the 
Transfer Impedance and the Capacitive 
Coupling. The Transfer Impedance fixture, 
the "Triaxial" arrangement, is diagrammed 
in Figure 1. CAtLC UNOCR TUT 

L 
V OUT 

r 

FIGURE 1 
THE IEC TRANSFÉR IMPEDANCE TEST FUTURE 
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A known current is caused to flow along the 
outside surface of the shield of the sample 
under test by applying a known voltage to it 
through a "feeding resistor". The inner 
system is- terminated at the feeding end by a 
carefully shielded resistor equal to its 
characteristic impedance; and at the other 
end by a voltmeter having the same impedance 
which measures the output voltage due to the 
known current. At frequencies where the 
system is shorter than 0.3 wavelength the 
transfer impeoance is given by: 

where and Vg are the input 

and output voltages 
respectively 

R is th: feeding resistor, 
in ohms 

£ is the length of exposed 
shield, in meters 

The IEC method for measuring mutual capaci¬ 
tance uses the "quadraxial" fixture dia¬ 
grammed in Figure 2. 

The coaxial system, involving the outer 
surface of the cable shield and the inner 
surface of the tube surrounding it, is 
dimensioned to give a characteristic impe¬ 
dance approximating that of the cable under 
test. At frequencies where the system is 
electrically short the mutual capacitance 

is given by: 

0 - 2 ' (4) 

where C1? is the mutual capacitance 
iri farads 

V. and V2 are the input and 
output voltages respectively, 

in volts 

f is the measuring frequency, 

in Herz 

Z02 is the characteristic 

impedance of the sample in 
ohms 

the exp“s*,‘ 

Although both of these methods suffer from 
the restriction that the sample must bp 
electrically short (e.g. 1 meter at 30 MHz), 
in many cases they are adequate. The IEC 
standard maximum transfer impedance for 
single-shielded cables larger than 3mm, for 
example, is 100 milli-ohms per meter at 30 
MHz. The performance for higher frequencies 
is controlled by the result of much exper¬ 
ience which shows that, above 30 MHz, the 
transfer impedance for this construction is 
no worse than directly proportional to 
frequency. However, there is need for a 
reliable method for measuring the shielding 
parameters directly at higher frequencies. 

To meet this need, allowing measurements on 
longer (2 or 3 meter) samples and at higher 
frequencies (up to 1 GHz) the author has 

proposed to the IEC the "Terminated Triaxial" 
fixture diagrammed in Figure 3. 

THtmct««' 

- CMNICTION* TO I »Ml» »TfTI» - 

POirrrrMM TUB 

THE TERMINATED TRIAXIAL FIXTURE 

riGuW 1 

In this method both the inner and the outer 
coaxial systems are terminated at both ends 
in their characteristic impedances. When 
this is done and when, in addition, the wave 
velocity in the outer system is matched to 
that in the inner (by choice of dielectric 
material) the "forward" response, i.e. the 
ratio of the input voltage at port "B" to 
the output voltage at port "D", is propor¬ 
tional to the Transfer Impedance at any 
frequency. (This assumes that there are no 
capacitive effects.) Under these conditions: 

Z_= V2 2201 (5) 

T e 
where 

1 

is the characteristic 
J01 „ 
impedance of the outer 
system 

The "reverse" response, under these same 
conditions, varies rapidly with frequency, 

following the law: . 

V_ _ VlZT.g. sin X (6) 
2 X 

where x is the sum of the electrical 
lengths of the two systems, 
in radians 

This function reaches maxima when x is an 
even multiple of and minima when x is 
an odd multiple. 2” 
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Since, in the absence of coupling capacitance 
the relationship between forward and reverse 
response is known, its presence is indicated 
when this relationship does not exist and its 
magnitude can be calculated from the forward- 
reverse ratio. The computed response for 
this fixture for certain assumed conditions, 
including a constant transfer impedance of 
10 milli-ohms per meter, is shown in Figure 
4 ' .otted between 0 and 500 MHz. 

This shows the constancy of the forward 
response, and the sin x variation of the 

reverse response. In this case the minima 
fall at odd multiples of 33 MHz, the 
frequency at which the sum of the two 
electrical lengths is one-half wavelength. 

To establish that tne computed response has 
validity, tests were made with simple homo¬ 
geneous shields for which the transfer 
impedance could be computed. Figure 5, for 
example, shows the computed transfer impe¬ 
dance (solid line) for a particular thin 
copper shield in the frequency range 0 to 
10 MHz. 

The values measured on the terminated tri¬ 
axial fixture between 0.3 MHz (the lower 
frequency limit of the particular fixture 

used) and 6 MHz (at which frequency the 
sensitivity limit of the test was re ched) 
are shown as plotted points. One other 
point on the curve, the DC resistance, is 
also shown. 

Figure 6 shows a comparison of the computed 
(solid) response (both forward and backward) 
and measured points for a thin-wall stain¬ 
less steel tube, chosen because its resist¬ 
ivity was high enough to provide a measur¬ 
able transfer impedance over the full 
frequency range to 500 MHz. These results 
indicate that the performance of this 
fixture is predictable, with reasonable 
accuracy, in the frequency range for which 
it is intended. When this fixture is used 
for testing a sample the response can be 
tested with four possible connections; two 
"forward” responses (B to D and C '"O A) 
(referring to Figure 3), and two reverse 
responses (B to A and C to D). For a 
uniform sample, the two responses in the 
same direction should agree, and lack of 
agreement indicates lack of uniformity. 
For a sample with no capacitive effects the 
relationship between the forward and the 
reverse responses is that described above; 
any other relationship indicates the 
presence of capacitive effects. Figures 7a 
and 7b show, for example, the response of a 
sample of the RG59 A/U cable used in the 
tests described at the end of this paper. 

, , F«gut»ci W! 1( „ 

T-T-,-T" 

THE HASUWP TRAfISFiB lAPEOANCF Of THt KiWU CAHl USED I« THE TESTS 0.5 to 50 "H; 
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THE »»SURD 1RAHSFIP IWMIltt » II« CABLE US[L III I«. TESTS 50 to SOO «U! 

By applying the criteria described above it 
is eviuent oaat this vas a uniform sample 
with relatively little capacitive coupling. 

Anterma_Tests - Half-Wavelength Dipoles 

In order to measure the radiation from 
cables under semi-realistic conditions, i.e. 
with several hundred feet of cable strung on 
poles, it was necessary tc use last antennas. 
Before proceeding with these measurements, 
tests were made on the antennas in the 
attempt to answer, experimentally, these 
very basic questions: 

1. The usual formulas for antennas 
apply rigorously when their 
spacing is very large compared: 
(a) to one-half wavelength (so 
that one is in the far-field of 
vhe other) and (b) to the physi¬ 
cal dimensions of each so that 
they are, in effect, point sources. 
How closely can they approach 
each other without major devia¬ 
tions from the predicted response? 

2. Tests must be carried out with 
the antennas located a short 
distance above the ground. What 
is the effect of the ground on 
the response? 

3. In the real-life situation there 
are, within the general area in 
which the tests are carried out, 
many metallic conductors, tele¬ 
phone and power lines, auto¬ 
mobiles and, inescapably, the 
cables feeding the test antennas. 
Do reflections from these con¬ 
ductors produce major deviations 
from the computed response? 

The antennas used in these tests were con¬ 
structed by mounting two collapsible whips 
on a section of PVC pipe, and connecting 
their inner ends through a ferrite-cored 
"balun" to a coaxial cable (to minimize the 
currents on the braid of the connecting 
cable. Each whip consisted of 11 sections 
and tests were carried out at frequencies 
corresponding to the measured resonance 
(as determined by the frequency of best 

impedance match) of various integral numbers 
of sections. In the initial test two such 
antennas were mounted ten feet apart and ten 
feet above the ground in a relatively clear 
area beside the laboratory building of the 
Jerrold Electronics Company. The antennas 
were about 75 feet from the building and 
from nearby power lines. The test was 
carried out by setting each of the two 
antennas successively to each of seven 
lengths, and measuring the power loss be¬ 
tween their terminals. For each setting the 
frequency of the test signal was swept over 
a relatively narrow band centered on the 
corresponding resonant frequency. A General 
Radio Model 1710 Network Analyzer was used 
for the tests. In this instrument a narrow- 
band (10 kHz) receiver is continuously 
\racked with the transmitter so that loss 
neasurements can be carried out without 
major interference from air signals. Loss 
calibration was accomplished by substitut¬ 
ing a precise calibrated attentuator for 
the two antennas. The resulting loss- 
frequency plots are shown in Figures 8 
(for horizontally polarized antennas) and 
9 (for vertical polarization). To avoid 
confusing the plots of Figures 8 and 9, the 
loss calibration is shown separately, to the 

same scale, as Figure 10. 

R£SONANT 
lfcl m 277 FttOUPICY 

COmiTfD 

AMTIhMt Mf«C Tin TUT AM'T A HD T|* HIT AAOVt Th| (AATH 

J61 227 777 MSONANT FREQUENCY ^ 

FIGURE Q 
cixiWini * tit lOsmtD Kti cnwuD iki Him': vmicai n»Lf.**vf »’iilwo 

CONDITION* T*»f SAN! AT FOA FIftijAF N 

In making these plots it was necessary, to 
avoid creating interference, to use the 
lowest levels allowed by the sensitivity of 
the test.set. As a result each local air 
signal created a "spike" where the receiver 
swept past its frequency. The occurence of 
these spikes can be seen more clearly on 
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Figure 11, which showe the receiver response 
with tue transmitter ¿isronnected. In 
effect, this plot must be mentally sub¬ 
tracted from Figures 8 and 9 to obtain the 
anterjra losses. 

Table I 

No.of Resonant Meas. Meas. Comp. Comp. 
Sects. Freu. Loss Loss Loss Loss 

H■Pol. V.Pol. 100# Ref. Free 
1% Delay Space 
Increase 

FI&URt 11 
novp of lutai am» sims at u't siu 

PtrT "A" «.I*.. musMTTC* 
DISCONNtCTtD. •ten.'* CONttCTtO 
TO Twt 

•LOT *?' WITH IOTh CAiL't 
TtBwiwTrn to cMt'» »cm »otsiiiLt 
STRAY C0l#L!10. 

L fit.«. 

Comparison 

Measured With Computed Antenna Response 

As a cneck on these measurements, the loss 
between two antennas was computed by the 
method described in Appendix II. The loss- 
frequency characteristic was computed for 
three cases: for two half-wavelength 
antennas in free space; for the two 
antennas over a perfect reflector; and for 
the two antennas over a reflector providing 
100# reflection but with an added delay in 
the reflected wave of 7#. The 1% figure was 
used because it provided an excellent agree¬ 
ment with the measured response for the 
horizontal case. The computed responses for 
the three cases are illustrated in Figure 12. 
The computed losses at each of the resonant 
frequencies are shown superimposed on each 
of the measured plots (Figures 8 and 9) and 
they are also listed in Table I. 

11 56küz 

8 73 

6 95 

4 129 

3 161 

2 222 

1.5 277 

12.5dB 17 

18 20 

17 20 

21 21 

21.6 25.5 

28.0 23 

29.0 24 

12.69 11.98 

19.97 15.09 

15.07 17..38 

21.09 20.04 

20.62 21.96 

26.67 24.75 

30.54 26.67 

Several conclusions can be drawn from these 
comparisons. Agreement between the modified 
theory and the measured response for horizon¬ 
tal polarization is quite satisfactory(±2 dB). 
It is much less so for vertical polarization 
(± 5 dB). The former agreement tends to 
indicate that the errors due to the proximity 
of the two antennas and to other conductors 
in the area are relatively unimportant. 
There are two reasons why the results were 
not as good in the vertical case. In the 
first place, it is fundamental in regard to 
the reflecting properties of the earth that 
it closely approximates a perfect reflector 
for horizontally polarized waves, while the 
phase and amplitude of the reflected wave are 
very much affected by the nature of the soil, 
the angle of incidence and the frequency for 
vertically polarized waves. In the second 
place, the construction of the whip antennas 
was such that, in the horizontal case, they 
were at right angles to the feed cables, so 
that relatively little interaction might be 
expected. When the antennas were rotated to 
the vertical plane the lower half of the 
dipole was about a foot from the feed cable 
and parallel to it. In this case there is no 
question that there was considerable inter¬ 
action between the cable and the antenna, 
which undoubtedly contributed to the deviation 
of the measured response from that computed. 
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There is no doubt that a vertically polarized 
antenna can be constructed for which this 

effect is important. 

Loss vs. Treouencv Measurements 

T.ong Cable Samples 

To provide a simple way of describing the 
efficiency of the shielding of 
I have chosen to define a "System Shielding 
Factor". This factor is simply the increase 
in the loss (measured in decibels) that 
occurs when one of the two antennas, in the 
situation described above, is replaced by a 
"system", the nearest approach of the system 
being held at the same distance as the spac¬ 
ing of the two antennas, and the height of 
the system above ground being the same as 
the heign«. o' the two antennas. Having est¬ 
ablished these spacings, loss-frequency 
measurements were carried out by setting the 
lengths of the receiving antenna success¬ 
ively to each of the seven positions and 
sweeping the frequency as before. By com¬ 
paring the loss measured in this case with 
that measured with the two antennas, the 
"System Shielding Factor" could be establish 
ed for any given system at any one of the 
resonant frequencies. 

As an initial test, a 200 foot piece of the 
RG59/U cable whose transfer impedance had 
been determined (see Figures 7 (a) and (b)) 
was strung on wooden poles at an average 
height of 10 feet above the enrth. One of 
the test antennaß previously described was 
mounted 10 feet away from the cable and 50 
feet from the end at which the test signal 
was introduced. Its length was set to each 
of the seven positions used before, and the 
frequency swept as before. The result is 
illustrated in Figure 13. 

W MSrcAHf FRf'M'ICY “«i 

The response varies very rapidly with 
frequency, undoubtedly due to the fact that 
the outer surface of the shield constitutes, 
in effect, a long-wire antenna with many 
resonances and a complex directional pattern. 
The plot is also confused by the local 
signal "spikes" referred to above. It is, 
however, possible to estimate, at each 
resonant frequency of the test antenna, the 
peak response, and these figures are noted 
on the plot. The test antenna was then 

rotated to the vertical position and another 
series of plots was made, with the result 
shown in Figure 14. Again the maximum 
responses are noted. 

?22 277 «S0ÜANÎ FKEQUCNCV 

»t]*!l** LOSS «iw dB) 

These tests made on an isolated piece of 
cable might be useful in evaluating the 
shielding performance to be expected when a 
cable is used in a similar situation, e.g. 
as a CATV drop cable. In many cases, for 
example in the case of a CATV feeder or 
trunk cable, the cable is surrounded by 
lashing wire, and runs parallel to and 
closely associated with many other wires and 
cables. To get some idea of the effect that 
might be expected from such a situation, 
tests were made in which a 100 foot piece of 
the same RG59/U cable was strung along a 
complex array of cables that is used as a 
test facility at the laboratory. The plots 
obtained in this situation are shown in 
Figures 15 and 16. 

w ,j ,5 U9 «I 222 2JÍ «SM«! *! 

fini« 16 
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In an attempt to reduce these data to more 
manageable form the System Shielding íactor 
was computed corresponding to the major 
response in the vicinity of each resonant 
frequency. These data were further corrected 
for the measured transfer impedance of the 
cable used. 
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FIGURE 17 ^ 

SVSTE* SHIELDING FACTijPS CONFUTED 
fS RESULTS OF The PRECEDING TESTS 
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The result, shown in Figure 17, summarizes 
the results of the shielding vs. frequency 
tests in terms of the System Shielding 
Factor corresponding to a constant transfer 
impedance of one ohm per meter. This plot 
shows some interesting trends. The complex 
system, with many cables surrounding the 
test cable, showed generally poorer shielding 
than the simple system with the isolated 
cable, as evidenced by the fact that most of 
the crosses are above the dots on the plot. 
The shielding appeared to be poorer for 
vertical polarization than for horizontal, 
as evidenced by the fact that most of the 
points with circles around them are below 
the others on the plot. Finally, there 
seems to be a general, but slight, tendency 
for the shielding to improve at higher 
frequencies. With the limited amount of 
data available, it is obviously not possible 
to generalize, but these results pose some 
interesting questions for the future. 

100 foet along a piece of the same RG59/U, 
are shown in Figures 18 to 21 inclusive. 
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Loss vs Antenna Position Measurements 

With 

Long Cable Samples 

Since the energy intercepted by the test 
antenna is a rapidly varying function of 
both the frequency and the antenna position, 
it seemed likely that useful results could 
be obtained by holding the frequency const¬ 
ant and varying the antenna position. Tests 
were made at spot frequencies corresponding 
to the resonant frequencies of the test 
antenna. At each frequency the antenna was 
moved parallel to the cable under test in 
such a way that its spacing from the cable 
and its height above ground were approxi¬ 
mately constant at 10 feet. The antenna 
was physically connected to a cord which 
was wound on drums geared to a DC potentio¬ 
meter; this, in surn, provided an X axis 
drive for the X-Y Plotter, so that the 
plots are linear with disoance horizontally, 
and linear with decibel loss vertically. 
Some samples of the resulting plots, where 
the antenna was moved for a distance of 

}_«-IT .ir-H 

-w 

On each plot the calibration lines represent 
the System Shielding Factor corrected to a 
Transfer Impedance of one ohm per meter. 
Inspection of these plots shows several 
interesting facts. The peak Shielding 
Factors near the center of the cable agree 
quite well with those found by the other 
method and plotted on Figure 17. This 
would indicate that essentially the same 
information can be found by either method. 
Again the shielding for vertical polarization 
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appears to be poorer. For some reason the 
energy picked up by the antenna appears 4 o 

vary in a more regular manner for vertical 

polarization than for horizontal. 

Conclusion 

This paper has presented some of the funda¬ 

mentals in regard to cable shielding and 

shielding test fixtures, and described some 
of the tests made in an attempt to correlate 

Transfer Impedance with signal leakage under 

somewhat realistic conditions. There is not 
sufficient data to provide any conclusive 

results. Based on experience with these 
tests, it is the author's opinion that the 

better of the two methods is the secjnd, 

employing fixed frequencies and variable 
position. A great deal remains to be done 
to refine this technique. To nave a tech¬ 

nician walk along the sample, dragging a 
feed cable behind him and trying to estimate 

the height and spacing of the antenna repre¬ 
sents a very crude approach. Much greater 
accuracy and repeatability could be achieved 

by arranging some kind of track for the 

antenna, and a form of telemetry so no 
connecting cable would be required. Another 

major improvement would be achieved by 
providing the test area with a highly re¬ 

flective metallic ground plane so that, 
particularly for vertical polarization, the 

environment would be more closely calcux^ble. 
With these improvements it would seem that 

this approach could provide a powerful 

technique, not only for relating the Transfer 
Constants to real life, but for making mean¬ 

ingful measurements of tue radiation char¬ 

acteristics of cables as well as a variety 

of devices used with cable. 

APPENDIX I 

The Develooement of Equations 2 Througn ^ 

Figure 22 

Referring to Figure 22, consider a section of 

shielded cable which is very short compared 

to a wavelength, and which is terminated at 

both ends bv its characteristic impedance 
(System . :.ssume that it is surrounded by 

a second shield, so that the outer surface of 

the cable and ;he inner surface of the shield 
form another* system which is terminated at 

the right-hand end by its characteristic 
impedance (System 1). Further assume that 
the two systems are coupled by a mutual cap>- 

acitance Cr£ , where C12 is xhe mutual cap¬ 

acitance per unit length, and £ is the length. 
Also assume that the coupling reactance is 

very large compared to the characteristic 

impedances, then: 

V. 

= "2^1 I.-, = T1 
M2 

since X 

and V2 -- 

12 - 2IT f-C 
12* 

v2 = V,. 

12 

z02.2-nfcj(1 
7) 

K 

Now, referring to Figure 2;, consider two 
similar systems coupled by a mutual impedance 

Z„Í which is very small compared to the 

characteristic impedances. is the trans¬ 

fer impedance per unit length. In this case: 

V1 

^1 

and 

and thus V2 = 

12 ' 

h? 
-F 

= 

Vt8 

'01 

Vt< 
J01 

T2 
(8) 

To find the value of the IEC "Capacitive 

Coupling Impedance" (Zp), which is a fic¬ 
titious transfer impedance giving the same 
output voltage as that due to C^2, it is only 

necessary to equate the output voltages in 

equations 7 and 8, replacing Z^, in 8 by Z^: 

V1Z022 1(M2^ = V*Zl 
so: 

"‘OI 

Z-, - ZmZ052TrfC1P, which is equation (2), 

Equation H). the Response of the IEC 

Transfer Imredance Fixture 

which is Equation (3). 

/ 
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r
f4l; The Re3i.0n^e of ti.e I£S 

d. Ca[-aclt,ar.ce fest Fixture 
Fi«-re

uuatlor.

lUbtdrftxlal Cat^acl _________
e/er to'"fi«-.re Tr.ir circuit diagram
applies to tne fixture ir. questicr., except 
that there is no terminating resistor in tne 
outer system of the lEC fixture, i.e. Zq. is 

Since its absence has no effect on
in this case;omitted. 

V
'1'

equation (7) applies equally
V,

so C,'2-----------2
which is Equate'

"2
77

1
tr fZr

(4).

fel♦ lor f ^ 1 ! The ResDor.se of the Terminated
rrlax

Refer to Figure 27. This circuit aiagram 
apflies to the forward response of tne 
fix'ure Jn question except tnat, when the 
velocit.es i/. the -wo systems are matched, 
there is no restriction on the length. Thus;

V,Zt^
(Eq. 8), so Z,j

which is Equation (5).

^2 ^^91
^ i

APIENDIX II
THE ipERTipt: 1033 BETregr T^TE^IKALS

Ir. Free --tace:
The power Sensity at a distance due to any 
transmitting antenna is given by;

Where;

P.- - ('i)

Pj. is the power density in watts 
^ per square meter 

0 is the power gain of the antenna 
relative to an isotropic radiator. 

P_ is the radiated power
is the distance in meters

m

and the insertion loss = 20log

Over a Perfect Keflectcr;

^T

Ao

1 Figure 25

represents the transmitting antenna

the receiving antenna, ar*d

an "image" antenna hypothesised to allow
convenient treatment of the reflected wave.
is the perpendicular distance from each
euitenna to the reflector
is the spacing between the transmitting
and receiving antenna
is tne spacing between the image antenna 
and the receiving antenna

R (2h)‘

The output of the receiving antenna was com­

puted by assuming that A. and A- radiated 
equally, the resulting ‘‘'output'*’ power from 
A. being determined by summing the two com­

ponents at Aj,. The magnitude of each com­

ponent was found by using Equation (10) 
for each frequency and for the two paths.
The phase of each component was found by 
assuming a delay equal to the electrical 
distance in each path, with an assumed 180° 
phase reversal at the point of reflection.

The effective "capture area" of any receiving 
antenna is given by;

‘ ^ ^ (^V
Where; A is the capture area in square

meters.

A is the wavelength in meters 
F,™ is the corresponding frequency 

in megaherz
The output power from the receiving antenna 
is found by multiplying the power density 
by the capture area;

® FA \ 2
and the power ratio is j (10)
For half-wavdlength dipoles G = 1.64 so 
this reduces to;

i? ■ feY - ^
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STRUCTURAL h¿TURN LOSS ASSOCIATED WITH 2.6/9.5 COAXIAL CABLE 

FOR 60 KHz ANALOGUE SYSTEMS AND HIGHER CAPACITY FUTURE DIGITAL SYSTEMS 

J.R. Osterfield S. Longoni ft A Manllll 
PiwMi General Industrie Pirelli S.p.A. 
United Kingdom Italy 

SUMMARY 

The structural return loes (SRL) must be considered 
when using coaxial cables at high frequency. The 
causes of SRL peaks occurring during the manufacture 
of coaxial cable are discussed and the measurement of 
SRL by the o.w. burst method is described. 

A simplified method is suggested for measuring the 
returned power in discrete bands, a parameter of 
interest to system designers considering coaxial 
cables fc. dignai operation. The paper compares the 
results achieved with those of a conventional method. 

The effect of SRL on the design of two layer 2.6/9.5 
disc insulated coaxial pair cable is considered. A 
prototype design of 18 tube cable is shown to exhibit 
SRL peaks resulting from tube distortion caused by 
interaction between layers. New designs of cables 
are discussed involving the extensive use of fillers 
and the variation of stranding lay within a cable 
length to minimise the effect of the SRL peaks. 

INTRODUCTION 

The 2.6/9.5 disc Insulated coaxial pairs have been 
operated at 12 MHt in Europe and Japan giving capaci¬ 
ties of 2700 two way voice channels per pair of co¬ 
axial tubes. Even in the United States the omon L4 
system with a capacity of 3600 channels operates below 
18 NHs. Hence sn adequate control of quality for 
system perfonsance has been possible by checking the 
uniformity of impedance and the tube end impedance of 
coaxial cable by short pulse echoes 1 to ensure dis¬ 
crete impedance irregularities are not built into the 
transmission system. The sine squared 50 n,ec wide 
pulse used with its spectrum of 20 MHe amply covered 
the bandwidth for aystem performance. 

Now, however, 10800 channel systems are being com¬ 
missioned for RDM systems operating to 60MHz with talk 
of higher capacity systems in a digital mode. The use 
of 10 nsec and 2 nsec wide test pulses could provide 
bandwidths of 100 MHz and 500 MHz respectively but 
owing to the cable attenuation present at thsse high 
frequencies pulses particularly of the latter width 
are unlikely to penetrate far into the cable. Also 
the transmission performance of cables at high fre¬ 
quencies is influenced by small periodic irregularities 
which are sufficiently small, if oonsidsred individ¬ 
ually, not to be discernible by the 50 nsec and lOnaec 
wide pulse test. Because the small reflections from 
the irregularities are equidistant they sum in phase 
at particular frequencies giving riss to peaks of 
reflected energy oommonly known as SRL peaks. 

CAUSES OF SRL PEAKS IN CABLE MAHUFACTORE 

The outer conductor of our 2.6/9.5 ooaxial tube is 
made from a copper tape whioh is formed longitudinally 
with its edges butting and is held together by tension 
in the steel screening tapes which are applied overall. 
Should pressure be spplled to one point on the surface 
of a tube and this point of application rotated 
helically along the tube, non uniform distortion will 

occur each time the pressure is applied to the tape 
seam. This may be represented schematically in 
Figure la as a series of equally spaced irregularities. 
The energy reflected from each irregularity will be 
in phase for a fundamental frequency having a wave¬ 
length twice the distance between irregularities and 
for all harmonics of it. 

i 
[ohf*. 

Fig. 1 Schematics of impedance irregularities. 

A special case is given by symmetrical irregularities, 
shown schematically in Figure lb, which could occur 
with cyclic variations in the copper tape thickness. 
In this case all even harmonics will cancel. 

An example of the effect on SRL peaks of unsatisfact¬ 
ory tape is shown in Figure 2a. As predicted the 
second harmonic is shown not to be present. A plot 
of the sinusoidal variation in mase is shown in 
Figure 2b. The frequency of the fundamental has been 
superimposed on weight measurements and gives good 
agreement• 

The tolerances of thickness of the order of a few 
micrometres currently asked for the 12 MHz cables, 

already near the practical limit of control by 
normal measurement techniques. It should be possible, 
however, to alter the manufacturing proceesee of the 
tape perhaps with a change of roller diameters to 
ensure the period of irregularities is reduced to 
push the fundamental frequency above 60 MHz to a 
region where so far the requirements on SRL peaks are 
less severe. 

The deformations produced from the periodic thickness 
and width of copper tape are also Influenced by the 
mechanical stability of the tube. Non uniformity in 
the degree of anneal along the tape and in the working 



of it during the tube fnming process could lesd to 
fluctuations in the ancont of tepe edge reopening 
before the steep taping heads. This would add import¬ 
ance to any variability in steel tape tension. 

As the tubes are laid up with almost complete detoiw 
tion the cable strand closing die will exert a pres»- 
ure against the tape seam of each tube once for each 
revolution of the carriage. Figure 3a. 

Fig. 2a Fig. 2b 

Fig. 2 SRL peaks arising from symmetrical variations 
in the dimensions of oopper tape. 

F y 3d 

Fig. 3 Tube configurations on stranding machines. 

At the caterpillar or capstan of the atrander suffix 
lent pressure must be applied to the tubea to pull 
the cable core through the machine and it will be 
applied to each tape aeam at intervals of the strands 
ing lay. On the take up drum the tape aeam will again 
be subjected to a periodic pressure from the weight 
of the layers of laid up cable. 

Although oopper tape is probably the major cause of 
SRL peaks resulting in the manufacture of tube, other 
possible causes are given in Table I. 

Table I Causes of Periodic Irregularities in Tube 
Lrr&rsm 

Causes of Irregularities Period 
(-) 

Fundamental 
frequency 

(MHs) 

Capstan 

Steel tape supply bobbin 
- enter turns 
- inner turns 

Taka up bobbin 

Centre conductor supply bobbin 
- outer turns 
- inner turns 

Copper tape pad 
- outer turna 
- inner turns 

Disc applicator 

3770 

4230 
2470 

3160 

1760 
1476 

1460 
346 

999 

38 

34 
59 

46 

82 
98 

98 
420 

145 

Perhaps the most interesting area is that of periodic 
irregularities arising from inclined or parallel 
cradle pay off bobbins, Figures 3b and 3o. In the 
former case Coriolis acceleration accounts for a 
pulsating pay off tension related to the speed of 
rotation of the carriage and the angle of inclination. 
In the latter case each tube is subjected to addition¬ 
al bending in a plane rotated around its circumference 
for each turn of the carriage. It has been found in 
practice that for our machine with an angle of 
inclination of about 15° the effect of Coriolis 
acceleration is not significant for a carriage speed 
of 12 rpm. 

Although our stranding machines are designed to be 
torsion free observations, by marking the tubes with 
a longitudinal line corresponding to the seam of the 
oopper tape at the pay off bobbin, show a random 
variability of torsion at the stranding die. The 
variation which is not the same of all tubes is 
probably influenced by the distance between payoff and 
stranding die, by intermediate supports which limit 
the free catenary of the tubes and from the type and 
stability of the pay off bobbin braking system. 
While the irregular torsions of the tubes favourably 
assist with a reduction in the sise of the 3RL peaks 
with diffusion of the periodic irregularities, any 
resulting irregular movement of the tubes way from 
their desired geometrical position can be serious if 
the no . uniformity of distance between adjacent tubes 
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causee a tube to stand proud of the layer. It will 
then be exposed to greater pressures, than the other 
tubes, fron the capstan and the weight of the layers 

of other turns. 

During the rewinding processes associated with other 
manufacturing stages some novenent of the tubes occurs 
which distributes then nore equally in the space 
available. Those defomations within the elastic 
Unit are therefore given a chance to relax with a 
resulting inprovenent in quality. Eventually a point 
is reached where the tubes start to deteriorate with 
continued reworking of the cable core. Of course, 
those irregularities which are pemanently deformed 
nay become worse. Generally the worst peak nay 
deteriorate by 1 to 2 dB with an average inprovenent 
for the rest of the tubes in the cable being much nore 
marked when the quality is poor. 

It has been shown 2 that the magnitude of the SRL 
peeks is a fr-ction of the magnitude of the Irregu- 
laritiea, the cable attenuativu and the length of 
cable involved. Also the magnitude of harmonica is 
effected by the proportion of distorted tube relative 
to the period of the irregularities. Depending on the 
asymmetry of the irregularity period the SRL peak at 
the fundamental may be of smaller amplitude than the 

harmonica. 

CW BURST TEST METOOD 

The conventional method of assessing SRL relies on 
measuring the ratio of the reflected to the incident 
wave at the cable end using an r.f. bridge and a c.w. 
signal. By sweeping the frequency an aaseewent of the 
bandwidth can be made. However, above 50 MHz diffi- 
culties arise from residual vswr in the connectors and 
in the matching of the cable to the bridge. The 
problem* may be overcome 3 by pulsing the c.w. at any 
particular frequency through suitable gating, md 
sampling the reflected signal when it is free from the 
incident c.w. burst. The signal at the end of the 
cable can be displayed against time graphically, 

Figure 4. 

the end of the cable is from the reflections as a 
result of interaction of the incident burst with a 
particular segment of cable. Thus the segment AB is 
the result of sampling at C a finite time after the 
burst. By increasing the length of burst the segment 
of cable will be increased. 

In practice the point C must be sufficiently behind 
the burst to allow its tail to decay. Hence the 
burst time should be twice the propagation time down 
the cable less twice the time to sample after the 
buret. In this manner the reflections from most of 
the cable will be obtained. Normally the sampling 
point C is 50 nsec after the burst thereby gating 
out the first 7m of cable. A schematic of the test 
equipment is given in Figure 5» 

Fig. 4 Reflection of c.w. burst signal 

As the speed of propagation is the same for the 
incident and reflected waves the position of the 
waves with respect to length along the cable and time 
may also be displayed. The back scatter received at 

Fig. 5 Block diagram of c.w. burst 

The length jf t. e lead to and from the bridge is 
important since multiple reflections occur between 
the enis of each lead following the end of the c.w. 
burst. As the majority of the energy in the leads is 
dissipated in the terminations and not from cable 
attenuation short leads are chosen to decay the signal 
more quickly. In order to sample 50 nsec after the 
burst the leads are restricted to about 2m. The gate 
is also critical because it is used to mask out the 
incident signal during the sampling of the reflected 
signal. The HP modulator Type 10514A works well in 

this function. 

Although the c.w. burst measurement was developed for 
the measurement of SRL peaks it is sensitive to the 
presence of significant discrete irregularities 
particularly when these are near the end of the cable. 
The trace given in Figure 6a shows the effect of a 
64 dB irregularity (measured with a 50 nsec pulse) 15m 
from the end of the cable. The result of gating out 
this irregularity is shown in Figure 6b. 

* 
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MEASUBEMEOT of mean POWER Rj 

Fig 60 fa 60 

Pig. 6 The effect on a SRL trace of a 64 dB discrete 
irregularity 15® fron the end of the cable and 
the result of gating it out. 

RF Bridge? 

•JiogV 

There is a growing opinion that the average power re¬ 
turned should be specified especially for high 
frequency digital performance. Already the British 
Post Office is requesting that the mean power returned 
in any 10 MHz band should meet certain limits for 
coaxial cable systems which will eventually be worked 
in a digital manner 4. 

A novel method of monitoring this parameter is a 10MHz 
moving band across the required bandwidth. The 
technique involves modulating the sweeping frequency 
with a 10 MHz signal by applying a sawtooth waveform 
to the sweep generator and averaging the output obtain¬ 
ed. The voltage existing at the linear detactor out¬ 
put of the c.w. burst equipment should be squared and 
integrated, Figure 7, before being presented to the 
logarithmic amplifier. However, since the voltage 
at the output of the logarithmic amplifier (20 log^oV) 
can be recorded equally as power (10 logic V ) the 
slow response time of the pen recorder will provide 
an integrated output. Good agreement between the two 
methods, Figure 8, is achieved so long as the SRL 
peales do not exceed 30 dB. 

By modifying the e.w. burst equipment to modulate the 
sweeping frequency with a 10 MHz signal, at the flick 
of a switch the measurement of power in band can be 
eaeily plotted on the SRL trace of each tube, for 
instance during the flyback of the sweep generator. 

Jlog V logjv* loîv 

Fig. 8 Traces of the mean power returned compared 

Fig. 7 Block diagram of the measurement equipment for wlth the original 3RL signals, 
the mean power returned. 

y 
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WfflTFTCATIOHS TO HgSION TO HODBUTE 

3RL PEAKS 

In the design of eeblee to reduce SRL peeks pre¬ 
cautions are taken to reduce to a mininum the 
pressures between tubes in the same layer and between 
each tube and all others in adjacent layers. In an 
early design an inadequate belt between the two layers 
of an 18 tube cable caused SRI peaks at the frequency 
relating to a combination of the lays of the two 
layers. Figure 9a. The SRL trace figure 9b, for a 
tube fron the centre of the ceble, shows no signs of 
the interaction as the frequency involved is above 
600 MHz. 

(mh.) 
SflO 

—15° 

_ ißo 

- 250 

— 28° 

• HP 

—tap i 
24 dB 

rig. 9 a Fig. 9b 

Fig. 9 SRL traces of any early design of 18 tube 
cable. 

In the application of these rules it was noted that in 
the 18 tube cable sufficient room was created in the 
outer layer to allow space for 13 tubes. The 13th 
element is used to contain a group of control quads. 
The construction, Figure 10a, is being used by the 
BFO for its first 100 mile 60 MHz installation. Two 
experimental Italian constructions adopting the same 
principles are given in Figure 10b and 10c. Results 
for these two cables are given in Table 2 below. 

.UW V 

N-tKVt Aw 

£AKR ‘lufcrç» 

_ 
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PlASt't SH€AfM 

f>a 10 b 

Pig 10c 

Fig. 10 Lay ups of multilayer coaxial tube cables. 
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Design criteria can be condensed into four rulesl- 

(1) The bedding under each layer should be of excess 
dimeter to that requiredfor a perfect geometric¬ 
al lay up of tubes to allow some room for re - 
adjustment subsequent to the stranding operation. 

(2) The surface of the bedding should be as regular 
as possible using suitably deformed intersticial 
filiare in the layer below. 

(3) The softest belt possible should be adopted making 
extensive use of crepe paper alternated with 
smooth paper tapes all applied with a low tension. 

(4) Maxi— protection of the external layer of tubes 
should be obtained by the use of a eoft belt or 
by the adoption of deformable intersticial 
elements of sufficient size that they protrude 
with respeet to the layer of tubes. 

-r 
16 tube (4 ♦ 12) 16 tube «. «i 

lit layer I 2a4 layer 
(•5H <•) 
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Generally the SRL peaks of the centre tubes are worse 
than those in the outer layer. This is n°t beesuae 
the tubes make two pa .see through the stranding machine 
but because of the shorter stranding lay used. 

The reoonmendatlonr suggested to minimise SRL peaks do 
lead to some increased oosts resulting from increases 
in cable dime4 er, and from a slow down in the 
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stranding operation. The use of thick crepe paper 

incurs frequent machine stops for pad changes. Also 
the use of fillers increases the machine loading time 

and necessitates greater care on the part of the 
operator to prevent crossover of the elements during 

stranding. 

It has been argued that with the use of long lay 
lengths the advantage from the greater spacing between 
irregularities is off set by the lower cable attenua¬ 

tion from a corresponding lower fundamental frequency. 
With the c.w. burst technique it is a simple matter to 
record the magnitude of the SRL peaks for increasing 
lengths of cable by adjusting the width of the c.w. 

burst. The value of the fundamental SRL peak has 
been plotted against cable length for two different 
stranding lays, Figure 11. The solid curves shown 
have been derived theoretically from an assumption of 
the reflection coefficient. It can be seen that for 
equal . ngt’ of cable the longer the stranding lay, 

the lower the SRL peak. 

*R.l.- PI A«S 

(d.) 

Fig. 11 Variation of the magnitude of the fundamental 

SRL peak with cable length. 

Measurements of the SRL on 8 tube cables manufactured 
with and without fillers lead to results (average SRL 

peak») which confirm the improvement possible with 
long leys, Figure 12. The improvement in the fundan 
mental is less marked when fillers are used, which is 
possibly because of the improved quality achieved. 

Since the SRL peaks generated at the harmonic 
frequencies will depend only on the percentage of 
deformed tube in each period between irregularities 
and the magnitude of these irregularities, they will 

not alter with a change of stranding lay. The 
results confirm the theory that the lengthening lay¬ 
off ects the distance between deformations but does 

not reduce their magnitudes. 

1RL PCHHS 

(d<) 

Fig. 12 Schematic of the effect of fillers on the 
SRL peaks of 8 tube cable for different 

stranding lays. 

Trials with the use of a continuously variable strand¬ 

ing lay have shown the possibility of reducing large 
SRL peaks associated with the stranding lay. The 
cable was laid up with a range of lay determined by a 
choice of gears. The variations were obtained by means 

of a PIV box driven from a reduction motor. In one 
experiment a triangular vartation to alter the lay 

between 880nmi and 1100mm in a period of 50m was 
adopted. The results are given in Figure 13. 

Fig. 13 SRL trace of a continuously variable lay. 

The trial was carried out with 8 tube cable. The 
results obtained although anmerically limited are 
sufficient to indicate the fundamental characteristic 

of the variable stranding lay. The SRL peaks are 
distributed in a relatively uniform manner in the 
intervals determined by the fundamental frequencies 
corresponding to the extreme values of lay. Although 
the continuously variable stranding lay reduces the 
magnitude of the SRL peaks it does not reduce the 
amount of energy being reflected. Hence with such a 
technique the power in band requirements of the BPO 
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are unlikely to be achieved. To overcome the diffi¬ 
culty a change of lay by discrete steps has been 
tried. 

Stranding oomnences with the longest lay possible until 
the fundamental SRL peak reaches an arbitrary value 
for the length of cable involved. The lay is then 
reduced by an amount that will ensure that the new 
fundamental peak does not overlap the tail of the 
first. The process is repeated once or twice more 
until half the desired length of cable is stranded. 
Then the second half of the cable is stranded as a 
mirror image of the first. 

The SRL traces of three and four lay designs for 750m 
lengths of 4 tube cable are shown in Figure 14a and 
14b. In the latter case the mean power in band is 
displayed which is shown to fall well within the 
requirements of the British Post Office. 

30 <J0 40 dB SC dB 30 dB 40 dB St dB 

In tube manufacture, the quality of the copper tape 
plays the major role in the generation of SRL peaks. 

Peaks through other causes can be controlled by good 
maintenance of the machinery. The principle causes 
of SRL peaks at the stranding stage arise by the 
deformation of the tubes in the strander closing die, 
from the pressure exerted by the caterpillar or 
capstan and from the size of the barrel of the take 
up drum. 

Trials with the use of a continuously variable lay 
have shown the possibility of reducing large SRL 
peaks associated with the stranding lay. In order to 
also improve the returned power characteristic a 
change of lay by discrete steps has been tried. 

The analytical work described above has only been 
possible by the quick and accurate assessment of 
SRL peaks uncluttered by mismatches from cable 
terminations or test leads. This has been possible 
by the use of the c.w. burst and power in band 
techniques evolved. 

RKFERKMCES 

1. E. Baguley and F. B. Cope: "A Pulse Echo Test Set 
for the Quality Control and Maintenance of 
Impedance Uniformity of Coaxial Cables". British 
Post Office Electrical Engineers Journal, Vol. 44 
Part 4, January 1952. 

2. J.A. Olszewski and H. Lubarst "Structural Return 
Loss Phenomenon in Coaxial Cables”. Proceedings 
of the IEEE, Vol. 53, No. 7, July 1970. 

3. G. Rosmant "Assessment of Coaxial Cable for 
Frequency-Division-Multiplex Transmission by 
Means of a C.W. durst Test Signal". Proceedings 
of the IEE, Vrl. 117, No. 1, January 1970. 

4. British Post Office Specification CW 217A for 
Cable Coaxial 2.6/9.5F (4, 6, 8 and 18 pairs). 

Fig, 14 SRL traces of a change of lay be discrete 
steps. 

CONCLUSIONS 

The paper has shown the important causes of SRL peaks 
in the manufacture of disc insulated coaxial pairs 
particularly in two layer constructions. The problem 
should be tackled in three phases, cable design, tube 
manufacture and stranding of the cable. 

The cables should be designed to have minimum pressure 
between the tubes by building up the belt between 
layers and by the use of intersticial fillers. In 
addition the softest possible belts should be used 
over the laid up tubes by making extensive use of 
crepe paper applied with a low tension. 
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MICkOCOAXIAL CABLES IN THE PCM MEDIUM BIT KATE ITALIAN 

TELECOMMUNICATION NETWORK AND THE1K DEVELOPMENT 

P. Calrolari 

A. Manilii 

Industrie Pirelli S.p.A,, 

Milan, Italy 

Summary 

After a brief historical introduction on the 

development of the microcoaxial cable, the 

present sit stien of the Italian digital net¬ 

work, in which this type of cable is widely 
used, is described. 

A cost comparison between PCM systems at 120 

and 4b0 channels (b and 34 Mbit/s) on micro- 

coaxial cable and FDM systems at 9b0 and 2700 

channels on 1.2/4.4 mm coaxial cable (4 and 
12 MHz) is given. 

Future deve. opments in the use of the micro¬ 

coaxial cable both in the analogue and digital 

transmission are examined, making reference in 

particular to television and video-telephone 
signals. 

The paper describes the constructional and 
electrical characteristics of the present 

microcoaxial cables, their manufacturing lines 

ond the cable links reliability. 

1. History 

A cable particularly suitable for digital 

medium bit rate transmission in the trunk 
network was studied in 1967. 

The problem was approached at first by .on- 

sidering two possible alternative: 

a) a cable made up of two or more quad units 

for each transmission direction, each 

properly screened to obtain the same trans¬ 

mission characteristics given by independ¬ 

ent quad local cables; 

b) a cable with microcoaxial pairs that from 

a manufacturing point of view would be less 

expensive than the conventional coaxial 

pairs currently used in FDM transmission 
over long distances. 

Solution a) was discarded after preliminary 

tests showed that it would not be possible to 

manufacture such cables with the same type of 

quads and units used in the manufacture of 

standardised local cables. 

A small diameter coaxial pair (0.65/2.8 mm) 

insulated with cellular polyethylene was then 

designed, initially without outer steel screen. 

The outer steel screen would not be necessary 

G. Paladin 

F. Scrofani 

S.I.P. - Società Italiana Per 

1'Esercizio Telefónico p.A., 
Home, Italy 

if the digital transmission has a bit rate 

higher than the value at which the near-end 

cross-talk noise ia of the same level as the 

thermal noise ('critical* frequency of about 

6 to 7 Mbit/s). 

In the same year the fundamental parameters of 

an integrated digital transmission system using 

microcoaxial cables \ ¿re defined with a bit rate 

of about 8 Mbit/s and a repeater spacing of 

4 km.* Afterwards the feasibility of digital 

transmission at 34 Mbit/s, with a repeater 

spacing of 2 km, was examined. 

However, at a later date, it was decided to 

adopt a conventional construction with outer 

steel screen in order to obtain a cable which 

is not only better for medium bit rate digital 

transmission, but also suitable for analogue 

transmissions of different kinds.^ 

The present dimensions of the microcoaxial pair 

are 0.7/2.9 mm. 

2. Microcoaxial Cable Network Development 

As already stated, the microcoaxial cable was 

designed as a carrier for digital systems at 

b Mbit/s (120 channels) and at 34 Mbit/s (480 

channels). It was also planned for use in FDM 

transmission at 900 channels to meet some spec¬ 

ific requirements of the Italian telephone net¬ 

work, e.g. supergroup trsnsmission, connec¬ 

tions between exchanges and radio-relay links 

located some miles away, etc. 

The results of a cost comparison between PCM 

systems on microcoaxial cable (120 and 480 

channels) and conventional FDM systems on 1.2/ 

4.4 mm coaxial cable (960 and 2700 channels), 

as a function of the link length and the number 

of circuits forecast for the next twenty years, 

are shown in Fig. 1. 

The costs included the installed cable, its 

accessories and the line and terminal equip¬ 

ment. Some degree of approximation had of 

course to be accepted when evaluating the 4b0 

channel systems, which are just now in a trial 

phase (a 4b0 channel connection approximately 

20 km long was installed in the Milan area in 

early 1974), but the actual costs of the above 
systems will not affect, in our opinion, the 

results of the comparison. 
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The area under curve A repreaenta the range of 

optimun uae for PCM 120 channel ayatena. 

Conventional low frequency or high frequency 

ayateata, mainly with 12 channela, on aymmetric 

pair cablea (e.g. 0.9 mm DM cablee) were uaed 

for auch linka in the paat. The area bordered 

by curve B repreaenta the range of optimum uae 

for PCM 4b0 channel ayatema, while the area 

bordered by curve C repreaenta the optimum 

range for FDM ayatema with 960 channela on 

1.2/4.4 mm coaxial cablea. The upper aide of 

the diagram refera to 2700 channel ayatema on 

1.2/4.4 mm coaxial cablea. It haa been fore- 

caat that the medium diatance link of the Italian 

trunk network (with a length of approx. 15 to 

100 km) ahould not exceed in 20 yeara a maxi¬ 

mum number of approx. 10 000 circuita. 

The lii.~w t'.^refore fall within the optimum 

areaa of PCM ayatema bordered by curves A and 

B. 
The above concluaiona could be aubject to 

aome alight modificationa when the PCM ayatema 

with 1920 channela (140 Mbit/a), on 1.2/4.4 ■■ 
coaxial cable, now atill in a trial phaae, are 

operating. 
Up to 1974, S.I.P. (the Italian Telephone Oper¬ 

ating Company) inatalled a total amount of 

approx. 70 000 km of coaxial paira. 

3. Characteriatica of the Link 

The problem of the link reliability received 

a great deal of attention, due to the high 

number of circuita that can be carried on 

microcoaxial cable ayatema (a 4b microcoaxial 

pair cable equipped with 4b0 channel ayatema 

carriea 11 520 circuits). 
In order to improve reliability many protec¬ 

tive meaaurea were atudied and implemented, 

the moat important being: 

a) cable laying at a 70 cm depth in a cement 

trough; 

b) almoat in all linka, an aluminium aheath 

waa adopted. Thia, beaidea improving the 

cable mechanical atrength, providea an 

effective protection againat dauagea cauaed 

by induced overvoltagea; 

c) a 4 mm thick polyethylene overall jacket 

which greatly improvea the cable dielectric 

atrength; 

d) a galvanised ateel ahielding wire laid 

approx. 25 cm over the cable in order to 

obtain a remarkable reduction in the volt¬ 

age break-down atreaa due to lightninga; 

e) preaauriaation of al) linka uaing continu- 

oua flow gaa preaaure ayatema with preaaure 

alarm gaugea along the cable route; thia 

allowa immediate detection of preaaure 

loaaea which are aignalled to the manned 

terminale. 

All linka «re deaigned for their maximum 

capacity, i.e. with repeater apacinga of 2 km 

for 34 Mbit/a ayatema. Metallic houainga were 

inatalled where the line equipmenta will be 

located. It is worthwhile pointing out that 

also 900 channel FDM systems have repeater 

apacinga of 2 km. 
Splicing methoda are, generally apeaking, con¬ 

ventional . 
Statistical pulae echo measurementa, carried 

out on all links, did not reveal impedance 

reflectiona exceeding the values to be expect¬ 

ed for random allocation of the cable lengths. 

A higher tolerance of the impedance range, in 

relation to the one required by the 1.2/4.4 mm 

coaxial cable linka, uaed for analogue system 

tranamisaion, allowa remarkable savings in 

splicing coats. 
An approximate comparison of splicing coats 

between 1.2/4.4 mm and 0.7/2.9 mm coaxial 

cables is shown in Fig. 2. 
Microcoaxial cables splicing costa are approx. 

50JÉ lower than those of 1.2/4.4 mm coaxial 
cables with the same number of coaxial pairs. 

This investigation covered only links with 

lengths in the range of 40 to 120 km. 

4. Considerations on the Electrical 

Characteriatica of Digital Network 

The multiplexing hierarchy that was atudied 

for digital tranamisaion waa not only suit¬ 

able for the characteriatica of the micro¬ 

coaxial cablea, but also for those of digital 

radio linka at 13 GHi.^ 
Thia hierarchy (see Fig. 3) was standardised 

in Europe by CEPT (Conférence Européenne Dea 

Administrations Dea Postea Et Télécommunica¬ 

tions). 
The tranamisaion at b,44b Mbit/a takes place 

with a ternary code type IB/lî (each binary 

pulse ia converted into a ternary pulae). 
The transmission at 34,469 Mbit/s is carried 

out using a ternary line code type 4B/3T (4 

binary pulses are converted into 3 ternary 

pulses). The line bit rate ia then 3/4(34,368) 

- 25,776 Mpulaea/a. 

As far as the regenerators are concerned, an 

automatic gain control ia provided in order 
to obtain regenerative sections having attenu¬ 

ation values which fall within a fixed inter¬ 

val, with adequate margins of safety. 
The values of the line attenuation limit at 

the Nyquiat frequency f0 (half the frequency 

of the pulses) are found with th; following 

equations : 

(o< + £0» ) Vf¡ (h + Ajh) - Amx dB 

(o< - A « ) iTfl (h -A2h) - A.in dB 
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where : 

c* « b.9 dB i« the ceble attenuation at the 
frequency of 1 MHz, for 1 km length and 

at the temperature of 10*C; 

A,ck ■ 0.7 dB ia the variation range of c* , 

i.e.t 0.4 dB for the cable differences 

and 0.3 dB for thermal variations within 

10 + 15*C¡ 

f0 - 4,224 MHz for 8,448 Mbit/s; 

f - 12,888 MHz for 34,366 Mbit/s; 
o 

h - 4 km for intermediate sections 

at 6,446 Mbit/s; 

h - 2 km for terminal sections at 8,446 
Mbit/s and all regenerative sections at 

34,368 Mbit/s; 

A h - + 0.1 km are the tolerances for 
* the actual length of the 

A 2h “ *’ * regenerative sections 

coaqxared with the nomi¬ 

nal one 

approx. 2.9 mm. Besides the circular one, 

other forms of insulation could be used, for 

instance a shaped cross section. 

The outer conductor is a copper tape 0.1 mm 

thick, applied longitudinally with an overlap¬ 

ping covered by a longitudinal screen (a steel 

tape 0.1 mm thick). The pairs are manufactured 

in such a way that the edges of the copper 

and steel tapes are always far from each other 

and their overlappings are in opposite direc¬ 

tions. Two paper tapes with opposite lay are 

applied overall, thus increasing the mechan¬ 

ical strength and, at the same time, providing 

insulation between the coaxial pairs. 
The finished pair, very strong and compact, 

has an outer diameter of approx. 4 This 

diameter is respectively 2/3 and 1/3 of outer 
dimensions of the pairs standardised by 

C.C.I.T.T. (1.2/4.4 mm and 2.6/9.5 ■“) • The 

reduced dimensions and the much simpler manu¬ 

facturing process described later, lower the 

cable costs and, as a consequence, the cost 

of the system. 

On the basis of the above data, the regenera¬ 

tors must operate within the following atten¬ 

uation ranges: 

- intermediste regenerators for 8,448 Mbit/s: 

50.6 to 80.9 dB at 4,224 MHz 

- terminating regenerators for 8,448 Mbit/s: 

16.6 to 41.4 dB at 4,224 MHz 

- regenerators for 34,366 Mbit/s: 

29.4 to 72.4 dB at 12,688 MHz 

5. Improvements in the Cable Characteristics 

The characteristics of today's microcoaxial 

pairs are the result of a thorough investiga¬ 

tion carried out on the first cables manufac¬ 

tured. 
In fact the coaxial pairs are subjected to 

torsional stresses both during manufacture 

and subsequent stranding. Such strains could 

cause a rapid decay in their cross-talk per¬ 

formance, mainly at high frequency. 

An experimental and theoretical study on this 

phenomenon was carried out and several meas¬ 

ures to improve the pair were suggested, among 

which the most significant were the lapping of 

two paper tapes in opposite directions on the 

coaxial pair and the reversal of the edges of 

the iron and copper tape overlappings. 

6. Description of the Standardised Cables 

a) 0.7/2.9 mm Microcoaxial Pair 

The microcoaxial pair manufactured at present 

consists of a central copper conductor 0.7 ■■ 
in diameter, insulated with cellular polyethy¬ 

lene. The diameter over the insulation is 

b) Cable Constructions 

Coaxial cables covered by the Italian Standards 

may have 12, 24, 36 or 46 pair configuration, 

the pairs being stranded in concentric layers 

together with a number of 0.6 mm polyethylene 
insulated quads for control and supervisory 

services. 
A 0.6 mm pair with perforated insulation is 

always provided (the holes are suitably spaced 

along the insulation) in order to make the 

fault localization easier in case of water 

penetration, even in absence of pressurisa¬ 

tion and to achieve a greater reliability in 

promptness of the warning. 
The standardised constructions are given in 

Table 1. 
Standard lengths are 500 m long, a sub-multi¬ 

ple of the regeneration section of 4 km (6 Mbit 
system) or 2 km (34 Mbit system). 

Table 1 

Standardised constructions and approx, 

diameters over the concentric laying-up, 

before lapping, of coaxial pair cables 

Number 

of 

coaxial 

pairs 

Constructions 0 

Centre 
1st 

Layer 

2nd 

Layer 

3rd 

Layer 

approx. 

12 

24 

36 

48 

4Q+1QA 

4Û+1QA 

3Û 

6Q+1QA 

12T 

10T 

1Q+1ÜA+6T 

10T 

14T 

UT 

1ÓT 

16T 

22T 

21 

26.5 

32 

34.5 

where: T » 0.7/2.9 mm coaxial pair 
Q •• 0.6 mm service PE insulated quad 

QA *■ 0.6 mm alarm PE insulated quad, one 
pair having perforated insulation 
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As can be seen from the table| standardised 

cables, consisting of up to 4b pairs with con¬ 

centric configuration, have been manufactured 

up to now. This type of construction easily 

covers the present traffic demand as well as 

future forecasts for the medium distance Italian 

network in which the microcoaxial cable is 

used; however, the concentric cables with more 

coaxial pairs (e.g. Ò0 coaxial pairs) could be 
manufactured when stranding machines with this 

capacity are available (the stranding opera¬ 

tion can be carried out also in more than one 

single pass). 
For the types of cables now used, the concen¬ 

tric construction is economically more advanta¬ 

geous than assembling a number of microcoaxial 

units (e.g. b or 12 for each unit). 
If larger distribution cables are required, 

i.e. above 100 pairs, for ease of handling 

and flexibility as well as the reliability of 

the cable in operation the unit type construc¬ 

tion could be more advisable. 

No remarkable differences in the electrical 

characteristics have been noted between the 

unit or the concentric cables (i.e. a cable 

with 4b coaxial pairs made of b groups each 

consistuted by o coaxial pairs or several con¬ 

centric layers). 

Since the dimensions of the coaxial pair are 

very similar to those of a 0.9 mm quad or mul¬ 

tiple twin both having, for instance, a mutual 

capacitance of 3b.5 nF/km, it is possible to 

substitute some of these elements with micro¬ 

coaxial pairs without changing the basic con¬ 

struction of the original symmetric circuit 

cable. 
For manufacturing reasons, if cables of this 

type are to be designed, it is advisable to 

position the coaxial pairs around the centre. 

c) Core belt, sheath and outer coverings of 

the cable 

The stranded pairs are lapped with paper tapes 

in order to achieve a dielectric strength of 

the cable higher than 3000 V D.C. (or 2000 V 

A.C. ) and a reliable protection against damages 

that might occurr during manufacture (i.e. 

extrusion of the aluminium sheath) or during 

splicing operations. 

The bult usually consists of flat and creped 

paper. Metallized and semiconductive paper 

tapes are added for aluminium sheathed cables. 

Coaxial cables are aluminium or lead alloy 
sheathed since, due to the importance of the 

links, direct burial or duct laying is prefer¬ 

red. The metallic sheath is applied tightly on 

the core belt in order to prevent movements 
between core and sheath during the cable life. 

The choice between aluminium or lead depends 

on the characteristics of the two metals; the 

aluminium sheath is preferred where severe 

vibration damage is feared (laying along high¬ 

ways where bridges and walls are frequent) , and 

where there is the need for a reliable protec¬ 

tion against lightnings or damage due to indic- 

ed voltages caused by power lines. 

The lead alloy (Pb-Sb or Pb-Sn-Cd) is used 

mainly under standard laying conditions, for 

example along streets with normal traffic or 

in ducts in town areas. In this case the lead 

sheath is also preferred for easy handling. 

The metallic sheath is covered with a polyethy¬ 

lene jacket having a high resistance to stress 

cracking, thus ensuring protection against cor¬ 

rosion. The jacket is suitably thick in order 

to provide a high dielectric strength, since in 

Italy there is widespread danger of lightning 

damage. 
Aluminium sheathed cables may be steel armour¬ 

ed for additional mechanical protection, but 

this is done mainly to improve the screening 

factor. This armour, made of bituminized steel 

tapes, is covered by a suitably treated jute 

serving (e.g. treated with pentachlorofenil- 

laurate) or by an overall polyethylene jacket. 

Table 2 gives the standardised coverings, to¬ 

gether with the approximate diameters for each 

type of construction. It should be noted that 

four types of outer coverings are provided for 

each construction and that for aluminium sheath¬ 

ed cables the manufacturing characteristics and 

the dimensions up to the first polyethylene 

jacket are the same. 

Tablo 2 

Standard coverings 

Protection 

Composition 

Approximate outer diameters 

mm 

Designation 

12 

coaxial 

pairs 

24 

coaxial 

pairs 

36 

coaxial 

pairs 

46 

coaxial 

pairs 

AE 

AENJ 

AENE 

L2E 

36 

45.5 

47 

36 

42 

51 

52.5 

42 

46 

56.5 

60 

46 

50.5* 

61 

63 

50.5* j 

* see Pig. 5 

where : 

A - aluminium sheath 

E - polyethylene jacket 

N - steel tape armour 

J - treated jute serving 

Lj m lead alloy sheath 
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d) Electrical ChT«cteri»ticf 

During the entire Manufacturing proceaa elec¬ 

trical and physical controla are carried out 

on the coaxial paira using statistical 

saapling Methods. 
Thanks to the intrinsically good characteris¬ 

tics of the coaxial pair, a Manufacturing 

process under noraal control ensures finished 

cables of good quality»specifically uniforsity 

of the inpedance and low levels of cross-talk 

between pairs are achieved without difficulty. 

The electrical characteristics specified for 

the coaxial cable are given in Table 4¡ the 

typical values Measured on finished cables are 

given later as follows! 

- Distribution of pulse-echo inpedance (see 

Fig. 5) 

- Distribution of 'corrected values'of pulse- 

echo attenuation (see Fig. 6) 

- Cross-talk (see Figures 7» 6 *nd 9) 

- Attenuation at 1 MHz (aee Table 3) 

- Capacitance at 600 Hz (see Table 3) 

- Characteristic ir.pedance versus frequency 

(see Fig. 10). 

Table 3 

Attenuation at 

1 MHz and 10*C 

dB/kn 

Capacitance 

at 600 Hz 

nF/kn 

8.97 nininun 55.2 

9.02 average 55.5 

9.06 naxinun 55.6 

W? 4 

Coaxial Cable Electrical Characteriatics 

- Ohnic resistance at 20*C naxiMun value 

inner conductor - ohn/kn 49 

outer conductor ohn/kn 17 

- D.C. insulation resistance nininuM value 

M A*Icm 10 000 

- D.C. dielectric strength 

between conductors 

between conductors and earthed Metallic sheath 

Mininun value 

V 1 500 

V 3 000 

- Corrected attenuation of sine-squared pulse 
echos having half anplitude duration of 50 ns nininun valus 

- 100Ü nsasurenents dB 36 

- S0% neasurenents dB 46 

- Pulse-echo inpedance Measured with sine- 

-squared pulses having half anplitude 

duration of 50 ns 

- 100¾ neasurenents oh- 75 + 2«5 

- 90¾ neasurenents 75+2 

- Attenuation at 1 MHz at 10*C 
(nsasured on a 2 kn length) dB 6.9 + 0.4 

- Cross-talk (neasured on a 2 kn length) at 60 kHz 0.5 to 20 MHz 

nininun M.E.X.T. attenuation dB 60 135 

ninianuB equal level F.E.X.T. dB 70 95 

attenuation 
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In order to obtain approval for uae in many 

aituationa and operating conditiona, other 

important electrical characteriatica were con- 

aidered and neaaurementa were extended beyond 

the frequency range now uaed for the cable, r 

example t 

- Attenuation up to 200 MH* (nee Fig. 11)i 

_ ph,8e velocity and delay up to 200 MHi (aee 

Fig. 12)5 

- Structure return loaa up to 60 MH* (aee Fig. 

13)} 
. corona diach.rge level at 50 H*« higher than 

1000 V} 

- Impulae atrength with 10/600 amplitude wave- 

formi higher than 5 kV. 

A correlation waa found between impulae teata 

and D.C. breakdown teata carried out with a 

rapid increaae in voltage. The breakdown 

voltage ia affected by the degree of expan- 

aion of the inaulation and by the regularity 

of the inaulation proceaa. 

- Screening factor at 50 H* for aluminium 

aheathed cableas aee Table 5. 

Table 5 

Intrinaic Screening Factor (K) 

Type of cable 

Longitudinally 

induced voltage 

(50 H*) 

Number of 

coax, paira 
12 24 3 b 

4 3 

V/km covering type AE 
AENJ 

AENE 
AE 

AENJ 

AENE 
AE 

AENJ 
AENE 

AE 
AENJ 

AENE 

50 

100 

250 

500 

1000 

K 

(screening 

factor : 

calc ulated 

values) 

0.4 

0.4 

0.4 

0.4 

0.4 

0.12 

0.09 

0.0b 

0.21 

0.25 

0.35 

0.35 

0.35 

0.35 

0.35 

0.10 

0.08 

0.07 

0.19 

0.22 

0.3 

0.3 

0.3 

0.3 

0.3 

0.07 

0.06 

0.05 

0.06 

0.15 

0.25 

0.25 

0.25 

0.25 

0.25 

0.06 

0.05 

0.04 

0.06 

0.13 

e) Manufacturing oroceaa 

The cable ia manufactured on a cellular poly¬ 

ethylene inaulating line, a coaxial pair form¬ 

ing line,a attending machine and conventional 

machinery for the application of the outer 

protective covering*. 
The extruding line, aeeFig.15, doea not differ 

aubatantially from the one* uaed cell“5* 
polyethylene inaulation of other high quality 

telephone cablea. It ahould be noted that con- 

aiderable improvement* were and are etill h®*11* 
made in the eatrueion technique of expanded 

materiala both for email corea (e.g. micro- 

coaxial paire) and for large core* (e.g. for 
CATV cablea). Aa far aa the inaulation ia con¬ 

cerned, beaidea cellular polyethylene, poly¬ 

propylene copolymer* and other expandable 

polymer* could be uaed. 

The modern extruaion linea now available can 

manufacture corea with remarkable dimenaional 

and atructural uniformity at high apeed, with 

higher output and lower acrap rate*. 
Thï microcoaxial pair ia currently manufactur¬ 

ed at apeada between 200 and 250 m/min on an 

extruder wx^n • w 
The extruaion line i* equipped with a 
of automatic controla to enaure good quality 

of the extruaion and uniformity of the inaula- 

tion capacitance. 
Uniform pay-off and heating of the central 
conductor and coiling of the inaulated ^"duc¬ 

tor on to the take-up reel auat be provided. 
Automatic aetting and monitoring device* d»eck- 

ing the main characteriatica of the line 
the proceaa to function reliably for an extend- 

•d period of tine* 

Once the inaulated central conductor ia made , 

the manufacturing proceaa conaiat* of line 

equipped with forming tool* for the coppe 

outer conductor and the ateel ahield “P* 
with head* for the application of the binding 

paper tape*. 

Other materiala could alao be employed for the 
outer covering*, aubatituting paper, with the 

purpose of improving the bonding capacity and 

the pair strength. 

Fig. 14 show* a vertical forming machine oper- 
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•ting *t • »peed of 15 »/min. 
The mechanic»! ch»r»cteri»tic» of the»e ma¬ 

chine. influence the electric! performance 

of the cable, during the pair formation, and 

for that the forming proceaa muat be properly 

controlled. 

the »trending machine uaed ha. 60 floating 

cradle». 
Theae machine» are conventional in conatruc- 

tion but need aome arrangement, ao as to match 

the mechanical characteriatica of the coaxial 

pair, which are different from thoae of other 

telephone elementa auch aa paira, quad. or 

unit queda (see Fig. 16). 

The machinery for the application of the me¬ 

tallic aheatha and the outer covering is con¬ 

ventional. 

7. Future Development» 

New developments in microcoaxial cable system 

technology are mainly directed toward» ita 
use for television and vid">o-telephone trans¬ 

mission. For this application the transmission 

could be in analogue form in local networks 

and in digital form in trunk linka. 
A research study ia now in progresa on analogue 
-digital convertera with redundancy reduction 

for video-eignala. 
The purpose of thia study ia the possibility 

of converting: 1) a video-telephone 
(with 313 lines and at approx. 1 MH* band) 

into a digital signal at approx. 2 Mbit/aj 2) 

a television signal (with 625 lines and at 

approx. 5 MH* band) into a digital signal at 

approx. 34 Mbit/a. 
It would then be possible to transmit 16 vid. o 

-telephone aignala or 1 television signal over 

a microcoaxial pair. 
The problema to be solved in the transmission 

of digital video aignala are mainly related 

to the development of a satisfactory coding 

system. 
Aa far as the analogue transmission of a number 

of video-telephone signals on microcoaxial 

pairs ia concerned, it will be neceaaary to 
develop wide band amplifiers and FDM multiplex 

equipment (see Table 6). 

Table 6 

The simplicity of video signal transmission in 

analogue rather than digital form is counter¬ 

balanced by the signal to noise ratio which 

decreases with the increase of the connection 

length. The length of analogue tranamiaaion 

links is therefore limited. 
For television signals thia length ia approx. 

24 km with a signal to noise ratio of 55 dB. 

&. Conclusions 

The microcoaxial cable, at first designed spe¬ 

cifically to match the requirementa of medium 

bit rate digital tranamiaaion, was later modi¬ 

fied to make it suitable for a wider range of 

applications. 
Thia cable is now under consideration by 

C.C.I.T.T., together with other standard 1.2/ 

/4.4 mm and 2.6/9.5 ■* coaxial paira.» 

Microcoaxial cables are extenaively uaed in 

Italy for the tranamiaaion of digital signals 

at 6 and 34 Mbit/a in medium distance trunk 
links. These aignala are currently generated 

by telephone PCM multiplex equipments. The 

conversion of television and video-telephone 

signala into digital signals ia under study. 

The microcoaxial cable is going to be also 

uaed in digital syatena for the interconnec¬ 

tion of digital switching exchanges and in 
analogue syatena for video-telephone and tele¬ 

vision signal tranamiaaion. 
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1. 

2. 

signals 

transmitted 

band 

(approx, values) 

MH* 

repeater 

spacing 

km 

repeater 

maximum 

gain 

dB 

1 TV (FDM) 

1 VT (FDM) 

4 VT (FDM) 

3 to 10 

0.6 to 2 

2 to 10 

2 

4 

2 

60 

53 

60 
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FIG. 3 - Digital aultiplexing plane and relevant carrier ayateaa.

■
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FIG. 4 - Microcoaxial cablea, aluRiiniua
or lead alloy aheathed (4b coax, 
paira).

FIG. $ - Pulae echo iapedance diatribution 
($0 na pulae).
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FIG. O - Diatribution ot the pulse echo
worst values with distance correc­

tion (SO ns pulse).
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FIG. 7 - Near end cross-talk diagraa 0.3 to 
20 MHz:
a) 100< of the ■easureaenta
b) 90t of the aeasureaents

FIG . b - Near end cross-talk diagraa plotted FIG. 9 - Near end cross-talk diagrsa plotted
by swept-frequency equipaent up to by swept-frequency equipaent up to
2 MHz, between adjacent pairs. 20 MHz, between adjacent pairs.
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FIG. 10 - Characteristic iapadance of 0.7/2.9 aa coax, pair vs. frequency
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FIG. II - Attenuation versus frequency up 
to 200 Mil* (at 10»C).

FIG. 12 - Phaae velocity and delay versus 
frequency up to 200 HHz.

- 1- - f- - ^- - f- - f—^
FIG. 13 - Typical structure return loss 

spikes dlagras up to 00 MHz.

r I

FIG. 14 ~ Foralng vertlcsl aS'-hlne
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AN APPROACH TO CROSSTALK COUPLING REDUCTION 

OF PAIR TYPE CABLE 

Masami Yotsuya, 

Dainichi-Nippon 

Seiki Minematsu, Akira Itoh 

Cables, Ltd. Osaka, Japan 

Summary 

Design philosophy for twist length selection 
and pair arrangement within a cable was establish¬ 
ed, considering the effect of fluctuation in twist 
length on crosstalk coupling. High frequency 
signal transmission cables under this new design 
philosophy are satisfactory insofar as crosstalk 
coupling is ccncerned. 

1, Introduction 

With the recent growing demands for video 
and data transmission, urgent needs arose for new 
multipair cables suitable for broad-band signal 
transmission. To send higher frequency signals 
over a pair type cable, the reduction of crosstalk 
between pairs would be a key problem. 

The study of crosstalk in communication 
cables is quite old. Up to now, much has been 
revealed by much valuable work. Nevertheless, 
no decisive theory has been reported as yet, which 
is capable of directly connecting actual crosstalk 
phenomena in a cable with relevant cable structure. 
One of the reasons why the phenomena are difficult 
to interpret lies in the fact that crosstalk is 
affected by many intricate factors, including cable 
structural irregularities. Crosstalk is more or 
less based on statistical quantities, which are 
distributed along the line length as well as in 
cross-section of a cable. Therefore, it is especi¬ 
ally important to determine actual patterns of these 
distributions to establish a reasonable connection 
between crosstalk and cable structure. 

Pulse crosstalk measurement is a well 
known method to visualise crosstalk coupling distri¬ 
bution along the cable length. In developing video 
transmission twisted pair cables, a new sophisticat¬ 
ed system of pulse near-end crosstalk measure¬ 
ments has been built up at Dainichi-Nippon Cables 
Telecommunication Laboratory. With their aid, 
crosstalk coupling between pairs has been investi¬ 
gated to establish a new design philosophy and new 
processing conditions for the cables. 

ui it, an aluminum shield is provided to prevent in- 
totierence from circuits in other units. Finally, a 
laminated aluminum-polyethylene jacket or a corru¬ 
gated steel sheath with a protective jacket, depend¬ 
ing on its application, is covered over the cable 
core. 

19-pair unit 

Note : Numerical figures denote 
pair-numbers 

Fig. 1 Unit Construction 

Figure 1 illustrates the pair arrangement 
within the units. These one-pair-center arrange¬ 
ments are expected to relieve somewhat the prob¬ 
lem of structural irregularities, thus resulting in 
better crosstalk characteristics, because they are 
the most resistive to possible dislocation during 
cabling process. 

Table 1 shows the representative electric 
characteristics of the cables. The transmission 
properties versus frequency are also given in Fig. 2. 
These cables were designed for applications in base 
-band video communication system of short or me¬ 
dium distances, such as on-premises connection of 
video equipment or private interoffice trunks over 

Table 1 Electrical Properties 

2, Experimental Cables 

The experimental cables are composed of 
twisted pairs of 0.9mm copper conductors insulated 
with foamed polyethylene. In assembling pairs, 
units are formed with 7 or 19 pairs, which are 
cabled together into a cylindrical core. Over each 
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Characteristic Impedance (at 5 MHz) 140 n 

Mutual Capacity (at 1 KHz) 33 nF/km 

Attenuation (at 5 MHz) 15dB/km 
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distances of a few kilometers. In practice, no 
preference is given to use of expensive line repeat¬ 
ers, consequently low a>tenuation in cable is espe¬ 

cially required. 

3, Pulse Near-End Crosstalk Measurement 

3, 1 Principle of the Measurement 

As is shown in Fig. 3, when both disturbing 
and disturbed circuits have the same transmission 
properties of j and Z0 , far-end crosstalk and 
near-end croastalk *n are defined by 

0 

where Zf (r) and Zn (*) are the quantities called far 
•end and near-end crosstalk coupling coefficient, 
respectively. They are given by 

"(*) 1 =5 *<•*) ’ *(*) 13> 

Zn(r)= at |^-*(x)+-i M(s) I =*(*)+ »»(*) 

Disturbing circuit 

Fig. 3 Near-end and far-end crosstalk coupling 

In the above formulas, Af(r) is capacitance unbalance, 
M(x) mutual inductance, * (r) capacitive coupling 
and ia(x) inductive coupling. Each of them shall 
have a value per unit length at x ; and at is the 
angular frequency of the applied signal. 

When making an analysis on statistical pro¬ 
perties of Zf(x) and Zn(x) , the expected values of 
iZfl'1 and iZnl9 can be written in the form 1 

< IX, |*> = 2Z J T ( / - * Vf M t5) 

, _ 4Ot/ /soo 

<lAfnla>— J Vni*) coszßxdx (6) 

where a is attenuation constant, /} phase constant, 
^)f(x) and çt^x) normalized autocorrelation func¬ 
tions of 2f(x) and of zn(*) , respectively. It is 
s iown by Eqs. (5) and (6) that both effective far-end 
and near-end crosstalk attenuations, which are de¬ 
fined by {-io log for far-end and by(-io/«Z ^) 
for near-end, can be determined by r. m. s. value 
of coupling distribution along the length and their 
normalized autocorrelation functions. 

In general, the pulse near-end crosstalk 
measurement is useful to obtain actual distribution 
of crosstalk coupling. First, let us assume a loss¬ 
less cable. When a step pulse with risetime lr is 
applied to a disturbing circuit, the wave-form of 
crosstalk voltage, observed at the near-end termi¬ 
nal of the disturbed circuit, represents crosstalk 
coupling averaged per resolution length of the ap¬ 
plied pulse. Then its normalized autocorrelation 
function 0(1) can be expressed in the approximate 
form 3 

¢(/)= 1-/- (0<<<,r) (7) 
‘r 

where I is the time scale for observed wave-form 
on an oscilloscope. 

In the case of actual cables, however, a 
transmission circuit has an attenuation loss. Thus, 
an observed wave-form would be somewhat deformed 
due to the attenuation. The farther a crosstalk 
point from the near-end, the larger the difference 
in amplitude between original and observed waves. 
Therefore, amplitude correction of the observed 
wave-form must be made, to determine the real 
crosstalk coupling distribution. This can be 
accomplished by taking into account risetime of 
applied pulse and attenuation constant of cable 
circuits. 2 

3.2 Measurement Method and Results 

Figure 4 shows a pulse near-end crosstalk 
measuring method diagram. During measurement, 
a step pulse with 15 ns risetime is applied to the 
disturbing circuit. A crosstalk voltage appears in 
the disturbed circuit and returns as a wave to the 
near-end. The wave is received through the 
sampling convertor into the digital memory, in 
which the wave form is digitally memorized. The 
wave can also be monitored by an oscilloscope or 
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r
X-Y recorder connected to the output terminale of 
the digital memory. The digital memory ia equip­
ped with a calculating function which can compute, 
without delay, the r. m. a. value of the coupling dia- 
tribution aa well aa ita autocorrelation function, 
uaing the memorized data.

Fig 4 Circuit for meaauring pulae near-end 
croaatalk

Vs«>o
0

1
0o

CD
- 0

-1

2 mV/div.

^0 ns fliv.

Applied pulae amplitude = 20V

Fig. 5 Typical pulae near-end croaatalk 
wave-form

Figure 5 ahowa a typical wave-form example 
of pulae near-end croaatalk between paira of pro­
perly aelected twiat lengtha. Ita normalized auto­
correlation function ia given in Fig.6, from which 
it ia aeen that approximation of the function can be 
made by Eq. (7).

The longitudinal variation of r. m. a. valuea 
of meaaured croaatalk couplinga along a 500 meter 
length are plotted in Fig. 7. Each dot repreaenta 
the r. m. a. value per every 50 metera, being 
converted in the form

^ iiu log '• w
r

where ia r. m. a. value at the i th aection and 
r average value of all ''i valuea.

Aa compared with wide variationa, auch aa 
6 to 10 dB, aeen in croaatalk attenuationa them- 
aelvea, the longitudinal variationa of meaaured 
r.m.a. valuea are very amall. In addition to the 
aampling length of 50 metera. examinationa of the 
effect of aampling aection length on variationa 'f

. 6 Typical normalized autocorrelation 
function for proper twiat length

Pair combination 2-3

500(m) 

Pair combination 2-7

A y

Fig. 7 Longitudinal variation of meaaured 
r. m. a. value

y

V. -*•'



Fig. 8 The effect of measured cable length on the 
deviation of r. m. s. value 

measured r. m. s. values were made. It was found 
that, when the sampling section length is more than 
30 meters, the standard deviation of measured r. 
m. s. values will be less than 1. 3 »13 as is show'n 
in Fig. 8. This fact means not only that the pulse 
near-end crosstalk measurement is useful for accu¬ 
rate evaluation of crosstalk coupling, but also that 
even a sbon cable piece of around 30^50 meters is 
sufficient for evaluation of crosstalk level inherent 

in the cable. 

3.3 Relation between r. rn. s. Value and 
Crosstalk Attenuation 

Root mean square value of a pulse near-end 
crosstalk is directly related with near-end cross¬ 
talk coupling coefficient, that is, the sum of capac¬ 
itive coupling *(X) and inductive coupling >"{*) , so 
that it can be related with the crosstalk attenuation. 
Figure 9 shows the empirical relation between r. m. 
s. value and effective near-end crosstalk attenuation 
at 5 MHz for cables 250 meters in length. 

On the other hand, far-end coupling, namely 

Fig. 9 Experimental relation between r.m s value 
and effective crosstalk attenuation at 5 MHz 

the difference between t ;.t) and w (X) has no 
direct connection with r.m.s. value of a pulse near¬ 
end crosstalk. However, some connection can be 
built up between them by utilizing a quantity, i. e. , 
correlation coefficient, relating * tx) with m(x). 

Assume that </>,,(*) and in Eqi.(3) and 

(4) can be expressed as 

»a _*- 

<¡tV:W = f 1 T‘* or e r° (9) 

where Tn i® autocorrelation length of these functions. 
When designating, by EFXT, the effective far-end 
crosstalk attenuation, by ENXT the effective near¬ 
end crosstalk attenuation, and by f> the correlation 
coefficient between * (x) and «(*) , the following 
relation can be led from Eqs. (3), (4), (5) and (6). 

Xf n-p 
Hh'xT-Exxr-.. vjog - ■ - = io/»*( - -.--) au 

In general, correlation coefficients between 
* and mix) are assumed to have almost the 

same value, if relative pair combination situations 
are the same. Therefore, p can be empirically 
back calculated from Eq. (10) for each pair combi¬ 
nation situation, using EFXT and ENXT values 
measured on several test cables. After that, these 
correlation coefficients can be considered as char¬ 
acteristic constants of any cable of the same design. 
Correlation coefficients, thus obtained for adjacent 
and alternate pair combinations of test cables, are 
given in Table 2, which demonstrates the close 
relation between capacitive and inductive couplings 
in adjacent pair combination as well as the absence 
of such a relation between alternate pairs, sugges¬ 
ting the reduction of capacitive coupling by an inter¬ 

vening pair. 
EFXT can now be determined by Eq.(10), on 

the basis of r.m.s. value of pulse near-end cross¬ 
talk, through the known relation between ENXT and 
the r.m s. value. The curves, thus determined, 
are also given in Fig. 9. As is seen in Eq. (6), 
EFXT is independent of line loss, therefore, the 
following empirical formula is obtained. 

£FXT =K-¿0 logr- \o log “ -ttlogf Ul) 

where K - 5. 5, for adjacent pair combination 
i .3, for alternate pair combination 

r = r.m. s. value of pulse near-end cross¬ 
talk, normalized by amplitude of applied 

pulse 
/ = «-.able length (meter) 
/ = frequency (MHz) 

Table 2 Correlation Coefficient 
between m and k 

Combination P 

Adjacent pairs 0. 75 

Alternate pairs 0. 13 

185 

y 



4. Theory Relatinn Crosstalk with Cable Structure 

Although crosstalk is a complicated phenom¬ 
ena, there must be a reasonable interpretation for 
it. The pulse near-end crosstalk measurement will 
furnish an effective aid to establishing a theory able 
to connect actual crosstalk coupling with related 
cable structure. 

4. 1 Classical Theory 

In developing a mathematical theory pertain¬ 
ing to magnetic coupling between conductor pairs in 
carrier cables, much important work has been done 
by N. Kobayashi. ^ To investigate the algorithm of 
pair twist le. ;;thî, he has strictly reduced the 
Neumann integral iu the formula of mutual induct¬ 
ance between two hel.cally twisted pairs of conduc¬ 
tors, from which th«- following facts were induced. 

(1) Mutual inductance between pairs can be express¬ 
ed as an infinite odd term double series of 
sinusoidal functions. 

(2) When a ratio of twist lengths of the pairs is odd 
to odd, such as l/l, 3/1 and 5/3, the infinite 
series has a term directly proportional to length, 
whereby the magnetic coupling will increase with 
the cable length. 

(3) When the pairs are twisted in the same direc¬ 
tion with different twist lengths, and these are 
sufficiently greater than the interaxial spacing 
of the conductors of a pair, the mutual induct¬ 
ance can be expressed by superposition of the 
two periodic functions whose amplitudes and 
wave lengths are given below; 

amplitude 

0.88 ) + 5 2 e V £,-/¾ 

4 a ‘ _ A /¾ 
7T e- IA-jM 

where a is the interaxial separation of the con¬ 
ductors of a pair, c the interaxial spacing be¬ 
tween the pairs and and P.¿ the twist 
lengths of the pairs, respectively. 
Of particular note here is the fact that the 
possible value of magnetic coupling between 
pairs is characterized by a ratio of their twist 
lengths. 

Table 3 shows the r. m. s. values of pulse 
near-end crosstalk between every adjacent pair, 
measured on ten 7-pair cables made under the 
same manufacturing conditions. As compared with 
the variation of average r.m. s. values in whole 
pair combinations, the variations of the r. m. e. 
values for individual combination are markedly 
small, which demonstrated the dependency of cross¬ 
talk coupling on pair combination as well as stabi¬ 
lized manufacturing conditions applied. The large 
crosstalk values seen in pair combinations 1-7 and 
4-5, whose twist length ratio is 3/l, are in accord 
with results of the theory. 

Nevertheless, there remain several questions 
not explained by the theory. The pair combinations 
1-3 and 2-7, for instance, whose twist length ratio 
is 2/1, one of the most preferable ratios by the 
theory, brought about crosstalk coupling of the 
worst level. Quantitative analysis of these meas¬ 
urements by means of twist length ratio is not 
effective. Magnetic couplings calculated by the 
above formulas are, in general, less than one tenth 

wave length 

-AA_ 
IA-Al 

A A 
At-A 

Table 3 Measured r. m. s Value for Several Pair Combinations 

(Samp'.'' number = 10, Cable length = 50 m) 

— 

Pair * 
Twist Length Twist Length Factor Measured 

r.m. s. ** 
Value ( r) 

( X 10'4) 

Standard Deviation 

Combination 

(mm) 

A 

(mm) 

Pi Pi Pt A. <T 

r 
20 log ( 1+ — ) 

r 
(dB) 

\PX-Pi 1 

(mm) 

Pi + Ai 
(mm) 

1 - 2 
3 
4 
5 
6 
7 

2-3 
7 

3 - 4 
4-5 
5 - 6 
6 - 7 

120 
120 
120 
120 
120 
120 
80 
80 
60 
90 
30 
50 

80 
60 
90 
30 
50 
40 
60 
40 
90 
30 
50 
40 

240 
120 
360 
40 
85. 7 
60 

240 
80 

180 
45 
75 

200 

48 
40 
51. 5 
24 
35. 3 
30 
34. 3 
26. 7 
36 
22. 5 
18. 8 
22.2 

3. 2 
8. 8 
3. 9 
1.9 
1.8 
8. 8 
2. 3 
4. 1 
5. 5 
6.2 
0. 8 
1. 9 

0 12 
0. 17 
0. 09 
0. 17 
0. 06 
0. 16 
0. 2 
0.09 
0. 12 
0. 14 
0. 12 
0. 14 

1.0 
1. 33 
0. 78 
1.40 
0. 5 
1.28 
1. 57 
0. 76 
0. 98 
1. 10 
1.02 
1. 13 

* Refer to Fig. 1 ** Normarized by the applied pulse amplitude. 
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of those obtained by experiments. Above all, there 
is a knotty problem widely recognized, that is, the 
accumulation of crosstalk coupling with increasing 
length of a cable by well known square root law, to 
which the theory can render no reasonable solution. 

Therefore, another approach must be taken 
to explain actual crosstalk data. When regarding 
the accumulation of crosstalk, it is probable that 
random distribution of coupling along length would 
govern the phenomena. Why does this random 
distribution take place ? The most possible reason 
must be fluctuation in manufacturing conditions, 
which may include unbalanced twining and fluctuation 
in pair twist length, as well as longitudinal variation 
in wall thickness and dielectric properties of insula¬ 
tion. The incidental fluctuation in interaxial repara¬ 

tion between pairs is also a factor. 
A series of measurements of pulse near-end 

crosstalk between pairs, carried out on test cable 
after the stranding, cabling and jacketing t rocess, 
proved that the crosstalk was affected ver little by 
the-latter two. Twining unbalance and longitudinal 
variation of coaxial capacitance of wire cause a 
pair-ground capacitance unbalance, which constitutes 
a factor to cause indirect crosstalk. However, 
investigation on many test cables made it clear that 
this kind of capacitance unbalance, if it is no larger 
than the order of 30pF/250m, would not be a deter¬ 
mining factor to cause crosstalk at a frequency up 
to 10 MHz. Consequently, it is estimated that 
fluctuation in pair twist length, as well as in inter- 
axial separation of pairs, are largely responsible 
for the crosstalk coupling. Pair-twist length fluctu¬ 
ation is especially likely to play a leading role in 

the present problem. 

4.2 Coupling-Wave Model 

AW 

AW 

Magnetic coupling M(jc}oC/,(*) /„(*) 

P, , Pi Uniform along length 

, q.t Variation at random along length 

Fig. 10 Coupling Model 

ard deviation of «i and by «a standard deviation of 

¢., , /|W and /.jW can be written in the fornls 

WrlSJl TTíA'"*'1 

03 

where 

( )* 
¿ a. 

—i i i-c-i) « m ‘¿m* 1 
m. ¿ Kq.t J 

03 

The next objective is, therefore, formulation 
of the effect of twist length fluctuation on crosstalk 
coupling. Much difficulty is expected in direct in¬ 
corporation of the fluctuation factor into the classi¬ 
cal theory formulas, because they are given in the 
form of an infinite series of sinusoidal functions 
whose amplitudes are extremely intricate. Hence, 
another simplified course shall be taken. 

When special regard is paid to the fact that 
mathematical crosstalk coupling is given by the 
infinite double series of odd terms, as stated pre¬ 
viously, it is expected that the basic pattern of 
crosstalk coupling longitudinal distribution may be 
expressed by a product of two independent periodic 
functions. Since the higher terms of the said series 
decrease rapidly, these periodic functions can be 
simulated by periodic triangular waves. Due to 
fluctuation in pair-twist length, some fluctuation will 
occur ir the waves. As these waves, let us assume 
the two triangular waves, /, W and AW shown in 
Fig. 10, whose half wave-length varies at random, 
while maintaining each whole wave-length at constant 
values of A and Pi . The validity of this assumption 
has been supported by research on actual twist 
length condition in completed cables, which dis¬ 
closed a similar pattern of twist length fluctuation, 

particularly in longer twist lengths. 
When designating by ¢, a half of wave-length 

, by a half of wave-length p.¡ , by O’, stand- 

The product of these two periodic waves is given by 

¿rW=/.WAW=0'J A 
on 

.ACM 

xÍ|£W(A'Â)2,rí+<W(A^ 

m , 
+ - ) 27t* (M) 

If there is no fluctuation in ¢, and , that is, 
0-,/0,=0^/4.,= 0 , it is obvious from Eq. (13) that A“ 
and 1¾ vanish when n and m are even. In this 
case, g (X) i* reduced to a double series of only 
odd terms, which is consistent with classical 

theory. 
Magnetic coupling is presumed to be related 

with I (*) , hence we have 

MocC.=fJg{x)dx=T£^ „¿J[ fniiW^iâ, nái6™ 59 

where fnmW-*rW*riW. and I is cable length. 

4, 3 Effect of Twist Length Fluctuation 

It is evident from Eq. (15]_that the square 
mean value of magnetic coupling M* can be esti¬ 

mated from square mean value and normalized 
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autocorrelation function oi tfnraW • Because 
g T(x) is a product of two independent functions, 

•PninW i8 given by • where ^nW 
and ip (*) are normalized autocorrelation functions 

of gn(x) and im(z) , respectively. 
Although Eq. (14) is led on the assumption 

that wave-lengths p, and p5 are maintained at con¬ 
stant values, actual wave-lengths fluctuate with the 
same variance as those of ?i and 0s • In this 
case, square mean values and autocorrelation 
functions of *n(r) and gm(x) are obtained by the 
following equations, (see Appendix). 

-I- znirx 
(PtSx)~ *n- ms 

-I- Zmn 
8 T,n • -¾ 

Zmrtx 

au 

In the above formulas, Tn and Tm are autocorrela¬ 
tion lengths of in (*) and Bm(*) , respectively. 
Then, designating t„ Tm/lTn + Tm ) by Tnm . and 
(a/p, -«/ft)by i/P^ , we have 

%;= 7JX 

Ü7) 

When <>Tnm>/’nnl, and if {"/Pr'V'h) i» 
sufficiently large, the following approximation can 

be made. 

CiT-_ (7JUa)S / 
^ Tnm 

08) 

When (»/Pi - is approximately equal to 0, 
and again »/’„m . we obtain 

CrSn K Bl Tnm 7 (19 

different wave-length component will increase. 
Variation in a pair-twist length is inextri¬ 

cably linked with the pair-twist length itself. Ex¬ 
perimental results give the following approximate 
relation between pair-twist length and its longitudi¬ 

nal variation. 

<!>* aq (29 

where a is a factor dependent on twist length fluctu¬ 
ation and, in general, is a value between 5 x 10-^ 
10-3. Figure 11 shows the effect of twist length 
ratio on the crosstalk coupling, computed under the 
conditions of a = 10-3 and P\ = 30mm. Extremely 
high peaks are seen in the figure when twist length 
ratios are integers, from which the drastic effect 
of the same wave-length components is recognized. 

When twist length ratio is less than 2.0, 
crosstalk coupling is mostly determined by the term 
^ in Eq. (15). Therefore, VP is given by the 

following approximate formula. 

yp = -1- AkSd- VT- 
27t T h \PX-P‘t\ 

Furthermore, using the relation of Eq. (20), we 

obtain 

21) 

OC Q P i— 
I Pi ~ P‘i I 

•J M A¡= « 0 (23 

where Q = (P\ Pi JPi+Pt )/1 _ I 
be called here twist length factor. 

which will 

The terms given by Eq. (18) and by Eq. (19) 
are called here "different wave-length component" 
and "same wave-length component", respectively. 
The former represents quantities corresponding 
with magnetic coupling, produced under different 
twist length conditions and the latter under t. 
same twist length conditions. Since both » and m 

are arbitrary integers, (n/Pi - »>/Pi) bas a 
chance to be approximately equal to zero at any 
pair combination. Then, the suitability of pair- 
twist lengths can be estimated by total magnitude 
of the same wave-length components. 

Special regard must be paid to the fact that 
the two types of components of Eqs.(18) and (19) 
are inversely affected by lAnm, which is a quantity 
corresponding to fluctuation of twist pair lengths. 
This fact means, if fluctuation increases, then 
magnetic coupling due to the same wave-length 
components will decrease while coupling due to the 

> 
u 

3 
<0 
> 

a 
o 4-t 

o 
0 

• »4 4-» 
<0 
eS 

Twist length ratio Pi/Pi 

Fig. 11 Effect of twist length ratio on 
crosstalk coupling 
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5. Mea»urement Retulta 

S. 1 Effect of Twi«t Length on Cro«Btalk Coupling 

Relation between Measured r.m. ». Value and 
Calculated Value Compariaona between "«ae- 
ured r.m. a. valuea of pulae near-end croaatalk and 
calculated were made on each adjacent pair 
combination in teat cablea. The data are plotted 
in Fig. 12(a) and (b); (a) for atandard teat cablea 
and (b) tor two reference 7-pair cablea whoae pair 
twiat lengtha range between 30-^75.7mm and 51.2-^ 
124.3mm, with each pair being formed with polye¬ 
thylene twine fillera and a polyeater tape overwrap. 
Calculationa of /£3 were carried out according to 
Eqa. (15) and (17), on the aaaumption that a = 1 x 
10-3. It ie evident from theae figurea that the 

(a) Uaual cablea 

Twiat length 

(b) Reference cables 

Fig. 12 Relation between calculated value 
and meaaured r. m. s. value for 

adjacent paira 

Twiat length 

x 51.2 ~ 124.3 mm 

o 
x 
V 
3 
« 
> 

n 

É 
ù 
•o 
V u 
3 
« 
it 
4) 
5 

10 

30 

• • 

^ 75. 7 mm 

y • 

10 

y 

y 
y 

Twist length factor Q 

Fig. 13 Relation between twist length factor 
and measured r. m. s. value 

meaaured r. m. a. valuea are cloaely related with 
the calculated Tc* • A rather atronger correlation 
ia aeen in the reference cablea, which may be 
attributed to lower fluctuations in interaxial spacing 

between paira. 
In general. ia mostly determined by 

m or twiat length factor Q. This is proved by 
Fig.'13, which shows the strong correlation between 

the meaaured r. m. a. values and Q. 

Twi.t Length Ratio and Autocorrelation Function 
As explained previously, any interpair cross¬ 

talk coupling haa many constituents due to bot^ ‘he 
same and different wave-length components. When 
a pair-twiat length ratio is an integer, the same 
wave-length components become dominant, therefore 
the normalized autocorrelation function of crosstalk 
coupling will be different from that obtained in case 
the ratio differs from an integer. Figure 14 shows 
the meaaured normalized autocorrelation functions 

for the twiat length ratios of 2/1 and 3/1, which 

Fig. H Effect of twist length ratio on 
autocorrelation function 
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are evidently distinguishable by their longer auto¬ 
correlation length from the usual one shown in 
Fig. 6. 

5.2 Effect of Manufacturing Conditions and Pair 
Combination 

Effect of Manufacturing Conditions When cal¬ 
culations of yjj? are conducted under a fixed value 

of a , inclination of measured r. m. s. curve, 
plotted in relation to the 75? , is expected to be 
an index of twist length fluctuation level ; the larger 
the fluctuation, the greater the inclination becomes. 
Thus, the propriety of cable processing conditions 
can be discussed by this index. Figure 15 shows 
the curves for the cables, whose units are formed 
through two different stranding conditions, A by the 
usual practice and B by the new conditions modified 
in the degree of back twist, back-tension in supply- 

Stranding Condition 

Average calculated value 

{W (xlO’2) 

Fig. 15 Variation between different 
stranding conditions A and B 

Table 4 Crosstalk Reduction Effect 

Pair 
Combination 

Reduction * 
Coefficient 

Note 

Adjacent Pairs 1. 0 

Alternate Pairs 1/4 ^ 1/5 (3®O®0 

Pairs 
between 
Adjacent 
Layers 

I 3/5 ^ 4/5 

T» i i /in » i /c 
Il J 1/ IU ^ 1 / J 

* r.m.s. value divided by that for adjacent pairs 

ing pairs and so on. A remarkable difference is 
seen between them. 

Pair Combination Situations Thus far, discus¬ 
sions have beer, limited mostly to crosstalk between 
adjacent pairs. Investigation on pair combinations 
in other situations is also important. Crosstalk 
between pairs, separated by an intervening pair or 
pairs, is affected by their situations as well as by 
the factor due to the twist length ratio. Separation 
of the two effects is rather hard. Therefore, " 
empirical approach was taken to determine a factor 
representing a crosstalk reduction effect for each 
pair combination situation. 

Figure 16(a) shows the relation between 
measured r. m. s. values and calculated values 
for alternate pairs in the same cables as in Fig. 12 
(b) . Similar curves are plotted in Figs. 16(b) and 
(c) for two types of pair combinations across 
adjacent stranding layers ; both of situations are 
illustrated in the figure by denoting as adjacent 
layer I and II, respectively. These results are 
summarised in Table 4, in which the ratio of the 

(a) (b) 

Fig. 16 Relation between calculated value fW 
for several pair combination 

(d 

and r.m.s. value 

100 



r. Tn. values between given pair situations and 
adjacent pair combination are given as reduction 

factors. 

6. Crosstalk Attennation of Finally Designed Cables 

On the basis of the investigations so far dis¬ 
cussed, a series of the most preferable pair twist 

(a) Adjacent pairs and layers 

Far-end crosstalk attenuation (dB) 

lengths and the optimum pair arrangement were 
determined. These pairs were stranded, under the 
condition of either A or B, then cabled and jacket¬ 

ed into completed cables. 
Figure 17 shows the cummulative curves of 

far-end crosstalk attenuations per 250 meter length 
of these cables, measured at a frequency of 5 MHz. 
For comparison, similar curves for a cable 
designed under the conventional philosophy are also 
given in Fig. 17(b). In the figure, (a) is thn- far- 
end crosstalk between adjacent pairs as well as 
between pairs across adjacent layers, and (b) is 
for the whole pair combinations. Much improve¬ 
ment, attained in crosstalk properties of the cables 
by the new design, can be seen from this figure 
Furthermore, it is also ascertained that the newly 
established stranding condition B improves cross¬ 
talk properties by about 5 dB, as compared to the 

conventional conditions. 
Figure 18 shows the variation of far-end 

crosstalk attenuation with frequencies of finally 
standardized cables. 

7. Conclusion 

As the results of the work made on inter- 
pair crosstalk in video transmission multipair 
cables, many valuable factors have been disclosed. 
They are summarized as follows : 

(i) Pulse near-end crosstalk measurement is 
very useful for an exact evaluation of cross¬ 
talk coupling inherent in a cable, even if it 

is of short length. 

(ii) The connection between actual crosstalk 
coupling in a cable and the cable structure 
can reasonably be made on the basis of 
quantitative analysis of pair-twist length 
fluctuation, which would be the "missing- 
ring" in classical theory. 

(b) Total 

Fig. 17 Cumulative distribution of far-end 
crosstalk loss at 5MHz (250m) 
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(iii) Measured crosstalk coupling is proved to be 
closely related to the calculated value, 
according to this new theory. 

(iv) Optimum selection of pair-twist lengths and 
pair arrangement can reasonably be con¬ 
ducted by this theory. 

(v) Qualification of cable manufacturing condi¬ 
tions car ear.ily be made through use of a 
correlation diagram between measured cross¬ 
talk couplings and calculated values 

(vl) Remarkable improvement has been attained 
in the newly developed cables under the 
newly established design philosophy and cable 
manufacturing conditions. 
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Therefore, as the probability Pn(S\ that a 
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approximated to the form 
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Between Quads of Multipair Cable" Research 
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Japan 

The average value of products of the wave 

amplitudes at *, and *, is given by 

TÍWãT*) = J**rÄt_l)n+1 Pn(d> 
(AS) 

APPENDIX ^ 

Autocorrelation Function of Sinusoidal Wave VhaJA 
Wave-Length Varies Statistically along Its Length. 

Because an analytical reduction of autocor¬ 
relation function of the sinusoidal function «*(*$/<!) 
is very hard, when length « varies statistically 
along the length, the periodic rectangular wave, as 
shown in Fig. A-l, will be considered instead of the 

sinusoidal wave. 
If probability density function h( 4 ) of half 

wave length is given by 

. Lf-ijZ 

*(*,=“72>rr' 2<T‘ 

probability Qn(d,f) that a spacing i , between 
fixed point a, and arbitrary point s, in Fig. A-l, 
involves total » concavities and convexities is 

expressed by 

Vs 
L- — i 

- A 
-fl 

A i- T*-3 S2 L 
Fig. A-l Periodical rectangular wave 

for sinusoidal wave 

Thus, normalised autocorrelation function 

<p(J) of the wave is 

n=i 
(4-6) 

Figure A-2 shows a typical example of 
computed result of Eq. (A-6). It is reasonable to 
expect, from Fig. A-2, that the normalised auto- 

Fig. A-2 Normalised autocorrelation function for 
periodical rectangular wave whose wave 
length changes at random 
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correlation function can be written in the form

<p(d)=.t
M
T cot T*

♦ o
(*-t)

Autocorrelation length, defined aa the change 
of (T/#u)with variation of twiat length ( <r/*o ) •• 
given in Fig. A-3, from which the following approx* 
imate relation ia obtained.

«» *•
0. 14
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INTELLIGIBLE CROSSTALK IN MODERN LOCAL AREA TELEPHONE NETWORKS 

H.W. Silcock and D. Sibbald 

Standard Teleconmiuiication Laboratories Limited 
Harlow, England 

Summary 

Present trends in the planning of local area net¬ 

works, together with the advent of quieter exchanges 
may be expected to reduce the margins available for 
satisfactory control of intelligible crosstalk between 

telephone subscribers. Analysis of the incidence of 
such crosstalk depends on subjective as well as object¬ 

ive considerations. 

The factors involved in the control of voice 
frequency crosstalk are examined, with particular 
reference to the local are.' cable, and a basis is 
given for assessing capacitance unbalance performance 
directly in terms of the CCITT curves for threshold 
of intelligibility. The scheme depends on the 
'extreme value' method of analysis and the convolution 
of the various distributions involved - talker level, 

listener acuity, crosstalk attenuation, etc. The 
influence of threshold shift due to noise is then con¬ 
sidered and, finally, the effects of activity factor 
are taken into account. 

The results of capacitance unbalance measure¬ 
ments on a recent cable design are analysed by this 

method and used to calculate the risk of intelligible 
crosstalk for a representative set of conditions. 

Introduction 

The significance of intelligible crosst. Ik has 
long been recognized. When the CCITT recommendations 
for international circuits were drafted about 40 years 
ago a great deal of thought was given to this subject 
and calculations were made to achieve an equitatle 

lesult. 

The control of crosstalk is fundamental to the 
design of equipment and cables used in telephone 
circuits and so affects their cost. On the other 
hand, if crosstalk is present at a sufficiently high 
level it isipairs the privacy of the system. 

Little is known about the disturbing effect of 
intelligible crosstalk except that its syllabic nature 

must surely distract the affected subscriber from his 
own call. It is usual therefore to concentrate on the 
privacy aspect when considering these effects. 

Over the past few years renewed attention has 
been internationally focussed on the subject of intell¬ 
igible crosstalk, particularly in Study Groups XII and 
XVI of the CCITT. Administrations and operating 
companies are naturally sensitive about their networks 

in this respect and, because various technical changes 
have bee:- slowly taking place, a need for a review of 

the subject is now apparent. The technical changes 
have involved: 

- a general improvement in the quality of 
transducers 

- a tendency to increased attenuation in subscribers' 
linea (requiring higher outputs to line and more 
sensitive receivers to compensate for the loss in 

overall level) 

- quieter subscribe:lines and less noise intro¬ 

duced by sx>dern exchanges and line transmission 

systems 

finally, the publishing of information and rec¬ 
ommendations by the CCITT that have created 
considerable interest and discussion. 

There are many aspects of the subject but this 
paper will deal only with one important source of 
intelligible crosstalk - the sibscribers* local 
exchange plant. 

Mechanism of Intelligible Crosstalk 

in the Local Area Network 

Considering the subscriber's end of a telephone 
tall, Figure 1 shows the factors which give rise ro 
crosstalk. In this model the sources of crosstilk are 
the cable and the exchange. Leaving aside human 
factors, the severity of the crosstalk will de:end on: 

- power to line of transmitted speech 

sensitivity of the receiving subset 

- noise introduced by the exchange and line 

- near end crosstalk in cable and exchange. 

(Far end crosstalk is not normally a controlling 
factor). A knowledge of the above parameters and 
certain others peculiar to the country concerned (such 
as line lengths, etc) will enable the value of the 
crosstalk to be calculated, but further information 
is needed to determine whether the crosstalk is 
intelligible or merely detectable in the presence of 
the prevailing noise. Calculations have to take into 
account variations between the loudness of one speaker 
and another and also the variation between one 
listener's hearing and another's. All the factors, 
including human ones, are statistical in some degree. 

But ¿s in many other assessments of quality of 
service, administrations are interested in the 

general quality of their telephone service and accept 
the necessity of receiving an answer in a form giving 
the probability of overhearing in a population of 
subscribers. 

An examination of Figure 1 shows that the mouth- 
to-ear path of the crosstalk is made up of three parts: 

- transmitting part of subset 

- cable crosstalk path (for instance) 

- receiving part of subset. 

Moreover, the assessment is subjective. The 
noraul method of describing mouth-to-ear loss ib to 
make a comparison with a standard speech path (NOSFER): 
the loss in decibels inserted in the standard to give 
equal loudness to the ax>del under test is known as its 
'overall reference equivalent'. Considerable controv¬ 
ersy surrounds this subject in laboratories but for 
planning purposes the procedure is sufficiently 
accurate for the moment. The overall reference equiv¬ 
alent may be broken down into the sending reference 
equivalent of the sending subset (SRE), the receiving 
reference equivalent of the receiving subset (RRE), 
and the loss in between (NEXT attenuation). It is 
very important to note that this approach takes account 
of the characteristics of the subsets themselvex, that 
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i», how much 'amplification' they introduce. We need 
to know the reference equivalents of the subsets at 
the point at which the crosstalk attenuation path is 
measured and must also remember tnat these equivalents 

may be dependent on line length due to regulators 
incorporated in the subsets. The equivalents of sub¬ 

sets are not always quoted alone: for instance in 
many countries these parameters are often quoted for 
a typical subscriber's line, and subset equivalents 

have to be deduced by subtracting twice the line 
attenuation from the sum of the two equivalents for 
subset plus line. This operation is obviously depend¬ 
ent on the line lengths prevailing in the country 

under consideration. 

Cable crosstalk is also frequency dependent, but 
a value measured or calculated at 1 kHz will be suff¬ 

iciently accurate for our purpose. 

Social Crosstalk 

As a further indication of complications that 

can arise, consider Figure 2 which in a simplified 
way indicates how exchange area cables may be laid 
out. Main cables from the exchange, often containing 
very large nunfcers of pairs, terminate at a suitable 
cross-connection point. From here much smaller cables 

(not larger than 100 pairs) proceed to distribution 
points (DP) serving a number of subscribers (some¬ 
times by a span or two of open wire and sometimes by 

a small underground cable). 

Obviously a customer on DPI will be more con¬ 

cerned if his conversation is overheard by a neigh¬ 
bour, who will more than likely be also connected to 
DPI with both their line circuits in one of the sraa.l 
distribution cables. This we may call 'social cross¬ 

talk' and we note that it is potentially more 
important than crosstalk between a customer on DPI 
and one on DP2 or DP3. (Social crosstalk occurs when 
a subscriber overhearing another telephone conversat¬ 

ion not only understands the conversation but also 

recognizes the voice of the disturbing party). 

Crosstalk may also occur in the exchange itself, 
with no external cables involved, for example, between 
subscribers on DPI and DP3, but this is most unlikely 
to be social crosstalk. Also at this point the diff¬ 
erence in levels has been reduced, further improving 

the position. However, exchange crosstalk cannot be 
entirely neglected, particularly in view of the very 
much reduced level of noise in modern exchanges. This 
is made worse by the general tendency for a reduction 
in line noise over the last decade. And so a system 
effectiveness diletnna is approaching - for the economy 
of the system as a whole, is there a balance required 

between intelligible crosstalk and noise? 

Listener Thresholds for Intelligible Crosstalk 

Consideration must now be given to the funda¬ 
mental curves relating mouth-to-ear loss for detect¬ 
ability or audibility (Figure 3). So that the curves 

may be generally applicable for all subsets, the 
ordinate represents the loss which must be inserted 
between one subset with a zero sending reference 
equivalent and another with a zero receiving reference 
equivalent for a coni tant talking level which gives 
an output at the subset terminals of -10 VI) allowing 
just detectable or audible speech. Trained listeners 

are used and the point of detectability or audibility 
is that at which 502 of listeners think it is higher 

and 502 think it is lower. The value is termed 
'nominal overall reference equivalent' because it has 

not been obtained directly by comparison with NOSFER. 

To make the curves useful a correction has to be 

made to take account of the average talking level in 

the country concerned. This is the loudness factor 
'c' given in Table 1. This factor not only has a mean 

value but also a standard deviation. Figure 3 and 
Table 1 and 2 are taken from CCITT Recommendation 
G.116 (P.16) - Subjective effects of Direct Crosstalk. 

Thus to make use of the curves it is necessary 
to know for the environment concerned: 

- statistics of talker volumes of subscribers 

- variation of subscribers' listening acuity. This 

lies between A and 6 dB standard deviation 

- receiving reference equivalent of the disturbed 

subscriber's subset. 

The required value of the latter is tnat of a 
subscriber's set alone but operating under average 
line conditions. This is not always available directly 

and may have to be estimated by subtracting from the 
receiving reference equivalent of the whole local tele¬ 
phone circuit the attenuation of the line, as previomly 
mentioned. The frequency at which the attenuation is 
taken varies somewhat according to the gauge of the 

wires but no great error occurs if l kHz is assumed. 
Attenuation will be of the order of 3 dB. 

Figure 3 also gives the curves with and without 
sidetone, and with room noise and negligible room 
noise. Note the almost constant difference of about 
11 dB between the detectable and audible curves. 
Equivalent curves may be deduced from basic threshold 

theory. 

Before applying these curves to the present study, 
it is necessary to consider in some detail the various 
other factors involved and, in particular, cable cross¬ 

talk. 

Calculation of Crosstalk from Cable Parameters 

Crosstalk Coupling Formulae 

If we consider two neighbouring pairs in a short 
element from a long length of cable (Figure A), then 
for practical purposes we may regard the disturbing 
circuit as a generator whose impedance equals Zo, the 

line characteristic impedance, connected by a short 
length of twin wire to a load also equal to Zq and 

the disturbed circuit as a short piece of twin wire 
terminated at both ends by impedances also equal to 
ZQ. Ignoring for one moment the problem of inductive 

coupling and considering only capacitative coupling 
between the two small sections of circuits, we have 

between the A wires, ó possible capacitative 'leaks' 
if we disregard any currents flowing via the earth or 

cable shield. 

In Figure 5, C12 and C3i are the mutual capacit¬ 

ances of the short lengths of the two pairs and sincr 
at voire frequencies their impedance is high compared 
with Z they may be omitted from the calculation. Two 

crosstalk paths exist; in one the voltage V drives a 
current through then through Z^ and Zp in parallel 

and back via C^. The other path is through CIA then 

through Zj, and Zf in parallel and back via C23* 

(Other paths through purely capacitative elements may 

be disregarded owing either to their comparatively 
high impedance or to the fact that they do not contri¬ 

bute to the current through Z^ or Zp). 

In both cases the currents divide equally between 

Z.. and Z_ but are in opposite directions. The capacit- 
N F 

ative current ¡c is therefore approximately equal to 
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C14 C23 C13 C24 

C14+C23 CU+C24 

ju 

If t’.ie small section of cable under consideration 

is at a distance Í. from the end, then if 1 is the 

current entering the disturbing circuit 

1 e 
-Y* 

IV 
<C13+C24> C14C23 ‘ (CH+C23) 

^C14+C23) (C13+C 24) 

C13C24 
ja 

where y is the propagation constant; also if Ix is 

the near end crosstalk current leaving the disturbed 

circuit due to the coupling within the small section 

under consideration 

i e 
X 

-yf 

.(1) 

As C 
13 

* C 
14 ^23 

it -.. 

■ i» D§] i. 

“24’ 

" C14-C23 

1 jw 
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.(3) 

ju 

V AC . 
jw 

where AC in the capacitance unbalance between the two 

pairs. The wanted signal 

V 

1 ‘ \ 
SO 

Z ju) AC 

■ iJv- 

A similar treatment applied to the mutualinductance 

coupling between the 4 wires gives by the same approach 

an induced current 

. . j<j AM 

- “ 1 «o 

At the near end of the circuit the two currants 

So far, we have been considering crosstalk coupling 

due to capacitance unbalance between two neighbouring 

pairs in a short element of cable, the direction of 

flow of the crosstalk current clearly depending on the 

'sign' of the unbalance (♦ or -). In carefully manu¬ 

factured modern cables, any systematic unbalance 

effects, for example due to systematic differences in 

thickness or permittivity of the insulation on the'a' 

and’b'wires of a pair, are (or should be) relatively 

small and consequently the residual unbalances on 

different elements of cable tend to be of random 

magnitude and sign, with a mean value of aero, i.e. 

they are distributed normally. 

In proceeding to longer lengths of cable, it is 

therexore reasonable to assume that the capacitance 

unbalance couplings due to the different elements of 

line combine on a random or power basis, i.e. that the 

capacitance unbalance squared is proportional to length. 

At the same time, phase effects are small, since at 

voice frequencies the wavelength is relatively long 

(40 km at 1 kHz on 0.5 nm cable). We may therefore 

calculate the total near end crosstalk coupling between 

the two pairs by summing the crosstalk power contri¬ 

butions from the various elements of line, only taking 

account of attenuation effects. 

Then from Equation (3), the near end crosstalk 

contribution (power fraction) from an element of line 

dl at distance t is given by 

i 

t§ 

and i tend to aid one another and at the far end 

oppose. __ (This assumes that the capacitance unbal¬ 

ance is due prismrily to variations in the relative 

geometric positions of the wires, rather than to 

dielectric irregularities). Therefore we have for the 

case of near end crosstalk: 

lx “ 
1 JW 

AM 

2Z. 
...(2) 

Since Z is relatively high in cables at voice 
o 

frequencies, the capacitativa term of the expression 

is much larger in magnitude than the inductive term 

and therefore doadnates. Since at the sama_tima the 

angle associated with ZQ is approaching /45°, the two 

terms actually combine almost in quadrature for both 

near and and far end crosstalk. 

2 Af2 7 2 
“ iC Zo -4a!. 

-64- 6 dl 
...(4) 

a2 Formal -4al 

“ 32 L C J 6 dt 

(at voice frequenciee) where the line characteristic 

iamedance __ 

‘. -/¾ 
¿Gçr 

a is attenuation per unit length (nepers) “/“ÿ" 

R ■ resistance per unit length 

C ■ mutual capacitance per unit length 

AC2 ■ mean square capacitance unbalance per unit 

length for the particular pair coidiination 

(or class of combination) considared 

Integrating over a line of length L (assuming no 

change in the relative position of the two pairs), 
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total NEXT 
(power fraction) 

a 
128 ( '-““L ) 

For an electrically short line, this expression 

reduces to 

...(5) 

and for an electrically lon¿ line, the expression 

reduces to 

a 
128 

...(6) 

In the general case, the near end crosstalk 

attenuation is given by 

NEXT - - [t!i ( ^ ) b““L ). dB 
...(7) 

The effect on crosstalk of varying the parameters 

R, C or u may be judged by substituting for a in 
formulae (5) and (6). For example, whereas quadrupling 
R (attenuation and impedance doubled) would worsen 
crosstalk coupling on a short line by about 6 dB, the 
near end crosstalk on a long line would be worsened by 

about 3 dB. 

Nature of Crosstalk Coupling within a Cable 

The make-up of subscriber cables can take a 

variety of forms. Although cables of conventional 

layer design are sometimes used, the more usual 
practice is to employ unit type cables, with units 

generally of 100, 50 or 25 pairs. Here again, the 
units themselves may take a variety of forms and may 
consist of either layers of pairs, bunched pairs, or 
a number of subunits, typically of the 10-pair size. 

Whatever the form of construction, it will be 
apparent that the distribution of capacitance unbal¬ 
ance couplings throughout the cable is far from homo- 
genecua, the pairs in closest proximity normally having 
the highest couplings, while well separated pairs, 
screened from one another by intermediate wires, 
usually have negligible coupling, except for possible 
indirect paths via pair-earth unbalance, etc. (It 
may here be noted that inductive couplings, which 
become of importance at frequencies above the voice 

range, are not reduced by screening to the same extent 

as capacitance couplings). 

In units or cables of layer type construction, 
the largest unbalances usually occur between adjacent 
pairs in the same layer or between pairs in adjoining 
layers, although significant couplings can also arise 

between nominally separated pairs having ’like* twist 

lengths. However, the remaining pair combinations 

(which form a large proportion of the total in the 

unit or cable) tend to have little or no unbalance. 
Even within small subunits, where all pairs are rel¬ 
atively close to one another (and may all have diff¬ 
erent twist lengths), there tends to bo considerable 
variation in the size of the pair-pair couplings if 
the subunit is of conventional make-up, and various 
mixing schemes have been devised to reduce the distance 

along the cable over which any two pairs remain in 

adjacent positions. 

Figure 6 illustrates these effects for 10-pair 

subunits in a recent IKO (Swedish company for ITT) 
cable design. The curves represent the distribution 
of capacitance unbalance values for each of the 45 
combinations of pairs within the subunit, based on 
measurements on 80 subunits in a 500 m drum length 

of 0.4 mm cable. 

The tendency for the curves to fall into groups 
related to the subunit structure can be clearly seen, 

the 5 classes of combination indicated (nominal.y 
adjacent, etc) referring to relative positions in a 

single layer of 10 pairs. 

Extreme Value Analysis 

One of the main objects of the present study is 
to demonstrate a method of assessing the crosstalk 
performance of subscriber cables regardless of their 

size or make-up. This is based on ’extreme value’ 

analysis. 

It will by now be evident that any one pair in a 
cable when regarded as the disturbed pair will have 
significant capacitance unbalance coupling only with 
certain other pairs when regarded as potential dis¬ 
turbing pairs; the highest of these couplings may be 

designated EV1 (Extreme Value 1), the second highest 
EV2, and so on. Similarly, every other pair in the 
cable when regarded as the disturbed pair will have 

its own set of extreme values. 

In cables employing subunits, the first few 
extreme values for any one pair will normally arise on 
pair combinations within that pair's subunit, an! a 
distribution of EV1 values for the pair can be obtained 
from observations on a large number of subunits. 

Similarly for EV2 values, and so on. 

Corresponding distributions for individual pairs 

will not usually differ greatly (particularly if some 
form of mixing has been used within subunits) and it 

is therefore permissible to combine the separate 
distributions into a single overall distribution (of 

EV1 for example) for an average pair. Within 10-pair 
subunits, each pair will have 9 extreme values (EV1-9) 
and Figure 7 shows combined distribution curves based 

on 240 such units contained in two 400 m drum lengths 

of a recent design of 1200-pair 0.4 mm cable. 

Table 3 shows the rms extreme values of capaci¬ 
tance unbalance for each of the 9 curves, together with 
the first 3 crude power moments (normalized for unit 
mean power). Also given are the 1 kHz values of near 
end crosstalk attenuation corresponding to these rms 

values, calculated for the 400 m length. 

It should be borne in mind that significant cap¬ 
acitance unbalance couplings may occasionally occur 
between pairs in different subunits or units, and these 

must of ccurse be taken into account in a complete 
analysis of the cable. Usually, however, the within- 
snbunit couplings tend to control the first few extreme 

values. 
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Calculation of the Risk of 
Intelligible Crosstalk 

In order to apply the results of the extreme value 
of capacitance unbalance analysis to the calculation of 

the risk of intelligible crosstalk, it is necessary to 
include or combine all the other variables which enter 
into the overall speech chain. Some may be regarded 
as environmental constraints — room noise, line noise, 

sidetone, etc which act as a mask on the intelligibility 
threshold whilst others - talker level, listener acuity, 

subset efficiency, and cable crosstalk attenuation, 

add directly together to fix the absolute level of 
speech perceived over the crosstalk path. If the dis¬ 
tributions are uncorrelated (and there is no reason 
to suppose that the vocal level of the disturber is 
related in other than random manner to the crosstalk 
attenuation or the disturbed's hearing ability), then 
if these distributions need to be convolved by adding 
together their variates expressed in dB type units from 

the different distributions, the combined distribution 

of the sum may be obtained by adding together the 
cumulants of the individual distributions. (If the 
various distributions to be convolved were all of the 
normal Gaussian type, then their combined distribution 

would also be normal and its mean and variance would be 

equal to the sum of the means and the sum of the 

variances of its component parts). 

It should be noted that capacitance unbalance, 
taking account of sign, tends to be normally distri¬ 
buted for individual pair-pair combinations, as indi¬ 

cated for example by the general slope of the curves 

shown in Figure 6. (On the special probability scale 
used, all folded normal distributions have a standard 
slope). However, the resultant distribution obtained 
when these individual folded distributions are com¬ 

bined into a single overall distribution tends to be 

approximately log normal. 

The extreme value distributions of capacitance 
unbalance with which we are here concerned tend simi¬ 
larly to be approximately log normal (as indicated by 
the relationship between the moments given in Table 3). 

Whilst this is in fairly good agreement with the 
experimental results, a more precise treatment is 
possible by using the actual extreme value moments it. 
the overall convolution of distributions. This may 
then be fitted by using a 3-parameter augmented log 
normal distribution rather than a simple two-narameter 

log normal. 

We now apply the method of calculation just 
considered to a representative example (0.5 mm cable). 
The assumptions made are as follows (see Figure 1)! 

a median listener with hearing acuity oistribution 

of mean 0 dB and standard deviation 5 dl' 

- an average speech level 'c' factor of mean +3 dB 

and standard deviation A dB 

- an overall reference equivalent (SRE ♦ KRE) of 
mean -3 dB for a pair of subsets connected together 

on a zero line (but operating, as far as their line 
regulators and feeding currents are concerned, as 

though they were connected to average lines). 

The variation of subset efficiency with line 
current within the network (taken as having a 
standard deviation of 2.5 dB) is combined with the 
variation of near end crosstalk attenuation with 

which it is correlated (see below) 

a value of 3.5 dB standard deviation has been 
taken to allow for the combination of perform¬ 
ance variations which change with line length: 

carbon microphone battery supply effect, line reg¬ 
ulator effect, and crosstalk attenuation length 

factor as indicated in Equation (7). 

These 3 effects are added for a particular line 
length and then weighted in proportion to their 
occurrence in the network under consideration. 

a typical distribution of local line lengths is 
as shown in Figure 8. In all cases considered 

it is assumed that the disturber and the 
disturbed share the same final distribution 
point (DP) and are therefore located at approx¬ 
imately the same distance from the exchange. 

- the distributions assumed for cable near end 
crosstalk attenuation are based on the extreme 
value distributions of capacitance unbalance 

given in Table 3. 

The results obtained by convolving all the 
distributions are as shown in Figure 9 which gives 
the probable expectation of a given'nominal crosstalk 

reference equivalent' for the first 9 extreme values 

of capacitance unbalance. 

Threshold Shift due to Noise 

An important parameter in the estimation of 
intelligibility is the noise level at the disturbed 

subset terminals. 

If wt take 3 levels of exchange noise: 

A00 pWp (noisy step-by-step exchange) 

100 pWp (crossbar exchange specification) 

10 pWp (crossbar exchange achieved in practice) 

and 3 levels of local area line noise: 

100 pWp, 50 pWp and 0 pWp 

then for a line of average length having a loss of 
3 dB the 9 possible values of noise at the subset 
terminals in pWp and converted to dBmp are as shown 

in Table A. 

If the receiving reference equivalent of the 

subscriber's set on an average line is taken as -A dB, 
then the reference equivalent at the subset terminals 
at the point at which the noise level is evaluated is 
-7 dB. Either from Figure 3 or from lin ar inter¬ 

polation in the CCITT table (Table 2) the following 
values are obtained for the median listener thresholds 
for intelligible crosstalk (nominal overall reference 

equivalents): 

Under conditions of negligible room noise: 

52.7 55.6 55.0 
53.5 57.2 59.5 T dB 

5A.5 59.8 67.6 

Under conditions of +A0 dB(A) room noise: 

50.1 52.A 53.5 
50.7 53.6 55.A T dB 
51.5 55.6 60.9 

From these 18 values of T dB two have been 
selected for further study. One, the highest value 
57.6 dB, corresponds to a median listener on a quiet 
modern exchange,with no line noise and a negligible 
background of room noise. The other value selected, 
55.A dB, corresponds to another median listener on a 

quiet modern exchange, with 50 pWp line noise on the 
local circuit and a background of +A0 dB(A) room 
noise. From Figure 9 the probabilities of intelligible 
crosstalk under these ambient conditions are as shown 

in Table 5. 
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Activity Factor 

The risk of crosstalk depends not only on the 
probabilities shown in Table 5 but also on the level 
of activity on the circuits concerned. Clearly in the 
middle of the ni,ght with no other circuits in use 
there can be no crosstalk interference regardless of 

the degree of coupling. If we restrict our consider¬ 

ation to the exchange busy hour, then typical calling 
rates for residential and business subscribers are as 
shown in Figures 10 and 11, respectively. The overall 
rate for any one exchange will depend on the mix of 
the ratio of business to residential subscribers. 
But for the sake of example we will consider two rates: 
0.025 erlang per exchange connection one way corres¬ 
ponding to a predominately residential case, and 0.2 
erlang per exchange connection one way for an exchange 

with mainly business subscribers. 

If the calling rate is denoted by />, then if a 
subscriber on average receives as many calls as he 

makes, the bothway overall calling rate is 2i‘. If 
there are n subscribers connected to a particular 
cable, where n is a reasonably large number, then 
at any instant in the busy hour there will be on 
average 2 m active subscribers. In the steady state 
with the births keeping up with the deaths, during 
the time taken for an average call, all of the sub¬ 
scribers who were connected at the start of the period 
will have terminated their calls and will have been 
replaced by others. The probability of a particular 
subscriber making or receiving a call or being already 

engaged on a call during the time when you are making 

a call is therefore 4 times the average busy hour 

calling rate, namely Ar. 

The probability that your EV1 will be active 
during a call is Ar*. The probability that your EV1 
is not active but your EV2 is active is clearly (1 - 

4r) Ar. The probability that your EV3 is active and 
your EV1 and EV2 are inactive is (1 - Ai") (1 - if) if, 

and so on. 

If P is the probability of intelligible cross¬ 
talk from an active EVn circuit, then the probability 
that the EVn circuit is active and intelligible during 
a call is ArP . The probability that no circuits 
will give intelligible crosstalk during a call is the 

product 
N 
n (1 - irf) 

l 
where N is the total number of pairs from which cross¬ 

talk is possible. This product converges rapidly and 

only the first few terms are required; the risk of 
intelligible crosstalk is given by the product's 

complement. 

Using the two calling rates and the two threshold 
conditions as shown in Table 5 the following results 

are obtained: 

- For a residential calling rate the risk of social 
crosstalk in the exchange busy hour is 0.16Z under 

quiet condition, of no room noise and no line 
noise, or 0.00074Z under conditions of AO dB(A) 

room noise and 50 pUp of line noise. 

- For a business calling rate the risk of social 
crosstalk in the exchange busy hour is 1.31Z 
under the unlikely environment of no room noise 

and no li.ie noise, or 0.0059Z under conditions of 
AO dB(A) room noise and 50 pWp of line noise. 

In all cases a modern exchange has been assumed 

with a low noise level of -80 dBmp. 

Other Factors 

Certain factors have been ignored in the calcul¬ 
ations, mainly due to lack of information. These 
include the effects on cable crosstalk of unbalance in 
the transmission bridges. In defence of this it may 

be said that such unbalances have much greater effect 
when cible crosstalk coupling is low, but little at 

thr tail of the distribution, where it is high. 

Present Position in the CCITT 

The new recommendations (G.116/P.16) that have 
been introduced in the Green Book, Volumes III (Line 
Transmission) and V (Telephone Transmission Quality) 

are confined to publication of the curves shown in 
Figure 3 together with explanations and examples. 
However, in the present session the questions are being 
studied in greater depth. This will certainlv mean a 
review of existing recommendations and this could lead 
to their modification and possibly the introduction of 
new recommendations affecting national and inter¬ 
national practices. 

Conclusions 

Margins that in the past ensured good crosstalk 

performance are in danger of being eroded away. 
Exchanges are becoming quieter and the use of elect¬ 

ronics in supervisory circuits permits a new generation 
of exchanges with higher possible loop resistances and 
hence higher overall speech path loss which has to be 
compensated by additional gain. To this must be added 
a growing demand by the public for privacy in its 
telephone conversations. 

The local area is particularly susceptible to 
crosstalk problems as it is the region in which speech 
level differences are at their highest and where 

signals are most likely to exist in analogue form. 
Whilst many of the factors which play an important role 
in determining whether or not a possible crosstalk path 

will give intelligibility are not under the control of 
the network designer, the specifications for capacitance 
unbalance limits in the local cable are, and will doubt¬ 
less come under closer scrutiny. 

For distributions of the type that arise in cable 

capacitance unbalance the problem is concentrated in the 
peak of the distribution rather than in the bulk and a 
reduction in the spread of readings is just as valuable 
as an overall improvement in the rms value. 

Bearing in mind the likely range of environmental 
factors that will be encountered in practice, such as 
room noise, subscriber calling habits, and talking 
volumes, the cable design on which the measurements were 
taken would appear to be more than adequate for present 
day use and to have a fair degree of latitude to meet 
many of the demands which could be made during its 
installed life. For, although there must be a future 
trend towards a reduction in the average overall reference 
equivalent of connections, this is inevitably accompanied 
by a partial lowering in the subscribers' vocal level. 
Furthermore, greater sophistication in subscribers' 
apparatus circuitry will permit better control of level 

extremes due to a 'bull' talker or poor line equaliz¬ 

ation. 

In the ultimate future, the problem of intelligible 
crosstalk will disappear and be replaced by one of 
impairment due to bit mutilation as digital transmission 
stretches right to the subscriber's premises. But the 
vast investment in existing techniques and the inertia 
to change of the local area network as a whole seem 
likely to ensure that the task of intelligible crosstalk 
suppression will remain a challenge to cable and equip¬ 
ment designers for many years to come. 
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Fig. 1 - Factors giving rise to crosstalk 

Fig. 2 - Typical exchange area cable layout 

Fig. 3 - Crosstalk reference equivalent as a function 

of receiving reference equivalent and circuit 

noise(CCITT Green Book Vol.IIl, Rec.G.116; 

Vol.V,Rec.P.16) 

Fig. 4 - Neighbouring pairs in a short elemebt 

of cable 
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Fig. 5 “ Capacitance couplings between 

short lengths of two pairs 
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Fig. 6 - Dependence of capacitance unbalance on relative pair positions within 

10-pair subunita of 800-pair cable 

Fig. 7 - Distribution of the first 
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Fig. 9 • Probable expectation of Nceiinal Croeatalk 

Reference Equivalent for firat nine 

extreme value« of capacitance unbalance 
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1. ABSTRACT 

In 1972, NTT purchased more than 140,000 tons of 
copper for use as cable conductors, which amounts to 14% of 
domestic consumption. The average annual demand for this 
material for the next five years will be about 170,000 tons; 
approximately 14% of the total. 

In recent years, world wide copper supply has been 
unstable, and lately prices have risen sharply; and exhaus¬ 
tion of copper resources is forecast. Therefore, to ensure 
a constant and stable supply of cable conductor material, it 
is important to obtain a substitute material whenever needed. 
Aluminum as a copper substitute is abundant and has excel¬ 
lent conductivity. NTT has been conducting a development 
study of aluminum as conductor material for telecommunica¬ 
tion cable since 1966. 

Since 1971, NTT has twice conducted commercial tests 
of multi-pair aluminum conductor junction cables, and 
aluminum conductor cables have become feasible for practi¬ 
cal use. 

2. INTRODUCTION 

In order to cope with the unstable copper supply, NTT 
has been conducting a development study of aluminum as a 
cable conductor material for telecommunication cable since 
1966, so that we would be able to use it whenever needed. 
In eplte of long experience in the use of aluminum conductor 
power transmission lines, an aluminum conductor telephone 
cable was not developed until quite recently, because alumi¬ 
num conductor cable has inferior physical and chemical pro¬ 
perties compared to copper. 

However, problems of splicing, corrosion and manu¬ 
facture of aluminum conductors have been solved by recent 
technical advances and aluminum conductor cables have be¬ 
come feasible for practical use. In 1971, NTT began com¬ 
mercial tests of 0.8 mm 600-pair EC grade aluminum con¬ 
ductor Junction cables, using a total of over 12 km. Since 
1973, NTT has been conducting further commercial tests of 
0.65 mm 1,000-pair and 0.5 mm 1,800-pair aluminum alloy 
conductor Junction cables using a total of over 12 km in order 
to develop finer gauge aluminum conductor cables. Good 
results have been obtained from the commercial tests regard¬ 
ing electrical and mechanical properties and splicing per¬ 
formance. 

3. SUPPLY AND DEMAND OF CONDUCTOR MATERIAL 

Supply and demand of copper is very sensitive to world 
political and economic conditions. As shown in Fig. 1, copper 

price fluctuations are much more violent than aluminum pric¬ 
es, thus the supply situation is very unstable. Copper and alu¬ 
minum resource demand and supply postures are shown in 
Table 1 and Table 2. 

Fig. 1 * Price fluctuations of copper and aluminum 

If consumption of copper continues at the current growth 
rate, presently known deposits of copper resources will last 
about 20 years, and will be exhausted by 1995-2000. In con¬ 
trast, aluminum resources may last 53 years even if demand 
Increases and could last 1,000 years if the current annual 
consumption rate remains the same. Therefore, since alu¬ 
minum depoalu are rich and supply is stable, It is the most 
suitable material for future conductor use. 

On the other hand, the highest percentage of copper used 
for various cable conductors, (see Table 3), is in multi-pair 
cables. Therefore, if theee conductors are replaced by alu¬ 
minum, the economic effect will be great. Junction cables 
are used under stabilized environs, as in ducts or cable nsi- 
neis, and seldom need any re Jointing once they are installed. 
Because of these reasons. NTT first began a development 
study of Junction cables. 
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Table I - Resource situations 

Year 

Resource 

Demand for refined copper 
and aluminum (x 103 ton) 

Deposits 
(x 108 ton) Present* 2000 

Total from 
present to 
2000 

Cu 
World 7,067 26,136 468,512 2.9 

Japan 807 4,022 63,377 0.02 

A1 World 

from data 
of U.S. 
Bureau of 
Mines 

9,330 min. 45,000 
max. 95,000 

min. 710,000 
max. 

1,150,000 

35% 
content 

25%** 
content 

Total 

from 
Rev. del' 
Aluminum 

8,570 99,820 1,250,900 18.6 20.0 38.6 

* Cu for 1969, Al for 1968 
** Low-quality minerals 

Table 2 - Supply life of copper and aluminum 
resources 

Life (years) Cu A1 

Present demand level 36 1,000 

Continuously rising 
demand 

21 53 

Table 3 - Percentage of quantity of copper 
use by kinds of cables 

Cable Percentage ( %) 

Multipair local cables 
(including Junction cable) 

Distribution cables 
Toll cables 
Switch board cables 
Coaxial cables 
SD wires 
Other cables 

56 

18 
9 
5 
4 
4 
4 

Total 100 

4. ALUMINUM CONDUCTOR MATERIAL AND FOAMED 
POLYETHYLENE INSULATION 

(1) Properties of aluminum conductors: 

Aluminum conductor materials are classified as: EC 
grade aluminum (purity: 99.65% or more) and aluminum alloy 
(A1 and Fe, Mg, Si, Cu, Sb, etc. ). EC grade aluminum has 
high conductivity and is relatively low priced but it is inferior 
in tensile strength. It is applicable for thick gauge conductors 
such as 0.8 mm, but, it is unsuitable for conductors as thin 
as 0.5 mm. Therefore, EC grade aluminum is used for 0.8 
mm conductors ■ while aluminum alloy of higher tensile stren¬ 
gth is used for 0.65 mm and 0.5mm conductors in view of ma¬ 
nufacturing efficiency. 

Table 4 shows the physical and mechanical properties of 
aluminum conductor material as compared with copper con¬ 
ductors. 0 grade and H grade indicate degree of "soft" and 
"hard" work hardening respectively. The relation between 
tensile strength and conductivity, which is one of the most 
Important relations, is shown in Fig. 2. Generally speaking, 
the greater the conductivity, the smaller the tensile strength. 
The conductivity of actually used aluminum conductors is: 
aluminum alloy -- about 61% LACS (International Annealed 
Copper Standard). EC grade aluminum conductivity is about 
63% IACS. Intermediate degrees of softness or hardness be¬ 
tween O grade and H grade are most suitable for aluminum 
conductors, which are produced so as to correspond to 1/4 H 
grade. Cable specifications provide standards for tensile 
strength, elongation, free-bend property, 180° reverse bend 
property and a wrap test aroisid a wire of its own diameter. 
The actual measurement values meet the requirements as 
shown in Table 5. 

However, one of the fundamental demerits of aluminum 
is that it has less tensile strength than copper and, as shown 
later, this is an impediment to manufacturing efficiency. 
Other outstanding demerits of aluminum are found in splicing 
and corrosion. 

Aluminum is a chemically active metal and its corro¬ 
sion median ism is basically different from that of chemical¬ 
ly inactive copper. It is well known that aluminum is several¬ 
ly corroded by Improper and wrong use. On the other hand, 
since aluminum is highly active, it reacts strongly on oxygen 
in the atmosphere and forms a film of AI2O3 on the surface, 
which works as a protective film, with a resultant increase 
in anticorrosiveness. The corrosion rate of aluminum is 
relatively high in the initial stages of exposure to the atmos¬ 
phere, but in most case it rapidly drops with time and retains 
an excellent anticorrosive condition. 

However, aluminum deteriorates due to contact corro¬ 
sion with other kinds of metal as copper, brass and Iron, 
when exposed to the air: this is particularly true in seaside 
areas where salt water spray is carried on the wind. 
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Table 4 - Physical and mechanical properties of conductors 

“T EC irrade A1 ! A1 alloy Copper \ 
Item 1 

Purity (%) 99.8 1 99.2 1 99.9 

Density (g/cni3 at 20°C) 2.70 I 2.70 ] 8.1 89 

Physical 
Properties 

Conductivity (% IACS) bU 6L8 61.3 59.9 101.2 98.8 

Volume resistivity 
( n -cm at 20°C) 

2.72 22.80 2.80 2.88 1.70 1.75 

Temperature coefficient 
of resistance 
(10-3/°c at 20°C) 

4.10 4.05 3.93 

Coefficient of linear 
expansion 
(10-6/°C at 20°C) 

23.1 23.1 17.0 

Thermal conductivity 
(Cal/°C.cm.sec at 20°C] 

034 533 0.92 

Specific heat 
(Cal/K.0C at 20°C) 

0.213 0.213 0.092 

Melting point (°C) 656.8 655.6 108.3 ] 

Latent heat (Cal/gjitm) 94.6 94.6 48.9 

Mechanical 
Properties 

Tensile strength 
(Icg/mm2) 9.0 17-25 12.0 23-25 24.5 49.8 

0.2% proof stress 
(kg/mm 2) 

4.0 19.4 5.8 24.7 8.1 46.8 

Elongation (%) 27.3 1.0 21.6 1.0 “353 1.0 

Modulus 
(kg/mm2) 

5,400 6,500 5,600 6,900 8,900 10,500 

Hardness (Vh) 26 53 33 62 70 112 

Shearing stress 
(kg/mm2) 

4.9 7.4 16 21 

Table 5 - Mechanical properties of conductors 

Item 

EC grade A1 A1 alloy Copper 

Diameter Measure¬ 
ment 
value 

Require¬ 
ments 

Measure¬ 
ment 
value 

Require¬ 
ments 

Measure¬ 
ment 
ralue 

Tensile 
strength 
(kg/mm2) 

0.8 10.9 9.5 - - - 

0.65 

0.5 

“ 

► 

13.5 

13.6 
12 

23.5 

24.0 

Elongation 
(%) 

0.8 10 3 - - - 

0.65 

0.5 

• 
- 

8 

8 
3 

26 

25 

(Note 1) 

Free-bend 

test (times) 

0.8 30 15 - - - 

0.65 

0.5 
- 

30 

39 
15 

107 

195 

(Note 2) 

ISOPrevers« 
bend test 
(times) 

0.8 12 6 - - - 

s- 0.65 

0.5 - 
- 

16 

17 
6 

15 

18 

(Note 3) 
Wrap test 
around a 
wire of its 
own dia¬ 
meter 
(cycles) 

0.8 6 3 - - - 

0.65 

0.5 - 
- 

5 

6 
3 

1 
5 

6 
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Corrosion Is roughly divided Into the following types: 
(Note 1) Free-Bend test 

Free-bend tests are performed on the device 
shown In Figure. 

A test piece of bare conductor fixed at the both 
ends shall be expanded and contracted from 80 mm 

1) Wet atmospheric corrosion 
2) Corrosion in liquid 
3) Contact corrosion 
4) Crevice corrosion 

to zero. 

I 
I 
I 

£3 
80 mm 

Free-bend test 

(Note 2) 180° reverse-bend test 

Bend tests are performed on the device shown 
In Figure. 

A test piece of bare conductor shall be bent over 
a 1 mm radius. 

180® reverse-bend test 6" 

(Note 3) Wrap test 

A piece of bare conductor shall be wrapped round 
a wire of Its own diameter to form a close helix 
of 10 turns. 5 turns shall be unwrapped and again 
closely rewrapped In the same direction. 

Fig. 2 - Relation between tensile strength and 

conductivity of A1 conductor 

Wet atmospheric corrosion Is a rata decreasing type. 
The higher the purity, the larger the anticorrosiveness due 
to AI2O3 film. Corrosion In liquid is caused by diluted 
Inorganic acids or alkalis. But aluminum is chemically 
stable against a solution which Is not strong enough to eat 
Into ihe oxidized film. Electrochemically, aluminum is 
a base metal. When an electrolyte touches aluminum which 
is In direct contact with a different kind of metal, a local cell 
Is formed, and tai most cases, corrosion of the aluminum la 
accelerated. This Is called a conuct corrosion. Metals vary 
in standard electrode potential according to different electro¬ 
lytes because they polarize, form a protective film or become 
passive in accordance with the environment. Generally, alu¬ 
minum Is not contact-corroded by zinc or cadmium, but is 
heavily contact-corroded by copper. Iron or their alloys. 
Crevice corrosion la especially noted In power cables. When 
water gathers In a narrow spacing, there concentration cell 
action arises due to the difference In oxygen content In the 
water, between the part where the water Is In contact with 
the air and the interior part shut off from the air, and such 
action causes corrosion. However, as compared with contact 
corrosion, crevice corrosion Is generally so slow to progress 
that It does not require special attention except In areas near 
the seashore. 

As previously mentioned, aluminum has corrosion prob¬ 
lems which are seldom encountered with copper. Therefore 
these problems become restrictions In manufacture, Installa¬ 
tion and maintenance of aluminum conductor cables. During 
manufacture, utmost care should be taken to avoid Intermix¬ 
ing of any different type of metal and during Installation, a 
good connector should be used for conductor splicing. Fur¬ 
thermore the spliced parts have to be filled with a suitable 
compound or the spliced cables have to pressurized. 

(2) Mass production and properties of formed polyethylene 
insulation: 

Foamed polyethylene (PEF) is used for conductor In¬ 
sulation of this caíble to Improve Its crosstalk characteristics 
and space factor. High density polyethy' ■»« (HOPE) with 
good mechanical properties Is used for higher manufacturing 
speed for a thin-walled Insulation. For HOPE blowing, a 
coating method has been applied to the Insulation process of 
subscriber feeder cables with 0.32 mm conductors. This 
method Is suitable for small diameter conductors, but U not 
an advantage as far as coating speed for larger diameter 
conductors la concerned. Therefore, an extrusion blowing 
method Is used for aluminum conductor Jiaiction cables. 
This method has been practically used for toll cables with 
PEF Insulation of low-density polyethylene (LDPE), but It 
has not been applicable to HOPE because the temperature for 
suitable melt viscosity of HOPE for high extrusion speed was 
higher than the decomposing temperature (190P - 220PC) of 
the chemical blowing agent. To solve this problem, it Is 
necessary to reduce the melt viscosity of HOPE to make Its 
extrusion possible at a suitable temperature for the decom¬ 
position of the blowing agent, to Improve the agent or to 
develop a method which does not need such an agent. Along 
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Table 7 - Properties of PEF insulation wtth the recent remarkable advances on blowing techniques, 
various methods have come Into practical use. 

For reducing the melt viscosity there are various 
methods: 1) Swelled polyethylene method wherein a com¬ 
pound of polyethylene and a blowing agent Is swelled with 
anorganic solvent prior to extrusion: 2) Method of obtain¬ 
ing low-viscosity HOPE by blending resins having a soften¬ 
ing effect, 3) Method of using HOPE having high flow ^ 
characteristics, and 4) Gas-blow method. Methods 1) 2) 
3) are chemical blowing methods using blowing agents, 
while 4) is a physical blowing method In which gas (chiefly 
nitrogen) Is directly compressed Into melted polyethylene 
without using any blowing agent. Good PEF;‘"8^*“d 
ductors can be produced at high »peed by all of the methods. 

The PEF Insulation thus obtained has a thin walled 
thickness as shown In Table 6 and uniform and closed cells 
au tiny as 10 n average, and 30/* maximum. Its dlelectr c 
constant should be around 1.95 from the necessity of mak- 
tag the mutual capacitance 50 nF Am and the insulation thick¬ 
ness equivalent to paper insulation thickness, as a result of 
which the expansion rate Is about20%. HOPE matertal has 
a brittleness temperature of -60PC or under and a melting 
temperature of 120°C or over. Other properties are shown 
in Table 7. Tensile strength and elongation fully meet the 
requirements of the specification and abrasion resistance Is 

also satisfactory. 

Table 6 - PEF Insulation thickness 

Conductor diameter (mm) 0.5 0.65 0.8 

Insulation thickness (mm) 0.12 0.15 0.19 

Cell size Ave. 10 U 

Max. 30 /» 

Expansion rate about 20% 

Tensile strength 
0.5 mm : 2.2 kg/cm2 
0.65 mm : 2.0 

Elongation 
0.5 mm : 430% 
0.65 mm : 450% 

Abrasion resistance 
(NEMA type) 

0.5 mm : about 16 times 
0.65 mm : about 300 

Maximum potential gradient 50 kV/mm 

Thermal shrinkage 
(80°C X 24 hr.) 

0.75% 

Thermal stress cracking 
(100°C X 1000 hr.) 

No cracks 

Environmental stress cracking 
/ 50°C X 1000 hr. \ 
Aqueous solution of J 
.Alkyl - Allyl -Polyoxyethylene / 

No cracks 

NEMA type abrasion tester 
Diameter of abrasion-bar : 
Stroke : 
Speed : 
Dead weight : 

4 mm 
10 mm 
60 tlmes/mln. 

0.5 0.65 

T 0.125 0.21 

W 0.5 0.5 

(3) Manufacture of PEF Insulated aluminum conductors: 

In the manufacture of aluminum conductor cables, 
an exclusive "Wire drawtag-annealtag-extrusloo tandem 
line" has to be employed to prevent the coexistence of other 
Hnri« of metal; especially copper powder. In particular, 
machines in which aluminum conductors are exposed, such 
as drawing machines and annealers, must have covers to 
protect the conductors from factory contamination. Fig. 3 
shows an example of an aluminum conductor insulating tan¬ 
dem line, to producing aluminum conductors of a specified 
size, first aluminum wire Is drawn into an intermediate 
size and fully annealed by a continuous annealer, and then 
reduced by about 20% by a secondary wire drawing machine. 
Hardness then Is 1/4H - 1/8H. For quadding and subsequent 
processes, equipment the same as used for copper conductor 
cable manufacture can be used. 

Because of the poor mechanical properties of aluminum, 
aluminum conductor production efficiency is not so good: in¬ 
sulation extrusion line speed is 60 - 70% that of copper con¬ 
ductor, quadding speed is about 80% and quad stranding and 
unit stranding speeds are 100%. Cki the whole, diese factors 
are responsible for high aluminum conductor manufacturing 
costs. 

5. CABLE STRUCTURE 

(1) Core structure: 

In aluminum conductor Junction cable, PEF Insulated 
conductors are twisted Into a star quad. The cable core con¬ 
sista of two kinds of units, that Is a 25-quad »it and a 50- 
quad «it, to make the cable core circular. The core 

structures are shown in Table 8. 

The used by NTT for commercial tests so far 
are 0.8mm - 600 pairs, 0.65mm - 1000 pairs and 0.5mm- 
1800 pairs. They are «ly «he cables with the max. number 
of pairs for each conductor size that can be installed in a 
75 mm duct. Cables of Intermediate numbers of pairs will 
be produced in the near future. 

to PEF insulation, loosening of insulation does not 
occur, as It does in paper insulation, and the manufacturing 
defect ratio Is so small that spare quads have be« œüreiy 
done away with. 
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Fig. 3 ■ An example of manufacturing line of 
aluminum conductor cable

Table S - Core structures

Number 
of pairs

600 pairs 
1,000 pa Its 
l.HOOpalrs

Number of units 
In each layer

Center i 1st 
layer layer| layer

•3
•4

1

•9
8
6 II

Total
25 50 Remarks

quad quad
unit unit

1 12 *: 25-quad unit
4 H The rest are

18 50-quad unit.

(2) Sheath structure;

The cable core Is wrapped with paper and then covered 
with a laminated aluminum polyethylene (LAP) sheath. In 
manufacturing LAP sheath, 0.2 mm thick aluminum tape 
bonded with 1 - 2 layers, 0.05 - 0.06 mm thick, of ethylene- 
copolymer film (called ' laminated tape") on one side, Is 
applied lor gltudlnally with the film side outward over the 
cable core and a polyethylene jacket la extruded onto It.
The heat resulting frc i the extruded polyethylene firmly 
fuses the aluminum upe to the Inner surface of the poly­
ethylene Jacket. The quality of the laminated tape Is con­
trolled so diat the peel strength of the plastic film of the 
laminated tape may be 0.3 - 0. 5 kg/10 mm In width, and 
that of the aluminum upe of the laminated sheath may be 
3-5 km/10 mm In width.

Because the mechanical properties of the cable 
deterlorau due to springing back of the overlap of the 
laminated upe, the overlap should be bonded tightly by 
hot jet, etc. after upe forming. Along with lu excellent 
mechanical properties even higher moisture-proofness can 
be obulned. Fig. 4 shows the construction of the cable 
and Table 9 shows the size, weight, etc. of the cable.

Fig. 4 - Cable structure

Table 9 - Cable sizes

Item

Kind of cabieJ'\_

Cable core 
diameur 

(mm)

LAP sheath 
thickness 

(mm)

Cable 1 Cable 
dlamewr 1 weight 

(mrn) (kg/m)
0.8 mm 600pairs 58 3.1 64 ' 3.2
0.65mm lOOOpalrs 60 3.2 67 1 3.4
0.5mm 1800 pairs 62 3.3 69 ! 3.6

6. ELECTRICAL CHARACTERISTICS

One of the greaust differences between aluminum con - 
doctor cable and capper conductor cable lies fai conductivity. 
Therefore, resistances of 0.8 mm, 0.65 mm, and 0.5 mm 
aluminum conductor cables correspond to those of 0.65 mm.

/
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0.5 mm and 0.4 mm copper conductor cables respectively. 
This Is shown In Table 10. Capacitance and Inductance of 
aluminum cable are nearly the same as those of a copper 
conductor Junction cable; about 50 nF Am and about 0.7 mH/ 
km respectively. 

Table 10 - Resistance (O/km) 

Table 11 - Static couplings (pF/150 m) 

Conductor diameter Ave. Max. 

0.8 mm 
0.65 
0.5 

17 
16 
17 

195 
137 
149 

Spec. regulation less than 100 less than 600 

Aluminum conductor cable Copper conductor cable 

Conductor 
diameter 

Ave. Max. 
Conductor 
diameter 

Ave. Max. 

0.8 mm 
0.65 
0.5 

55.7 
86.3 

145.9 

60.5 
94.0 

155.4 

0.65 mm 
0.5 
0.4 

52.5 
88.7 

139.0 

56.5 
93.5 

147.5 

Bfrsuf of the difference in conductor resistance (R) 
of the primary constants, diere also arises a similar dif¬ 
ference in the secondary constants; that is "a one-rank dif¬ 
ference". The secondary constants of 0.5 mm aluminum 
conductor cable aa shown In Fig. 5, correspond to those of 
0.4 mm copper conductor Junction cable. 

The static couplings between pairs within a quad used 
for the commercUl tests are small as seen from Table 11, 
therefore their crosstalk characteristics are good, as shown 
in Fig. 6. NTT has already discontinued test splicing of 
copper conductor Junction cables, and since the aluminum 
conductor cable is the same aa, or better than, the copper 
conductor Junction cable in crosstalk characteristics, its 
test splicing could be also abolished. But test splicing has 
been continued up to now in view of die irregularity of cross¬ 
talk characteristics. NTT will hereafter investigate its 
abolishment. 

Fig, 5 * Secondary constants of 0.5mm aluminum 
conductor cable 

Fig. 6 - Crosstalk on non-loaded circuits 
of A1 conductor Cable 

a : Within a quad 

b : Between adjacent quads 

c : Between every second quads 

d : Between every third quads 

e ; Between every fourth quads 

f : Between quads in adjacent layers 

i : Between quads in adjacent units 
( 3 rd layer - 3rd layer ) 

J ; Between quads in adjacent units 
( 2nd layer - 2nd layer ) 

k : Between quads In adjacent units 
( 1st layer - 1st layer ) 

7. MECHANICAL AND PHYSICAL PROPERTIES 

NTT's conventional wider ground multi-pair local cables 
have been paper Insulated sta’.peth (ST) sheathed. But recent¬ 
ly, not only PEF insulation, but also the LAP shoath which 
is more economical than the stalpeth sheath and equal to or 
better in various properties have been adopted for junction 
cables. Aluminum conductor junction cables also use die 
LAP sheath, which is superior In mechanical and moisture- 
proof properties. 

The LAP sheath is far superior to d.e stalpeth sheath 
in bending characteristics: a sharp difference In the number 
of bendings until aluminum upe or polyethylene sheath de¬ 
velops cracks or buckllngs; as shown in Fig. 7. Fig. 8 shows 
expansion and contraction of the cable sheath when its middle 
is pulled by a fleeting grip. The expansion and contraction 
rates of the LAP sheath are about half that of the stalpeth. 
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Mandrel radius 

The permeation rate of LAP sheathed cable is calculated 
as follows: 

(1) When the overlap of laminated tape Is unbonded 

Gl-P.—V 
In — 

Jta 

where Gj = permeation rate (g/hr. cm. mmHg) 
d: polyethylene jucket thickness (cm) 

2a: overlap gap of laminated tape (cm) 
P: permeation rate of polyethylene 

(2.2 X 10'9g/hr. cm. mmHg) 

Fig. 7 - Bending characteristics (2) When the overlap of laminated tape is perfectly bonded 

Pulling Weight (Kg) 

Fig. 8 

Expansion Contraction 

2u«r f i 
Fleetl 

Expansion 
rates 

anl Contraction 

P. 

g3 
1 , 8d ^ 
— in — + — 

a 2a 

where Gj : permeation rate (g/hr. cm. mmHg) 
2a 

G* : P : permeation rate of tape overlap 
(g/hr. cm. mmHg) 

I : overlap width of laminated tape (cm) 

For 0. S min 1,800-palrs cable, by presuming the im¬ 
perfection (0.2%) of overlap bonding, the rate is given by the 
following formula 

CLAP * C2 X + G! X « 9.7 X 10-12(g/hr. cm. 
mmHg) 

This value is much smaller than that of alpeth sheath and is 
near that of stalpeth sheath. LAP sheathed cables may be 
considered suitable for practical use because it takes 42 years 
for relative moisture in the cable to reach 20%. 

As compared with PEF Insulated copper conductor LAP 
sheathed cable, aluminum conductor cable has almost the 
same characteristics, such as torque and compression. 
However, the aluminum conductor cable shows a little larger 
deflection in flexibility characteristics, as shown k< Fig. 9. 

Fig. 9 - Flexibility characteristics 

8. ALUMINUM CONDUCTOR SPLICING METHODS 

(1) Various splicing methods: 

The most difficult problem in using aluminum conductors 
for a telecommunication cable is splicing. Aluminum con¬ 
ductors are difficult to splice because aluminum Is so highly 
reactionary that It quickly oxidizes and forms an oxide film. 
The film, thouÿi extremely thin, tightly adheres to the alumi¬ 
num surface and has a high melting point, which makes it dif¬ 
ficult to remove die film. Moreover, the film is non-conductive, 
therefore if aluminum conductors covered with the film are 
spliced, crataci resistance gradually increases until conduc- 
tlblty disappears. Thus it Is necessary to remove the oxide 
film when splicing and to prevent the contact surface from 
oxldlz'ng again after splicing. 

When splicing aluminum conductors and conventional co 
copper conductors, the problem cf contact corrosion also 
arises. Because of these problems, a simple manual twist, 
splicing of copper conductors cannot be used for splicing 
aluminum conductors. Aluminum conductor splicing methods 
are as follows: 

(1) Cold pressure welding 
(2) Manual twist and soldering 
(3) Arc welding 
(4) Ultrasonic brazing 
(5) Compression joint 
(6) Connector joint 
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Oí these methods, (1) Is a method wherein conductors 
are butted and Jointed together under high pressure at normal 
temperature. This is free from thermal strain and the 
Jointed part Is very stable, but It Is difficult to join conductors 
of different diameters and the jointing device has to be large- 
sized; for this reason, It Is used only for factory jointing. 
Method (2) makes use of aluminum solder, but as It needs a 
degree of high skill and Is Inferior In anticorrosiveness, It 
Is not feasible. Method (3) uses arc welding or resistance 
welding equipment, but die former needs an atmosphere of 
argon gas, etc., while the Utter calls for a Urge current 
capacity; so that they are not recommended. Spark welding 
method was once used, but dropped in consideration of 
operational efficiency and relUblllty. Method (4) uses an 
ultrasonic-wave Iron which removes the oxide film with 
ultrasonic-wave energy. While there Is no need to remove 
the insuUtion, It leaves so'ne thing to be desired in mecha¬ 
nical strength, therefore tills method Is not in use. In 
method (5) jointing Is done by compressing a conductor sleeve, 
but It has problems of operation and relUblllty regarding 
conductors less than 1 mmd thick. For method (6), various 
connectors have been developed and reported. They are 
roughly divided Into "cUmp types” and "compression types". 
It U easy to obtain connectors that are high In operational 
efficiency and relUblllty, and NTT adopted a cUmp type 
connector that can be used for aluminum conductors with 
an automatic splicing machine. 

(2) Development of connectors: 

When aluminum conductors are splice with con¬ 
nectors the following four technical problems arUe: 

1) Presence of non-conductive oxide film. 

2) Perfect shielding from oxygen required to 
prevent forming of aluminum oxide at con¬ 
tact surface. 

3) Possibility of corrosion from conuct with 
different kinds of metal. 

4) Inferior mechanical strength. 
A connector which Is free from all of these problems has 
to be developed. 

At first, the feasibility of using copper conductor 
connectors toa aluminum conductors was taken up, but 
becoause of a problem of reliability, a connector especially 
tor aluminum conductors has been developed. This connector 
is compsed of a thread outer sleeve and a flat tapered inner 
pin, while the connector for copper conductor connection 
consists of a flat outer sleeve and a thread tapered Inner pin. 
In the first commercial test of 0.8 mm - 600 pair aluminum 
junction cable, a handytool was used for aluminum conductor 
splicing with tills connector, and good results were obtained. 
However, because this connector had large deviations of 
contact renlstance when used for 0.65 mm and 0.5 mm con¬ 
ductors and since the threading of the Inside surface of the 
sleeve was costly, it was rejected. 

On ti» other hand, since a subsequently improved 
connector for copper conductors had a high reliability 
when used for aluminum conductors of various diameters, 
It was used in the second commercial test with au auto¬ 
matic splicing machine with sa tisfactory results. How¬ 
ever, since the connector tended to somewhat Increase 
contact resistance under accelerated aging tests coupled 
with moisture, Its application Is limited to only pres¬ 

surized Junction cable for the time being. There was a 
need to Investigate enlarging the scope of its application 
to non-pressurized cables and to jelly-filled cables, so 
an improved connector was developed. Its properties are 
now being confirmed. Fig. ill show* the structure of the 
connector used in the secont commercial test. 

Polyethylene insulation 
Metal tube 

Outer sleeve Inner pin 

Fig. 10 Connector structure 

(3) Connector performance properties: 

Combined use of the above connector and the auto¬ 
matic splicing machine facilitates efficient, reliable and 
stable splicing of aluminum conductors. In other words, 
when the Inner pin is pushed Into the outer sleeve, the 
ridges of the Inner pin peel off the oxide film and the Insula¬ 
tion from aluminum conductors and the conductors are held 
rigidly between the Inner pin ar ‘ outer sleeve. As a result 
die contact surface Is gas-tight, a new oxide film does not 
form, and as shown in Fig. 11 initial conuct resistance is 
small with little deviation. In addition, this value remains 
virtually unchanged even when subjected to a thermal cycling 
test, - 20oC-6(TC of 200 cycles, or a vibration test, 7 x 106 
cycles, and It changes only a little even under a thermal shock 
test, -195°C ~ 70°C of 200 cycles. A sufficient value to hold 
the conductors is also obtoined, and the results of a tensile 
strength test are shown In Table 12. 

Table 12 - Tensile strength distrilution of 
spliced points of conductor 

Combinations of 
conductor dia¬ 

meters 
(A¿- i’EF) 

Break points [ 
Outside of 
connector 

Inside of connector 

Conductor 100-90%* 90%* under 

0.5 - 0.5 mm 
0.65-0.65 
0.8 - 0.8 

91% 
90 

100 

9% 
10 
0 

0% 
0 
0 

* Ratio of tensile strength of break points to that of 
conductor 

i 
r 
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LAP Sheath Cable
Wiping J/ain Lead Sleeve

Perforated Ixiad Sleeve

I I ?
Adhesive
Glass Tape Boiiding CoiuiectCir

Auxiliary Lead 
Sleeve

r Three position are \ Glass Sheet

Sealing Tape
Taping (Sealing Tape 

and PVC Tape)

squeezed with a roller- 
\ squeezing tool ^

Cotton Tape

Joint resistance (mtj)

Fig. 11 - Initial joint resistance

a SHEATH lOlXTINC, METHOD

(1) Jointing method:

LAP sheaths are jointed by the conventional auxiliary 
lead sleeve squeezing method used for paper insulated stal- 
peth sheathed cables. However, it is different in that instead 
of using wire squeezing tools for the auxiliary lead sleeve, 
roller squeezing tools are used to eiisure uniform squeeze 
and to prevent buckling of the sheath, and inner taping is used 
to obtain more reliable air-tighmess. Furth rmore, a glass 
sheet Is used to protect the conductor Insulation and the con­
nectors at the jointed part from plumbing heat, and a bond for 
jointing aluminum tape is used for electrical connection of the 
shield. Fig. 12 shows the construction of the sheath jointing 
part. The jointing part made by this method is very stable 
and its alr-tlghmess remains entirely unaffected when sub­
jected to a thermal shock test - 30°C ' 70°C of 100 cycles 
and a vibration test, 10^ cycles.

(2) Jointing tools and materials:

Unlike the wire squeezing method in which the auxiliary 
lead sleeve is squeezed by a wire squeezing tool, the roller 
squeezing method squeezes it by coupled rollers. Fig. 13 
shows the appearance of the tool. The number of rollers 
suitable for the size of the auxiliary lead sleeve are selected, 
and after the rollers are fitted onto the lead sleeve, they are 
turned around the sleeve. The sleeve is then squeezed gra­
dually, and when a suitable squeeze depth is reached, a warn­
ing is sounded, indicating the end of squeezing. The glass 
sheet is a laminated sheet consisting of glass wool, aluminum 
foil and a glass cloth. It has a heat shielding effect that does 
not permit the surface temperature of the conductor splicing 
part to go beyond 70^C at the time of plumbing, and it also 
has good operational efficiency. The bond for jointing alu­
minum tape is directly compression-bonded to the LAP sheadi, 
thus ensuring a low-resistance stable electrical connection.

Fig. 12 - The improved auxiliary lead sleeve squeezing 
method using a roller squeezing tool

amm
Fig. 13 - Roller - squeezing tool

CONCLUSION

As explained previously, various problems of aluminum 
conductor junction cable have been solved, and the cable has 
become feasible for practicable application as a substitute for 
copper conductor cable. However, with the goal of abolishing 
the necessity for test splicing and establishing aluminum con­
ductor cable manufacturing technology, further commercial 
tests will be conducted from the autumn of 1974.

It is thought that aluminum conductor cable will prove 
economical when installed in a cable tunnel, but additional 
duct construction may often oe necessary for installation in 
a duct. The economical considerations in the latter case are 
to be further studied, but in view of current soaring copper 
prices, aluminum conductor cable is economically promis­
ing.

NTT began commercial tests on the connector and the 
automatic conductor splicing machine in 1972. ar . "hey are 
expected to operate commercially in 1974,

y
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MATERIAL SAVINGS BY DESIGN IN EXCHANGE AND TRUNK TELEPHONE CABLE 
MATERIAL bA WATERPROOF CABLE WITH DUAL INSULATION 

By 

D. M. Mitchell 
Bell Laboratories 
Atlanta, Georgia 

Abstract 

Waterproof cable with dual expand¬ 
ed insulation uses less plastic while retain¬ 
ing service reliability. Aluminum conductor 
has been incorporated to conserve copper and 
reduce cost without compromise of design cap¬ 
ability. Fine-gauge, lo*. -capacitance copper 
cable using dual expanded insulation can 
match the performance of 22-gauge pulp cable 
at carrier frequency, while continuing to 
provide adequate voice frequency facilities. 
There are savings both in conductor metal and 
in more efficient duct use. 

INTRODUCTION 

As plastic insulation materials be¬ 
come more expensive and their procurement be¬ 
comes more difficult, design alternatives 
must be sought to assure the continued avail¬ 
ability of telephone cable at reasonable 
cost. Similar considerations r< quire that an 
acceptable substitute be found for copper, 
the traditional choice for general electrical 
conductor applications. 

It is well known that expanded in¬ 
sulation offers two important attributes in 
meeting the above need: 

1. Dielectric constant is lowered. Fig. 1, 
permitting reduced wall thickness for equiva¬ 
lent capacitance characteristics, Fig. 2. 
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FIGURE 1 
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2. A portion of the insulation cross section 

is occupied by void spaces. 

The combined effect is a 81fni*icant. 
tion in consumption of insulation 
Fiq. 3. Related technology has been the sub- 
iect of several papers at previous Sym¬ 

posia. 

Aluminum, by reason of its abun¬ 

dance in the earth's crust and 
good conductivity, has attracted interest a 
an economic replacement and critical supp 

ment for coooer. 

Waterproof cable for buried distri¬ 
bution plant11**2 has experienced rapid ac¬ 
ceptance as a reliable transmission medium 
with the added advantage that buried instal¬ 
lation imposes negligible alteration of the 
environment. The filling system in water¬ 
proof cable is an effective dielectric as 
well as water-blocking agent. Because it 
represents a sizeable and growing portion of 
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lultipair cable production, because maximum 

enefits can be realized ffon. 
nos (since heavier equivalent wall thickness 
s required than for comparable ®ir cof® 
•IC), and because it provides a protected in- 
rironisent in which new technology can be 
lately introduced, waterproof cable has been 
lelected by the Bell system for design modi- 
Eicatioi.s in the interest of material conser¬ 
vation and cost savings. 

A development program has been un- 
Jertaken based on the benefits to be derived 
from expanded insulation in waterproof cable 
and from the availabili'.y of a system utiliz¬ 
ing aluminum conductor. The results are re¬ 
viewed in this paper and represent the joint 
efforts of Bell Laboratories and Western 
Electric Procut Engineering Control center 

(PECO . 

EVALUATION OF EXPANDED INSULATION 

The first comparison to be made is 
that between expanded insulation in general 
and equivalent solid forms. While expansion 
provides a means of extending available ma¬ 
terial supplies and reducing material cost, 
replacement of solid insulation with an ex¬ 
panded version imposes, in varying degrees, 
some combination of the following considera¬ 

tions : 

a. reduced dielectric strength, 

b. less resistance to mechanical damage, 

c. greater cable attenuation at carrier 
frequencies for the same mutual capac¬ 
itance, due to conductor proximity 
effects) 

d. increased interaction with filling com¬ 
pound in waterproof cable, 

p. added complexity in wire insulating and 
cable manufacturing processes. 

A decision to use expanded insula¬ 
tion and the section of a suitable form 
should be made with these considerations in 
mind; relative importance can, of course, 
vary considerably with individual circum¬ 
stances. 

Expanded insulation in its simplest 
form consists of a cellular structure with 
more-or-less uniform voids; its use in water¬ 
proof cable has been discussed.9 In the ab¬ 
sence of a specific provision to seal the 
outer surface, or otherwise impede permea¬ 
tion, the possibility exists that surface po¬ 
rosity may permit the entry of filling com¬ 
pound to the cell structure by mass flow, as 
well as by slower and more limited diffusion 
mechanisms.13 The result is a more rapid and 
possibly more extensive degradation of die¬ 
lectric properties with time. If, however, 
the economic benefits of expansion can be 
achieved while maintaining a continuous out¬ 
er surface, it is reasonable to expect im¬ 
provement in dielectric strength and in re¬ 
sistance to mass transfer of filling com¬ 
pound into the cell structure. The latter 
characteristics, in turn, should contribute 
to improved resistance to high-voltage break¬ 
down and to reduced change of dielectric pro¬ 
perties. 

Specialized versions of expanded 
insulation include controlled structure pro¬ 
viding increasingly fine cell size outward 
from the conductor10 or the formation of a 
film seal over a uniformly expanded coating. 
While both approaches offer improved surface 
properties, a third possibility, combines 
control of surface characteristics with other 
important features. 

Dual insulation, Fig. 4, consists 
of an expanded core of plastic material sur¬ 
rounded by a solid skin having controlled 
thickness. Foamed core and solid skin are 
processed in separate extruders and the two 
melt streams are combined in a one-pass in¬ 
sulation process. The technical features 
have been discussed at a previous Symposium 
under the name "Foam-Skin"; the name used 
here is "dual expanded glastic insulated in¬ 
ductor," or DEFic. 

DEPIC design allows the desirable 
properties of solid and expanded insulation 
to be combined in a manner which effectively 
utilizes the advantages of each. The cel¬ 
lular layer is closest to the conductor where 
reduced dielectric constant is more effective 
in lowering capacitance and the solid coating 
is at the outside for improved surface pro¬ 
perties. 

/ y 

217 



DEPIC EXPANDED
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FIGURE 5

FIGURE 4

DUAL INSULATED CONDUCTOR

Additional features commend the 
choice of DEPIC for expanded insulation:

a. Pigment can be eliminated from the ex­

panded core of color coded conductors.
The dielectric properties of the 
are thus improved since a source of "de­

gradation" is eliminated; furthermore, 
possible jnceraction between blowing 
agent and pigment is avoided, and less 
pigment is required for given color in­

tensity. Color quality in production 
vire is comparable to that of solid in­

sulation. Since pigment is confined to 
the skin where it is relatively ineffec­

tive in altering insulation properties, 
limitation of maximum concentration is 
less critical.

b. Improved capacitance and diameter con­

trol is possible at insulating. Fig. 5, 
resulting in reduced capacitance unbal­

ance for finished cable.
An offsetting factor of considera­

ble importance in comparing DEPIC to other 
expanded designs, is the initial inves^ent 
in additional extruders, specialized die 
tooling and process control equipment.

Following review of the comparative 
features mentioned above, DEPIC design was 
selected for use in waterproof cable within 
the Dell System. That choice is due in large 
measure to the process capability which has 
been developed by the Western Electric PECC 
organization.

GENERAL DEPIC CABLE DESIGN CONSIDERATIONS
Degree of core expansion and thick­

ness of solid skin are important variables 
in establisl.ing the physical and electrical 
characteristics of dual insulation, as well 
as n determining the economics with respect 
to solid insulation. Preliminary analysis 
was made using computer techniques to eval­

uate a design and cost model for various 
combinations of conductor diameter, 
diameter-over-dielectric (DOD), number and 
spacing of conductors, and the related di­

electric constants of the insulation and the 
surrounding medium.

Based on the analysis and on eval­

uation of experimental and production wire, 
nominal expansion levels of 40-to-45% and 
skin thickness of 2 mils were selected for 
wire sizes from 17 ga. to 26 ga. From the 
dielectric properties thus determined and 
coaxial capacitance values required to meet 
design mutual capacitance of 0.083 uf/mi, 
values of DOD were obtained. Typical cross 
sections of insulated wires are shown in 
Fig. 6; Western Electric has been able to 
maintain skin thickness of .002 + .0002!.- 
inch on a production basis.

FlUURi *
VAWOUS tiztl or HUM IMUUnOM
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Design conditions have been veri¬ 

fied by evaluation of comP1®ted Fia 
Significant sise reduction is obtained. Fig. 
7, with reduced bending resistance, Fig. 8, 
f¿r improved handling during unreeiing 
¡nd placement. Transmission test results, 
Fia 9 while satisfactory, show an atten 
uation'level higher than that ofwaterproof 
cible with solid insulation, although less 

than that of air cere *able. 

DIAMETER 

(INCHES) 

Insulation Ce** 

Solid 052 

DEPIC 045 

% Roduction 13.5 

1.03 

O.tt 

14.5 

FIGURE 7 
DEPIC vs. SOUD INSULATION 

•ondin« 
Resistance 

Ratio 

WATERPROOF CARLE STIFFNESS « 0*F 

50 PAW, 22 OAUOE, COMMON SHEATH DESION 

CASH 

a 
M/mi 

C 

SWm«* 
Aei"s 

ASm9 
A»l*s 

Mm«" 
A ti"« 

ASM9 

S«l>4 WatarmMl 30.4 30.1 .041 .043 

Dime w «•«»•••( 33.1 11.1 .041 .043 

$•114 Ab Cm* 31.3 — .041 — 

■) 9 

b) MamwreS # 73 *t «har tlily 11-bMir cycUt, 
70*7 ta 140*7 

FIGURE 9 

TRANSMISSION CHARACTHISTICS 33 OAUOt CASH 773 kHi 

With the exception of increased 

attenuation at carrier can 
may requitp special consideration, DEPIC can 

be^substituted directly for,th®“°- 
lid insulation in waterproof ?®ble.®y®^*“ 
design. Reliable joints can te ^de with 
self-encapsulating connectors1 ^n^*8 
from 17 to 26 gauge. Present filled clo 

sures are satisfactory for b«low"2r°“"dd,rd 
splices of current pair-sizes, and standar 
pedestals and closures (as currently re- 
commended for waterproof plant) *r® ®mP1°y®d 
for above-ground terminations. Early manu 
facturing experience has confirmed techni¬ 
cal and economic feasibility and a field 
trial program has verified that normal 
burial, splicing, and terminating practices 

WATERPROOF DEPIC ALUMINUM CABLE 

If copper supplies become criti¬ 
cally restricted, the capability to use 
aluminum conductor may assume an importance 
overriding technical or economic qualifica¬ 
tions. That eventuality, as well as the 
desire to maintain a flexible economic po¬ 
sition and the advent of waterproof cable, 
has renewed interest within the Bell System 
in the development of aluminum conductor for 
exchange cable. The susceptibility of alum¬ 
inum to corrosion when under electrical 
potential in the presence of moisture has 
meant that applications had to ba rastricted 
to carefully engineered portions of the 
plant; however, current waterproof systems 
technology establishes a level of reliabil¬ 
ity which renders aluminum conductor tech¬ 
nically and economically attractive. 

DEPIC design is an effective com¬ 
plement to waterproof aluminum cable. The 
reduced conductivity of aluminum relative 
to copper requires an increase of two gauge 
sizes for comparable transmission properties, 
but the reduction in DOD which is made pos¬ 
sible by dual insulation significantly 
limits the increase in cable size, e.g. 20 
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parative core diameters as shown in Fig. io. 
• INSULATION SO % 

RELATIVE CORE DIAMETERS OF COMPARATIVE 

WATERPROOF CARLES 

• FILLING COMPOUND-22 % 

• CORE WRAP--1-5% 

• SHEATH 

• Aluminum ----13 % 

e Steel----*10 ^ 

• Plastic-  1A % 

FIGURE 11 

MATERIAL SAVINGS WATERPROOF CARLE 

DUAL HOPE vs. SOLID PP INSULATION 

Waterproof DEPIC aluminum when us¬ 
ed in conjunction with encapsulating connec- 
tors filled closures, fixed-count termina¬ 
ls and filled service wire provides an en- 
gineered system for reliable service in bur¬ 
ied and underground trunk and feeder- appli¬ 
cations, as well as certain feeder routes 
with incidental distribution. 

MATERIAL CONSERVATION AND ECONOMICS 

The substitution of dual insula¬ 
tion for solid in waterproof cable results 
in important material savings. An ®PP*e" 
ciable portion of the insulation volume is 
occupied by cell structure and reduced di¬ 
electric constant permits smaller DOD for 
the same cable capacitance? thus substant¬ 
ially less compound is required. Result¬ 
ing smaller core diameters require less fil¬ 
ling compound, binders, core wrap, and 
sheath materials, Fig. 11. 

Cost savings, relative to solid 
insulation, are predicted for waterproof 
DEPIC cable based on reduced comsumption or 
insulation and sheath materials as well as 
increased handling capacities of wire reels, 
core trucks, and cable reels. 

Fig. 12 compares material costs 
(exclusive of labor and load) for comparable 
waterproof cables based on August, i9i4, 
prices. Attention is called specifically to 
the improvement in relative saving, approx¬ 
imately 17 percent vs. 7 percent, which re¬ 
sults from the use of dual insulation on 
aluminum conductor compared to its use on 
copper. This results from the fact that 
for aluminum conductor insulation cost is 
a large portion of material cost. 

SsVMft 

FIGURE » 
ttukfivl MAINMl CO»t» FOR 10O-PIU« WAIBMOO« »W CMU 

MANUFACTURING AND SERVICE EXPERIENCE 

Western Electric Company, Atlanta, 
is currently manufacturing 20 gauge, water¬ 
proof DEPIC aluminum cable in sizes up to 
300 pair. A program for controlled intro¬ 
duction is being administered jointly be 
ATiT, Bell Laboratories, and Western Elec¬ 
tric. 17 gauge, 100-pair aluminum cable 
has been made and tested. Manufacturing 
experience has been satisfactory and field 
reports have indicated no unusual problems 
in handling, placement, and initial service. 
Limited commercial quantities of waterproof 
DEPIC copper cable have been made in 22 
and 26 gauge, up to 100 pair and 19 and 24 
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r gauqe wire have been insulated. Manufac­

turing feasibility has been demonstrated 
and detailed evaluation has shown the de­

sign to be practical and reliable. Instal­

lation of facilities for DEPIC copper will 
commence early in 1975.
SUMMARY

The technical feasibility of 
waterproof DEPIC exchange cable with copper 
and aluminum conductor has been adenuately 
demonstrated. Important material savings 
are made possible, reducing demands on 
available supplies and offer*.no attractive 
cost savings. Waterproof DEPIC cable offers 
the user:

1. Reduced cable size with improved handl­

ing flexibility,
2. An opciora- alumin-'m design which

a. provides a practical alternate con­

ductor material,

b. enhances the savings potential of 
aluminum substitution, and

C. reduces the increase in cable size 
for equivalent conductivity.

3. Continued reliability in buried plant.
REFERENCES

1. Dean, N. S., Wardlev, B. J., and Walters, 
J. R., "A Report on the Further Progress 
made in the Application of Cellular Plas­

tics to Telephone Cable Design and Man­

ufacture," Proc. 18th International Wire 
and Cable Symposium.'

2. Asai, A., Jitsukawa, M., Fujiwara, Y., 
and Utsumi, A., "A Method for Manufactur­

ing Polyolefin Insulated Communication 
Cable by Solvent Injection Foaming Pro­

cess ," Proc. 19th International Wire and 
Cable Symposium.

3. Kato, Y. and Ohshima, H., "A Foaming Pro­

cess for Wire Insulation," ibid.
4. Tanaka, S., Tsujikawa, A., Ishihara, H., 

and Ogawa, K., "A New Foamed Polyethylene 
Insulated Junction Cable for Telecomniun- 
ication," Proc. 20th International Wire 
and Cable Symposium.

5. Patout, P., "Pure Aluminum Conductors in 
Fully Filled Cellular Polyethylene In­

sulated Telephone Cables," ibid.
6. Gouldson, E. J. Farago, M., and Baxter,

G. D., "Foam-Skin, A Composite Expanded 
Insulation for Use in Telephone Cables," 
Proc. 21st International Wire and Cable 
Symposium.

7. Sato, Y., and Yoshida, Z., "A Process of 
Manufacturing Foamed Polyethylene Insu­

lation by Using Low Hydrocarbon as Blow­

ing Agent," ibid.

8. Nomanton, J. K., "F.xtru.sion of Telenhone 
Cable Insulation Using Expa.idable Medium 
Density Polvethvlene Compounds," ibid.

9. Foord, S. G., "Comnatibility Problems in 
Filled Cellular Polvolefin Insulated Tel- 
enhono Cables," Proc. 22nd International 
Wire and Cable Symucsium.~

10. Beach, S. M., Cretneg, D. F. and Ruskin, 
J., "Cellular Polyethylene Insulated 
Fullv-r I lied Cablf- with High Diel.,^ctric 
Strength," ibid.

11. Dean, N. S., "The Development of Fully 
Filled Cables for the Telephone Distribu­

tion Network," Proc. 17th International 
Wire and Cable Symposium.

12. Biskeborn, M. C. and Dobbin, D. P., "Wa­

terproof Plastic Insulated Multimir V Ic 
nhone Cable," ibid.

13. Aloisio, C. J., and Nelson, E. D., "Effect 
of Water and Petroleum Jelly "ioration on 
Capacitance of Plastic Insulated Cables," 
Proc. 22nd International Wire arid Cable 
Symposium.

14. Frey, D. R., Smith D. T., and Pasternak,
J. P., "700 .Series Connectors for Alum­

inum and Cooper Telephone Cable Conduct­

ors ," Proc. 21st Internatio.nal Wire and 
Cable Symoosium.

15. Henn. R. W., "Systematic Encaosulated 
Cable Splicing Connectors for Aluminum and 
Cop[:er Wires," Proc. 22nd International 
Wire and Cable Svmposium.

D. M. Mitchell 
Bell Laboratories 
Atlanta, Georgia

D. M. Mitchell is a graduate of Newark Coll­

ege of Engineering, BE-ME. He joined Bell 
Laboratories in 1954. A major oortion of 
his career has been devoted to ocean cable 
development. Since 1971 he has been associ­

ated with the Transmission Media Laboratory 
and has been most recently engaged in water- 
:iroof cable development.

Acknowledgement: Many colleagues within Bell
Laboratories and Western Electric have made 
important contributions to the Dual Insula­

tion nroject; the work of T. S. Dougnerty, 
Western Electric, Product Engineering Control 
Center,is particularlv noteworthy.

y
t*. . .



MATERIAL SAVINGS BY DESIGN 
IN EXCHANGE AND TRUNK TELEPHONE CABLE 

Part II: METROPOLITAN AREA TRUNK CABLE 

G. H. Webster 
Bell Laboratories 
Atlanta, Georgia 

Introduction 

Trunk cables between central 
offices in cities are characterized by their 
short runs ana hign traffic densities. They 
are placed in ducts which are often limited 
in number and invariably costly. While many 
trunks still operate at voice frequencies 
(VF), the T1 carrier system,1 which was de¬ 
signed for this market, has gained tremendous 
acceptance. It provides 24 voice channels on 
two cable pairs, one for each direction of 
transmission. The pairs are normally 22-ga. 
83 nF/mile pulp pairs so that the Tl repeater 
spacing is near 6000 ft. and the repeaters 
can be housed in the oversize manholes pro¬ 
vided at this spacing for the loading coils 
of VF circuits. 

Typically when a route needs rein¬ 
forcement a 900 pair 22-ga. pulp cable will 
be installed. This is the maximum size of 
cable for many of the ducts already in place. 
Initially this cable will provide mostly VF 
circuits. Growth is accommodated by adding 
more Tl systems (hence the choice of 22-ga. 
cable). Regular 900 pair cable accommodates 
up to 200 two-way systems; transversely 
screened cabled close to 450. Such heavy 
incursions of Tl raised the question of 
whether 22-ga. pulp pairs were the optimum 
for this application even though the Tl 
system was initially designed around them. 
It turns out that there are attractive 
alternatives. 

The metropolitan area trunk (MAT) 
cable which has evolved, is a low capacitance 
design with 25- or 26-ga. copper conductors 
and expanded plastic insulation. It has 
these capabilities compared to 22-ga. pulp 
cable: 

- Matches its Tl frequency loss and at 
least equals its crosstalk perfor- 
manee. 

- Saves 50% or more of the copper and 
will cost appropriately less. 

- Allows 30% to 50% more pairs in a 
duct. 

- At least 35% lighter: easier in¬ 
stallation. 

Moreover, its VF loss is close to that of 24- 
ga. cable. 

However, the MAT cable is not a 
straightforward substitute for 22-ga. pulp 
cable. Not only is its DC resistance un¬ 
avoidably higher, but both VF and Tl carrier 
equipments need modification to match its 
different impedance and loss versus frequency 
characteristics. 

At this writing, experimental MAT 
cables have confirmed the theoretical designs. 
Initial studies indicate Bell System savings 
in cable and duct in the tens of million 
dollars a year if the MAT cable gains full 
acceptance. More elaborate studies to deter¬ 
mine equipment penalties are proceeding. 
Whatever the present outcome the cable design 
principles involved will look increasingly 
attractive as trends to lower electronics 
costs relative to cable costs continue. 

Attenuation Considerations 

Using conventional notation the VF 
loss of a pair in a multipair cable is well 
represented by: 

Ír^c 
“VF = 2 

Here R is the DC resistance of the wire and is 
inversely proportional to the wire's cross- 
sectional area. For a wire diameter d and at 
a given frequency we can write 

V c 
aVF = K1 ~ 

where is a constant. 

If we start with an 83 nF/mile 
cable pair and hold the diameter of the insu¬ 
lation constant while we shrink the wire 
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diameter, the reduction in d will cause the 
attenuation to rise« But about half of this 
rise will be nullified by the reduction in 
C, the mutual capacitance of the pair. 

At high frequencies, at say 772 
kHz, the frequency of maximum power for the 
T1 carrier system, and in a plastic insulated 
conductor (PIC) cable where conductance is 
negligible, an excellent approximation for 

loss is 

R ¡ü~ 
aHF ^ 2\L 

At this irequeucy the .urrent is carried 
predominantly by the outer skin of the wire 
so that the resistance R is proportional to 

l/tl. Thus: 

where K2 is a constant. 

If we now repeat the wire shrinking 
experiment, not only does the decrease in C 
help compensate for the reduced wire diameter, 
exactly as in the VF case, but there is an 
increase in the HF inductance L to further 
mitigate its effect. Overall the HF loss is 
affected less by the reduction in wire size 
than is the VF loss. 

Percentage changes in the constants 
of interest for both VF and HF in shrinking 
wire size from 22-ga. to 26-ga. in PIC pairs 
can be seen by comparing lines 1 and 2 in 
Table 1. In the table the metamorphosis is 
continued in line 3 where 401 expanded plas¬ 
tic is substituted for the solid plastic 

originally assumed, with the objective of 
further reducing both losses by reducing C. 
Finally, in line 4, because the HF loss has 
now fallen to less than its initial value, 
some insulation can be removed (the diameter 
over dielectric (DOD) can be reduced), to 
restore it to its initial value. 

By going through this illustrative 
sequence we now have a 26-ga. expanded plas¬ 
tic insulated pair design which matches the 
HF attenuation of a 22-ga. PIC pair, has a 
10% smaller diameter and, incidentally, a VF 
loss some 3% less than that of 24-ga. PIC 
pair. The material savings in this example 
are 60% in conductor, 40% in plastic insula¬ 
tion and some 10% in sheathing materials. 

Choice of Conductor and Insulation 

A primary objective of MAT cable is 
to match the Tl repeater spacing of 22-ga. 
pulp cable. That is, the loss is to be 32 
dB in the maximum repeater spacing of 6300 
ft., equating to 26.8 dB/mile at 772 kHz. 
The conductor will be of copper (aluminum is 
too bulky for duct use) and the insulation 
will be high density polyethylene or poly¬ 
propylene with an effective expansion near 
40%. Effective expansion is named because 
a dual expanded construction is used con¬ 
sisting of a highly (say 45%) expanded layer 
of natural material with an outer 2 mil skin 
of pigmented material. An acronym for this 
construction is DEPIC: dual expanded glastic 
insulated conductor. Compare? with the non- 
skinned expanded insulation, DEPIC has ad¬ 
vantages in ruggedness and dielectric 
strength; in manufacture, it avoids inter¬ 
action of pigments on blowing agents and, 
also, entrapment of gas by the skin leads to 
more efficient blowing so there can be less 
blowing agent and residue. The advantages of 
this type of construction for waterproof 
cables have been documented at a previous 
Symposium,3 and in PART I of this paper. 

TABLE 1; EFFECTS OF STEP-BY-STEP TRANSFORMATION OF CABLE PAIRS 

VF 

i. 

2. 

3. 

4. 

R 

22-OA. PIC 

26-GA. WIRE 

EXPAND 

REDUCE DOD 

C oc 

100 100 

67 130 

55 118 

59 122 

R L Ç ot 

100 100 100 100 

151 146 67 102 

151 146 55 93 

153 138 59 100 

223 

4 

/ 

V. 



Comparative diametert and cable 
coat, for a range of cables having 
tied attenuation are shown above. Note tirst 
from Fig. 1 that minimum diameters are 
achieved with 26- to 27- ga. conductors. 
This is a vital consideration for duct cables. 
The cable cost curve of Fig. 2 was derived 
for a particular set of raw material and 
manufacturing costs and will vary as these 
change» its general shape wiH not. It; 1» 
not surprising that overall cable 
duces as wire sise shrinks because copper is 
the major cost component. However, the rate 
at which costs are reducing is <ïu^e siow in 
the range of minimum diameters. is prac 
tical, for manufacture, field handling and 
splicing, and tolerable «resistance, to 
choose conductors not smaller than 26-ga. 

Experimental 26-ga. cables, first 
one of 50 pair and then a 600 pair screened 
cable, confirmed all theoretical predictions. 
Results of interest with appropriate pulp 
cable data for comparison appear in Table 2. 

TABLE 2 

raBLE CHARACTERISTICS 

dB/kft. 

Zo 

Rd.c. 

c 
Prospective MAT Cable Designs 

Duct space in cities is so valuable 
chat only large cables are warranted. Also, 
the cables may include a transverse screen 
to permit full-fill single cable Tl opera¬ 
tion. We calculate that a 1400 pair cable 

CABLES GIVING 6300' Tl REPEATER SPACING 

will have an O.D. near 3M and be suitable for 
pulling into 3k" square or 3½ round ducts 
while an 1800 pair cable with an O.D. 
3.3" will be useful for the newer and larger 

ducts. 

As presently proposed both cables 

will feature: 

- 100 pair multiunits (4x25 pair units) 

- PIC type color coding within multi¬ 

units 

- Multiunit identification by position 
and very elementary binder color code. 

- Oscillated layer units and new twist 
scheme for crosstalk improvement. 

There is no strong incentivo to improve 
crosstalk performance over that of 22-ga. 
pulp cable since that serves the Tl 
adequately. However, improvements which add 
virtually nothing to cable costs cannot be 
reasonably overlooked in a new cable design. 

VF Considerations 

The 26-ga. MAT cable design's capa¬ 
bilities for transmitting Tl carrier have 
been established. However, at l«Mt a fair 
proportion of the pairs, and . . 
probably the majority, will serve as loaded 
VF trunks or provide special services. The 
distribution of lengths of VF trunksin the 
Bell Network is such that, if the ioadwd MAT 
cable cannot match the attenuation of loaded 
24-ga. pulp cable, a large number of extra 
VF repeaters will be needed and their cost 
will offset an appreciable portion of the 
projected System savings. VF attenuation^ 
figures are given in Table 3. Ifc ca" aaa" 
that the 26-ga. MAT cable falls short of this 
objective. However, a MAT cable with a 2 mil 

larger conductor, ' 
and still engineered for 6300 ft. Tl re¬ 
peater spacing, looks satisfactory. 
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TABLE 3

VF ATTENUATIONS (dB/kft)

24- GA. PULP 
26-GA. MAT
25- GA. MAT

NON

LOADED

0.44

0.46

0.43

H-88*

LOADED

0.23

0.29

0.25

OTHER

LOADING

0.26 (H-125) 
0.23 (H-110)

area trunks. Copper savings will be 50 or 
60% and duct savings will accrue from a cable 
having at least 30% more pairs. A major 
drawback is that virtually all transmission 
systems using the cables need equipment or 
instructional modifications. However, if the 
long tenti trend of lower electronics costs 
relative to cable costs continues, and as 
ducts become more scarce and expensive, the 
eventual changeover to some type of MAT cable 
appears inevitable.

*88mH at Ht=6000') spacing
What are the penalties in this in­

crease in conductor size? While a 26-ga. 
conductor saves 60% of the copper compared 
with the i2-cc. conductor it seeks to replace, 
the 25-ga. conductor saves only 50%. Next, 
a glance at Figure 1 will show that the 25-ga. 
cable is, not unexpectedly, larger than that 
of 26-ga. Fortunately, the increase is less 
than 2% in diameter. Such a small increase 
turns out to be insignificant because of the 
necessary quantization to cable counts in 
even round hundreds of pairs which will com­

fortably accommodate a bisecting screen.
Prospects

The T1 carrier system has enjoyed 
unparalleled success because it could in­

crease twelvefold the traffic carrying capa­

city of the 22-ga. pulp cables generally 
available in cities. No less important it 
is a rugged and reliable system. But 22-ga.
83 nF/mile pulp cables are far from optimized 
for T1 transmission. The proposed MAT cable 

optimized for it in much the same way as 
LOCAP cable^'^ is optimized for the T2 
system. Moreover, MAT cable can make effi­

cient use of city ducts and, with some com­

promise (to 25-ga. conductors) can provide 
acceptable and still needed VF trunks.

Questions to be answered are: At

what point in the growth of T1 carrier sys­

tems in cities is it wortl. the time and ex­

pense to proliferate repeater designs to 
match MAT cable? What are the costs of 
adapting all the VF and signaling equipment 
which will need to use MAT cable? What is 
involved in the documentation eind training 
of operating company personnel in the use of 
the new cable? The monetary rewards of 
utilizing MAT cable look attractive but the 
"initiation fees" are high.

Another aspect not previously men­

tioned is that MAT cable is an air-core plas­

tic insulated cable now being proposed for 
use in ducts where pulp cables have been 
supreme for upwards of 40 years. Other 
papers at this Symposium®'' will cover new 
water detection and removal techniques for 
PIC cables to ease at least some qualms.

Conclusion

Fine gauge, low capacitance, ex­

panded plastic insulated cables have been 
designed which can provide both the VF and Tl 
carrier transmission needs of metropolitan

1.

2.

3.

4.

5.

6.

7.
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ABSTRACT 
MEASUREMENT METHOD 

Communication cables are subjected to 
interference transients having a broad range 
of magnitudes and frequency components. The 
shielding efficiencies of ferromagnetic 
shields, as a function of these variables, 
are investigated by appropriate test circuit 
configurations and the use of a high voltage 
impulse generator as transient current source. 

INTRODUCTION 

The continuous increase in the use of 
very high power transmission circuits in con¬ 
junction with the rapid growth of communica¬ 
tion circuits requires more attention to the 
problem of electrical co-ordination. Since 
both information and power are, in effect, 
being transmitted at higher densities relia¬ 
bility is more critical. Adequate physical 
separation is often a problem. All these 
factors increase the need to quantify the 
shielding efficiencies of communication 
cable shields. 

When ferromagnetic materials such as 
steel tape armour, or tubular steel sheaths 
are used in communication cable constructions 
either for purely mechanical or electrical 
shielding purposes it is well known that pro¬ 
tection from electromagnetic fields tends to 
be enhanced by the high relative permeability 
of the ferromagnetic materials provided that 
the disturbing fields do not cause magnetic 
saturation of the shielding material. MeaB" 
urement methods such as recommended by CCITT 
are widely used in laboratories to determine 
the steady state power frequency shielding 
effectiveness of such constructions as a 
function of the disturbing magnetic field. 
Communication circuits ars also subjacted to 
high energy transient interference from 
lightning currents. High frequency trans¬ 
ients, generated by high voltage arcs in EHV 
substations during switching operations, are 
a source of trouble in associated control 

circuits.1 

This paper deals with the shielding re¬ 
sponse of ferromagnetic shields when sub¬ 
jected to both aperiodic and oscillatory 
transient currents having peak amplitudes 
ranging from less than 100 to 15,000 amperes, 
and a frequency range from less tha.i 400 Hz 

to 85 kHz. 

* International Telegraph and Telephone 
Consultative Committee. 

The measuring system consisted of a 
transient current source, a sample test assem¬ 
bly, a current monitor and a voltage response 
monitor. The schematic of the measuring sys¬ 
tem is shown in Figure 1. 

TIST smcimin 

FIG. 1. SCHEMATIC OF TEST CIRCUIT 

Transient Current Source 

The current source was an 8-stage 1600 
kV impulse voltage generator, modified so 
that any number of the eight 0.5 yF capaci- 
tors were connected in parallel as desirede 
The limitation of this configuration as a 
high surge current source is the inherent 
inductance of the current paths associated 
with the capacitors at the higher positions 
on the columns. To provide undistorted wave¬ 
shapes a series inductor must be inserted to 
increase the rise time» otherwise spurious 
oscillations occur between the capacitors 
in the several parallel branches. For this 
reason the front times of the highest energy 
aperiodic currents are rather longer than 
desired (about 15 us). Furthermore, to 
prevent underdamped currents the value of 
the damping resistance must be increased 
to compensate the increased inductance. In 
practice, an impulse voltage generator niodi- 
fied in this way does not generate very high 
peak currents but the time integral of the 
current, /i dt, is in direct proportion to 
the number of capacitors, thus a wide range 
of aperiodic waveshapes can be generated 
with cr*»st values of current sufficient to 
cause a high level of saturation in the 
test specimen. 

/ 
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Waveshapes

The transient aperiodic current as a 
function of time is a fundeuaental expression 
for an RLC series circuit. For the over­

damped case:

i - E

L(a,-a,)

lexp (-a^t) - exp (-ajt)!

where:

i - current at time, t, in kA 
E ■ source voltage kv 
R “ resistance in ohsw 
L - inductance in uH 
C - capacitance in uF

a^ - R/2L - KR/2L)* - l/LCl^/^

aj - R/2L ♦ KR/2D' -

R > 2(L/C)^/^

t - time in us

If no series resistance is introduced in 
the circuit, a wide range of dasiped sinusoi­

dal frequencies can be generated by choosing 
appropriate values of inductance and capaci­

tance. For the underdamped case:
i - E/eL exp [-at] sin St (2)

where:

B - [1/LC - (R/2L)’)^^^ 
a - R/2L

and the units are the same as in (1).

If 1/LC >> (R/2L)

then B - I1/LC- u,
where w, is the resonant frequency.

Expressions (1) and (2) are introduced 
here merely to illustrate that the current 
wave forms can be readily predicted and 
checked by a programmable calculator.

To generate the desired range of both 
damped sinusoidal and aperiodic transient 
currents, two inductors were constructed 
(Figure 2). The small coil had an overall 
inductance of 7S uH while the much larger 
coil had a total inductance of 45 mH. Both 
coils were suitably tapped to provide a set 
of intermediate values. The circuit con­

stants of the transient current source had 
the following range of nominal values:

Capacitance - O.S uF to 4.0 uF
Inductance - 8 uH to 45 aUl
Resistance - 0 to 45 ohms

FIG. 2. GENERAL VIEW OF TEST CIRCUIT

Test Assembly
The test assembly was arranged in a co­

axial configuration as shown in Figure 1.
Such a coaxial system simulates the 

sheath earth circuit of buried cable where 
the ceUsle sheath is one conductor of a sheath 
earth circuit having some value of surge im­

pedance to a lightning stroke, say about 25 
ohms. The coaxial configuration has other 
advantages; (a) the self-inductance is very 
low so that the waveshape is independant of 
the test sample, (b) since the magnetic field 
is enclosed within the circuit induced ground 
currents are minimized, (c) current distrib­

ution is essentially uniform, and (d) current 
measurement is simplified because the entire 
test circuit is maintained at low voltage 
relative to the generator terminals.

It becomes apparent that the coaxial 
circuit is similar to a radio frequency sur­

face transfer impedance test configuration 
where the rf generator is replaced by an im­

pulse current source.
The test specimen was centered inside 

the 4-inch (10.2 cm) diameter aluminum pipe 
coaxial return by suitable spacers and short 
circuited to it at the far end. The length 
of the coaxial return was made as long as 
practical (11.0 mef-es) to minimize end 
errors. The test specimen consisted of a 
multi-pair coaxial cable having a corrugated 
tubular steel sheath (Figure 3) 0.020 inches 
(0.51 mm) nominal thickness and a mean dia­

meter of 5.97 cm. The entire core assembly, 
outer coaxial conductors and aluminum longi­

tudinal shield, was short circuited at both 
ends so that the core assembly was electri­

cally one conductor, short circuited to the

y





BASIC SHIELDING THEORY REVIEW 

A brief review of eome basic shielding 
concepts may prove helpful in the interpreta¬ 
tion of the experimental results given later. 
A current flowing in a tubular shield gives 
rise to a longitudinal electric field at the 
inner surface. The ratio of this voltage to 
the current flowing in the shield is the sur¬ 
face transfer impedance. The voltage response 
is equal to the product of the current den¬ 
sity at the inner surface of the shield and 
the resistivity of the shield material, it 
is evident from (4) that the current density 
at the inner surface is a complex function 
of the shield conductivity, permeability and 
thickness; and the driving frequency. It 
differs both in magnitude and phase to the 
total current in the shield unless the 
frequency is zero (i.e. Uc) when the trans¬ 
fer impedance ZT is simply equal to the dc 
resistance. 

Reference to fundamental electromagnetic 
field theory of plane waves is useful to f°rin 
» physical interpretation of transfer imped¬ 
ance, as indicated in the following qualita¬ 

tive treatment. 

When a travelling plane wave impinges 
on a conductor, e.g. a tubular shield, it 
is rapidly attenuated as it passes through 
the shield. The wave length and velocity of 
propagation are much different than in free 

space t 

(5) a = B « [auu/2]1/2 

V « [2u/oii]1//2 

2VS 

(6) 

(7) 

broad approximations of the ratio of the 
inner surface current to the measured current 
both in phase and magnitude thus the transfer 
impedance can be roughly estimated. This 
concept of current attenuation, although an 
over simplification, is useful and is util¬ 

ized later. 

In practice the voltage (e) impressed 
between core and shield may be expressed 
as a function of the surface transfer imped¬ 
ance (ZT) when there is a disturbing field: 

(a) from lightning currents 

e = is Zx (8) 

(b) from a circuit carrying current (i) 

g = I7._/Z ) IlúPll (9) (ZT/ZS) juMi 

where: 

V = velocity of propagation (metres/second) 
ot « attenuation constant (nepers/metre) 
B ■ phase constant (radians/metre) 
y m wave length, (metres) 

Expressions (5), (6) and (7) show that 
the velocity of propagation, attenuation and 
wavelength of a disturbance at the outside 
surface of the shield is a function of the 
permeability, conductivity, and frequency as 
indicated in (4). If appropriate values for 
a metallic shield are inserted it becomes 
apparent tl.it the wave length and velocity 
of propagation are very much less than in 
free space, so that both the magnitude and 
the phase angle change rapidly as the dis¬ 
turbance penetrates the shield. This means 
that a current flowing on the inside surface 
of the shield may lag several cycles behind 
the current on the outside surface, thus 
there can be several layers of current flow¬ 
ing in opposite axial directions at the same 
instant. The measured current in a transfer 
impedance measurement is the vector sum of 
the currents flowing within the shield while 
the measured voltage is simply the product 
of current density at the inside surface and 
the shield resistivity. The fundamental ex¬ 
pression (5) can be utilized to calculate 

where : 

is = 

zs 3 

M = 
i = 
U) = 

current flowing in disturbed 
cable shield 
self-impedance of disturbed cable 

shield circuit 
mutual inductance 
current in disturbing circuit 
angular frequency 

FERROMAGNETIC SHIELDS 

Common grades of mild steel are often 
used as mechanical protection or electrical 
shielding of communication cables. The power 
frequency shielding factor (reduction factor) 
of such constructions is commonly measure^ 
and well documented. Although transient 
shielding has been given some attention 
and specially designed cables for lightning 
protection have been described there appear¬ 
ed to be a need for further investigation. 
The transfer impedance of ferromagnetic 
erials subjected to transient electromagnetic 
phenomena can be characterized by (a) attenu¬ 
ation and phase delay (b) saturation effects, 
(c) post transient response and (d) residua 

magnetic effects. 

Attenuation and Phase Delay 

It is well known that thin nonmagnetic 
shields, such as the commonly used 8-ml¿ 
(0.20 mm) longitudinal aluminum tapes, have 
essentially uniform current distribution at 
lightning current frequencies so that the 
transfer impedance is nearly equal to the dc 
resistance. The high relative permeability 
of a ferromagnetic material provides a skin 
effect, or attenuation and phase de_ay as 
indicated by (5). Since the value of the 
permeability (u) is a function of the cur 
rent density such that its value is extrem 
ely difficult to solve analytically the 

transfer impedance cannot be so^ved bypLi_ 
and in practice must be measured. An exam 
pie of the phase delay is shown 5 
where it is seen that the peak voltage re 
sponse occurs some 30 us after the 
peak. The effect of phase delay is reflect 
ed in the ratio of the voltage front time 
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r to the current front time. Tiie front time of 
both the current anJ voltage waveshapes were 
measured in accordance with standard procedure 
for impulse current waveshapes. The transfer

is the ratio of the peak vol­

tage to the peak current.
impedance (Z^)

F •Mam

FIG. 5. EXAMPLE OF PRONOUNCED PHASE DELAY

e

t

200 amps/cn 
0.2 volts/cm 
10 ..s/cm

Saturation Effects
At 60 Hz, the current density in the 

test specinien previously described is essen­

tially uniform and tlie effect of saturation 
can readily be predicted. A K:t'ral c-H 
curve, (Figure 6) typical of the shield mat­

erial indicates a maximum value of the per­

meability at a magnetizing field Hi of 
400 amperes per notre. From Amperes Law:

I = H$tiD (10)

where:

Hi = magnetic field strength 
(ampe re s/metre)

I = sheath current (amperes)
D = mean diameter of sheath (metres)

and I 75 when 'max'-2.7 x 10"^ H/m
or Ur (max) ~ 2150

Furthermore, approximate values hold as 
given in Table 1.

I(amps RMS) -r

<20
20< I< 500 
>500

300
300< -r < 2150 

< 300

Tliese values, in general ag’-eement with known 
data from 60 Hz stiielding factor measurements, 
illustrate the usual wide excursion of ur as 
the B-H function is taken over the knee of 
the curve.

When the frequency is increased slightly 
teyond 60 Hz t (say) the 3rd, 5th, 7th ... 
harmonics the current density begins to be 
non-uniform so that there are, in effect, an 
infinite number of B-H curves as a function 
of the thickness of the shield. A mean value 
of permeability has little meaning, however 
it is to be expected that saturation effects 
would be most pronounced in the current range 
of 20 to 500 amperes. Such saturation effects 
can be discerned in Figure 7 where the tran­

sient current varies from about 170 to less 
than 20 amperes. The response of the first 
half cycle, to be discussed later, should be 
disregarded. The current density and i.r can 
be readily calculated only at the inner sur­

face of the shield, and in this case ur at 
the inner surface lies on the linear part of 
the u-H curve. The distorted response at the 
higher current values shows that the current 
density at the outer surface must be over the 
tjeak of the curve. At the lower values of 
current the response becomes linear and the 
sliielding effectiveness less because i^r is 
now on the lower portion of the c-H curve.

TAbLK 7

FIG. 6. TYPICAL y-H CURVE
OF TEST MATERIAL

u = 4-n X 10"^ Henries/metre 
H = Amperes/metre
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Post Transient Response

From expressions (5) and (6) the phase 
delay of the pulse response, or the transit 
time to penetrate the shield, ray equal or 
exceed the duration of the current or driv­

ing pulse. Such a pulse is shown in Figure 5 
where it can be seen that the current flows 
on the inside of the sheath for a long time 
after the driving current has ceased. It 
should be .oted that the driving current 
does not continuously decay exponentially 
to zero but has a definite cut off deter­

mined by the spark gap spacing. This phe­

nomenon is due to stored magnetic energy. ’ 
When the driving current ceases the cur­

rents within the sheath have an energy con­

tent equal to 1 ull’ where viand H are both
functions of the current density and sheath 
thickness, and tali exponer.w*al)y to zero 
with a time constant determined by the 
ratio of the inherent inductivity and resis­

tivity. This post transient delay may be 
much greater than the phase delay thus the 
voltag'* response pulse may have a much lower 
frequency content than the driving current. 
The shield can be said to act like a low 
pasc filter.'

FIG. 7. NONLINEAR RESPONSE AT 362 Hz
1

e

t

100 amps/cm 
2 volts''em 
2 ms/cm

FIG. 8. A TYPICAL V B-H CURVE

When a damped oscillatory t.ansient 
is applied there is a net current in magni­

tude and direction such that:
1 dt + Q

where i is given by (2) and 0 is the stored 
charge of the source. The first half cycle 
has an effect similar to the aperiodic pulse 
such that the aield becomes magnetized in 
one direction while the exponentially decay­

ing transient causes the residual to approach 
zero. If some residual magnetism remains a 
repetitive transient will tend to increase 
the residual, an^ so on, until an equilibrium 
is reached, thus the effective value of per­

meability and the attenuation of current 
tlirough the shield are not eiiual for the 
positive and negative going current. This 
inequality gives rise to a unidirectional 
component t f current flowing on the inner 
surface (Figure 10). If the polarity of the 
transient is reversed (as determined by the 
initial half cycle) the residual magnetism 
tends to lue reduced to zero. The voltage 
response <.f oscillatory transients, repeated 
such that the direction of ‘.he initial cur­

rent is reversed for each consecutive trans­

ient, can be expected to be more symmetrical 
than if the initial current direction remains 
constant.

Residual Magnetic Effects
Where an aperiodic current pulse is 

applied to a ferromagnetic shield the magne­

tizing force (H) rises to some maximum value 
from zero and finally falls back to zero.
The result of the unidirectional field is 
some residual value of magnetic flux density 
(B) say 1.8, as indicated on a typical 
B-H curve (Figure 8). If the pulse is now 
repeated the resultant B-H curve excursion 
will be different and the residual will tend 
to be increased. If the polarity is reversed 
the residual will tend to be reduced to zero. 
The magnitude and direction of the residual 
magnetism have pronounced effects on t)ie 
transfer impedance (Figure 9).

FIG. 9. EFFECTS OF RESIDUAL MAGNETISM 
(Response to Repeated 7.3/33us Current 
♦ve pulses of 3300 amperes peak follow­

ing (-ve) pulses. e ■ 9 volts/cm 
t - 50i.s/cm

ik. y
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FIG. 10. RESIDUAL MAGNETISM EFFECTS ON THE 
RESPONSE TO AN OSCILLATORY TRANSIE!IT

i = 1000 amps/cm 
e = 2 volts/cn 
t = 20 i.s/cm

EXPERIMENTAL RESULTS
The experimental data will now be dis­

cussed in some detail.
Aperiodic Transients

The generated aperiodic transients were 
chosen to simulate lightning currents. Since 
the available current source has a maximum 
stored charge of 0.8 coulombs and individual 
lightning strokes may have a charge magnitude 
about one order of magnitude greater the ex­

perimental aperiodic transients are equiva­

lent to rather modest lightning strokes. 
Statistical data indicate that about half of 
the lightning strokes are less than 30 kilo- 
amperes. If a stroke occurs to a location 
on a cable remote from its ends the shield 
current is half the stroie current, or 15 
kilo-amperes. A waveshape* of 5/G5 micro­

seconds is often used to be respresentative 
of the wide range of lightning current 
values. In terms of this data the gener­

ated transients are roughly equivalent to 
50 per cent of the shield transient currents 
that occur in practice.

The response to the disturbance or cur­

rent transient may be characterized by (a) 
the peak voltage, (b) the energy content and 
(c) the waveshape or frequency content. In 
practice the maximum value of shield current 
ir. limited by the dielectric strength to 
earth of the protective jacket. The surge 
impedance of the sheath earth circuit is 
sufficient to cause dielectric breakdown 
(pinholes) of the jacket for quite low sheath 
currents! It is shown in Ref 9 that in suck 
cases the lightning transient diminishes rap­

idly along the cable because of leakage to 
the surrounding earth, thus the maximum 
effect of the sheath current only occurs 
over a short length of cable. The core to 
sheath voltage is also attenuated both in re­

spect to magnitude and equivalent frequency 
as it travels along the cable. Travelling 
wave effects are not considered; the criteria 
is simply a comparison to nonmagnetic shields.

The peak core to sheath voltage is, of 
course, of prime importance because it deter­

mines the necessary dielectric strength, 
core to shield, however the energy and equiv­

alent frequency content may be of interest 
in the more sophisticated communication cir­

cuits. As indicated previously residual mag­

netic effects must be taken into account *n 
the measurement procedure. Polarity of the 
charging voltage was reversed several times 
during the test procedure to demonstrate the 
pronounced attenuation on the initial rever­

sed polarity transient. In all cases the re­

sponse was checked for stability by repeti­

tion of the pulse so that the recorded re­

sults are a worst value. Such procedure was 
considered to be the better approximation 
of field conditions. Transfer impedance,
(Z.J, = E/I where E and I are peak values), is 
shown in Figure 11 as a function of current 
density (J) with waveshape* as the parameter. 
The plot indicates that the transfer imped­

ance rises to the limiting value of the dc 
resistance from significantly lower values 
at low current densities. Only the short 
pulse is highly attenuated.

For purposes of comparison, an 8-mil 
(0.20 mm) aluminum tape of the same mean 
diameter has a transfer impedance (dc resis­

tance) of 0.75 ohms per kilometer. The 20 
mil (0.50 mm) steel shield, because of its 
significantly lower conductivity appears to 
perform less well, in general, than the alum­

inum tape, although the differences are prob­

ably not very significant particularly if 
current leakage to earth due to sheath pin­

holes at the higher transient currents is 
assumed. It should be noted that the steel 
shield (sheath) is corrugated for adequate 
mechanical properties, a process that in­

creases the unit length resistance by about 
10 per cent. The results confirm that the 
wave tail primarily determines the value of 
the transfer impedance.

FIG. 11. TRANSFER IMPEDANCE (Z^) AS A FUNCTION 
OF CURRENT DENSITY (J); I(Amperes) = 0.0953 J
*Waveshape: (ti)/(t2)

where: front time (us)

time to half value (i^s)

Hi.
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If it !■ of interest to estimate the 
amount of energy introduced into the cable 
as a function of the lightning current 
transient it is .only necessary to determine 
the /i2 dt and Jo2 dt for the current wave 
and the voltage* response respectively. The 
integration can be conveniently executed by 
use of a computer digitizer interface on the 
photographed waveshapes. Alternately the 
integration can be done analytically if it 
is assumed that the transient rise is linear 
and the decay is exponential. The assump¬ 
tion is generally valid and it is easily 

shown that: 

f- « = + 

where : 
I - peak current 
tj^ « rise time and td = decay time 

»uch that I>L'0.5T when ti<t<t(j 

Similarly 

The energy functions, computed by both 
methods, yielded results in good agreement. 

If the waveshapes are identical then: 

/a* dt// i* dt - E*/!1 - ZT* (13) 

From Figures 13 and 14 it is found that 
the 15/54 current waveshape becomes virtual¬ 
ly identical to its voltage response at high 
current values. The ratio 

Je2 dt// i2 dt, shown plotted in Figure 12 
confirms expression (13) for the 15/54 wave¬ 
shape. For the current waveshape 1.5/6.9, 
there is pronounced post transient delay and 
in this case /e* dt//i* dt - 12.1 ZT* for 

the lowest current value, thus the transfer 
impedance does not necessarily indicate even 
an approximate value of energy transfer. 

FIG. 12. ENERGY TRANSFER AS A FUNCTION 
OF THE CURRENT DENSITY (J) 
I(Amperes) “ 0.0953 J 

The plots of front time ratios (Fig¬ 
ure 13) and time to half value ratios (Fig¬ 
ure 14) are of interest in demonstrating the 
filtering effect on the disturbing current 
transient. Although no Fourier analysis 
has been made the effect is seen to be pro¬ 
nounced for the short pulse where the equiv¬ 
alent frequencies in the voltage response 
appear to be down by as much as one order 
of magnitude. 

FIG. 13. RATIO OF THE FRONT TIME OF 
THE RESPONSE (a) TO THE FRONT TIME OF 
THE CURRENT (i) AS A FUNCTION OF 
CURRENT DENSITY (J). I(Amperes)-0.0953J 

FIG. 14. RATIO OF THE TIME TO HALF 
VALUE FOR THE RESPONSE (e) TO THAT OF 
THE CURRENT (i) AS A FUNCTION OF 
CURRENT DENSITY (J). I(Amperes)-0.0953J 
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Oscillatory Ráspense 

Oscillatory or sinusoidal transients are 
conveniently generated if the source is under¬ 
damped. From (2) the initial peak current, 
when the damping resistance is very small: 

I . B/|l/C)1/2 'I*' 
P 
The inductance in the circuit used was 

much greater than the capacitance low 
frequencies but began to approach cap¬ 
acitance value at high frequencies, thus the 
magnitude of oscillatory currents was con¬ 
strained by the chosen frequency. It was 
difficult, in practice, to generate currents 
less than a few hundred amperes at the high 
end, or less ♦.»an a few tens of "‘P*1*® ** 
the low end of the frequency range. Despite 
these constraints it was felt that such 
transients would yield useful shielding data 
as a function of both frequency and field 
strength. For example, power frequency 
harmonics are a source of interference, and 
their attenuations in a ferromagnetic shield 
can be expected to be modified by the much 
higher field of the 60 Hz fundamental, al¬ 
though it is recognized that this mode in a 
non-linear system cannot be obtained by super¬ 

position. 

The results of the oscillatory transients 
are shown in Figures 15a and 15b. The rate 
of the driving current decay, or decrement, 
was normally modest and the responseconsid- 
ered applicable to a steady state mode. From 
Figure 15a it is seen that the response of 
the four current densities converge and app¬ 
roach the dc value at the lowest ««quency 
(362 Hz). Furthermore, improved shielding 
occurs at the higher current densities when 
the frequency is increased. These current 
densities are above the initia! saturation 
level at 60 Hz, indicating the effects of 
saturation are displaced as a function of 
frequency. The equivalent inner surface 
shield current can be readily calculated: 

Ie “ 1 (RMS) ZyRdc 

where: 

(15) 

•Me 

(inner surface current density) 
X (cross-section area of shield) 

dc resistance of shield (ohms/km) 

These values are listed for three different 

frequencies in Table 2. 

i.s 

i.e 

a.s 

e.a ie-1 iS-IS" 
FinuDCV iKtUMXR) 

FIG. 15a 
FIG. 15b 

TRANSFER IMPEDANCE (ZT) AS A FUNCTION 

OF THE FREQUENCY OF THE DISTURBING CURRENT 

IpMs(Amperes) ■ 0.0953 x (kA/m2) 

HOTE A - Approximate Values 
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PF
Shield

Current

l(RMS)

70

140

210

350

390

2000

TABLE t
Bqulvelent Inner Surface Current 

I, (RMS)
f-1.6lcHz t-3.1KHz f-17.3)cHt

37

50

59

81

28

35

40

48

11.3

12.3

When theet values (Table 2) are compared 
to values of permeability versus current 
(Table 1) it is found that the inner surface 
of the sheauh is operating from about the 
initial permeabilicy to maAl*n.un values of per­

meability for currents of 70 to 350 aunperes 
respectively. The tabulated values are in no 
sense an analytical confirmation of the effects 
of current density (Figures 15a and 15b) but 
they do have a certain consistent relative 
order.

The shielding effects at frequencies up 
to 500 Hx or so are modest and not a strong 
function of current. In a practical situa­

tion harmonics or noise interference is app­

licable normally to steady state power line 
currents where the magnetizing force is small 
therefore the 70 ampere plot is probably re- 
sonably representative.

In Figure 15b the frequency range is ex­

tended to 85 )cHz. For these additional values 
a procedure of reversing the polarity for con­

secutive pulses was used. The difference in 
response (Figures 16a and 16b) is very pro­

nounced, particularily at the higher current 
values. The driving currents in (a) and (b) 
are identical but the voltage scale is quite 
different, 0.5 volts/cm and 10 volts/cm re­

spectively. The phase delay in 16b is evid­

ent (■'•90*) at a peak of about 40 volts. The 
initial flat response has a value of about 
one volt at 17us. This response appears as 
a peak value of 1.35 volts in Figure 16a. It 
is clear that there should be no voltage re­

sponse until the driving current has pene­

trated the shield so there is an error for 
at least the initial 17us. The possibility 
that the observed response during the whole 
transient is a resultant of an error signal 
from tost specimen end effects, non-uniform 
current distribution and the like, cannot 
be discounted, however, the results do not 
support this concept, including the initial 
phase relationships and the fact that the 
response is fairly constant for quite differ­

ent levels of current. It is thought that the 
error is associated with initial high freq­

uency effects when the generator is fired and 
these effects disappear when the response be­

comes symmetrical. Appendix 1 includes a 
series of typical responses.

mm
PIG. 16a

RESPONSE WHEN RESIDUAL MAGNETISM IS SMALL
i > 2000 amps/cm 
e “ 0.5 volts/cm 
t • 10 us/cm

PIG. 16b
RESPONSE WHEN RESIDUAL MAGNETISM IS LARGE

i - 2000 amps/cm 
e > 10 volts/cm 
t - 10 us/cm

y
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The high frequency results included in 
Figure 15b are consistant with the results 
of Figure 15a indicating that ferromagnetic 
shields can be subjected to very high steady 
state magnetic fields at high frequencies 
without deterioration of shielding effect¬ 
iveness. This conclusion is supported by 
Figure 17 where the transfer impedance is 
plotted as function of current densities. 
The minimum ZT values are displaced to the 
right as the frequency parameter is increased. 

The values of ZT in Figure 17 are comput¬ 
ed from the initial peak value of each voltage 
response (cf Figure 16b). 

The data is not sufficiently well docu¬ 
mented to draw exact quantitative conclusions. 
It was obtained while the impulse current 
source was charged to one polarity only. The 
first few cycles of each response tended to 
be asymmetrical even at the lower end of the 
frequency range. The effect increases with 
frequency, until finally it becomes totally 
aperiodic. The transfer impedance at the 
higher frequencies is about one order of mag¬ 
nitude higher (Figure 17) than values obtain¬ 
ed when residual magnetic effects were kept 
to a low value (Figure 15b). It is evident 
that the response to a high frequency oscil¬ 
latory transient is highly dependent on the 
residual magnitism of the shield. The data 
in Figure 17 and other observations indicate 
that if the driving frequency is raised (say 
to a few MHz) that the response would also 
be aperiodic at low field strengths. In 
practice, the shield can be expected to be 
in a residually magnitized state, the re¬ 
sponse totally aperiodic and perhaps orders 
of magnitude greater than expected from 
steady state measured values. The waveshape 
of the response resembles a rectified envel¬ 

ope of the driving current. 

The data (Figure 17) indicates that at 
362 Hz the initial peak of the driving cur¬ 
rent tends to saturate the shield for all 
values of current. At higher frequencies 
the maximum value of effective permeability 
moves to the right (higher driving current 
values) until at the higher frequencies 
measured, saturation effects again occur, 
the typical U-curve flattens once more and 
the shield tends to function like a nonmag¬ 
netic material. 

CONCLUSIONS 

Although a corrugated steel sheath of 
the construction and dimensions described 
provides reasonably good lightning protect¬ 
ion it is, in general, inferior to the com¬ 
mon 8-mil (0.20 mm) aluminum tape. 

The shielding efficiency is a strong 
function of the peak current magnitude and 
its rate of decay. When these quantities 
are unfavourable, as in the more common 
lightning transients, the skin effect is 
small and the shielding effectiveness is 
primarily dependant on the dc resistance 
like in nonmagnetic shields. The advantage 
of the high relative permeability of the 
steel becomes significantly more effective 
by modest increases in either the shieid 
thickness or frequency content of the dis¬ 

turbing field. 

The voltage response to an aperiodic 
transient has a greater duration than the 
disturbing pulse. The shield is, therefore, 
less effective with respect to energy in¬ 
duced into the cable than the voltage in¬ 
duced. 

Because of residual magnetism the 
electrical history of a ferromagnetic shield 
can have pronounced effects on its shielding 
efficiency. With respect to lightning cur¬ 
rents this characteristic can result in quite 
different induced voltages depending on the 
direction of current flow along the shield. 
Although such effects are of little prac¬ 
tical significance in lightning protection 
they may be of significance in other shield¬ 
ing environments. 

The shielding efficiency with respect 
to damped high frequency oscillatory trans¬ 
ients is greatly reduced by residual magne¬ 
tism, and in fact, the induced voltage can 
be completely aperiodic. Under conditions 
where residual magnetism can be. assumed 
absent the response would be quite differ¬ 
ent and the shielding efficiency greater 
by probably more than an order of magnitude. 

Steady state field strengths that can 
be accommodated without saturation effects 
increase with the applied frequency. 
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APPENDIX 1. vyn-.'A'. VOLTAGE RESPONSES

l(top) 34.5

2 17.3

3 17.3

4 85.0

0.5 500 
0.5 1000 
0.5 500 
1.0 1000

4

Volts Amps 
per per

Photo f(kHz) cm cm

Volts Amps 
per per

f(Hz) cm cm

382 1.0 50

752 0.5 50

1570 0.5 20

3110 0.5 50

CL
Volts Amps 

Sweep per per

.j s/cm cm cm

10 20

50 10

100 10

50 50

2000

1000

1000

2000

NOTE: Column 1 illustrates typical responses
when (Photo 1 i 2) residual magnetism is weak

» n « strong
(Photo 3 i 4)
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Abstract 

This paper dealb with design parameters for 
wire and cable s'ielding materials. The 
performance of c ch materials depends on 
electrical shielding properties, mechanical 
properties (such as strength) and corrosion 
resistance properties. Evaluation of 
currently used shielding materials is based 
on results of various test programs. The 
data has been collected and organized such 
that a direct comparison can be made of the 
various shielding materials. 

Introduction 

Design of telephone cables have changed 
considerably since their inception in the 
1880's. Until the early 1950's, the basic 
design for distribution cable in the 
communications industry was lead sheathed 
and paper or pulp insulated aerial and 
underground duct cable.^ The use of direct 
buried cable required variatioi s in the 
basic design including an asphalt-impreg¬ 
nated jute coating (for corrosion protec¬ 
tion of the lead sheath) and a single or 
double steel tape armor (for additional 
mechanical protection). 

With the introduction of polyethylene as 
a jacketing material, several combinations 
of lead and polyethylene were used for 
direct burial sheath design. However, use 
of these designs was limited due to cost 
considerations.1 

During the 1950's the increasing trend 
toward the use of direct-buried cable 
coupled with a short economical supply of 
lead provided the impetus for development 
of new cable designs. The aluminum- 
polyethylene (Alpeth) and steel-aluminum- 
polyethylene (Stelpeth) sheathed designs 
were followed by cables incorporating 
polyethylene insulated conductors (PIC) 
such as PIC-Alpeth and PIC-Stelpeth.1 

Installation procedures used during the 
early period of direct burial of PIC cables 
frequently caused cable damage leading to 
sheath faults and conductor grounding due 
to accumulated moisture. One solution to 
this problem was the addition of an inner 
polyethylene jacket and the PIC-PAP 
(polyethylene-aluminum-polyethylene) 
design. However, due to severe corrosion 
of aluminum in the underground environ¬ 
ment, the independent cable industry went 
to a PIC-PCP (polyethylene-copper-poly¬ 
ethylene) design usina a copper shield 
rather than aluminum.1'2 Mechanical 

protection requirements for gopher-infested 
areas was provided by use of a 10 mil copper 
shield, a more expensive design (PIC-PCPG) 
compared to others.1'3 

An extensive Rtü effort was conducted in 
order to develop materials that would 
reduce shielding costs without serious 
decrease in corrosion and mechanical 
properties. As a result of the effort, 8 
mil aluminum tape coated on both sides 
with a 2 mil film of polyethylene was 
developed as an alternate to 5 mil copper. 
Substitutes for 10 mil copper include 5 mil 
copper clad stainless (2 copper/2 SS/ 2 
copper) and 6 mil copper alloy 194.3 In 
wire sizes, 4 mil copper clad stainless 
(0.8 copper/2.4 SS/ 0.8 copper) and 5 mil 
copper clad stainless (0.8 copper/ 3.4 SS/ 
0.8 copper) are substitutes for copper and 
bronze. 

The properly grounded sheath performs a . 
number of important functions including: 
protection from injury and equipment damage 
if a live power line should contact the 
cable, protection from electrostatic pickup 
due to power line voltage, protection from 
lightning, suppression of induced voltage 
due to power line currents, suppression of 
radio frequency pickup, and reduction in 
cross talk coupling between pairs. In order 
to function properly, the cable sheath must 
provide mechanical protection for the cable 
core during and after installation, keep 
moisture out of the cable core, and provide 
electrical conductivity for the life of the 
cable. Thus, primary properties for the 
sheath are mechanical strength, electrical 
conductivity, and corrosion resistance. 
In addition, the materials should be 
economic and abundant, easily fabricated 
and flexible. 

Electrical Conductivity 

One of the basic requirements for shielding 
materials is electrical conductivity. The 
list of metals and alloys along with their 
resistivities in Table I gives a good 
indication of their relative potential for 
use as shielding materials and thickness 
requirements for equal conductivity. 
However, in addition to monometals, combina¬ 
tions such as aluminum-steel and copper- 
stainless steel are used widely to take 
advantage of the properties of both 
components. Several examples of cable 
designs and a description of the shielding 
materials are listed in Table II.5 Since 



TABLE I 

ELECTRICAL RESISTIVITIES 
OF METALS AND ALLOYS 

Electrical Resistivity 
Metals and Alloys Microhm-cro at 20°C 

Copper 1.724 

Aluminum 2.828 
(1000 series) 

Bronze (CDA 220) 3.92 

CDA 194 2.54 

CDA 195 3.44 

Lead 20.65 

Steel (1011) 14 

Type 430 SS 60 

Type 304 SS 72 

a shielding, copper clad stainless, is shown 
in Figure 1. 

Electric and Magnetic Field Shielding 

A shield operates in three ways to reduce 
the field strength within the shield 
enclosure:6 

1. A continuous metallic shield will 
completely screen the electric field 
from circuits within the shield. 
(Electric field refers only to the high- 
impedance field associated with capaci¬ 
tive coupling.) 

2. A magnetic material shield will divert 
the magnetic field away from the 
conductors inside the shield. 

3. Any metallic shield may reduce th» 
magnetic field within it because of eddy 
currents set up within the material of 
the shield when exposed to an alternating 

TABLE II 

SHIELD RESISTANCE AND COMPOSITION 
OF SIX PAIR, 19 GAUGE CABLES 

Cable 
Designation Metals in Shield 

Shield 
Resistance 
Ohms per 
1000 ft. 

P - C - P 5 mil copper 1.13 

P - C - P 10 mil copper 0.53 

P - A - P 8 mil aluminum 1.20 

A - P - A - P 8 mil aluminum + 8 mil aluminum 0.62 

A-P-SS-P 8 mil aluminum + 5 mil stainless 1.51 
steel (304) 

p - B - P 5 mil commercial bronze 2.22 

P-CSSC-P 6 mil copper clad stainless 1.35 
steel (430) (2 + 2 4-2) 

P-A-SS-P 8 mil aluminum + 3 mil "tainless 1.16 
steel (211) adhesively bonded 

P - Cu Alloy - P 5 mil copper alloy 194 1.31 

A-P-S-P 8 mil aluminum + 6 mil 1011 steel 1.24 

A-P-S-P 8 mil aluminum + 10 mil 1011 steel 0.87 

these cables are all six pair 19 gauge, the 
shielding resistances (ohms/1000 feet) in 
this table are directly comparable. 

The table shows the variation in shield 
resistance with various metals, the effect 
of shielding thickness (for example 5 mil 
and 10 mil copper), the effect of alloying 
(such as copper, 90/10 bronze and alloy 194), 
and the effect of combining metals and 
alloys (for example aluminum with steel and 
copper clad stainless steel). The 
advantages of combining metals and alloys 
to form a shield with composite properties 
can be obtained while maintaining a shield 
resistance comparable to other systems (see 
Table I and II). The configuration of such 

magnetic field. These eddy currents set up 
fields which tend to neutralize the 
disturbing field. 

The effectiveness of metallic shields in 
reducing electric and magnetic fields in 
communication cable is well documented. 
For example, Gooding and Slade6 measured 
the electric field induced voltage in a 
disturbed circuit (CD) for 1 volt across a 
disturbing circuit (AB). Metallic shielding 
applied over CD completely eliminated any 
coupling between the two circuits with the 
shield grounded and there was no reading 
on the voltmeter. However, under the same 
electric field conditions and frequency 
range (10-300 kilocycles/sec), over 240 



PHOTO OF COPPER CLAD »TAINLEM »TEEL SHIELDING IN CABLE AND PHOTONMCROGPAPH AT 250T OF C"0** 

SECTION SHOWING THE INTEGRITY OF THE METALLURGICAL SONO PRODUCED BY A SOLID PHASE ROLL BONDING PROCESS 

FIGURE 1 

millivolts induced voltage was measured in 
circuit CD without metallic shielding. 

In order to measure the effectiveness of 
metallic shielding in screening out electro¬ 
magnetic fields, Gooding and Slade0 measured 
the interference (proportional to the mutual 
inductance between circuits AB and CD) in 
volts induced in circuit CD for 1 ampere 
flowing in AB. Their results are shown in 
Figure 2 where millivolts in CD are plotted 
vs frequency for various shielding materials, 
and the unshielded conditions. 

INDUCTION DUE TO MAONETIC FIELD 

Efficiency of Various Types of Shield in 
Screening out Magnetic Fields (Ref. 6) 

FIGURE 2 

Notice that below 10 kilocycles, only steel 
containing materials are effective 
including steel braid and a combination of 
copper tape plus steel braid. Above 10 
kilocycles, the steel br»id begins to lose 
effectiveness, whereas the copper (5 mil) 
tape and lead sheath materials become 
effective. At 50 kilocycles, no difference 
is observed in induced voltage between 
aluminum (4 mils) tape and the unshielded 
condition, whereas 5 mil copper tape reduces 
the induced voltage to one-fifth that value. 
Above 100 kilocycles, aluminum (4 mil) tape 
becomes effective; however, even at 200 
kilocycles, the induced voltage is almost 
ten times the value observed with copper 
(5 mil) tape and forty times that for the 
copper tape plus steel braid combination. 
Notice that the copper-steel combination is 
effective at all frequencies including the 

audio-range. 

Additional data on the effectiveness of 
metal shielding was reported by Fisher 
et al. Surge currents were applied to 
the shield of 500 foot lengths of cable 
and the potentials developed between the 
shield and conductors were measured in 
order to determine relative susceptibility 
to lightning influence. 

On the basis of equal shield resistivity, 
their results show significant reduction 
in conductor to shield potential with 
composite shields containing magnetic 
materials compared to nonmagnetic materials. 
The results are in agreement with those 
obtained by Gooding and Slade; i.e., copper- 
steel and alviminum-steel combinations can 
be more effective than either component 
used singularly. Fisher et al also found 
that copper clad stainless steel was 
effective in reducing the conductor to 
shield potential due to the combination of 
copper with magnetic type 430 stainless 

steel.5 
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Mechanical Properties 

Mechanical strength in cable shielding 
materials is also required to protect the 
conductors against rodents and othei 
mechanical abuses ouch as those encountered 
using modern installation techniques. The 
important mechanical properties of materials 
used in cable shields are listed in Table 
III. Notice that aluminum has the lowest 
tensile strength in this group. Copper has 
a considerably higher value? however, the 
highest tensile strengths are obtained with 
alloy 195 and type 430 stainless steel. 
Copper clad stainless and copper alloy 194 
have values intermediate to copper and 
stainless steels. 

In cable size, the effect of thickening the 
copper tape (5 mil to 10 mil) on the 
breaking strength can be observed. In order 
to achieve equivalent breaking strength, 
aluminum tape must be almost three times 
as thick as copper. On the other hand, the 
thickness requirements for equal break 
strength with copper is reduced significantly 
by alloying (copper alloy 194) and by 
combining copper with stainless steel 
(copper clad stainless). 

In addition, the mechanical properties of 
copper clad stainless vary with cladding 
ratio. These properties are listed for 
several cladding ratios in Table V. The 
tensile strength of copper clad stainless 

TABLE III 

MECHANICAL PROPERTIES OF SHIELDING MATERIALS 

Shielding 
Material 

Aluminum 

Copper 

Bronze (CDA 220) 

Copper Clad 
Stainless 
2 Cu/2 SS/2 Cu 

CDA 194 

CDA 195 

Steel (1011) 

Type 430 
Stainless 

Yield Elongation 
Tensile Strength in 
Strength (0.2* Offset) 2 Inches 

Temper ksi ksi ^ 

Soft 13 

Soft 34 

1/4 Hard 45 

F.A. 47 

5 40 

11 45 

35 25 

29 18 

Modulus 
of 

Elasticity 
in 

Bending 
kksi_ 

10 

17 

17 

17.4 

Light 50 30 
Anneal 

Precipi- 80 65 
tation 

Soft 45 30 

Soft 75 49 

29 17.5 

15 17.3 

35 30 

25 29 

A calculation of breaking strength under 
load can be made using the tensile strength 
of the corresponding shielding material. 
These data are listed in Table IV for 
several cable size shielding tape materials. 

increases significantly with decreasing 
copper/stainless steel ratio. This data 
has been utilized in the design of new 
high strength, gopher resistant shielding 
for communication cable and wire (see 
Table V for shielding designations). 

TABLE IV 

BREAK STRENGTH OF VARIOUS 
CABLE SHIELDING TAPES 
(FOR 2 INCH WIDTHS) 

Shielding 
Material 

Thickness 
(Mils) 

Break 
Strength 
(Lbs.) 

Aluminum 8 
Copper 5 
Copper 10 
CDA 194 6 
Copper Clad 6 
Stainless 
2 Cu/2 SS/2 Cu 

208 
340 
680 
600 
564 

An important consideration in the use of 
high strength shielding such as copper 
clad stainless is thinner tape can be used 
while maintaining the required mechanical 
properties.7 This provides some additional 
benefits such as easier fabrication and 
increased flexibility of the cable. For ^ 
example, the equation for induced stress is 

under deflection where S if» the induced 
stress (psi), D the deflection (inches), 
E the modulus of elasticity in bending 
(psi), t the thickness (inches) and L the 
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TABLE V 

PROPERTIES OF COPPER CLAD STAINLESS SHIELDING MATERIALS 

Copper 
Clad 
Stainles» 
Shielding 
Designa¬ 
tion_ 

Total Component 
Thick- Thickness 
ness (nils) 
(mils) Cu 430 SS Cu 

Cladding 
Ratio 

Cu/SS 
» by 

Volume 

Tensile 
Strength 

ksi 

Yield 
Strength Elongation 
(0.2« in 

Offset) 2 Inches 
ksi *_ 

CCS I 6 

CCS III 4 

CCS V 4.6 

CCS IV 5 

2 2 2 

0.8 2.4 0.8 

0.8 3 0.8 

0.8 3.4 0.8 

33.3 47 

20 62 

17.4 63 

16 65 

29 18 

41 18 

42 26 

43 27 

length (uichra). For ?"uivalent induced 
stress in bending, the deflection for 10 
mil copper is only one-half that for 6 mil 
copper clad stainless. The resulting 
increased flexibility of cable with the 
thinner clad metal shielding tape provides 
easier handling and installation, and 
reduction in cable damage due to buckling. 

Gopher Resistance 

Resistance to gopher damage in buried wire 
and cable is an important design considera¬ 
tion. In order to prevent this type of 
damage, the shielding material must have 
adequate strength to withstand the forces 
exerted by this animal. It is recognized 
that gophers must gnaw on hard objects to 
wear down their rapidly growing incisor 
teeth.3*10*11 In addition, it is believed 
that they are attracted to disturbed soil 
such as that found in freshly buried wire 
and cable trench.10 These factors, along 
with the fact that the gopher can be found 
in over 60 percent of the continental 
United States, has led to extensive and 
costly damage to improperly designed wire 
and cable. 

Several studies have been conducted on the 
effect of shielding material on gopher 
damage.3*10-13 Although they have been 
limited in scope, some important conclusions 
can be drawn from these investigations. 
First, variation in thickness and mechanical 
properties of wire and cable shielding 
material effects resistance to gopher damage. 
Second, shielding having steel or stainless 
steel components are highly gopher resistant. 
For example, 6 mil copper clad stainless 
(2 mil stainless steel) was equivalent to 
10 mil copper in resistance to gopher attack 
in cables.3 Third, in these studies, 
aluminum and lead shieldings were found to 
bfc highly vulnerable to gopher damage.10*11 

In order to more fully investigate the 
effects of shielding thickness and 
mechanical properties on resistance to 
gopher damage, Texas Instruments Inc. in 
cooperation with the U.S. Fish and Wildlife 
Service conducted experiments on wire and 
cable. Tests were conducted on two pair, 
industry standard, filled buried 

distribution wire (REA specification PE-54) 
and six pair 19 gauge industry standard, 
filled buried cable (REA specification 
PE-39). In order to eliminate the effects 
of other variables, only the shielding 
differed in each type wire and cable 
sample. 

Ten sections of each wire and cable sample 
were exposed for 7 consecutive days to each 
of 10 individually caged gophers (Geomys 
Bursarius). They were exposed to the 
gophers through a 2 inch by 2 inch opening 
in the front of the cage in the horizontal 
position. 

Test specimens were evaluated for damage 
after exposure using the following rating 
system: 

0 No damage 
1 Slight damage, outer jacket 

scratched but not penetrated 
2 Outer jacket penetrated, shield 

damaged but not penetrated 
3 Shield penetrated 
4 Shield penetrated and conductors 

damaged 
5 Wire severed 

Shieldings were ranked according to score 
which was obtained by multiplying the 
number of samples in each damaged category 
times the category value and dividing the 
product by the number of gophers in each 
test. 

Test results are listed in Table VI for 
distribution wire having shieldings of 
bronze (1/4 hard), alloy 194 (temper 1 
and 2), alloy 195 (precipitation temper, 
and copper clad stainless (fully annealed). 
Notice the strong dependence of shielding 
material on resistance to gopher damage. 
Material temper also affects the performances 
For example, heavy annealed alloy 194 
(temper 2) did not perform as well as light 
annealed (temper 1) alloy 194. However, 
both of these alloy 194 shielding materials 
are not as resistant to gopher damage as 
alloy 195, a precipitation hardened material, 
and copper clad stainless. Results also 
show that longitudinally corrugated and 
helically applied shields have similar 
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TABLE VI 

RESISTANCE OF VARIOUS SHIELDING MATERIALS TO GOPHER 
DAMAGE IN DISTRIBUTION WIRE (REA SPEC PE-54) 

Shielding 
Material Thickness 
(Temper) Mils_ 

Bronze (CDA 220) 7 
(1/4 Hard) 6 

5 

Score 

Longitudinally Helically 
Applied Applied 

3.1 
3.1 
3.5 
3.9 

2.7 
2.9 
3.8 
4.1 

CDA 194 
(Light Anneal) 

CuA 1*'' 
(Heavy Anneal) 

CDA 195 
(Precipitation 
Anneal) 

Copper Clad 
Stainless 
(Full Anneal) 
(1.6 mils Copper) 

6 
5 

6 
5 

5 
4 

5.6 
5.4 
5.2 
5.0 
4.8 

3.3 
3.5 

3.7 
4.2 

3.3 
3.7 

2.1 
2.1 
2.1 
2.1 
2.6 

3.6 
3.7 

3.7 
4.3 

3.1 
4.2 

2.3 

2.7 

resistances to gopher damage. 

In Figure 3« gopher damage score is plotted 
vs shielding thickness for bronze, alloy 195, 
and copper clad stainless (tue copper 
thickness remains constant at 1.6 mils while 
the stainless steel thickness varies in the 
composite). Gauge for gauge the order of 
increasing gopher resistance is bronze, 
alloy 195, and copper clad stainless. The 
thicknesses of these shielding materials at 
equivalent and acceptable levels of gopher 
damage resistance are: 8 mil bronze, 6.5 
mil alloy 195 and 5 mil copper clad stain¬ 
less (0.8 Cu/3.4 SS/0.8 Cu). Thus, 
increasing the shielding thicknesses beyond 
these values would not lead to appreciable 
increase in resistance, whereas thinner 
gauges would lower resistance to gopher 
penetration. 

Results with cable are shown in Table VII 
ami Figure 4. For comparative purposes, 
results with 10 mil copper shieldings are 
included along with those for alloy 194 
(temper 1) and copper clad stainless (the 
copper thickness remains constant at 4 mils 
while the stainless steel thickness varies 
in the composite). Gauge for gauge, the 
order of increasing gopher resistance is 
copper, alloy 194 and copper clad stainless. 

. The thicknesses of these shielding materials 
at equivalent and acceptable levels of 
gopher damage resistance are: above 10 mils 
copper, approximately 7.5 mils elloy 194 
and approximately 6 mils copper clad stain¬ 

less (2 Cu/2 SS/2 Cu). 

[n this study, the correlation of tensile 
strength with resistance to gopher 
:ion for monometal shieldings is excellent, 

towever, the higher 
'lad stainless compred to alloy 194 ana iso 
:annot be explained by the relative overall 
tensile strengths of the shielding materials 
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(see Table III). Since the type 430 stain¬ 
less steel component in the clad material 
has a higher tensile strength and its 
abrasion resistance is greater than the 
alloys, it appears that the clad (laminate) 
configuration has directional properties 
such that penetration resistance perpendicu¬ 
lar to the clad layers has a more complex 
relationship with tensile strength. Thus, 
the stainless steel layer can be regarded 
as a barrier which is not easily ruptured 
even at the thinner gauge. 

TABLE VII 

RESISTANCE OF VARIOUS SHIELDING MATERIALS 
TO GOPHER DAMAGE IN CABLE (REA SPEC 39) 

this jacket is subject to damage due to 
lightning and rodents and during instal¬ 
lation because of equipment, rocks, sand 
abrasion and handling. In addition, it is 
now known that moisture passes through 
polyethylene cable jacket by osmotic 
permeation when there is a differential 
vapor pressure. 5 

The problems associated with corrosion of 
the shield in contact with soil environ- 2 
ments became apparent in the early 1960'8. 
Serious deterioration was found in aluminum 
shields at points where the shield was 
exposed to moisture. Subsequently, the 
use of copper shielding in place of aluminum 
was applied in some cable designs to retard 
corrosion. 

Longitudinal1y 
Applied Shielding 

Material Thickness 
(Temper) Mils Score 

Copper 10 
(Soft) 

CDA 194 7.5 
(Light Anneal) 7 

2.7 

2.2 
2.7 
3.6 

Copper Clad '« 5 
Stainless 7 
(Full Anneal) 6.5 
(4 Mils Copper) 6 

2.0 
2.0 
2.1 
2.3 

Gopher Resistance of Various Shielding! 
in Buried Cable 

FIGURE 4 

Corrosion Resistance 

The corrosivity of a soil depends or a 
number of factors including resistivity, 
pH, aeration, moisture content, and chemical 
content.2" These properties vary consider¬ 
ably depending on location. It is, there¬ 
fore, not surprising that the corrosion 
resistance of metals and alloys is quite 
variable from one soil to another. 
Aluminum, for example, is susceptible to 
localized corrosion (such as pitting) in 
the presence of specific ions such as 
chloride and sulfate and where differential 
aeration conditions exist.In addition, 
it is an amphoteric metal and will corrode 
more rapidly in both highly acidic and 
high)y alkaline solutions than in environ¬ 
ments within pH 5.5 to 8.5. Since the pH 
of soils varies widely from extremely acid 
(below pH»4.5) to strongly alkaline (above 
pH*9.1), and the concentration of soluble 
sulfates and chlorides is high in many 
areas, it is not surprising to find that 27 
rapid corrosion of aluminum has occurred. 

On the other hand, copper and many of its 
alloys are known to have good corrosion 
resistances in soils. For example, copper 
on the average is reported to corrode at 
about l/6th the rate of steel. ' The losses 
in weight and the maximum pit depths of 
copper and copper alloys in these National 
Bureau of Standards tests were slight with 
the following exceptions: in cinders, in 
soils having high concentrations of sulfides, 
in acid soils and in soils containing 
chlorides. 

In general, stainless steels have excellent 
corrosion resistances in soils (including 
acid soils). Only in high chloride con¬ 
taining soils are types 430 and 304 stain¬ 
less steels susceptible to localized 
corrosion such as pitting. The overall 
high corrosion resistance of stainless 
steel, however, is in contrast to the 
poor resistance reported for steel and tin 
plated steel in various soils. 

The corrosion behavior of lead sheathed 
cable has been the subject of investigation 
for many years.14-16 However, it has only 
been recently that newer polyethylene i6_24 
jacketed systems have received attention. 
The polyethylene outer jacket of a telephone 
cable is the first line of defense against 
corrosion of the metal shield. However, 

Several important investigations on the 
corrosion behavior of various cable 
shielding materials have been conducted. 
The most comprehensive study is the 
cooperative field test program conducted 
by the U.S. Department of Agriculture 
Rural Electrification Administration (REA) 
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and National Bureau of Standards (NBS) in 
which over 50 cable types having various 
shielding materials were buried.^*' The

cable specimens had an annular ring and 
lateral window exposing the shielding as 
shown diagramatically in Figure 5. Various 
underground test sites were chosen according 
to soil type. Table VIII is a list of these 
sites along with the soil properties. In 
this 6-year program, cable specimens are 
retrieved yearly and rated according to 
the system in Table IX. Table X is a summary 
of reported results available through the 
fourth year retrieval.

severe localized corrosion and undercutting 
of the aluminum occurs. This effect is rep­

resented diagramatically in Figure 1

The most severe corrosion of aluminum 
occurred in galvanic couples with other 
metals and alloys such as copper, steel, and 
stainless steel. In these tests, the 
aluminum was susceptible to corrosion in

Diagramatic representation of Cable 
Specimen for Soil Burial Test

FIGURE 5

Aluminum Shielding Specimens from 
REA-NBS Soil Burial Corrosion Test 
Program

FIGURE 6

TABLE VIII
PROPERTIES OF SOILS AT TEST SITES

Site

Ident.

A

B

C

D

E

G

Soil

Sagemoor sandy loam 
Hagerstown loam 
Clay

Lakewood sand 
Coastal sand 
Tidal marsh

Location

Toppenish, Wash. 
Loch Raven, Md. 
Cape May, N.J. 
Wildwood, N.J. 
Wildwood, N.J. 
Patuxent, Md.

The data clearly shows that bare aluminum 
shielding, even after one year exposure, 
is susceptible to severe corrosion in 
certain soils (sites C and G). Attempts 
to substantially improve the performance 
of aluminum by coating both sides with 
plastic or by using filling compound also 
resulted in severe corrosion of the 
shielding material (see Figure 6). These 
results are in complete aare^nt with 
those reported elsewhere.1'>For 
example, Schick found that fillir-g compound 
(petroleum jelly) prevented the passivation 
of aluminum, and, therefore, the shielding 
performed worse than with no coating.
Damage sites on coated aluminum provide 
locations of differential aeration so that

Internal 
Drainage 
of Test 

Site

Good

Good

Poor

Poor

Poor

Resistivity 
(Ohm - Cm)

400

5,200

300

30,000

55

300

ESL

8.8

5.8

4.0 
7.3

7.1 
7.1

even the milder soils and in many cases the 
aluminum in the shield was almost completely 
dissipated throughout the full length of 
the test cable.
As expected from previous work, copper and 
alloy 194 perform well in most soil sites. 
The ratings in Table X show that the acid 
soil site (site C) is the most damaging 
followed by the tidal marsh site (site G).

In contrast with aluminum, copper and 
alloy 194 do not undercut and corrosion is 
limited to areas exposed at the annular 
and lateral windows as represented diagram­

atically in Figure

IL..



TABLE IX 

RATING CODE FOR THE EVALUATION OF SHIELDS 
IN CABLE SPECIMENS 

Degree of Corrosion 

Unaffected - no indication of corrosion. 

Superficial rust or etching on surface. 

Uniform metal attack, rust, and/or slight 
localized pitting. 

Appreciable pitting over the surface, but no 
perforations through metal shield. Some 
minor delamination or dissipation of metal- 
lurgically or plastic-bonded metals leaving 
cathodic metal intact. 

Localized pitting: only one perforation in 
shield by pitting. 

Localized pitting: 2 to 5 perforations in 
shield by pitting 

Many localized pits causing perforation of 
shield <5% of shield dissipated by corrosion; 
extensive delamination of metallurgically 
bonded metals. 

Severe corrosion: pitting to perforation of 
shield; 5 to 10% of shield dissipated by 
corrosion; severe corrosion of anodic part 
of metallurgically bonded metals. 

Severe corrosion: pitting to perforation of 
shield; 10 to 25« of shield dissipated by 
corrosion. 

Severe corrosion: more than 25% of shield 
dissipated by corrosion; shield still has 
electrical continuity along the cable. 

Severe corrosion: shield is close to electrical 
discontinuity (ELD) due to perforation in shield 
and dissipation of metal by corrosion. 

Severe corrosion: shield is electrically discon' 
tinuous (ELD) due to dissipation of metal by 
corrosion 

One of the most significant contributions 
of the REA-NBS study is the interesting 
results with copper clad stainless shielding 
material. This combination of copper and 
type 430 stainless steel in the clad con¬ 
figuration provided excellent corrosion 
resistance. In most soils, the behavior of 
copper clad stainless shields was identical 
to that of solid copper shields. However, 
in the more aggressive soils the corrosion 
resistant stainless steel provided a 
barrier which prevented perforation of the 
shield. Thus, the inner copper layer was 
unaffected even in the acid soil site so 
that electrical continuity was maintained. 
This unique corrosion barrier mechanism is 
diagramatically represented in Figure 1 

The significance of the behavior of copper 
clad stainless can be clearly observed by 
referring to Figures B, 9, and 10. A site 
for site comparison of fourth year aluminum, 
copper, and copper clad stainless cable 
shielding specimens shows the effectiveness 
of the stainless steel barrier in preventing 
perforation of the copper clad stainless 
shield in all soilä. 

SUMMARY 

Design criteria for cable shielding materials 
include economics, conductivity, flexibility, 
fabricability, resistance to mechanical and 
gopher damage and corrosion resistance. 
However, the performance of the material 
depends specifically on the electrical 
shielding properties, the mechanical 
properties (such as strength) and the 
corrosion resistance properties. 

In recent years, a clad metal shield com¬ 
posed of type 430 stainless steel metal¬ 
lurgically bonded of copper and stainless 
steel are combioed into a single materials 
system having unique qualities that cannot 
be duplicated in a moncmetal. In the clad 
metal configuration (Cu/430SS/Cu) the copper 
component provides conductivity for reducing 
electric fields while the magnetic stainless 
steel is effective in reducing magnetic 
fields. 

The stainless steel layer in copper clad 
430 stainless steel (Cu/430SS/Cu) provides 
strength, thus providing resistance to 

Rating Performance 

10 Excellent 

9 Excellent 

8 Very good 

7 Good 

6+ Good 

6 jood 

5 Fair 

4 Poor 

3 Poor 

2 Very poor 

1 Very poor 

0 Very poor 
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System 
No. 

1 

2 

5 

6 

41 

42 

3 

TABLE X 

PERFORMANCE RATINGS OF SHIELDS IN BURIED CABLE SPECIMENS 

Site Window 
Exposure time, years 
12 3 4 

Ring 
Exposure time, years 
12 3 4 

0.008" Corrugated Bare Aluminum 

A 10 10 9 
B 9 9 9 
C 5 5 2 
D 10 10 9 
E 10 9 9 
G 0 0 5 

6+ 10 10 9 
9 9 9 9 
1 5 0 2 

10 10 10 9 
10 9 9 

6 0 0 5 

9 
9 
0 
9 

6 

Under Jacket 
Exposure time, years 
12 3 4 

10 10 9 10 
9(8) 9 6 10 
8 5 6 0 
9 10 9 9 
9 9 9 - 
3 5 5 6 

Same as No. 1 except that system is coupled to copper 

B 
C 
D 
E 
G 

2 0 0 0 
6 0 5 6 
0 0 0 0 
5 5 4 5 
6 5 5 - 
0 0 0 0 

10 0 0 
6 8 5 2 
0 0 0 0 
5 5 2 5 
6 5 5 - 
0 0 0 0 

6 0 
9 8 
0 0 
6+ 8 
8 9 
0 0 

0 
5 
0 
5 
0 
0 

0 
9 
0 
5 

0 

50-Pair, 22 Gauge Cable with 0.008" Corrugated Aluminum with Plastic Film 
Coating on the Core Side of the Shield. An adhesive outer jacket is then 
applied. The aluminum edges are also protected at the shield overlap by 
an experimental process. 

A 
B 
C 
D 
E 
G 

10 10 10 10 
10 10 9 9 
8 9 9 9 

10 10 9 10 
10 10 10 
2 0 0 0 

10 10 
10 10 
5 6 

10 10 
9 10 
0 0 

10 10 
9 9 
9 5 
9 10 

10 
0 0 

10 10 
10 10 
8 9 

10 10 
10 10 
5 3 

10 10 
10 10 
10 4 
10 10 
10 
6 0 

Same as No. 5 except that system is coupled to copper 

A 
B 
C 
D 
E 
G 

2 0 0 2 
10 10 9 9 
0 0 0 0 

10 10 5 1 
3 10 10 
0 0 0 0 

0 0 0 2 
8 5 3 8 
0 0 0 0 
5 0 5 5 
16 9- 
0 0 0 0 

1 
8 
0 
5 

10 
4 

2 
10 
4 
8 

10 
0 

3 3 
9 9 
2 0 
5 5 
9 
9 0 

25 Pair, 22 Gauge Western Electric Filled Cable, (15% PE-85% PJ Filling 
Compound) Uncorrugated 0.008" Aluminum Shield 

A 10 9 10 
C 9 10 0 
G 5 5 10 

10 9 10 
9 5 0 
2 5 10 

10 9 10 
10 10 0 
6 5 6+ 

Same as No. 41 except that system is coupled to copper 

A 5 0 0 
C 0 0 0 
G 0 0 0 

0 0 0 
0 0 0 
0 0 0 

4 
0 
0 

0 
5 
0 

0 
0 
0 

0.005" Corrugated Bare Copper 

A 10 10 9 9 
B 10 10 9 9 
C 10 8 0 0 
D 10 10 9 9 
E 10 10 9 - 
G 10 10 9 9 

10 10 
10 10 
5 3 

10 10 
10 10 
10 10 

9 
9 
0 
9 
9 
9 

9 
9 
8 
9 

6+ 

10 10 9 10 
10 10 10 9 
10 9 0 9 
10 10 10 9 
10 10 9 - 
10 10 9 9 
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TABLE X (Continued) 

PERFORMANCE RATINGS OF SHIELDS IN BURIED CABLE SPECIMENS 

System Site 
No. 

Window Ring 
Exposure time, years Exposure time, years 
1234 1234 

Under Jacket 
Exposure time, years 
12 3 4 

4 0.005" Corrugated Bare Copper Alloy (97.5% Copper, 2.5% Iron, 0.02% phosphorus) 

A 
B 
C 
D 
E 

10 10 
10 6 
10 10 
10 10 
10 10 
10 10 

9 9 
9 8 
2 0 
9 9 

10 
9 8 

10 10 
10 10 
10 4 
10 10 
10 10 
10 10 

9 9 
9 8 
1 1 
9 9 

10 
9 8 

10 10 10 10 
10 10 10 10 
10 10 9 9 
10 10 9 5 
10 10 10 
10 10 9 9 

23 0.006" Corrugated Copper-430 Stainless Steel-Copper (2-2-2) 

A 
B 
C 
D 
E 
G 

10 lOaoO 9109 9(109 
10 10 9L09 9109 

70.0(7 1(10(9 110 9 3 6+10 
10 10 9 LO 9 9(109 
10 10 9109 
10 9(10(9 9 L0p 2|l0|9 

10 1 
,10 '10' 

10 ¡10. 
10 

910L09LG9 
9109 9 LO 9 
1109 1 5 L0 
9109 9LO9 
910 9 
9 79 2LO 9 

10 10 
10 
10 
10 
10 
10 10 

10 
9(10(9 
9109 
9109 
9109 
9109 

Summary (Contd.) 

mechanical and rodent damage. Results of 
the Denver Wildlife Research Center test 
program in cooperation with Texas 
Instruments, Inc. confirm the resistance to 
gopher damage in cables with the clad metal 
shielding. 

The corrosion behavior of the clad material 
has been demonstrated by the results of a 
cooperative program between the Rural 
Electrification Administration (REA) and 
the National Bureau of Standards (NBS) and 
also by Texas Instruments, Inc. Results 
show that the corrosion behavior of copper 
clad 430SS (Cu/430SS/Cu) is similar to 
copper except in highly corrosive soils 
(suet as acid soils) where the stainless 
steel layer acts as a corrosion barrier 
preventing electrical discontinuity in 
the clad metal shielding. 
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A MATRIX INTERCONNECTION SYSTEM FOR AIRCRAFT WIRING 

R. A. Bradshaw 
Grumman Aerospace Corporation 
Bethpage, New York 11714 

Summary 

A Matrix Interconnection System tor Aircraft Wiring 
uas developed and flight tested by Grumman Aerospace 
Corporation under U. S. Army Electronics Command con¬ 
tract. The Matrix Interconnection System utilizes flat 
conductor flat cable (FCFC) and a Matrix Interconnecting 

Device (MID). 

Use of the MID has enabled Grumman to achieve a total 
systems approach to aircraft wiring which Incorporates 
within its basic design concept provision for growth, circuit 
change, maintenance, functional test-ability and repair, 
while providing system performance equal to or better than 
current wiring concepts. 

introduction 

In a conventional aircraft interconnecting system. 
Fig. 1, subsystem circuits are routed point-to-point with 
individually insulated round conductor wires. Wires and 
cables with a common origin and/or destination, or sharing 
at least some common routing, are assembled into harnesses 
by lacing, plastic ties or braided covering. To provide 
elcctro-magnetlc compatibility (EMC) control of the systems 
during design, installation and test, requirements may be 
imposed for use of special constructions such as multicon¬ 
ductor twisted shielded, jacketed, or shielded and jacketed 

cables. 

Fig. 1 Conventional Interconnection System 

E. F. Godwin 
U. S. Army Electronics Command 
Fort Monmouth, New Jersey 07703 

In the Matrix Interconnection System, Fig. 2, all sub' 
system interconnecting circuits are routed to a Matrix 
Interconnecting Device (MID) via shielded and unshielded 
modular flat conductor flat cable (FCFC) assemblies. 
Within the MID the circuits are conveyed to removable 
matrix card assemblies. These assemblies are printed 
circuit boards with vertical traces on one side and hori¬ 
zontal on the other. 

Fig. 2 Matrix Interconnection System 

The traces form a matrix pattern with a broad sub¬ 
system interconnecting potential. Each matrix card assem¬ 
bly also has a test connector through which all subsystem 
circuits on the card can be interrogated or monitored with¬ 
out disturbing the subsystem Interconnecting wiring. 

The Matrix Interconnection System, developed by 
Grumman Aerospace Corporation, under U.S. Army 
Electronics Command contract, offers a total systems 
approach to aircraft wiring design. The basic MID design 
concept provides for growth, circuit change, maintenance, 
functional test-ability and repair, and provides EMC 
systems performance improvement over current round 
conductor wiring concepts. 
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To assure the validity of the development program, two 
Matrix Interconnection Systems were fabricated. One for 
environmental test and the second to interconnect the navi¬ 
gation and communication subsystems of an Army aircraft. 
The second Matrix Interconnection System was subjected to 
extensive systems performance evaluation during ground 
and flight tests. During these evaluations, performance 
tests were first conducted with th*’! conventional wiring 
system to establish a reference from which the performance 
of the Matrix Interconnection System could be accurately 
evaluated. 

The "base-line" aircraft selected was the OH-6A light 
observation helicopter equipped with the Standard Lightweight 
Avionics Equipment (SLAE) package and its associated 
electronics. On the OH-6A the SLAE and its associated 
electronics consists of: 

T Jvo exceptions to the Matrix Interconnecting System 
concept were token for the program: 

• Four coaxial cables, used to transmit classified 
data between the Transponder Computer and the 
Transponder receiver/transmitter were not proc¬ 
essed through the MID. This deviation was nec- 
assay because information on classified signals is 
difficult to obtain and without it the effects of the 
MID on the transmission line characteristics could 
not be predicted nor the completed system accurately 
evaluated. 

• Wiring for the pilot's, copilot's and passengers' 
headsets was not processed through the MID be¬ 
cause it is incorporated into special cable assem¬ 
blies integral with the headsets or the headset 
control assemblies. 

EMC Analysis 

An extensive EMC analysis of the projected OH-6A 
matrix interconnection system was made early in the pro¬ 
gram. This analysis was accomplished to insure maximum 
utilisation of flat cable's EMC predictability and repeata¬ 
bility characteristics. The analysis Included a theoretical 
review of magnetic and electrical coupling in FCFC, 
laboratory tests of FCFC, and resulted in EMC design 
recommendations for the OH-6 A's Matrix Interconnection 
System. These recommendations consisted of a detailed 
procedure for assigning circuits to 'he flat cable con¬ 
ductors, the assignment of areas for the various types of 
signals within the flat cable layers and a series of design 
guidelines for the MID and FCFC installation. 

In order to assign circuits to the flat cable conductors, 
each circuit was classified with respect to its type of signal 
and signal level in accordance with Table I. 

System Analysis 

To insure that the Matrix Interconnection Systems 
performance would be equivalent to, or better than the 
conventional wiring system, an extensive analysis was 
made of the SLAE equipped OH-6A. This analysis included 
definition of the electrical components utilized in the con¬ 
ventional interconnection system, SLAE equipment signal 
levels and characteristics, equipment power requirements 
and the generation of a wiring diagram for the SLAE 
equipped OH-6A in matrix interconnection system format. 
In this format all circuits from each basic electronic 
equipment, installation item and aircraft interface are 
defined "point-to-point" from the source to the Matrix 
Interconnecting Device (MID). In addition all electrical/ 
electronic system interconnections are defined within the 
MID. 

Table I 

Circuit Classification 

Typ* of Signal Signal Laval 

Primary Power 
(From circuit braakar 
to the unit) 

Secondary Power 
(From Unit to Unit) 

Signal Power (REF) 
(From Unit to Unit) 

□iterate Signait 
(Step Function) 

Digital Signait 
(DC Pulte Train) 

Analog Signait 
(Variable Amplitude 
and/or Frequency) 

RF Signait 
(above 20 KHz) 

AC-115V. 400 Hz 
DC-27.5V 

AC 26V. 400 Hz 
DC-lett than 27.5 
DC-greatar than 27.5 

DC-from OV to - 10 VDC 
DC-from ¿ 10 to ± 28 VDC 

Bi-Level (OV to±5VI 
Bi-Level (OV to ¿ 28V) 

B I aval (OV to - 5VI 
Bi Level (O toi 28VI 

AC-IOV to 5 VAC) 
AC-IOV to 26 VAC) 

AC-IOV to 30) 

• A VHF-FM Radio, for Commumcation and Homing 

• A VHF-AM Radio for Communication 

• A UHF-AM Radio for Communication 

• A Direction Finder Set 

• A Gyromagnetic Compass Set 

• Three Communication Control Units, one each for 
pilot, copilot, and passenger 

• A Transponder Set 

• A Communication Security Set 

• A Transponder Computer 

• A Transponder Test Set 

• A 28 vdc Power Supply 

• A Static Inverter. 

The conventional wiring system in the OH-6A utilizes 
shielded and jacketed single wires, and shielded and 
jacketed groups of twisted wires to Interconnect the ac 
and dc power, audio, and discrete signals inherent to the 
SLAE equipments. The OH-6A conventional wiring system 
was designed and installed to meet the requirements of 
MIL-W-5088. This specification governs the selection and 
installation of wiring and wiring devices used for the inter¬ 
connection of electrical and electronic equipment in aircraft. 

1 
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The conversion from the OH-6A conventional round 
conductor configurations to equivalent FCFC was ac¬ 
complished in accordance with Table II. The following 
EMC design parameters were involved during this phase: 

• High voltage level discrete and low voltage level 
analog (or vice versa) signals should not be shielded 
adjacent to each other in the same layer of flat cable. 
A minimum of one flat conductor, grounded at both 
ends, should be used to separate them. 

• Two different types of signals with the same signal 
voltage level may be shielded adjacent to each other 

in the same layer of the flat cable. 

• All leads which are shielded in the conventional 
system, should be shielded in the Matrix Intercon¬ 
necting System. 

• Spare leads in the flat cable should be grounded at the 
MID box end only. 

• 115 vac and 28 vdc primary power leads should be 
separated from all other leads with a lead grounded 
at both ends. Chassis ground or signal ground may 
be used for this purpose. 

Table II Electrical Characteristics Comparison, Round Conductor vs Flat Conductor 

ROUND ''ONDUCTOR-22AWG FLAT CONDUCTOR 

A B 

TWISTED PAIR 

CAPACITANCE 

AtoB 

CHA CHB 

PARALLEL LEADS 

CAPACITANCE 

5wpf/tt AtoB 

MULTILEAOS 

Lead-t--La<d 

“pf/ft 

CHA [==Db\ 

I-IC I-ID 

MULTILAYER 

® 

SINGLE LEAD 
SHIELDED 

Conductor- 
to-Shiald 

"pf/ft 

3.07pf/f, A to B 

26.59pf/f, AtoC 

®3-7®pf/ft A to 

Sbiald 

112.57p(/f, Ato 

Shlald 

Conduct orto- 
Conductor 

36.Bpf/»t 

°-17p»/ft AtoB 

,12-67p»/ft A to Shield 

TWISTED PAIR 
SHIELDED 

THREE 
WIRE-TWISTED 

SHIELDED 

Conductor-to- 
Shiald 
62.5pf/ft 

Conductor-to- 
Conductor 

30pf/ft 

Conduct orto- 
Shiald 

62p»/ft 

I-lA I-1 B 

. 

- .. 
i i a nz] b ch c 

COD CHE CD F 
—J— 

’•27pf/»t AtoB 

83-7«pt/ft A to Shield 

0-Mpf/ft AtoB 

111-2pf/ft A to Shield 

22 pt/ft A to D 

REFERENCE - DH 1-4 Seriei 1-0 
AFCS DESIGN HANDBOOK 
ELECTROMAGNETIC COMPATIBILITY 
SECT-BBS, SUB NOTES 6 (II (16 (21 

REFERENCE - ITT Cannon Electric 
FLAT CABLE CONNECTOR TERMINATION 
SYSTEMS AND DESIGN GUIDES 
FIGURES 12 THROUGH 16 

L a* ** * +S* ■ 
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• Shielded leads should not be adjacent to the primary 
power leads. A minimum of one lead grounded at 
both ends should separate the signal carrying lead 
from the 115 vac and 28 vdc. A power return may 
be used for this purpose. 

Areas within the FCFC layers were assigned to the 
different types and levels of signals in accordance with the 
following EMC design parameteró: 

• Primary power leads should be allocated to the top 
or bottom layer. If a second flat cable group is 
superimposed, the power leads should be on opposite 
side« of the two groups. 

• Primary power leads shall be located away from 
analog signals. 

• Flat cables from one connector interfacing with 

more than one other connector should have the area 
assigned per the Individuals connectors. In each 
area, proper shielding and separation procedures 
shall be fcliowed. 

MID Construction 

The Matrix Interconnecting Device, Fig. 3, consists of 
three subassemblies: housing, connector plate and 12 ma¬ 
trix cards. The unit measures 10.0 in. (254 mm) x 10.5 in. 
(266.7 mm) y 5.5 in. (139.7 mm). Located on two opposite 
sides of the housing are sixteen Input/output connectors 
accommodating a total of 816 circuits. The OH-6A SLAE 
package, associated electronics and aircraft Interface re¬ 
quires approximately 680 circuits. This leaves 136 spare 
circuits for future system growth, without change in unit 
dimension. 

FLAT CABLE 
CONNECTOR 

CONNECTOR FLATS 

INTERNAL 
WIRING 

HOUSING 

Fig. 3 Matrix Interconnecting 
Device (MID) 
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MIDHousi é 

The housing is constructed of . 060-in. thick (1.52 mm) 
aluminum alloy, 6061 condition "0". This becomes hardened 
to 6061 T4-T5 during the dip brazing assembly process. 
Reinforcing ribs are incorporated on the four sides of the 
housing to prevent diaphragming. Ribs on the connector 
sides of the housing are located Internally. Cut-outs are 
provided on two opposite sides of the housing for back-panel 
mounting the sixteen flat cable connector receptacles, eight 
connectors per side. Each connector receptacle. Cannon 
part number FCB3C222SIE, accepts 3 one-in. (25.4 mr'i 
cables, each with 17 conductors spaced at .050 in. (1.27 
mm) centers. Metal guides are riveted to the inside of the 
housing to facilitate insertion of the matrix cards. 

The cover assembly is of similar dip braze construc¬ 
tion. Three stiffener channels are added to the inside of 
the cover. Hard . ubbcr strip- cemented to the inside of 
these channels act as matrix card retainers. To prevent 
possible RFI emissions, an RF gasket is used between the 
cover and the housing. 

Connector Plate 

The connector plate, which is used to terminate all 

input/output circuits and for interconnecting between ma¬ 
trix boards, is made from 6061 1-6 aluminum alloy and 
measures 8.0 in. (203.2 mm) x 8.5 in. (215.9 mm) x 
. 080 in. (2.03 mm) thick. The plate is drilled to a stand¬ 
ard hole pattern to accept 1176 contacts of the tuning fork 
type. The contacts are divided into 12 double rows with 
each double • ow having 98 contacts. Four contacts in each 
group are grounded to the plate to furnish a common ground 
for shields of the flexible printed circuit cables. Figure 4 
shows the termination of the flexible printed circuit cable 
to the bottom of the connector plate. 

Internal wiring between the flat cable connectors am 
¿he connector plate is accomplished by use of a flexible 
printed circuit. This is a 17 conductor flat cable with the 
conductors spaced at . 050 in. (1.27 mm) centers on one end 
and at . 150 in. (3. 81 mm) centers at the other. Since all 
connections in this system are direct point-to-point, all 
the flexible printed circuits are the same configuration. 
The cable is shielded on one side with 1 oz. (.031 kg) 
copper foil. This provides signal separation when the 
cables are stacked. The narrow end of the flexible printed 
circuit is terminated to the connector insert wafer by means 
of a heat shrinkable Multiple Splice Module. The wide end 
is soldered to the terminal pins on the underside of the 
connector plate. 

Fig. 4 Connector Plate 
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Matrix Board Assembly 

Each matrix board assembly consists of five parts: the 
printed circuit board, stiffener, header, test connectors 
and ejectors. The printed circuit board is . 062 in. (1.57 
mm) glass epoxy clad on both sides with 2 oz. (.062 kg) 
copper, and measures 8.600 in. (218.4 mm) x 4.750 in. 
(120.6 mm). One side of the board has vertical conductors 
which terminate with a header. The opposite side has hori¬ 
zontal conductors and are used to interconnect two or more 
vertical conductors by means of soldered wire, eyelets or 
through plated holes. 

The header assembly consists of an aluminum "Z" ex¬ 
trusion with 98 male contact pins which mate with the double 
rows of female contacts on the connector plate. The header 
is assembled to the printed circuit board with three rivets 
and the contacts soldered to the pads provided on the verti¬ 
cal conductors. Prc. .sions are :”idr on the printed circuit 
board for mounting two test connectors for checking con¬ 
tinuity, monitoring system performance and troubleshoot¬ 
ing simply by removing the cover from the housing 
assembly. Two plastic ejectors located on each end of 
the board are used to facilitate its removal. 

Flat Cable Assemblies 

While the Matrix Interconnecting concept is compatible 
with both conventional round conductor wire and flat con¬ 
ductor flat cable, flat cable was utilized for the program 
because it provided: 

• Predictable and repeatable EMC characteristics 

• Reduced size and weight through its increased 
current carrying capacity and physical strength 
properties 

• Modular replaceable assemblies. 

Flat Cable Description 

The specific cable used was a one-in. (25.4 mm) wide 
x . 012-in. (. 305 mm) thick polylmide/flourinated ethylene 
propylene (Kapton/FEP) insulated cable having seventeen 
. 005 in. (. 127 mm) x . 025 in. (. 635 mm) conductors 
(approx. AWG 28) on .050 in. (1.27 mm) centers. 

Only two variations of the FCFC were required to inter¬ 
connect the entire OH-6A navigation and communication 
systems; shielded one side and unshielded. Shielding was 
accomplished with a .001 in. (.0254 mm) solid copper foil. 

A current carrying capacity analysis made on the 
selected flat cable determined that a single flat conductor, 
utilizing a 50 C temperature rise, would carry in excess of 
3.5 amp. Since the maximum input power requirement of 
any individual SLAE equipment item could not exceed 
3.088 amp, it was evident that the current carrying ca¬ 
pacity of the selected FCFC would not be the limiting 
factor in the Matrix Interconnecting System design. Ac¬ 
cordingly, our efforts progressed to a voltage drop 
analysis. 

After calculating the resistance of typical input power 
circuit configurations used in the existing SLAE equipped 
OH-6A, calculations were made using one, two, three and 

four parallel flat conductors. From this effort it became 
evident that the voltage drop values of the existing conven¬ 
tional OH-6A Interconnecting wiring would be difficult to 
duplicate, even by paralleling conductors and the MID cir¬ 
cuits. For this reason an investigation was made to deter¬ 
mine if satisfactory equipment performance could be 
achieved with them. The investigation made clear the fact 
that the voltage drops occurring in the Matrix Intercon¬ 
necting System, though larger than those of the conven¬ 
tional OH-6A interconnecting wiring, were reasonable and 
within the limits set forth in Military Standard 704A, when 
two, three or four conductors were bussed together. 

Flat Cable Connector 

The Cannon "FC" series connector, designed and tested 
to meet the requirements of MIL-C-55544, was selected 
for use on the program. This connector contains three re¬ 
movable modular wafer inserts which can be used singly or 
joined with one or two others to terminate individual pieces 
of flat cable or round wire. They are inserted or removed 
from the back of the connector; thus, a cable terminated on 
each end by one of these modular wafers can be installed or 
removed at any time. 

This connector has a cadmium plated cast aluminum 
shell, gold plated pin and socket contacts, and thermoset 
plastic modular insert wafers. Coupling is accomplished 
by jack-screws made of stainless steel. 

Flat Cable Termination 

Termination of the FCFC to the fiat cable connector 
was accomplish'd with a Multiple Splice Module (MSM). 
The MSM consists of individually insulated solder preforms 
and copper strips with their number and spacing identical 
to that of the fiat connector contacts and flat cable con¬ 
ductors. The solder preforms and copper strips are con¬ 
tained in a heat shrinkable device which is activated by 
placing the assembly between heated platens for a con¬ 
trolled period of time. 

Transition of the Matrix Interconnection Systems FCFC 
to the existing circular or rectangular connectors of the 
OH-6A's avionic boxes was accomplished with a variation 
of the MSM device. This device has sizc-24 wires on one 
side which were used to interconnect the contacts of the 
avionic box connectors. 

Design Feasibility Testing 

A design feasibility testing program was conducted on 
the Matrix Interconnection System for Aircraft Wiring. 
This program demonstrated that the system components 
were suitable for the intended appll-atlon and established 
its performance characteristics with respect to the per¬ 
formance of the OH-6A's conventional round conductor 
interconnecting wiring. 

Environmental Testing 

The environmental testing program subjected the Matrix 
Interconnection System for Aircraft Wiring to the following: 

• Thermal Shock- in accordance withMIL-STD-202C, 
Method 107B, Condition B 
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• Vibration- in accordance with MIL-STD-810B, 
Method 514.1, Procedure 1, Time Schedule 1, 
Curve M 

• Physical Siock-in accordance with MIL-STD-810B, 
Method 516, Procedure 1 

• Moisture Resistance- in accordance with MIL-STD- 
202C, Method 106B with steps 7A and 7B omitted 

• Thermal Aging - ten cycles of 125°C for 20 hours 
followed by 20°C for four hours. 

During ihls testing program 384 flat connector contacts 
and 384 matrix board contacts were monitored for circuit 
discontinuities in excess of ten microseconds. In addition 
144 circuits were monitored for dielectric strength in ac¬ 
cordance with MIL-STD-202C, Method 301, with a test 
voltage of 1^»0 va ipplied for 60 seconds. Insulation re¬ 
sistance was also measured on these same 144 circuits in 
accordance with MIL-STD-202C, Method 302, Condition B 
(500 V +10%). 

The environmental test program disclosed the need for 
matrix board stiffeners (which were Incorporated) and Im¬ 
proved environmental resistance in the connector design. 
During the moisture resistance test sufficient moisture 
entered the MID through the interstices between the flat 
connector Insert wafers to lower the average insulation 
resistance values from lO*0 ohms to 10fj ohms. 

Ground testing 

Aii extensive electromagnetic compatibility (EMC) 
evaluation was accomplished utilizing an OH-6A System 
Integration Test Stand (SITS). The SITS consisted of an 
OH-6A mock-up configured with the actual OH-6A SLAB 
package, associated elect replies, antennas, antenna cables, 
relays and switches. 

Two identical tests were performed on the SITS. In 
the first test the SLAB and associated electronics were 
interconnected with a duplicate of the OH-6A conventional 
round conductor interconnecting wiring. In the second 
test the SLAB nd associated electrónica were intercon¬ 
nected with tuo MID and FCFC of the Matrix Interconnecting 
System. 

Test data obtained with the conventional round conductor 
wiring was used as a baseline from which the Matrix 
Interconnection System's performance could be evaluated. 
Testing of both systems was accomplished in a function vs. 
function matrix format encompassing 29 modes of opera¬ 
tion for both interconnecting systems. 

The test results obtained reflected an improvement in 
overall system electromagnetic compatibility when the 
Matrix Interconnecting System was utilized. In addition, 
a decrease of 4 dB in measured "noise" level was ob¬ 
tained at the cop'lot's headset with the Matrix Intercon¬ 
nection System. 

Flight Test 

Flight testing of the Matrix Interconnection System for 
Aircraft Wiring was accomplished on an Army model ÚH-6A 
helicopter, serial number 17144 during June of 1974. 

Again two identical tests were accomplished. During the 
first, the OH-6A was evaluated "as delivered" with the 
SLAB and associated electronics Interconnected with the 
conventional round conductor wiring. During the second, 
the aircraft's SLAB and associated electronics were inter¬ 
connected with the MID and FCFC of the Matrix Intercon¬ 
nection System. 

The installation was accomplished by disconnecting, 
capping, and stowing all connectors and individual circuits 
that interconnected the SLAB, associated electronics and 
aircraft Interface. The MID was installed in the passenger 
compartment with an adapter mounting panel and the FCFC 
system installed alongside the disconnected conventional 
interconnecting wiring. 

Each of the two evaluations consisted of three systems 
tests: ground, preflight and flight. Data obtained during 
the evaluation of the OH-6A in the "as-delivered" state was 
used as a baseline from which the performance of the 
Matrix Interconnection System was evaluated. 

The test results summarized in Fig. 5, showed that the 
Matrix Interconnection System provided an overall 58% 
improvement in systems electromagnetic compatibility. 
Another improvement, also shown in Fig. 5, indicates that 
with the Matrix Interconnection System installed, the SLAB 
equipped OH-6A was, for the first Ume, able to meet the 
3 mv requirement of M1L-E-6051. 

A major improvement was also made in the Aircraft's 
Homing. With the conventional interconnecting wiring the 
Steering Dial was totally unreliable. The aircraft's panel 
contained a notice: "FM Homing Unreliable". At most 
frequencies the Steering Dial on the Heading Indicator was 
180 degrees out from the direction of the signal source. 
However, with the MID and FCFC the Homing capability of 
the aircraft was such that it was either exact, or off by a 
maximum of five degrees. 

It was noted during testing that the aircraft's dials and 
indicators monitoring engine performance and fuel quantity 
showed no indication of susceptibility to EMI. Also, turn¬ 
ing equipment on or off, landing lights or anti-collision 
lights, caused no excessive transients to be heard in the 
earphones. 

An unexpected benefit of the Matrix Interconnection 
System installation in the OH-6A was the significant re¬ 
duction achieved in the time required to remove and re¬ 
place avionic boxes despite the fact that it was not an 
optimum installation. 

Conclusions 

While providing proven, flight tested performance at 
least equivalent to current wiring concepts, the basic design 
concept of the Matrix Interconnection System for Aircraft 
Wiring has provisions for: 

• Growth - through adequate spare MID input/output 
circuits 

• Circuit Change - because all changes are accom¬ 
plished simply by removing and replacing the 
applicable matrix card(s) 
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• Maintenance - through the use of matrix card 
ejectors, modular Input/output FCFC assemblies, 
utilizing but two types of flat cable and internal 
flexible printed circuits 

• Functional Test Ability - through the use of test 
connectors on each matrix board, which make It 
possible to interrogate or monitor circuits without 
disturbing the subsystem interconnecting wiring 

• Repair - through the use of "back-panel" mounted 

connectors, modular FCFC assemblies, and stand¬ 
ard matrix board assemblies. 
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TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS 

By 

A. H. Cherin 
Bell Telephone Laboratories, Inc. 

Norcross, Georgia 

Abstract 

Recent developments in optical fiber 
and source technology have stimulated con¬ 
siderable interest in optical communication 
systems. Optical fibers with losses of less 
then 10 dB/km are being fabricated routinely 
at Bell Laboratories and at Corning Glass 
Works. In addition, substantial progress has 
been made in extending the lifetime of GaAs 
injection I'-'ers As a result of these 
developments, optical fibers may soon be used 
to complement conventional wire pairs and 
coaxial cables in a wide range of 
applications. 

This paper will review the trans¬ 
mission characteristics of optical fibers. 
The mechanisms that produce attenuation and 
time dispersion in the optical fiber medium 
will be described along with techniques for 
measuring these quantities. When optical 
fibers are packaged and placed in cables, 
small deformations of the fiber axis can 
occur which alter the transmission character¬ 
istics of the fibers. Changes in the loss 
and time dispersion of the optical fibers 
due to packaging will also be considered. 

Introduction 

Since the first low-loss optical 
fiber was made by Corning Glass Works (CGW) 
in 1970 (a single-mode silica fiber with a 
loss of 20 dB/km at 0.6328 urn wavelength),1- 
a number of laboratories have made multimode 
optical waveguides with minimum losses of 1.2 
to 20 dB/km at various useful wavelengths. 
Knowledge of the transmission properties of 
such optical fibers and how they are affected 
when placed in structures is essential for 
the proper design of future optical communi¬ 
cations systems. To understand these trans¬ 
mission properties, Bell Laboratories has 
undertaken a program to characterize poten¬ 
tially useful fibers.2 A number of fibers 
were measured to determine their transmission 
loss over a wide spectral range. The disper¬ 
sion suffered by short optical pulses in 
traversing a length of fiber was also measur¬ 
ed. In this paper, some results from this 
program will be presented. Transmission loss 
and pulse dispersion are important parameters 
that are used in determining the repeater 
spacing and bandwidth of an optical communi¬ 
cations system. 

Transmission Characteristics of Optical Fibers 

A typical optical fiber, shown in 
Figure 1, consists of an inner cylinder of 
glass of refractive index ni, called the core, 
surrounded by a cylindrical shell of glass of 
lower refractive index n2, called the cladd¬ 
ing.2 As shown in Figure 2, the number of 
modes that a fiber can support is proportional 

to the core diameter squared and to the dif¬ 
ference between the squares of the core and 
cladding refractive indexes. For the multi- 
mode fibers discussed in this work, a typical 
core diameter was 75 urn with a cladding di¬ 
ameter of 125 urn. The refractive index dif¬ 
ference between the core and cladding was less 
than 1% of the core refractive index. 

Transmission Loss Mechanisms 

Loss occurs in a dielectric wave¬ 
guide when energy is extracted from the prop¬ 
agating field and reradiated out of the guide 
or converted to heat. As seen in Figure 3, 
there are several mechanisms which may cause 
transmission loss to occur in a fiber 
waveguide. 

1. Material Absorption Loss - Loss due to 
conversion of energy to heat by impurity 
atoms in the glass. For example, an impor¬ 
tant absorbing ion in glass is OH~. Figure 
4 shows the absorption bands due to OH~ in 
fused silica glass in the .5 to 1.0 urn region 
of the spectrum. Approximately 1.25 parts 
per million by weight of OH~ will cause a 1 
dB/km peak loss in the glass. Approximately 
1 part per billion of ion impurities such as 
CrJ+, Fe2+ or Cu2+ will cause 1 dB/km peak 
losses in the glass. High purity glass is 
required to achieve low loss fibers. 

2. Material Scattering - There are different 
scattering mechanisms in the glass material 
that can cause loss in the fiber. Rayleigh 
scattering will always be present in glass 
materials and determines the minimum possible 
loss the waveguide can have. Rayleigh scat¬ 
tering is caused by minute dielectric inhomo¬ 
geneities in the glass. The inhomogoneitles 
may be caused by thermal fluctuations, compo¬ 
sitional fluctuations, or phase separations 
and are on a small scale compared to the 
wavelength of the propagating energy.’ A 
well made high silica glass will cause Ray¬ 
leigh scattering loss of about 0.9 dD/km at 
1.0 urn; this loss varies inversely as the 
fourth power of the wavelength.® 

3. Waveguide Scattering - Geometric varia¬ 
tions in the size of the fiber core and/or 
index of refraction variations along the 
length of the fiber will cause transfer of 
power between guided modes and/or from a 
guided mode to the radiation field. Fortun¬ 
ately, the scattering losses due to a "rough" 
interface between the core and the cladding 
in a well made low loss fiber are small. 

4. 0* her Loss Mechanisms - Radiation loss 
due to curvature of the guide, loss due to 
opaque coatings on the surface of the cladd¬ 
ing and crosstalk loss between fibers must be 
considered in designing an optical fiber 
cable. Proper cable design and choice of 
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fiber parameters such as cladding thickness 
and numerical aperture can minimize these 
loss mechanisms. 

Transmission Loss Spectra 

Figure 5 is a block diagram of a 
measuring set used to determine the trans¬ 
mission loss spectrum of an optical fiber. 
Transmission loss measurements in the spect¬ 
ral range from 0.5 to 1.1 urn wavelength are 
made by a two-point method. The optical 
power received at the end of a long fiber is 
measured in sequence at various wavelengths; 
the fiber is then cut and the received power 
from the shorter waveguide is measured at 
the same wavelengths. The ratio of the out¬ 
put to input power in decibels at the various 
wavelengths is used in plotting the trans¬ 
mission loss spectrum of an optical fiber. 
Figure 6 it .■! f.4>ical lo"*» soectrum for a 
high silica low loss optical fiber. The 
spectral regions of primary interest for 
optical communication are 0.8 - 0.9 urn and 
the region of the spectrum about 1.06 urn. 
These are the regions of the spectrum where 
optical sources exist and the fiber loss is 
the lowest. Fibers are routinely made at BTL 
and CGW with losses less than 10 dB/km at 0.8 
urn and 1.06 urn. Fibers with losses as low as 
1.2 dB/km have been made. 

Pulse Dispersion 

A measure of pulse dispersion in an 
optical fiber can be obtained by observing 
how an optical pulse is broadened as it prop¬ 
agates down the guide. The dispersion of a 
dielectric waveguide mode is a function both 
of the material and of the waveguide charac¬ 
teristic. In multimode guides, the waveguide 
introduces delay between the various modes. 
The basic causes of pulse dispersion in an 
optical fiber are explained below. 

1. Material Dispersion - The index of refrac¬ 
tion of the glass is wavelength dependent. 
Many light sources considered for optical 
communication cover a fairly wide optical fre¬ 
quency band. Light emitting diodes have a 
relative band (bandwidth devided by the center 
frequency) of about 4%, GaAs lasers have up 
to 0.1%, and Nd: YA1G lasers about 0.01«. 
The temporal spread of a pulsed input signal 
depends on the bandwidth of this signal. For 
practical fiber materials, it is of the order 
of 1 nsec/km for every percent of relative 
bandwidth.6 

2. Multimode Group Delay - For a single wave¬ 
length the power in each mode of a multimode 
fiber travels at a different velocity. The 
rays corresponding to each mode travel at dif¬ 
ferent angles, and the higher the order of 
the. mode, the longer the overall path becomes. 
For a high silica fiber with a It difference 
between the core and cladding refractive in¬ 
dexes, multimode delay distortion can be as 
high as 48 nsec/km. 

3. Other Factors Affecting Pulse Dispersion- 
A reduction in multimode group delay can be 
obtained by shaping the refractive index pro¬ 
file of the core of a multimode fiber. Fibers 
with index profiles approximating that of a 
parabola have had measured pulse dispersion 

as low as 3 nsec/km. Mode coupling is another 
factor that will reduce multimode group delay. 
Propagation in a fiber can be viewed in terms 
of packets of energy traveling first in one 
mode, then in another, followed by still an¬ 
other - with specific delays characteristic 
of the uncoupled nodes while the packet is in 
a particular mode. The result is that the 
energy arrives at the end of the fiber with a 
delay that is a weighted average of the de¬ 
lays of all of the modes.® 

Measurement of Pulse Dispersion 

Figure 7 is a diagram of a measur¬ 
ing set used to determine pulse dispersion in 
an optical fiber. A GaAs laser operating at 
0.9 urn wavelength is triggered to produce a 
train of short duration optical pulses. The 
train of pulses is injected into a fiber and 
the input and output light pulses are observ¬ 
ed on a sampling oscilloscope. Figure 8 is 
an oscillogram showing the temporal delay of 
a 1 km low loss flat index profile high sili¬ 
ca fiber (see Figure 6 for loss characteris¬ 
tics) with a numerical aperture of .133. 
The deconvolved output pulse width for this 
fiber was 8.1 ns/km. If we had assumed that 
the fiber had a flat index profile and that 
no mode mixing occurred, the calculated multi- 
mode group delay would have been 20 nsec/km. 

Microbending Loss Due to Packaging 

It has been known that small ampli¬ 
tude random bends in a fiber's axis in the 
order of 1 micrometer rms amplitude with a 
bend period of 1 millimeter can cause sub¬ 
stantial optical loss. '8 

Figure 9 shows a 455 meter length 
of fiber wound under controlled tension onto 
a 10” diameter cast acrylic drum having a 
surface that is not perfectly smooth. The 
tension forced the fiber to partially conform 
to the surface roughness. The left half of 
the fiber was wound under 0.7 kg/mm2 tensile 
stress, and the right half under 7 kg/mm2. 
It can be seen from the scattering of the He- 
Ne laser light injected into the fiber that 
the light is decaying much more rapidly in 
the right half. In fact, the microbending 
loss is 15 dB/km in the left half and 145 dB/ 
km in the right half. Random bends created 
by packaging can add hundreds of dB/km to the 
loss of the fiber, although several dB/km are 
more typical.8 This loss can be decreased by 
increasing (N1-N2), increasing the cladding 
diameter, decreasing the core diameter, or 
applying a thick uniform coating to the fibar. 
The packaging should be designed to mechani¬ 
cally decouple the fiber from its environment 
as much as possible. 
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Dr. Roger A. Miller 
Corning Glass Works 

Coming, New York 14830 
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Fort Momouth, New Jersey 07703 

Summary, nils paper describes the Initial 
effort to develop low-loss optical cables for tactical 
army coomunicatlons applications. Advantages of fiber 
optic versus metallic conductor cables are discussed 
as well as Inherent problem areas associated with fi¬ 
ber optics. Design and processing approaches to re¬ 
solution of problems and evaluation of fiber optic 
cable units are Included. 

INTRODUCTION 

In July 1973» the US army Electronic Cntmanri 
(ECOM) initiated a program under contract with Coming 
Glass Works (Coming) for the development of low loss 
fiber optic communications cables for use in tactirai 
Army applications. The stimulus for this program was 
the major breakthrough achieved by Coming toward the 
end of 1970 in producing glass fibers with attenuation 
at discrete near infrared wavelengths of 20dB/km. In 
the relatively short time since then both Coming and 
Bell Telephone labs have achieved attenuation of 5dB/an 
and under. Since the 1970 breakthrough various studies 
conducted by the Services confirmed the feasibility of 
employing fiber optic cables in cosmunlcatlons systems. 
This new low-loss medium offered the potential of many 
significant advantages compared with metallic conduc¬ 
tors, Including: 

Long distance transmission (6 kilometers) 
without repeaters 

EMF, EMI, Crosstalk immunity 

Bandwidth capabilities 
10® bits/sec/km for multimode fibero 
lO^bits/sec/km for single mode fibers 

Light weight 

Difficult to tap 

Long term cost reduction of communication 
systems 

While the foregoing desirable features of low loss 
optical fibers were generali/ recognized, there were 
significant problem areas which had to be audressed in 
order to utilize them in cable constructions suitable 
for military cosmunlcatlons systems, frior to the 
start of the ECOM program, Corning was providing, in 
various lengths, bundles of 6l fibers loosely packaged 
within an extruded fVC Jacket, and terminated with 
epoxy-filled brass ferrules. These served quite well 
for the military feasibility studies in sheltered en¬ 
vironments, but were in no sense advertised as cables 
suitable for field use. The basic problem was the in¬ 
herent fragility of the glass fibers themselves. This 
then was the thrust of the ECOM program with Coming; 
to develop low loss fiber optic conmiunlcations cables 
which are lightweight, rugged, and flexible to with¬ 
stand tactical field Army conditions. These Included 
bending, twisting, impact, vibration, compression, 
abrasion, temperature extremes (-55°C to +85°C), 

humidity, water inmersión, fungus environment, EMI, 
EMP, and nuclear radiation. Moreover, the optical fi¬ 
bers were expected to remain continuous with only mini¬ 
mal loss of their excellent transmission properties 
when subjected to these conditions. 

Army Requirements for Tactical Fiber Optic Cables 

Before proceeding with the discussion of the con¬ 
tractual development effort, it will be useful to pre¬ 
sent an overview of the Anay's requirements for tacti¬ 
cal fiber optic cables. Table 1 shows a sunnary of the 
Army requirements and applications. Although three 
distinct applications areas are shown, the great major¬ 
ity of applications are for moderate and long distance 
ground-based connunlcations links. Accordingly, the 
bulk of the Army's activities will be directed toward 
developing cables for these applications. Tables 2 
and 3 are essentially breakouts of the moderate and 
long distance applications, showing in more detail the 
short-term (i960 time frame) planning for application 
of fiber optic cables in communication systems. Some 
of the more serious problems with current conventional 
cables are shown together with planned fiber optics 
programs in the systems, cable technology, source, de¬ 
tector, and connector areas, and the major development 
barriers which must be overcome in each of these pro¬ 
grams. For the long distance applications, cables with 
attenuation of 3 dB/km or better are required. Major 
barriers are fiber ruggedlzation and cabling to achieve 
continuous kilometer lengths of low loss cables, re¬ 
duced pulse dispersions for high bit rate applications, 
and cost. For the modrrate distance applications, at¬ 
tenuation up to 50 dB/Ion is satisfactory, thus pro¬ 
viding possibilities for effecting greater cost reduc¬ 
tion in this area. 

FIBER OPTIC CABLE DEVELOBffilfT 

Fiber Strength Preservation 

The basic approach in the development program was 
to try to provide strengthening and/or buffering of in¬ 
di viaual fibers such that subsequent bundling, cabling, 
and field use would not cause fiber breakage or adverse 
effect on the optical properties. Unlike metals, glass 
falls abruptly without previous yield or permanent de¬ 
formation, and failure always results from a tensile 
component of stress even when the load is applied in 
compression. It is now generally acknowledged that 
failures in glass ultimately originate from surface 
flaws or imperfections. The stress concentration at 
such flaws can be many times greater than the nominal 
stress at the same point, and since there is no yield¬ 
ing, this stress can not be relieved. Thus, if a high 
enough tensile stress is applied, the result is flaw 
growth, propagation, and eventual failure. Glass, the4 
does not have a specific strength; its strength is a 
statistical 'phenomenon dependent on the size and freq¬ 
uency distributions of the surface flaws. 

Although the as-drawn strength of glass fibers can 



be Quite high, fiber from any practical drawing^unit 
it inevitably flawed to some extent during the drawing 
procesa and to an even greater degree during 
sequent handling. One approach for maximizing fiber 
strength is to preserve as much of the as-drawn 
strength as possible by applying an abrasion-resistant 
covering to the fibers on the fiber draw as soon as 
nosslble after the fiber-forming operation. In 

Coming's present fiber drawing Pr0=e^31®¿°V*r g 
is a 0.1 to 0.2 mil-thick coating of KÏHAR 7201,a 
polyvlnylidene fluoride material manufactured by the 
Fennwalt Corporation. Although this may not be the 
optimum coating for optical fibers, « does Provide 
some degree of surface protection for the fibers and 
it has no effect on their optical attenuation. Since 
the construction of any cable structure containing 
glass fibers will depend upon their initial 
and their ability to withstand abrasions during the 
processing operations, some such protective coating 
must be considered a prerequisite. 

Cable Unit Concept 

The approach to cable construction,throughout 
this program, has been based on a unit concept. The 
unit was originally visualized as a sub-assembly made 
up of several waveguide fibers incorporated in an or- 
itanlc matrix. Such units would possess sufficient 
tensile strength to allow them to be handled on con- 
ve V* ional cable-making equipment and thus could serve 
as the basic building blocks for cable construction. 
By bringing together a number of cable units and tód- 
ing the appropriate strength members and external pro¬ 
tective coating, cable assemblies of any design could 
be attained. Since cable unit construction involved 
the handling of individual fibers and the defining of 
strength and coating requirements, it proved difficult 
to separate this phase of cable construction from fi¬ 
ber manufacture in the initial work. 

The optical waveguide cable unit (OWCU) as ini¬ 
tially conceived is shown in Figure 1. This 
al view represents six Kïl«ARR-coated, low-loss fibers 
(B) stranded around a central member (A) of the same 
diameter. Based on the standard 5 mil-diameter fiber 
dimensions, the maximum stress produced in the fibers 
as a result of stranding at a lay of one turn per inch 
1» 4500 psi. This was not considered detrimental from 
either a mechanical or optical standpoint. Though 
such stranding offers little in the way of increasing 
fiber length to acconnodate for cable expansion and 
loading, it is a way of equalizing fiber length, im¬ 
proving flexibility and providing a known geometric 
array for fiber identification. Furthermore, the cen¬ 
tral member could impart some tensile strength to the 
unit if it were made from a high-strength, high-modu¬ 
lus material. Two materials which meet the central 
member requirements are glass and KEVIAB -49, * Pf0- 
duct of the DuRjnt Company. The research identifica¬ 
tion for this latter material was FRÜ-49. ®¡eJ^ 
stages of the cable unit assembly (C) and ID) were 
an encapsulation performed in conjunction with the 
stranding and a subsequent Jacketing operation, me 
material considered for encapsulation was P°J^” 
urethane„and the Jacketing material, although shown 
as KïNAHR 200 in Figure 1, could have been any mater¬ 
ial compatible with subsequent cabling operations. 

Fiber Distortions 

The first cable units based on this design had 
the six KïlIAn -coated fibers stranded around a 
KEVLAIT central member at one turn per foot. The 
urethane encapsulant was applied from 80-u^°"°^by 
an electrostatic powder coating process. In every 
case, the individual low-loss fibers in these assem¬ 

blies showed quite sizeable increases in optical 
attenuation as a result of being included in the cable 

unit structure. 

The cause of these attenuation increases is now 
known to be axial distortions produced in the 
thin waveguide fibers during the encapsulation.UJ 
The force exerted by the encapsulant,either during its 
application or as it shrunk while curing, was sufficl- 
ent to cause the fibers to bend or distort around the 
imperfections in the rough surfaced KEVIARR central 
member. The attenuation increases due to such small 
axial distortions are perhaps most easily visualized 
with the aid of the ray diagram shown in Figure 2. 
Any ray inside the waveguide which is which is inci¬ 
dent on the core-clad interface at an angle equal to 
or greater than the Snell's lav critical angle 6 will 
undergo total internal reflection and will propagate 
down the waveguide. This determines the waveguide 
acceptance angle f . The effect of the distortion is 
to cause rays near the critical angle to be incident 
on the core-clad interface at some angle less than « - 
These rays are no longer totally internally reflected 

and are soon lost. 

Considerable improvement was noted when smooth 
steel wires were substituted for the KEVIAir central 
member, but even then, three-fold increases in fiber 
attenuation were not unccemon. In these cases, the 
fiber perturbations were believed to arise from ir¬ 
regularities in the KmBR fiber coatings themselves. 
It was concluded from these early experiments that 
more had to be done to isolate the low-loss fibers 
from their environment in the cable unit structure. 
One solution appeared to be a smooth, thick, low- 
modulus coating capable of taking up sosie of the 
stress exerted by the encapsulant. Such a coating 
will be referred to as a buffer coating to distinguish 
it from the strength preserving coating applied at uie 
time of fiber manufacture, although it is conceivable 
vhat the proper coating, properly applied might serve 

both functions. 

Fiber Buffering 

Buffer coatings have been applied to Individual 
waveguide fibers from solution, by an electrostatic 
powder process and by extrusion. The materials avail¬ 
able for solution coating cover a wide range of mmt®1-" 
ial properties and, in general, solution coatings do 
not significantly affect the optical attenuation of 
the fibers. However, for the 3 - 5 mil coating thick¬ 
ness range of interest, the coating process was slow, 
it was difficult to consistently obtain a smooth and 
uniform coating, and complete drying or curing was 
ways a problem. The only materials applied by the 
electrostatic powder process, which did not drastic¬ 
ally affect fiber attenuation, were low-modulus 
thermoplastics. Unfortunately, it is difficult to 
produce powders of the small particle size required 
for this particular electrostatic coating application 
from low-modulus materials, and it proved Impossible 
to make smooth 3 - 5 mil-thick coatings 'f“«* 5 
mil particle size powders which were 
most successful buffer coatings have been those appli 
ed by extrusion. This method has the advantages that 
coatings can be applied from a variety of materials, 
they can be applied either tightly or loosely over a 
large range of thickness, and they can be made smooth 

and uniform. 

The two families of materials which have been the 
most fully examined for extrusion buffering are the 
fluorocarbons and the urethanes. As shown in Table , 
neither TBFL01r\ FFA or FEP appUed as a loose coating 
nor urethane applied either as a loose or a tight 
coating degraded the optical properties of the 

267 



waveguide fibers. Although TEFLON^, FFA and FEP are 
not particularly low-modulus materials, they are cap¬ 
able of being extruded at high draw down ratios to 
give smooth., uniform coating at high production rates. 
Both TEFLOIT, FFA and FEP and urethane extnis ion- 
buffered fibers have been successfully Incorporated 
In cable units. 

Cable Unit Design 

A sectional view of the first type of cable unit 
constructed around buffered fibers Is shown in Fig¬ 
ure 3. In this construction, the central member Is 
also thickly coated as an added safeguard against fi¬ 
ber distortions. Various combinations of PVC and 
polyether-based urethanes were Investigated for use 
as the encapsulating and Jacketing material. Hie ori¬ 
ginal solution or electrostatic encapsulating process 
had been abandoned in favor of a tubing-type extrusion. 
Hie outer Jacket was also applied by extrusion. Hie 
culmination of work with this design was a cable unit 
1.1.00 feet ’ong. Hie individual fibers were buffered 
with a 3 mil TEFLON" FEP-extruaed coating and the cen¬ 
tral member was a 3 mil steel wire with a 3 mil 
TEFLON PFA Jacket. The fibers were stranded around 
the central member at one turn peí foot. The encap¬ 
sulant was urethane extruded to a diameter of 62 mils 
and the Jacket was IYC extruded to give a final cable 
unit 123 mils In diameter. All six fibers were con¬ 
tinuous In the 1100 foot length and none showed any 
significant increase In attenuation arising from the 
processing operations. The deficiency of cable units 
based on this design was tensile strength. Except 
for the limited tensile capability of the central 
member, the only tensile capability such units had 
was that provided by the optical members themselves. 

Hie cable unit design shown in Figure U was an 
attempt to remedy the tensile deficiency of the pre¬ 
vious design. It provided six parallel KEVIAR" 
strength members symetrically positioned around the 
encapsulated unit at the encapsulant-Jacket Interface. 
Six, 380-denier KEVIAR" strands could be expected to 
add approximately 90 pounds to the tensile strength 
of the unit. Unfortunately, cable units based on this 
design were not successful. Regardless of the encap¬ 
sulant- Jacket combination used, the Individual KEVIAR" 
strands buckled during the extrusion and reeling oper¬ 
ations, and this resulted In a two to three-fold In¬ 
crease-In fiber attenuation. Neither the 3 mil-thick 
TaFLOtr FEP buffer coating on the fibers nor the In¬ 
tervening encapsulant was capable of shielding the 
fibers from distortions arising as the KEVLAR" buckled. 

It may have been possible to have minimized the 
KEVIAR” Dividing or the effects resulting from the 
buckling with additional process work, but this was 
not extensively pursued. Since a cable unit based 
on this design would possess far more tensile capa¬ 
bility than was actually required in any subsequent 
cabling operations, the more expedient approach of 
simply removing some of the KEVLAJT seemed adequate. 
The configuration adopted is shown in Figure 5- This 
structure has only two parallel KEVIAR” strands posi¬ 
tioned along the cable axis, but with 38b denier 
KEVIAR**, the strength of such a unit approaches 3° 
pounds. Buckling has not been a problem with this de¬ 
sign and fibers packaged In this structure have shown 
little, if any, Increases In attenuation. A recent 
modification of this design, shown in Figure 6, Is a 
further attempt to prevent any possible strength mem¬ 
ber-fiber Interaction. Hie thicknesses of the liber 
buffer coatings and the encapsulant have both been 
Increased to provide more Isolation for the fibers. 
In this case, the Jacket serves only as a covering 
for the KEVIAR1' strength members. The performance 

of cable units based on this latter design will be dis¬ 
cussed In a later section. 

Materials 

Once the feasibility of packaging waveguide fibers 
in a cable unit structure without degrading their op¬ 
tical properties had been established, the question of 
materials became critical. Hie central member used in 
all the experiments described above had been a coated 
steel wire. Hila had been used to expedite the evalu¬ 
ation of the basic units, but It was not acceptable 
for any final cable assembly. Urethane and PVC had 
been used interchangeably and in all possible combi¬ 
nations as the encapsulating and Jacketing materials, 
and although both worked equally well at room tempera¬ 
ture, it was Impossible to obtain a PVC capable of 
satisfying both -55°C and +85°C temperature require¬ 
ments. Consequently, all subsequent cable units have 
been constructed with a buffered waveguide fiber as 
the central member, and only polyether-based ure¬ 
thanes have been used for encapsulating_and jacketing. 
Hie urethane presently in use is ROYIAR1 E-9, a pro¬ 
duct of the Uniroyal Chemical Company. This material 
is reported to be capable of satisfying the abrasion, 
temperature, and weathering requirement of military 
cable Jackets. 

Ceble Units for Final Evaluation 

Cable units based on the design shown in Figure 6 
have been constructed with black TEFLON” FFA and ROY¬ 
IAR” E-9 urethane-buffered fibers and evaluated opti¬ 
cally for their attenuation, optical Isolation, and 
temperature coefficient of attenuation, and mechanic¬ 
ally for their tensile, flexure, twist, and Impact 
capabilities. These units consisted of six buffered 
fibers stranded around a seventh, similar fiber at 
one turn per foot. The stranded assemblies were en¬ 
cased in a 2ß mil-thick extrusion of ROYIAR” E-9 and 
then Jacketed with a 12 mil-thick layer of ROYIAR” 
E-9 in a subsequent extrusion. The two strength mem¬ 
bers were parallel strands of 38° denier KEVIAR” po¬ 
sitioned l80° apart at the encapsulant-jacket inter¬ 
face. In all cases, the buffered fibers used in these 
assemblies were 15 mils in diameter. The WA coatings 
were 3 mils thick and were applied to provide a 2 mil 
clearance between the fiber and the coating. The ure¬ 
thane was applied both as tight and loose-fitting coat¬ 
ings. The tight-fitting coatings were 5 mils thick; 
the loose-fitting coatings were 3.75 mils thick and 
applied to provide a clearance of 1.25 mils between 
the fibers and the coatings. In this latter case, 
the void between the fiber and the coating was filled 
with a Dow-Coming 200 Fluid which would remain fluid 
at -55°C. 

Optical Evaluation - Attenuation 

Cable unit evaluations have been based on the 
820 nm attenuation of the individual fibers in the 
units. Hie basic measurement techniques for waveguide 
fibers have been well documented. ^»3/ Hie total at¬ 
tenuation coefficient, B (A.), in dB/unit length is 
given by 

S (X) s 10 log I(lg)/I(lg) (2) 

h-h 
where l(Lj_) and lÍLg) are the transmitted light in- 
tenaitiesy at wavelength X, through lengths 1^ and Iç 
of waveguide, respectively. First, the transmitted 
light intensity is measured through the total sample 
length L.. Then, without altering the launching end 
configuration, a short length I», is cut from the sample 
and the transmitted intensity is measured through the 
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short length. 

■nie measurement system used for the attenuation 
determinations Is shown In Figure 7• The radiation 
source Is a 150-watt xenon arc lamp. Hie light from 
this lamp Is filtered by an 820 nm narrow band inter¬ 
fere.ice filter mounted directly in front of the lamp. 
The half-power bandwidth for this filter is $5 nm. 
The filtered light next passes through a light chopper, 
for phase-sensitive detection, to a beam splitter where 
a portion of it is extracted and directed to a power 
meter which monitors the source output. The beam 
splitter also allows the launching end of the fiber to 
be viewed through a telescope for alignment purposes. 
The major portion of the light passes through the beam 
splitter and is incident on a 10X, .25 NA microscope 
objective which focuses it on the fiber end. The 
light transmitted through the fiber is detected by a 
PIN-10 photodiode. The PIN-10 and power meter outputs 
are fed into separate lock-in amplifiers, and the lock- 
in outputs go to an electronic ratlolng device. This 
device normalizes the signal output to the reference 
input. The resulting signal is displayed on a strip 
chart recorder. The precision of the measurements 
made with this system is believed to be on the order of 
+2 dB/km for cabled fibers. Using this system, the re¬ 
sults of the attenuation measurements are presented in 
Table 5* 

Optical Evaluation - Optical Isolation 

A lower limit for the optical isolation of the 
fibers in the cable units was determined at 633 nm. 
For each cable unit, one fiber was physically isolated 
from the remaining six fibers at the input end of a 
600-foot long sample and overfilled with light from a 
Ne-He laser. By attenuating the input beam, the de¬ 
tection limit of the measuring apparatus was found to 
be -60 dB. Then attempts were made to measure the to¬ 
tal output of all combinations of any three of the re¬ 
maining six fibers when the input beam attenuation was 
removed. In no case, for any of the cable units ex¬ 
amined, could a detectable signal be observed. Since 
the detection limit of the apparatus had been estab¬ 
lished to be -60 db, this implied that the optical iso¬ 
lation in the test samples was B 60 dB. 

Optical Evaluation - Temperature Coefficient of Attenu- 

The effect of temperature on the attenuation of 
the cabled fibers was determined on 100-foot long cable 
unit specimens. These were loosely wrapped on a card¬ 
board drum and then placed in a STATHAM" temperature 
test chamber. Both the input and output ends were 
maintained at room temperature. All data were taken 
at a wavelength of 633 nm. Differences in trans¬ 
mission upon temperature change were used to compute 
the temperature coefficients of attenuation. About 
15 minutes were required for the transmitted light out¬ 
put to stabilize after each temperature change. No hy¬ 
steresis effects were observed when the cable u^.ts 
were brought back to room temperature. The results are 
shown in Table 6. The values given are the dB/km/°C 
change in attenuation for a temperature change from 
20°C to the indicated temperature. Because of the ex¬ 
tremely large temperature coefficient for the cable 
unit containing fibers tightly buffered with urethane, 
no further characterization of this unit was performed. 

Mechanical Evaluation - Tensile Test 

Tensile tests were performed on cable unit samples 
as illustrated in Figure 8. Terminated specimens were 
brought around 3-inch diameter sheaves and clamped at 
one side of each sheave. The distance between the 

center of the sheaves was 25 inches. A force gage was 
attached to the top sheave and the load was applied at 
the lower sheave. He loading rate was 0.1 pounds/sec. 
The excess cable extending from the two clamps allowed 
the fibers to be continually monitored during the test 
in order to determine when failure occurred. Three 
samples were tested for each cable unit. The test re¬ 
sults are given in Tt-jle 7 • 

Mechanical Evaluation - Flexure Test 

Flexure testing was conducted on the fixture shown in 
Figure 9. The test consisted of flexing terminated 
cable unit samples over 5/&-inch diameter mandrels 
(5 times the cable unit diameter) 90° from their 
original vertical position, returning them I80 in one 
plane and then back again to their original position 
10,000 times at a rate of 3C cycles per minute. The 
samples tested were 12 inches long and each was loaded 
with one pound. Six samples were tested for each cable 
unit. Only one fiber of the total of 8U fibers was 
broken after 10,000 flex cycles. 

Mechanical Evaluation - Twist Test 

Twist tests were conducted on the fixture shown 
in Figure 10. This test was accomplished by clamping 
one end of a cable unit sample, then passing it over a 
sheave and attaching a one-pound weight to the free 
end. The equilibrium distance between the center of 
the sheave and the free end of the sample was 22 inch¬ 
es. The weight was driven up and down and simultan¬ 
eously twisted 30 times a minute to inflict a I80 
twist (J90° from center) in the specimen between the 
sheave and the weight and a l80° bend in an 8-inch long 
segnent of the sample as it passed over the top of the 
sheave. A 5/8-inch diameter sheave was used in this 
test. Three samples were tested for each cable unit. 
A test consisted of 2000 cycles. One TEFIßN1' FFA buf¬ 
fered fiber was broken after 1000 cycles. The remain¬ 
ing fibers were continuous after 2000 cycles. 

Mechanical Evaluation - Impact Tes* 

Impact testing was conducted on the fixture shown 
in Figure 11. Sixteen-inch long, terminated cable unit 
samples were centered under the drop hanmer, fixed in 
position and subjected to 3° impacts per minute. The 
drop hammer radius was J inch. Six samples were tested 
at each drop height. Fiber transmissions were contin¬ 
ually monitored during the tests. A test was termin¬ 
ated after 200 impacts or after a fiber was broken. 
The results of these tests are given in Table 8. 

Cabling 

The purpose of the cable unit approach was to pro¬ 
vide a structure capable of being handled by conven¬ 
tional cable-making processes and equipment, "he mech¬ 
anical evaluation of the cable unit samples indicates 
that this has been accomplished. The ultimate test, 
however, will be the ruggedization of these units to 
provide the tensile strength, impact, etc., required 
for a tactical communication cable. Several cable 
manufacturers have proposed cable constructions struc¬ 
tured around waveguide cable units to meet these sped- 
f. This work is now in progress. 

269 

* 



pr
REFERENCES

1) R. OlshaMky, "A Model of Distortion losses In 
Csbled Optics! Fibers,” suboiltted for publication 
in Applied Optics

2) D. B. Keck and A. R. Tynes, "Spectral Response of

low-loss Optical Waveguides, 
1506 (1972)

App. Opt. lycz-

J. F. Frailer and R. A. Miller, "Research and Dev- 
slopment on Ultra-Ughtwelght low-loss Optical 
Fiber Cosssunlcatlon Cable," Interim Report pre­
pared for U. S. Army Electronics Oomaand, Fort 
Monsouth, New Jersey, by Coming Glass Works under 
Contract DAA»-7-73-C-C3'*6, September 197*».

BIBUOGRAPHY

Dr. Roger A. MiUer

Dr. Roger A. Miller received his BS degree In 
Riyslcs from Ohio Ublverslty In 195^ and his RiD frooi 
Case Institute of Technology In I963. He was a member 
of the Case Staff from 1963 to I96U. He Joined Com­
ing Glass Works In 196^* where he has worked for the 
past ten years on a variety of materials problems. Ho 
Is now a Senior Research Riyslclst at Comlr.g and Is 
currently engaged In research and develoiment activi­
ties on optical fiber waveguides and cables.

Dr. Miller Is a mesAwr of the American Riyslcal 
Society, the Optical Society of America, Association 
of Riyslcs 'Dsachers, Rii Beta Kappa, Rii Kappa Ril, 
and Sigsa XI.

Mr. Morton Pooeranti

Mr. Morton Rneranti served in the Army In World 
War II frcn W'tJ to 19^6. He received his BEE degree 
from :few York University in 1955. He has been employ­
ed at the U. S. Army Electronics Coemiand since 1952 as 
an Electronics Engineer. In that tine he has been en­
gaged in R A R activities prii.'li-ally In the areas of 
RF cables and connectors ani cact.'cal comunlcations 
cables.

Mr. Rxaerantz Is a Member cf lEFB and the IEEE 
Electronagratic Compatibility Group. He serves as a 
Wor,.ing Group Leader of the ANSI cosEiittee on RF 
cables, and Is a Deportment cf Amy advisor to the lEC 
Notional Technical Comaitbee No. on Cables, Wires, 
and Waveguides for Telecosnunlcatlons Equipaer.t.

He Is currentli' er.gaged In development of fiber 
optic coemunlcatlon cable for tactical field aniy use.

270



■.hßlF. ï 

I 

I 

Y OF KW i.’EF-JS AM) APPIICA71CÎIS 

appt.:^tio::s 

0 7 nsTArJCS MPPKKATK niSTAÍJCK 
1 ir. • I U'. 

A-SIELTS’' 

AVIO.ÜCS "1ATA î- JS. 
A7rsi.*î^ co:;:.T:nc:: 

1' ooeîtA..: post "Ts- 
TKi-^no:.. 

? ' sreciAî. jkapcts 
ÜY3.B’ (Té 8AM-PÎ 
FIKTX) TCMPTTK^ 
rrrr»oo..T£CT. 

ir:.r, DISTA.ÎTF. 
1 la ; 

DOWN HILL PCP 
CATIJS <'K HEPEATEHS '. 
( j-, PCW TA?I£ 
P’JIÆ (WITH REPEATERS). 

TA3LE 2 

MCDSHATE DISTA; TE(lOOM - KM ' CAF LE CASE 

APPLICATIOU PROULBÍS PROC RAM SECKFTr: aA‘*!'TEi' 

RKPUCE tltre::: 
?• PAIL CARLE 
( CX-I» ;Wm' ) WITH 
FIBER CABLE WITH¬ 
IN COWAND POST 

CROSSTALK AT 
1 KB c TN 
CUBREÏÎT CABLED 
IS INTCIEHABLE 

•ABU-; VOLcWE 
REQUIRES 
SPECIAL TRXK 
JUST TO TRANS¬ 
PORT 

INSTA LIAT ION 
TIME PROHIBI¬ 
TIVE 

(l) SYSTOi TTrECiA- 
TION INTERFACE 
PRORrxJíD 

(?) CAFIE TKCH- 
KOtXttYs UK 
PtASTIC COATED 
■V i?./1», TPERS 

(“ ) SC'JP CE: HYBRID 
La w "ost up A;r: 

PRr.TE0 

(II) DETECTOP: HYBRTB 
pi :. ; TCI E UD 
AIIPI.I/IER 

(‘j' CONNECTORS: 
MULTIPAIF FIBER 
COMiaiCTOR 

ACHIl-r.TS CA,¡ U 
STPEX.TH. LOW 
COST (4FEW 
cettb/ft. pep 
t T'->P ) 

SEM2- 
'TNTixn: 
P.<0C-3S1..C 

inter iat:o*; 
INTO SMALL 
PACKAGE 

RX.CED.TÎSS 
RELIABILITY 
AUOiKENT TOLER¬ 
ANCES, cocpr.rfo 
EMM 

TABLE 3 

LONG DISTANCBdKM ♦) FIBER CABLE CASK 

APPU CATION PH0BLOIS PROG HAM SEGMBÎ/TS BARRIER 

PROVIDING f- 104 IARGK CABLE 
? Mb/s DOWN-TKE- VOLUME 
HILL CABLE 

(l) PROVIDE NECESSARY 
SYST» I.VTERFACE WITH 
EXISTING TEIWINAL EQUIP- 
wyr. PROVIDE LOCALLY 
POWERED REPEATER 

REPLACE CUHRSIVr 

CX-11230 WITH 
FIBER CAB IE 

LARGE QUAIiriTY (2) CABLE TECHNOLOGY 
OF REPEATERS USE VERY LOW LOSS 
NEEDED. SERIOUS FIBER 5 iB/k* 
BMP PROBLEM 
FACED IN CUR- 
REffT 3YST» 

(J) SOURCE: USE HIGH 
PEAK POWER LASER 
(GftAlAa) 
SOURCE 20 Mb/« 

(i* ) DETECTOR MODULE 
AFD 

(Ü) COUPUNG: »PLDY 
SPECIAL LENS COUPLERS 

[f) CONNECTORS 

CABLE RUGGED- 
IZATION. CABLE 
LOSSES 
COST 
PULSE DISPERSION 

LIFE TIME OF 
LASER 

MOUNTING 
TOLERANCE 

ALIG»ENT TOLER¬ 
ANCES 
RUOCED1ZATION 

COUPUNG LOSSES 

I 

271 



Table 

Effact of Extrualon Coating» on Flbar Attenuation 

All Coatings Extruded Over KYNAR*~Coated Fiber 

Fiber Attenuation A 820 nm 
in dB/km ± 1 dB/km 

Coating Coated Fiber Coating 
Material Diameter (mils) Condition Initial After Coating 

TEFLON* 13 
FEP 

TEFLON* 15 
PFA 

ESTAÑE* 58300 14 - 20 
Urethane 

NOYLAR* E-9 15 
Urethane 

ROYLAR* E-9 15 
Urethane 

Loose S.6 7 

Loose 4.2 5.7 

Loose 5.4 5.2 

Loose €.1 4.1 

Tight 4.5 4.0 

Table s 

Optical Attenuation of Fibers in Cable Unlts(1) 

Waveguide Cable Unit 
Suffer Coating Length (feet) 

TEFLON* PFA 1400 
Loose-Fittinq 
0.003" Thick 

ROYLAR* E-9 Urethane 475 
Tight-Fitting 
0.005" Thick 

ROYLAR* E-9 Urethan 1220 
Loose-Fitting 
0.00375” Thick 

Optical Attenuation of Cabled Fibers 
at 820 nm in dB/km < 2 dB/km 

I, 10. 10. 10. 14. 17. 34 

I. 9. 10. 10. 12 
TV© Fibers Broken 

5. 7. 8. 8. 9. 9, 10 

(1) Cable Unit Design Shown in Figure 6< 

Total Buffered Fiber Diameter - 0.015 inches 
ROYLAR* E-9 Encapsulant Diameter - 0.100 inches 
ROYLAR* E-9 Jacket Diameter - 0.125 inches 
Two 380-Denier KEVLAR* 49 Strength Members at Encapsulant-Jacket 
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SOME DESIGH PRINCIPLES FOR EIBRK OPTICAL CAbLES 

S.G. Foord 
W.E. Simpson 

Í, Cook 
Standard Telecommunication Laboratories Limited, 

London Road, Harlow, Essex, England. 

Abstract 

basic design principles for practical fibre 
optical cables are discussed, with particular reference 

to mechanical aspects appropriate to manufacture, 
installation and service, and to some possible efrects 

on optical performance. Problems relating to jointing 

of such cables are briefly reviewed. 

Successful operation has been demonstrated with both 
types of fibre, but although monomode fibre has the 
higher transmission capacity, and lower attenuation has 

been achieved with it, there are certain practical 
difficulties in its use which have resulted in more 
extensive employment of multimode fibre. From the 
point of view of cable making however, there is little 

fundamental difference in processing of both types 
when similar materials are used in their construction. 

Introduction 

The prospect of using optical waveguides for the 

transmission of information at very high signalling 
rates has fired the imagination of communications 
engineers for a number of years. Principles for f^e 
assembly of complete systems have been well established 

but a great deal of work has had to be put in to pro¬ 
vide the key components necessary to assemble a pract¬ 
ical operating system. Such systems have been devised 

for a large number of applications ranging from com¬ 
paratively short links of 100 metres or less to long- 

haul links in the order of kilometres. Most of the 
individual components required are associated with the 

terminal equipments which convert signals into modu¬ 
lated light beams and vice versa, but perhaps the most 
critical requirement is the optical waveguide itself. 
The accelerating interest in optical systems during 

the past few years can be ascribed largely to the 
striking reduction in optical attenuation which has 
been achieved in this component, and which makes poss¬ 

ible transmission over long distances, e.g. in excess 

of 10km, without the use of repeating amplifiers. 

Much has been published on the basic transmission 

properties of optical fibres, but comparatively little 

on the design and construction of practical cables. 
It is a main purpose of this paper to consider some of 

the problems associated with the latter aspect. 

Basic optical fibre 

The nature and mode of operation of an optical 

fibre was briefly described by Cherin at the 21st Wire 
and Cable Symposium in 1972. However, to assist in 
appreciating the problems of conversion into practical 

cables it is considered helpful to include a short 

description in this article. 

The fibre comprises a central cylindrical core of 

high optical clarity surrounded by a cladding having a 
marginally lower refraction index. Two types of fibre 
are employed, depending upon the information rate and 

the length of the link, as shown in the following 
Table, which also gives typical dimensions of the core 

and cladding. 

j Fibre type Information 

Rate 

Link 
Length 

Typical 

Core 

diameter (p) 

Cladding 

None mode high long 2 70 

Mult '.mode high 
low/medium 

short 
long 

60 70 

It is of interest to consider at this point what 

materials are employed in optical waveguides. The 
most commonly used materials are silica, borosilicate 
glasses, and soda lime silicate glasses, all in a very 

high state of chemical purity to minimise optical 
losses. For each system it is necessary to vary the 
composition as between core and cladding to achieve 
the required refractive index difference, which must, 

be small and well controlled. This usually results in 
differences in softening temperature and melt visco¬ 

sity, and thermal expansion coefficient. As a result 
the final product is likely to have built-in stresses, 
and it is desirable that these should be reduced to : 
minimum to achieve optimum optical and mechanical 
properties. A great deal of art as well as science is 

involved in achieving this result. 

For completeness it should be mentioned that 
fibres have been produced with a cladding of silica or 

glass over a liquid core, and that by suitable choice 

of the liquid fibres of very low attenuation were 
obtained. Interest in this type several years ago was 

intense, but there are considerable practical diffi¬ 
culties in producing and using them, and they will not 

be further considered in this article. 

Overall diameter of fibres has evolved in part 

from the optical requirements, but a limitation has 

been set by the brittle nature of glass and the need 
to retain sufficient flexibility for incorporation in 

cabJ.es. When subjected to tensile tests they break 
at about 1-2% elongation, but behave elastically 

over most of the range of extension; this means that 
considerable tensile stress can be applied without 

permanent deformation, since the elastic moduli of 
glasses are high. However, as a result of the small 
cross-sectional area the breaking tension of fibres is 

usually only of the order of a few hundred grams. 

Freshly drawn glass fibres are extremely strong, 

but quickly lose their strength, particularly when 
exposed to moist air or other hostile environment, and 

touching the surface by hand has a particularly ba 
effect. This deterioration can be delayed consider¬ 

ably by the application of thin protective coatings 
immediately after drawing but eventually the tensile 
st'-angth of the fibres approaches the relatively low 

value quoted above. There are opportunities for 
improvement in this respect, and work is proceeding 

Fibre reinforcement and protection 

Bare fibre waveguides obviously require modifi¬ 

cation to protect them from damage, and this.is con¬ 
veniently effected by application of a plastic coating. 
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The principal functions of such a coating art : 

(a) Protection froni chemical attack of the ^lass sur¬ 

face, e.g. by moisture or perspiration 

(b) Protection from effects of abrasion daring winding 

and cabling operations. 

(c) Retention of an adequate degree of flexibility of 
the fibre while preventing the for nation of kinks 
of small radius (unprotected fibr.-s fracture at 

bends of less than a few mm radins). 

(d) Cushioning and spreading of radially applied forces 
so as to limit resultant stresses in the fibre. 

(e) Provision of tensile reinforcement. 

The first two functions and to a certain extent 

the third can be provided by a relatively thin coating. 
The last two require more substantial coatings, and in 

general the thicker the coating the better, limited 
only by the requirements to retain flexibility and to 

minimise the space occupied in a completely fabricated 

cable. In view of the need for adequate tensile 
strength in cabling operations, special attention has 
been given to the problem of tensile reinforcement, 

and this will be discussed in some detail. 

When a system of parallel elements of uniform 
cross-section and equal length is extended, the tension 
T developed is related to the strain S by the relation- 

ship:- 

T = S E EA (1) 

where: E = Young's modulus of elasticity 
A = cross sectional area of element 

and the strain is .less than that at the elastic limit. 

Taking the clad fibre as a single element, the 

corresponding relation for a plastic coated fibre is:- 

T = S (Ei Aj + E2 Az) (2) 

where the subscripts 1 and 2 refer to fibre and coating 

respectively. Note that it is immaterial whether the 

coating is bonded to the fibre or not provided that 

both are subjected to the same strain. 

As a general rule the elastic moduli of plastics 

are considerably lower than those of glasses, so that 
in order to make a significant contribution to the 

tension A2 must substantially exceed Ap However, 
since the flexibility of a cylindrical rod is inversely 
proportional to EA2 it is obviously advantageous to 

keep A2 as small as possible by using a plastic with 

a high value of E2. 

During cabling operations (e.g. bunching, strand¬ 

ing, braiding, sheathing, armouring, etc.) it is a 
common requirement in the manufacture of all types of 

cable to control the tension so that none of the con¬ 
stituents become permanently deformed. This is of 
paramount importance in dealing with glass fibres, 
which break at a low value of strain, but fortunately 
deform elastically up to about 1% elongation. It is 
therefore convenient as a design principle to calculate 

maximum operating tensions on the basis of this maximum 

value of the strain. Applying this principle to 
plastic coated fibre by inserting some practical values 

in equation (2) we obtain by way of example the curves 
in Figure 1, which relate to a glass fibre of 70 
microns diameter and Ei = 5000 kg/mm2, coated with two 
types of high modulus plastic with E2 values of 150 

and 300 kg/mm2. 

It is shown that the permissible tension can be 

increased to above 1 kgf by the application of a 
plastic coating to an overall diameter of 0.6 - 0.8mm. 
A significantly higher tension is possible by a further 

increase to 1.0 mm, and this size has generally been 
used in the design of experimental multicore cables. 

A fortuitous further margin of safety has been provided 
by the observation that elongation at break of the 
glass fibre tends to be significantly higher in the 

plastic coated form. 

Coating of fibres 

Thin primary coatings intended to provide tempo¬ 
rary environmental protection for the fibre surface 

immediately after drawing, or to act as a primer for 
thicker secondary coats, or which may be intended to 
serve an optical purpose can be applied by a variety 

of methods usable for the coating of thin wires, of 
which enamelling or dip-coating are common examples. 

If the fibres are thick and strong, and if space is 
particularly at a premium in the ultimate product, it 
may be possible to use them directly for cable con¬ 
struction, but in general it is preferred to apply a 

secondary coating to provide additional mechanical 
integrity, on the lines discussed above. The most 
practical way of doing this is by thermoplastic extru¬ 

sion. 

A range of coated fibres has been prepared in this 

way, with various combinations of fibre type and high 
modulus plastics, using extrusion lines based on £ inch 

and ij inch extruders. Although the smaller extruder 

has an adequate throughput, it has been found more 
satisfactory to use the 12 inch machine with its better 

melting and mixing facilities and closer control of 
temperatures, all of which have proved to be important 
in obtaining a satisfactory product. Line tension is 
also critical in view of the relatively low strength 

of the fibre, and special pay-off and take-up arrange¬ 

ments have been devised which maintain the tension 
constant under normal running conditions while avoiding 

snatch during short periods of acceleration or follow¬ 
ing deceleration. A small telephone cable type of die- 
head has been employed, with die and point designed for 
minimum drag on the fibre. The extrudate was cooled 

first in air and then in a water trough, the cooling 
schedules being tailored to the type of plastics 
employed. For experimental purposes we have not 

employed high extrusion speeds, which were generally 

limited to about 10 m/minute. 

The success of the extrusion coating process is 

very much dependent upon the mechanical quality of the 
input fibre. Diameter must be closely controlled, and 

above all small over-size lumps must be avoided since 
they may lodge in the point of the core tube and are 
almost impossible to remove. Screening through a die 
placed in front of the diehead entry is a useful pre¬ 

caution to minimise trouble due to this cause. The 
fibre must of course have been carefully handled 
following the original melt drawing process, and to 
this end special procedures have been devised for 
winding on to supply bobbins, transporting to the 
extrusion site, and protecting from sources of contami¬ 
nation at all stages. A particular problem which has 

been encountered is the attraction of dust particles 
to the fibre, which can accumulate in the point and 
lead to frequent breakages. When suitable precautions 

are taken it has proved possible to extrusion-coat 
optical fibres in continuous lengths of several kilo¬ 

metres, usually limited only by the original fibre 

length. 
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A number of plastics have been successfully 
employed for fibre coating, notably high density poly¬ 
ethylene, polypropylene, nylon 6, nylon b6 and poly- 
e thy lene terephthalate (abbreviations: HDPE, PP, nyVn 

6 or 66, PETP). All of these combine a fairly hign 
elastic modulus at small extensions (< 1%) with 
adequate ductility to permit reasonably small radius 
bending. They also have high abrasion resistance and 
low coefficients of friction, which are favourable to 

cable construction and performance. Under completely 
dry conditions nylon 6 and 6/6 have a significantly 

higher Young's modulus (300 kg/mm2) than the others, 
but when exposed to normally moist atmosphere, e.g. 
50% RH, they absorb water and the modulus falls by at 

least half. All of the above polymers then have a 
Young's modulus of the same order, but with PP and 
PETP leading the field at about 150 and 180 - 200 kg/ 

mm2 respectively. For this reason, most of our work 
has been carried out with these two materials, more 
especially PETP supplied by Akzo Plastics under the 

trade name Arnite. 

The tensile properties of extruded coatings are 

strongly dependent upon the extrusion conditions, 
which influence the degree of molecular orientation 
and the extent to which mechanical stresses are left 
in the extrudate. Orientation in the line direction 

can be used to impart increased mechanical strength 
and elastic modulus, and we have used this method to 
make strong coated optical fibres. There are however 
still some process difficulties to be overcome to 
allow long continuous lengths to be regularly obtained 
in this way. In general it is preferred that coatings 

should be free from stresses which if relaxed (e.g. by 
heating ir. a subsequent process such as sheathing) may 

lead to a change in length or even of shape. Such 
changes cannot be resisted by the fibre, which may 
break or become distorted, with consequent deteriora¬ 

tion in the optical properties. These effects can be 

avoided by close control of the extrusion process. 

Cable design 

For many purposes, particularly for short links, 
the information capacity of a single fibre is adequate 

and the basic coated fibre can be used without further 
processing. For very large channel capacity, or where 
a number of separate information groups are required 
without multiplexing, multiple fibre cables are re¬ 
quired. Multicore cables are also likely to be in 
demand for trunk telecommunications links, where they 

will be expected to compete successfully with coaxial 

cables on a cost per channel basis. It is apparent 
that the range of designs will be as large as the 
range of applications, but certain design principles 
will apply, as in the case of single cores. Consider¬ 

ation is simplified by assuming that all cabling 
operations applied to insulated conductors should be 
applicable to coated fibres, provided that due atten¬ 

tion is paid to the mechanical forces which will be 
applied to the cabl" components during manufacture, 
and that similar attention is paid to the rigours of 
installation. The principal design requirements at 
all stages are to build-in adequate tensile strength 

and flexibility, and provide for protection of the 
finished cable from external damaging influences. 

With regard to tensile strength we may use equa¬ 

tion (1) to calculate the tension which can be applied 
to a composite system such as a complete cable, when 
a limited strain is imposed. This can be illustrated 

by taking as an example a cable comprising the follow¬ 

ing elements :- 

(a) A number of plastic coated optical fibres enclosed 

within (b). 
(b) A tubular plastic sheath or jacket. 
(c) An additional member whose principal purpose is 

to increase the tensile strength of the composite, 

here referred to as the strength member. 

(d) Binding tapes, heat barriers, etc. 

Ideally the strength member will take most of the 
tension, with some assistance from the sheath, al¬ 
though the coated fibres will also normally elongate 
and can make a significant contribution to the tensile 

strength. The other components can generally be 
neglected. If all the elements are parallel the. 
strain in the cable must be limited to 1% to avoid 
damage to the fibres. Some advantage can be gained by 

arranging the coated fibres in a helix, which reduces 
the strain in the fibres relatively to the other com¬ 

ponents, but the pitch of the helix must be kept long 
to avoid excessive deterioration of the optical 
attenuation. The helix can conveniently be generated 

by stranding. 

Considerable importance attaches to the design of 

the strength member, which for maximum effect must be 

placed parallel to the cable axis, or in a long- 
pitched helix around it. In the former case it is 
preferred to place it coaxially', x.e. at the neutral 
axis of the cable, where it has a minimum effect on 
flexibility. However a helical strength member while 
reducing flexibility can double as an armour and pro¬ 
tect the coated fibres from abrasion and radial forces. 

Incidentally, flexibility is enhanced by a helical 
configuration of the coated fibres when the frictional 
coefficient of the plastic coating (against itself) is 

low enough to allow relative motion longitudinally. 
Thus it has been found that cables can readily be bent 
around radii of ten diameters without damage to the 

fibres. 

Steel wire has been extensively employed for 
strengthening conventional electric cables, and can 
also be employed for fibre optical cables. Irrespec¬ 
tive of the ultimate tensile strength it has the high 

Young's modulus of about 20,000 kg/mm2, but since the 
yield strain is little more than 0.1% it can only be 

stressed to about 20 kg/mm2 within the elastic limit. 
This is however a usefully high value for employment 

in fibre cables. 

For some purposes it is preferred to use non- 
metallic constructions, either to avoid the effects of 

electromagnetic induction or to reduce the cable 
weight. For this reason attention has beer, given to 
the use of plastic strength members. Unorientated 
plastic materials which have been used for glass fibre 
reinforcement are inadequate for this purpose, but 
their elastic moduli can be increased by 1 - 2 orders 
of magnitude by molecular orientation. Also, new high 
tensile organic fibres such as Kevlar 49 have become 

available recently and may be made the basis of 
strength members with a considerably higher elastic 

modulus than has so far been achieved with other 
materials. The potentialities of some of these 
materials are illustrated in Figure 2 which shows in 
bar chart form the elastic moduli of HDPE, nylon 66 
and PETP, with various degrees of molecular orienta¬ 
tion. As a matter of interest the bars marked Max give 

theoretical maximum values calculated for straight 

molecular chains and indicate a limit of about 10-fold 
for additional increase over the high tensile values 

obtained at present. 

For further comparison bars are included in Figure 

2 for glass and steel. The apparently higher value for 
steel is offset by the limited strain at the elastic 
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limit, here taken to be 0.15%, so that in practice 
glass may be the more effective at least for tensile 
reinforcement. For equivalent cross-secticn both of 

these materials offer about 3 times the reinforcement 
at present available from the other materials_illust¬ 

rated. However this gap has recently been bridged by 
Du Pont with the introduction of Kevlar 49 fibres in 
several forms having a Young's modulus xn tne order of 
10,000 kg/mm2, which is likely to revolutionise the 
design of high strength non-metallic cables. Further¬ 

more, considered on a strength to weight basis Kevlar 
49 stands out from glass, which is itself u^perior to 

steel. 

The above considerations have been taken into 

account in the construction of cables for Uv-ks exceed¬ 
ing 0.5 km, including a requirement for their me radia¬ 

tion in buried ducts. The force required to pull a 
cable into a simple straight duct is the product o. the 
cable weight and the effective coefficient of f-iction 

between cable and duct. In practice the required force 
appreciably exceeds this value due to the existente of 
bends and surface irregularities in the duct. It is 

however clear that for a given duct the length which 

can be installed is directly related to the cable 

strength to weight ratio, where strength is 
preted as the tension which will produce a standard 
strain, e.g. 1% for a fibre optic cable. On this basis 
cables have been designed with strength members placed 

either within or around the coated optical fibres, 
which in principle can be pulled into suitable ducts 
up to several kilometres in length. Special techniques 

are of course necessary to instal such cables without 

risk of damage to the fibres. Important aspects are 
transmission of tension into the strength members of 
the cable, and limitation of the pulling-in tension 

to avoid even transiently exceeding the safe limit. 

Connectors 

Suitable connectors are an inseparable adjunct to 

any new design of cable, and present a considerable 
technical problem in the case of fibre optical cables. 

This arises from the circumstances that light must 
emerge from one fibre end and enter another with very 

little change in the beam angle, and a low order of 
attenuation, e.g. of the order of less than IdB. The 
attenuation requirement involves in particular securing 

a very good alignment of the two waveguides. The 
difficulty of achieving this, not only with a single 
core but with a number simultaneously in a mult'.core 

cable, and in view of the very small optical core 
diameter, will be appreciated. However, practical 
solutions to the problem have been devised, at least 

for multimode fibres. 
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ABSTRACT 

Unplasticized poly(vinyl chloride) 
is a highly flame retardant polymer (oxygen 
ii.lex 'V' 45%). However, the inherent flame 
retardancy of the polymer is greatly com¬ 
promised in practical cable jacket formula¬ 
tions by the addition of flammable plasti¬ 
cizers. The oxygen index of a typical 
jacket compound is approximately 27%. 

A new jacket compound with im¬ 
proved flame retardancy has been developed. 
An oxygen index of 32% has been achieved by 
utilizing reduced plasticizer levels. A 
brittleness temperature of -28#C was attain¬ 
ed in the new formulation by the use of 
dioctyl azelate, a,hig#5efficiency plasti¬ 
cizer. The remaining physical properties 
of the compound are improved compared to 
conventional jacket compounds and are com¬ 
parable to the properties of semirigid wire 

insulation. 

INTRODUCTION 

Poly(vinyl chloride), PVC, com¬ 
pounds are widely used throughout the wire 
and cable industry for flame retardant wire 
insulation and cable jackets. Unplasticized 
PVC is an excellent flame retardant material, 
but it is too rigid and brittle to be useful 
for insulation or jacketing. Compounding 
of plasticizer into PVC yields materials 
which generally have a desirable balance of 
properties, including flexibility and good 
low temperature impect properties. Unfortu¬ 
nately, most plasticizers are flammable and 
the resulting PVC compounds have greatly re¬ 
duced flame retardancy. This paper reports 
on efforts to formulate a cable jacket with 
improved flame retardancy but without com¬ 
promising low temperature impact properties. 
Our objective was to maintain a brittleness 
temperature of -25*C. 

PROPERTIES OF PVC PLASTICIZED 
-wiwt biöcm snare 

The basic approach to improve 
flame retardancy was to reduce plasticizer 
content from current levels. (The proper¬ 
ties and formulation of two typical PVC com¬ 
pounds, a flexible jacket and a semirigid 
wire insulation, are given in Appendix A.) 
In order to reduce plasticizer content with¬ 
out compromising low temperature properties, 
it is necessary to use a high efficiency 
plasticizer - one of the so-called "low 
temperature plasticizers."1 The volatility 
of three low temperature plasticizers and 
dioctyl phthalate (DOP) are shown in Table I 
as reported by Darby and Sears,* for 24 hours 

at 87*C in 67 phr formulations 

Dioctyl adipate was eliminated 
from consideration because of its high vola¬ 
tility and dioctyl sebacate because of its 
high price, thus leaving dioctyl azelate. 

TABLE I 

PLASTICIZER VOLATILITY 

Plasticizer 

Volatility 
Plasticizer] 

Lost») 

Di-2-ethylhexyl adipate 
(DOA) R-O-g-iCH,), 

Di-2-ethylhexyl azelate 
(DOZ) R-0-£-(CHj)7 

Di-2-ethylhexyl sebacate 
(DOS) R-0-C-(CH,), 

$-°'R 

-Ç-0-R 

:-o-r 

13.9 

ï.7 

4.2 

Di-2-ethylhexyL phthalate 
(DOP) 

where 

4.5 

Effect of Plasticizer Level on Compound 
Properties 

Test compounds were prepared with 
various levels of DOZ. Figures 1-8 show the 
variation in physical properties of these 
compounds with plasticizer concentration# 
In order to provide a frame of reference, the 
typical properties of a flexible jacket com¬ 
pound and a semirigid wire insulation are 
also shown in the figures. All compounds 
were stabilized with 5 phr of lubricated lead 
stabilizer, Dythal XL. See Appendix B for a 
discussion of test methods. 

The variation of brittleness temp¬ 
erature with DOZ concentration is shown in 
Figure 1. It shows that a brittleness temp¬ 
erature of -25#C can be achieved with only 
22 phr of plasticizer. A 25 phr DOZ compound 
(brittleness temperature -29#C) comfortably 
meets the -25*C objective and leaves room for 
the degradation of low temperature properties 
that occur when fillers are added to the com¬ 
pound. It also allows a margin for error in 
compounding and testing. 
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Figure 2 shows the variation of 
oxygen index with DOZ concentration. The 
flammability of the compounds increases (oxy¬ 
gen index decreases) dramatically with in¬ 
creasing plasticizer concentration. This 
phenomena is well known’ and is the impetus 
to minimize plasticizer concentration. The 
typical value of the oxygen index of the 
flexible jacket compound, which contains 3 
phr antimony trioxide and 45 phr phthalate 
plasticizer, can be matched by a 25 phr DOZ 
compound without any added fire retardant. 

nAITKIZH CONCENTRATION, pht 

Fisura 3 

Low temperature performance and 
flammability are important properties of a 
PVC jacket compound. The relationship of 
oxygen index to brittleness temperature for 
a DOZ compound is shown in Figure 3. Cable 
designers should be aware of the trade-off 
between flammability and low temperature 
properties when specifying brittleness temp' 
erature for a cable jacket. 

TOINC.ATION 

COMPONENT pin 

Fisura 3 

Figures 4 and 5 show the variations 
of shear and tear strengths with DOZ concen¬ 
tration. The shear and tear strengths of a 
25 phr DOZ compound are approximately 50% 
greater than the typical values for the 
flexible jacket compound and approach the 
typical values for semirigid wire insulation. 
DOZ is efficient in lowering the brittleness 
temperature but less efficient in softening 
the compound at room temperature. This is a 
highly desirable property, since end uses re¬ 
quire good low temperature impact properties, 
while high shear and tear strengths will per¬ 
mit a reduction in jacket thickness. 
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The variations of tensile strength 
and elongation at break with OOZ concentra¬ 
tion are shown in Figures 6 and 7. The ten¬ 
sile strength of a 25 phr DOZ compound is 
greater than the typical value for the semi¬ 
rigid wire insulation, and approximately 1/3 
greater than the typical value for flexible 
jacket compound. This again demonstrates 
that DOZ is more efficient in lowering 
brittleness temperature than plasticizing at 
room temperature. Elongation at break of the 
25 phr DOZ compound is lower than typical 
values for flexible jacket and semirigid wire 
insulation compounds but is adequate for 
jacket and insulation applications. 
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Figuro 7 

The changes in the static and slid¬ 
ing coefficients of friction with plasticizer 
concentration are shown in Figure 8. The 
typical value of the static coefficient for 
the flexible jacket compound is approximately 
0.6 compared to 0.9 for the 25 phr DOZ com¬ 
pound. It should be noted that the flexible 
compound contains a petroleum wax lubricant, 
which blooms to the surface and lowers the 
coefficient of friction. This mechanism may 
be used to reduce the coefficient of friction 
of the new compound, if necessary. 
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Effect of Fillers on Compound Properties 

In order to determine the effect of 
filler, calcium carbonate and antimony tri¬ 
oxide compounds were prepared with 25 phr DOZ 
and various levels of the fillers. The addi¬ 
tion of the first phr of antimony trioxide is 
extremely efficient, Figure 9, raising the 
oxygen index approximately 3 units (percent). 
The addition of the second phr is less effi¬ 
cient but still worthwhile, raising the oxy¬ 
gen approximately an additional 1 unit (per¬ 
cent) . Additional antimony beyond 2 phr is 
wasted. The addition of greater than 15 phr 
of calcium carbonate causes a decrease in 
flame retardancy, as measured by oxygen 
index, Figure 10. A very low level of cal¬ 
cium carbonate, 5 phr, can be tolerated since 
it affects the brittleness temperature only 
slightly. Figure 11. Slightly higher levels, 
15 phr, adversely affect the brittleness 
temperature. Very low levels, 5 phr, of 
calcium carbonate increase shear strength, 
Figure 12. In view of the adverse effects 
of higher levels of calcium carbonate on 
brittleness temperature, 5 phr appears 
optimal. Tear and tensile strengths are de¬ 
graded by the addition of filler. Figures 
13 and 14. 
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Effect of Phthalate Plasticizers on Compound 
Propertlee 

Dioctyl azelate is often used in 
blends with phthalate plasticizers. In order 
to determine the effect of the addition of 
phthalate plasticizers, compounds were pre¬ 
pared with 25 phr plasticizer and varying 
ratios of DOZ to alkyl phthalate plasticizer. 
A mixed alkyl phthalate ester was chosen be¬ 
cause it is a high efficiency phthalate 
plasticizer. 

The brittleness temperature changes 
from -29*C for all DOZ to +2#C for all phtha¬ 
late which demonstrates the greater effi¬ 
ciency of DOZ, Figure 15. Oxygen index was 
found to remain unchanged, within the ac¬ 
curacy of the measurement, as the DOZ/phtha- 
late ratio was varied. 
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Figur« 15 

Figures 16, 17 and 18, respective¬ 
ly, show the variation of shear, tear and 
tensile strengths with DOZ/phthalate ratio. 
Shear strength doubles as the transition is 
made from all DOZ to all phthalate, but tear 
strength is only slightly affected. Tensile 
strength appears to be insensitive to the 
addition of phthalate plasticizer until the 
DOZ/phthalate ratio is below 10/15. 

Phthalate plasticizers are often 
blended with DOZ in order to lower the fusion 
temperature of the compound. The minimum 
fusion temperature of a DOZ plasticized com¬ 
pound is 118*C versus 84#C for D0P.‘ The 
phthalate behaves similarly to DOP.4 

Fusion tests carried out with the 
Brabender Plasticorder are shown in Figure 
19. Unfused blends (55 grams) of PVC and 
plasticizer with varying DOZ/phthalate ratios 
were fed to the mixing chamber and the re¬ 
sulting torque versus time curves recorded. 
The jacket temperature was maintained at 
138*C and a number 5 roller was used at 60 
rpm. The peak in the torque versus time 
curve indicates fusion. The fusion tempera¬ 
ture was read at this peak and in all cases 
occurred at approximately 165#C. Compounds 
containing more than half phthalate fused 
relatively quickly, in 4 to 5 minutes, while 
compound containing more than half DOZ re¬ 
quired 11 to 14 minutes. Due to the longer 
times needed to fuse a DOZ compound, com¬ 
pounding costs may be higher. 
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A equilibrium torque value i> 
reached after fusion. The compounds contain¬ 
ing more DOZ attain a lower equilibrium 
torque (^2300 meter-grams versus 2900 meter- 
grams) and slightly lower melt temperature 
(-ul70*C versus 175^0 than the compounds con¬ 
taining more phthalate plasticizer. This is 
a manifestation of the fact that DOZ is a 
more efficient internal lubricant than a 
phthalate. 
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Fusion tests^ were also carried out 

on two compounds which were in the form of 
previously fused pellets. One compound con¬ 
tained 25 phr DOZ. Its formulation is given 
in Table III. The other compound had an 
identical formulation except that it con¬ 
tained 15 phr DOZ and 10 phr phthalate. The 
fusion test was carried out at a typical ex¬ 
trusion temperature, 180°C. The all DOZ 
compound fused in 1-1/4 minute while the 
DOZ/phthalate compound fused in 1 minute. 
Thus, it is concluded that the addition of 
phthalate plasticizer would not significantly 
improve the extrusion properties of the 
compound. 

Stabilization and Lubrication 

Initial work in this area was di¬ 
rected toward determining the need for any 
additional lubricant over the amount present 
in the lubricated stabilizer. A formulation 
was tested which contained 20 phr DOZ, 5 phr 
phthalate, 3 phr antimony trioxide and 5 phr 
Dythal XL. This formulation was tested with 
and without 0.2 phr of Plastiflow POP, a 
modified oxidized polyethylene lubricant. 
Stabilization time in the Brabender Plasti- 
corder (see Appendix C) was 11 minutes with¬ 
out the Plastiflow POP and 16.5 minutes with 
it, a marked improvement. 

24 

—' 3 S ' 7 ' * 

STAaiUZER CONCENTRATION ph, 

Four lead stabilizers were tested F¡flurv 20 
at the 7 phr level in the above formulation 
with Plastiflow POP at 0.2 phr level. The 
results are shown in Table II. Tribase XL 
was the most effective. 

TABLE II 

PERFORMANCE OF LLAD STABILIZERS (7 phr) 

Stabilization Time 
Stabilizer Minutes 

CHARACTERIZATION OF A FINAL FORMULATION 

The data of the preceding sections 
were used to arrive at the final formulation 
shown in Table III. 

Lectro 78 15.5 

Dyphos XL 16.5 

Dythal XL 18.5 

Tribase XL 23.5 

Figure 20 shows the variation of 
stabilization time with Tribase XL concentra¬ 
tion. A level of 7 phr Tribase XL hae been 
chosen. Additional stabilizer can be added 
if necessary. One final stabilization ex¬ 
periment was carried out where 0.2 phr lead 
stearate was substituted for the 0.2 phr 
Plastiflow POP. Plastiflow POP was found to 
be more effective than lead stearate and both 
were more effective tnan using no additional 
lubricant at all. 

TABLE III 

FINAL FORMULATION 

Component Phr 

PVC 100 

DOZ 25 

CaC03 5 

Sb203 2 

Tribase XL 7 

Plastiflow 0.2 
POP 

Volume 
Fraction 

.696 

.265 

.018 

.004 

.015 

0.002 

Weight 
Percent 

71.8 

18.0 

3.6 

1.4 

5.0 

0.1 

The physical properties of the 
compound are uhown in Table IV. 
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TABLE IV mb* hi 

PHYSICAL PROPERTIES OF 
EXPERIMENTAL JACKET COMPOUND TYPICAL PROPERTIES OF PVC COMPOUNDS 

Oxygen Index, Percent 
Brittleness Temperature, SC 
Shear Strength, pounds 
Tear Strength, pounds/inch 

Die B 
Die C 

Tensile Strength, psi 
Elongation at Break, percent 
Coefficient of Friction 

Static 
Sliding 

32 
-28 

1140 

Samirigid 
Flexible Wire 
Jacket Inaulation 

Brittleness Temperature, *C -25 -10 

860 
760 

3650 
300 

Oxygen Index, percent 27 

Tensile Strength (psi) 2700 

Tear Strength (pounds/inch) 550 

27 

3200 

800 

0,8 Shear Strength (pounds) 750 1600 

0.4 
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APPENDIX B 

SAMPLE PREPARATION AND TEST METHODS 

All compounds were prepared by dry 
blending in a small kitchen blender and then 
milled for 4 minutes at 335#F. Test plagues 
were molded at 350°F. 

Property Method of Text 

Ten»ile Strength 
Ultimate Elongation 

ASTM D412 uaing Specimen 
Die C and a speed of 20 
inchea/minute. 

Tear Strength ASTM D624 using Specimen 
Die C and a speed of 20 
inches/minute. 

APPENDIX A Shear Strength Bell System Wedge Test 

PROPERTIES OF PVC JACKET Low Temperature Brittleness ASTM D746 
AND INSULATION COMPOUNDS 

The formulations and typical prop¬ 
erties of a flexible jacket compound and a 
semirigid wire insulation are shown in 
Tables A1 and A2. 

Oxygen Index 

Coefficient of Friction 

ASTM D2863 with e specimen 
0.075 inch thick 

Bell System Tripod Sled Test 

TASyLAl 

FORMULATIONS 

Biebender Best Stebility A number 5 heed at 205*C wes 
used et 100 rpm with 60 grams 
of compound. Stabilisation 
time is the time between 30* 
slopes. 

Coeponent 

Resin 
PVC 

Flame Retardent 
Antimony Trioxide 

Leed Stabiliser 
Dibasic Lead Phthalate 

Filler 
Calcium Carbonate 

Lubricant 
Dibasic Lead Stearate 
Petroleum Wax 
Amide Wax 

Semirigid 
Flexible Wire 
Jacket insulation 

Phr Wt.t Pnr. wt.% 

100 S2.9 100 70.U 

35 24.5 
23.1 

3 1.6 

5 2.6 

35 IS.5 

0.5 0.3 0.4 0.3 
0.5 0.3 

0.4 0.3 

Phthalate Plasticiser 
Di-2-ethylehexyl Phthalate (DOP) 
Mixed Alkyl Phthalate Ester 45 
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Abstract

Typically, conductors are joined by brazing, a high 
temperature fusion process that uses an intermediary 
alloy for the juncture. However, in addition to re­

quiring skilled ooerators for the technique, brazing 
can be the source of defects resulting from reduced 
tensile strength in the conductor adjacent to the 
splice.

A high energy joining method, which uses the con­

trolled deposition and detonation of an explosive mix­

ture to produce metallurgical bonds, has been developed 
to splice conductors. This method of joining, is a 
safe, reliable method of producing bonds between 
metals on a microscale. In contrast to typical fusion 
joining methods, this solid phase bonding system does 
not produce enough heat to deteriorate the conductor 
insulation or weaken the wire adjacent to the splice. 
Initial feasibility studies, have shown that splices 
produced by this method have tensile strengths ex­

ceeding those of the parent conductors jnd that the 
joining does not increase the electrical resistance 
of the conductors. Both copper and aluminum splices 
were examined metallographically to verify solid 
phase bonding.
Explosive bonding mechanisms as related to conductor 
splicing will be briefly reviewed and data presented 
to confirm the integrity of the bond. Also, proto­

type equipment designed and constructed to meet all 
OSHA requirements, will be discussed. Advantages 
and disadvantages are cited which could influence 
potential users.

Introduction

Although explosive energy has been used for a number 
of years to produce large scale, solid phase bonds, 
its small scale use entails unique problems. Current 
studies have dealt with these problems and produced 
a bonding method scaled to the needs of the electron­
ics industry.1

Explosive luixtures have been developed by the Western 
Electric Engineering Research Center to produce 
microscale bonds in a safe, reliable manner. (See 
Figure 1). The joining method, capable of forming 
bonds between materials usually considered difficult 
or impossible to join, contrasts sharply with more 
familiar joining processes. Costly bonding tools 
and equipment usually used in solid phase bondinq are 
eliminated, the need for ultra-clean conditions and 
precious metal coatings to facilitate bondinq are 
minimized by a unique contamination removal system 
inherent in the process, and fewer limitations are 
inposed on the process by the plastic properties of 
the materials being Joined. This approach to binding

■m

Figure 1. Explosive bonding, top view; glowing tung­

sten filament at left initiates detonation 
producing explosive reaction; resulting im­

pact bonds an 0.005-in-thick copper strip 
to a piece of nickel.

has produced solid phase bonds of greater strength 
than either parent material. The method is particu­

larly attractive because materials can be kept well 
below their nelting po'nts, minimizing the cnanges in 
material properties coimion in fusion bonding.

Bondinq Mechanism
In a typical explosive bonding system the materials 
to be bonded are positioned parallel with a space 
between them and a layer of explosive charge placed 
on the upper plate. Upon initiation of the explosye 
reaction, a pressure disturbance propagates outward 
through the explosive from the point of detonation. 
The energy released by tne detonating exploMve 
accelerates the upper plate, progressive y deflecting 
it toward the base plate to produce a collision, as 
the explosive reaction proceeds, large transient 
pressures at the collision point produce severe sur­
face strains inducing intimate contact between the 
materials. The combination of upper plate twss, the 
magnitude of its velocity on impact and surface flow 
characteristics must exert a pressure at the metal 
surfaces exceeding the dynamic yield point of the 
materials.

Two conditions are required to produce strong
(1) the velocity of the induced pressure wave in the



bond material (i.e., the sonic velocity) must exceed 
the detonation velocity of the exolosive and (2) the 
pressure generated by the explosive ahead of the 
collision point must exceed a critical value, related 
to the mechanical properties of the material. Durinn 
bonding, extreme pressure exceeding the dynamic 
elastic limit in both plates causes the surfaces to 
deform plastically and behave like non-viscous fluids 
for a short interval forcing them to spurt out between 
the plates.3,6 (see Figure 2). This "jetting"

Figure 3.

(After Holtzman and Cowan)

Figure 2. High velocity jet emanating from collision 
point.

phenomenon removes surface contaminants such as oxides, 
nitrides or absorbed gasses, bringing the underlying 
metals into direct contact.
The dynamics of the explosive bonding process can be 
described by three separate velocities of the overall 
system: (1) the detonation velocity (V<j), a property
of the explosive material; (2) the collision point 
velocity (Vcp), the velocity with which the juncture 
of the plates moves in the direction of the detonation 
wave; and (3) the plated velocity (Vp), a function of 
the detonation velocity and the ratio of the explo­

sive mass to the upper plate mass. Figure 3 is a 
representation of these velocities and r, the dynamic 
bend angle on impact. The r value, velocity compon­

ents and mass ratio can be varied to produce dif­

ferent types of bond interface characteristics.

There are basically three types of metallurgical bonds 
that can result from high velocity collisions®: (1)

. straight solid phase metal-to-metal bond, (2) a 
molten and resolidified layer between the metals, and 
(3) a wave or ripple pattern which is basically a 
solid phase bond that under certain conditions can 
exhibit small resolidified zones. The ripple inter­

face is preferred in most comercial cladding appli­

cations for physical strength. The amplitude and 
period of this wavy interface, unigue to explosive 
joining, is a function of the material beino joined 
and the velocity of the impinging metals.
A correlation between bond interface structures and 
the system dynamics is illustrated in Figure 4. ihe 
parameters are cited in the figure captions. Mass 
ratios as referred in the captions defines the mass of 
explosive divided by the mass of the plate being 
accelerated.

(After Holtzman and Cowan)

Parallel plate velocity components. 
V(j - explosive detonation velocity 
Vcp - collision point velocity 
Vp - upper plate velocity 
t - dynamic bend angle

Figure 4 (a). Copper (0.005-in-thick) to nickel
(0.030-in-thick) at 500X magnification. Vp = 
985 ft/s; V. = 10,800 ft/s; mass ratio c/m = 
0.3503. °
(b). Copper (0.005-in-thick) to nickel 
(0.030-in-thick) at 500X magnification. Vp = 
3037 ft/s; Vj = 13,000 ft/s; mass ratio c/m = 
1.2351.
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The theory of the bond mechanism as discussed above 
has been published in references 2, 3, 4, 5, and 6. 

Microscale Bonding 

Applying the explosive bonding technique to micro¬ 
geometries requires a method to accurately deposit a 
specified quantity and configuration of explosive. 
Because of the very small workpieces involved, the 
usual procedure of Initiating a secondary explosive 
by a primary explosive detonator is impractical. The 
method developed uses a directly detonated primary 
explosive as the energy source. Commercially avail¬ 
able as powders, primary explosives cannot be accu¬ 
rately patterned in this form. Hence, the explosive 
was suspended in a medium and a screening technique 
was developed to generate accurate patterns on the 
workpiece.' The explosive media formulated met the 
standards of screenability but did not produce detri¬ 
mental changes in the detonation velocity of the ex- 
plosive material. In addition to its patteminq 
advantages, the explosive medium keeps the normally 
sensitive explosive material temporarily inactive in 
a "wet" state. 

In some cases, buffer materials, such as polyimides, 
were used between the explosive and the parts to he 
joined to protect the surface from explosive by¬ 
products and dampen pressure transfer. Buffers are 
also an advantage when their flatness can be used to 
facilitate screening. Reliable bonds have been formed 
through buffers with no welding to the buffer. 

The Wire Splicing Method 

It has been found that the principles discussed above 
can be applied to a different geometry in the splicing 
of conductors. Now a circular geometry is considered 
as opposed to the flat piecepart operations. The 
metal part now accelerated takes the form of a 
section of tubing which has been coated with explosive, 
(see Figure 5). A protective covering of either tape 
or lacquer is normally applied over the primary ex¬ 
plosive mixture. The coated sleeves are presently 
being connerclally fabricated by E. I. DuPont accord¬ 
ing to Western Electric specifications. 

The two conductor ends to be spliced are Inserted into 
the sleeve (Figure 5). The wire insulation is strip¬ 
ped from the conductor prior to insertion only to the 
length of insertion into the sleeve because the heat 
generated is not sufficient to degrade the adjacent 
insulation. No force is required to hold the wires 
in place during splicing and any clamping fixture 
which will adequately locate the conductors is 
sufficient. A resistance heated filament or trans¬ 
former generated spark can be used to detonate the 
explosive. 

HIGH ENERGY SPLICING 

ICROSS-SECTIONSI 

Figure 5. High Energy Splicing Assembly Seguence. 

Testing Results 

Copper and aluminum wires, .010 Inches to .057 Inches 
in diameter, were pull tested to failure after High 
Energy Splicing, and their breaking load was compared 
to the tensile strength of the original wires. Data 
from these tests, as illustrated in Appendix I, showed 
the splice to be stronger than the wire in all cases. 
When tested, the wires failed at random points along 
their length but not within or adjacent to the splice. 
The minimum explosive thickness to insure metallurgi¬ 
cal bonding is equal to the sleeve-wall thickness for 
copper and .6 times the sleeve-wall thickness for 
aluminum. 

To determine the electrical characteristics of the 
splice, resistance was measured across a unit length 
of conductors of various diameters before and after 
splicing. There was no measurable change in electri¬ 
cal characteristics due to the bond interface. 

Metallographie Examination 

Both copper and aluminum systems were examined 
metallographically to study the nature of the bond. 
A spliced 22 gauge copper wire is shown in Figure 6. 
Although it is difficult to discern the interface 
wave formations at a magnification of 50X, the inter¬ 
face structure is clearly visible at 500X. (See 
Figure 6). The wave formation is typical of that 
observed when two flat pieces of copper are explo¬ 
sively bonded. The darker lines at the Interface 
are typical of accelerated, localized etching rather 
than the results of voids. 

To provide space for the surface "jetting" that occurs 
during explosive bonding, the inner diameter of the 
sleeve is typically .002-.006 Inches larger than the 
diameter of the conductors. The outer diameter of the 
sleeve is calculated to provide a cross section equal 
to or exceeding the cross section of the conductor so 
that no additional electrical resistance is Introduced 
into the conductor and the tensile strength will be 
maintained. A typical sleeve length of 1/2 inch pro¬ 
vides a sufficient bond Interface area for 22 gauge 
splicing applications. The technique as described 
above is referred to as High Energy Splicing. 

Prototype Sol icing Equipment 

A prototype splicing unit using a spark gap detonation 
has been designed and constructed. The splicer was 
designed for the twisting operation because the 
twisters have limited operating space. Hence, a 
splicing unit designed to operate on these machines 
can be easily accommodated in any of the other stages 
of cable manufacture. 

(t th‘ twister-mounted splicing unit, the leads are 
inserted into an explosively coated sleeve, J* 
leid in one of the Indexed slots of the plastic disk 
it the side of the unit. The sleeve, together ^ 
the conductors, is lifted from the disk and positioned 
in clips between the electrodes. When the door is 
closed, the rubber gasket material forms around the 

292 



HIGH /
ENERGY fk

CONDUCTOR \m 
SPLICING m

v'r,m
Figure 7. A cut away illustration of the high energy 

splicing unit designed for cable manufacture.

Figure 6 (a). A high energy spliced 22 gauge copper 
wire cross section at lOX.
(b). (Upper) cross section of conductor ends 
and bonded sleeve; (lower) interface struc­

ture is v'sible in the magnified section.
conductors extending from each side sealing the detona­

tion chamber from the atmosphere. A spark is genera­

ted between the electrodes to detonate the explosive. 
Simultaneously a small vacuum motor in the lower 
section of the box begins a 2-second evacuation cycle 
of the chamber. The air is recycled through a filter, 
removing any particulate matter or other contamination 
dispersed as by-products of the detonation. To 
ascertain this, extensive environmental tests were 
designed to determine the amount of air-borne lead 
resulting from detonation of the lead azide explosive 
mixture.8 The general procedure, test results and 
NIOSH standards are reported in Appendix II.
A cut away drawing of the unit is shown in Figure 7 
which illustrates the filtration and detonation system.
The shell of the box is lined with a sound absorbing 
medium. Sound measurements were recorded at a 
position comparable to that of a machine operator.
The sound level did not add to the ambient noise 
level and is safely below the reguirements specified 
by OSHA. A safety interlock prevents detonation un­

less the door is closed. The basic design, which is 
intended for installation on a wire twister, can be 
modified for a specific installation or made portable.

Summary

A basic understanding of primary explosives has been 
developed which allows these materials to be used as a

reliable energy source tc bono n.et’ls on a miniature 
scale. These principles have beer, applieo to join 
conductors as required in the manufacture of cable.
The advantagesof using a high energy splice are listed 
below;

• The highly localized energy application does 
not degrade either the insulation or the mech­

anical strength of the adjacent conductor.
. The bonding cycle is much shorter than the 

fusion processes.
• The strength of the union always exceeds the 
parent conductor strength, which should reduce 
“down-line" repair.

• The capital equipment cost is comparatively low.
. High Energy Splicing is equally effective with 
either aluminum or copper conductors.

Disadvantages of the process are summarized as follows:
• Caution is required when using explosive 
materials.

• Contamination of the work pieces could possibly 
result from by-products of the reaction.

• New techniques such as this will require train­

ing of the users, related to procedures and 
safety.

The disadvantages as listed above, have been minimized 
by the prototype equipment described in this paper. 
Further, sleeve packaginq schemes are being developed 
with the cooperation of E. 1. DuPont to insure that 
the product will be safe.
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APPENDIX I 

MECHANICAL TEST RESULTS OF HIGH ENERGY SPLICED ALUMINUM, COPPER 
BERYLLIUM COPPER, AND STEEL WIPES 

WIRE 
TYPE DIA. 
WIRE (MILS) 

SLEEVE 
SLEEVE O.D. 
I.D. BEFORE 

(MILS) (MILS) 

SLEEVE AVG. WIRE 
O.D. TENSILE 

AFTER STG. 
(MILS) (LBS) 

SPLICE 
PULL MODE 
STG. OF 
(LBS) FAILURE 

Cu 39 
Cu 39 
Cu 39 
Cu 39 
Cu 39 
Cu 39 
Cu 30 
Cu 30 
Cu 30 
Cu 30 
Cu 30 
Cu 30 

BeCu 25 
BeCu 25 
BeCu 25 
BeCu 25 
BeCu 25 
BeCu 25 

Cu 10 
Cu 10 
A1 30 
A1 30 

Steel 39 
Steel 39 
Steel 39 
Steel 39 
Steel 39 

Cu 57 
Cu 57 
Cu 57 
Cu 57 
Cu 57 
Cu 57 
Cu 57 
Cu 57 
Cu 57 

41 74 73 
41 74 72 
41 74 72 
41 74 72 
41 74 73 
41 74 72 
32 62 60 
32 62 60 
32 62 60 
32 62 60 
32 62 60 
32 62 60 
29 54 51 
29 54 51 
29 54 51 
29 54 51 
29 54 52 
29 54 51 
15 35 31 
15 35 31 
32 64 
32 64 
52 85 77-78 
52 85 
52 85 75-78 
47 85 80 
47 85 
61 100 97-99 
61 100 98 
61 100 
61 119 116-118 
61 119 115-116 
63 100 94-95 
63 100 94-96 
63 119 115-116 
63 119 117 

44.4 44.8 WF 
44.4 44.6 WF 
44.4 44.8 WF 
44.4 44.6 WF 
44.4 44.6 WF 
44.4 44.8 WP 
29.7 29.4 WF 
29.7 30.1 WF 
29.7 30.1 WF 
29.7 30.1 WF 
29.7 30.1 WF 
29.7 29.9 WF 
34.7 34.9 WF 
34.7 34.7 WF 
34.7 34.5 WF 
34.7 34.5 WF 
34.7 34.7 WF 
34.7 34.5 WF 
4.8 3.3 WF 
4.8 3.5 WF 
7.3 7.1 WF 
7.3 7.0 WF 

238 >237 WF 
238 >237 WF 
238 >237 WF 
238 >237 WF 
238 >237 SF 
85.8 82.5 WF 
85.8 84.7 WF 
85.8 86.9 WF 
85.8 80.3 WF 
85.8 77 WF 
85.8 85.8 WF 
85.8 84.7 WF 
85.8 88 WF 
85.8 77 WF 

Instron Model - tM tensile testing machine used for strength measurements. 
WF - wire failure, a separation of the wire away from the splice. 
SF - sleeve failure, a separation of the splicing sleeve at the point the 

wires butt together. 
The sleeve material for Cu and BeCu wire was Cu, for al. wire was al., 
and for steel wire was brass. 
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APPENDIX II 

RESULTS OF MONITORING AIR-BORNE LEAD DURING HIGH ENERGY SPLICING 

SAMPLER 

NO. 

TOTAL 

TOTAL LEAD 

TYPE SPLICE AIR FLOW RATE AIR FLOW COLLECTED 

FILTER NO. (FT.3/MIN) (m3) (MG) 

1 Fiberglass 1-20 

2 Fiberglass 1-20 

1 Paper 21-40 

2 Paper 21-40 

1 Fiberglass 41-60 

2 Fiberglass 41-60 

1 Paper 61-80 

2 Paper 61-80 

1 Fiberglass 81-100 

2 Fiberglass 81-100 

1 Paper 101-120 

2 Paper 101-120 

1 Fiberglass 121-140 

2 Fiberglass 121-140 

1 Paper 141-160 

2 Paper 141-160 

1 Fiberglass 161-180 

2 Fiberglass 161-180 

1 Paper 181-200 

2 Paper 181-200 

1 Fiberglass 201-220 

2 Fiberglass 201-220 

1 Paper 221-240 

2 Paper 221-240 

63 

48 

63 

48 

63 

48 

63 

48 

63 

48 

«3 

48 

63 

48 

48 

63 

48 

63 

48 

63 

48 

63 

48 

63 

70.24 

52.40 

69.60 

52.40 

70.40 

53.20 

68.80 

53.20 

70.40 

53.20 

68.40 

52.40 

70.40 

53.20 

52.72 

70.35 

52.72 

70.76 

53.6 

70.17 

54.14 

70.56 

53.88 

69.94 

<0.010 
0.046 

0.050 

0.090 

0.090 

<0.010 
0.154 

0.078 

<0.010 
<0.020 

0.098 

0.120 
<0.010 

0.182 

0.102 
0.240 

0.080 

0.372 

0.100 
0.700 

<0.010 
0.020 
0.125 

1.140 

LEAD/M3 AIR 
(MG/M3) 

<0.00014 

0.00088 

0.00072 

0.00172 
0.00128 

0.00019 

0.00223 
0.00147 

0.00014 

0.00038 

0.00143 

0.00229 

0.00014 

0.00342 

0.00193 

0.00341 

0.00152 

0.00526 

0.00187 

0.00998 

<0.00018 

0.00028 

0.00231 

0.01630 

Two high volume air samplers were located adjacent to each other in the operator breathing 

zone. The splices were made at 2 minute Intervals. The filters in the air samplers were 

changed every 20 splices for a sampling time of 40 minutes per filter. The data from each 

sampler Is presented above. Fiberglass and paper filters were alternated to prevent the 

filter type from Influencing the results. The filter In the spllcino unit wasnot changed 

during the test and after 240 splices was still effectively collecting the explosive by¬ 

products . 

The NIOSH reconmended TLV Is 0.15 mg/m3. 

The filters were analyzed for lead content by Schwarzkopf Microanalytlcal Laboratory, 

Woodslde, N. Y. 
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THE EFFECTS OF FATIGUE DAMAGE ON THE PROPERTIES OF COPPER-CLAD STEEL CONDUCTORS 

Carl A. Shumaker, Jr, 
Superior Continental Corporation 

Hiokory, North Carolina 

Summarii 

Data presented herein Indicate that fatigue fracture 
and fatigue-induced degradation of copper-dad steels 
occur at stress levels that are low with respect to 
composite wire tensile strength and substrate steel 
fatigue limit. The fatigue properties of these com¬ 
posite wires can be Interpreted in terms of the damage 
which can occur at the edge of a propagating fatigue 
crack In copper and the microstructure of the cladding/ 
base metal interface. Of significance here is the 
measured instability of conductivity, tensile strength, 
and redstan'-e to brittle fracture of these types of 
wires at low stresses in a fatigue environment. 

Introduction 

Copper-clad steel wires used as transmission media may 
sustain severe damage in fatigue loading. In addition 
to fracture, degradation of some of the more signifi¬ 
cant properties of these conductors - electrical con¬ 
ductivity, tensile strength, and resistance to brittle 
fracture - can occur. 

While some progress has been nade1»2 in defining spe¬ 
cific fatigue endurance limits of the various types of 
copper-clad steel conductors, there still remains con¬ 
siderable lack of understanding of the general effects 
of copper claddings on the properties of the substrate 
steels used in the composite meta! wires. In particu¬ 
lar, data are required which explain the relatively 
low values of fatigue limit of these conductors with 
respect to the extremely high tensile strengths which 
can be developed in these wires. 

This paper will present data showing that fatigue 
fracture and concomitant fatigue-induced degradation 
of the properties of these types of composite wires 
can be best understood on the basis of complex inter¬ 
actions between the various types of claddings and 
steel substrates. 

Experimental Procedure 

Microstructure and Meahanicc.1 Properties 

The microstructures and mechanical properties of the 
various copper-clad steel wires and predrawn, unclad 
steel wire used in these studies were determined using 
metallographic techniques and tensile testing. The 
densities of these wires were determined by weighing 
in air and in bromo-benzene. The significant data ob¬ 
tained from these measurements are shown in Table 1. 

In addition to the metallographic studies, electron- 
probe microanalysis was used to characterize the micro- 
chemistry of the copper cladding/steel base metal 
interfaces. Both line scans and stepwise quantitative 
measurements3 were made to determine the extent of iron 
and copper diffusion between the cladding and substrate 
in the various types of conductors. These data and a 
description of the clad wires are summarized in Figure 
1. 

Elastic Modulii Determination 

The Young's Modulii of the aforementioned wires were 
measured using an ultrasonic pulse-echo technique4 de¬ 
veloped for this purpose. A magnetostrictive trans¬ 
ducer was used to generate 100 kHz broad-band 

longitudinal waves through a nickel-base alloy trans¬ 
mission wire. Subsequently, samples of experimental 
wire were cemented to this transmission line, producing 
conditions which caused reflection of characteristic 
echos from the joint and sampl* ends. These echos were 
separated by a time t, which is the round-trip travel 
time of the longitudinal waves in the sample of length 
l. The velocity, VE, was expressed as: 

VE - 21/t (1) 

Young's modulus Ey of the conductors is directly relat¬ 
ed to the sample density and the longitudinal wave 
velocity, and was calculated by the following expres¬ 
sion: 

Ey - pVE2 » p(2e/t)2 - 4p l^j (2) 

In these studies, a Tektronix - Type 556 dual-beam os¬ 
cilloscope with delay-time multiplication was used to 
measure pulse-echo separation time - Typical reflec¬ 
tions are given in Figure 2. Elastic modulii obtained 
from the samples of Interest in this study are shown 
in Table 2. 

Fatigue Test and Data Reduction 

The reversed-bending fatigue studies were carried out 
on a Haigh-Robertson fatigue testing machine designed 
specifically for wire. The samples were supported at 
one end by a mechanical chuck and at the other end by 
a matched ball bearing assembly. The wires were de¬ 
flected in the horizontal plan« by application of a 
small thrust load at the bearing end, resulting in a 
curve of flexure which was very nearly harmonic. The 
maximum bending stresses in the wires occurred at mid- 
length and were calculated according to the classical 
Euler equation: 

2 j 

Of ■ |gQ (e in degrees) -j- Ey (3) 

This relationship becomes directly applicable when the 
angle of flexure, as measured with a vernier built into 
the tester, is small. Lengths of samples tested in 
these experiments were chosen such that fatigue 
stresses of Interest could be obtained at e^9°. 

The fatigue data were obtained in such a manner as to 
estimate the fatigue limits of the various conductors 
using the well-defined staircase method5. This tech¬ 
nique, as used in this work, Involved initially testing 
a sample at a stress level near the estimated value of 
the fatigue limit. Failure of this specimen required 
testing of a sample at a defined, Incrementally lower 
value, until eventually definitive survival was ob¬ 
tained. The next sample was tested at the same incre¬ 
mentally Increased stress, observing either failure or 
survival. The procedure was continued further, the 
stress being decreased until a specimen survived, and 
Increased until it failed. Sufficient data were gener¬ 
ated to estimate the fatigue limit of the sample at the 
predefined survival level. Normally, for steels, the 
knee of the conventional o-n curve occurs between 106 
and ID7 cycles; therefore, survival in these experi¬ 
ments was defined at 1 x ID7 cycles of reversed bending 
stress. 
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Analnaia of Fatigue Failure and Degradation 

Various metallographlc and mechanical testing tech¬ 
niques were used to study the fatigue fracture pro¬ 
cesses and accompanying degradation of the composite 
wires In addition to conventional metallographlc 
techniques, scanning electron microscopy used to 
characterize fracture processes. Degradation of con¬ 
ductivity of the samples In fatigue loading was deter¬ 
mined using an ESI Model 300 Potentiometrie Voltmeter- 
Bridge 1n the resistance mode. Tensile testing and a 
qualitative slow-bend test were used to determine loss 
of tensile strength and susceptibility to brittle 
fracture, respectively. 

Cladding-Induced Degradation 

Fatigue Limita of Copper-Clad Steels 

The fatigue ¿ata, as determined by staircase testing, 
of the continuously plated steel, the composite con¬ 
ductor manufactured by molten-welding processes, and 
the continuously plated and drawn clad steel, are 
shown respectively 1n Figures 3-5. At the previously 
defined survival level of n = 1 x 10 , ^ continuous¬ 
ly plated conductor exhibits a significantly h]9her 
fatigue limit than the corresponding mol ten-welded and 
continuously plated and drawn wires. The magnitude ot 
this difference Is ^21% 1n the case of the ™lten- 
welded samples, and -27Ï In the case ^ the continu¬ 
ously plated and drawn wires. These data, which are 
not related 1n a systematic way to the corresponding 
tensile strengths of the composite wires, suggest 
that, at comparable tensile strength lev®^*/at^9ue 
processes, particularly at the various cladding/base 
metal Interfaces, must be taken Into account. 

Effect of Copper Claddings on Fatigue Limite of Sub-_ 

airate Steele 

In at least one sample (continuously plated 
the effects of cladding can be measured directly with 
respect to quantitative data obtained from the pre¬ 
drawn steel substrate (Figure 6). In the case ofthe 
mol ten-welded and continuously plated and drawn sam¬ 
ples, these data are not directly obtainable, however, 
with appropriate assumptions, some Important estimates 
of this effect can be made. 

The extent to which direct cladding of copper on steel 
wire can degrade the fatigue limit of the underlying 
steel substrate Is summarized In Figures 3 and 6. As 
shown, the fatigue limit of the continuously plated 
composite wire Is on the order of 50,700 psi, while 
the fatigue limit of the predrawn steel substrate 1s 
approximately 76,000 ps1. This represents a nom nal 
reduction of about 33* 1n terms of the fatigue limit 
of the steel substrate. More detailed examination of 
these data serves to further emphasize the magnitude 
of this difference - the probability of survival of 
the clad sample Is fairly low at stresses greater than 
about 55,000 psi, while failure of the steel substrate 
wire Is unlikely at stresses less than about 70,000 
psi. 

The particular manufacturing methods used do not per¬ 
mit a direct comparison of the effects of cladding on 
the fatigue limits of substrate steels In the case of 
the mol ten-welded and continuously plated and drawn 
wires. However, some conclusions can be drawn by ex¬ 
amination of the fatigue limits of these conductors 
and some related properties of the corresponding steel 
substrates of these and continuously plated wires. 

The staircase data obtained from molten-welded and 
continuously plated and drawn samples (Figures 4 and 5) 

Indicate that the fatigue limits of these conductors 
are lower, but comparable in magnitude to the continu¬ 
ously plated sample. If It could be assumed that the 
fatigue limits of the steel substrates of the molten- 
welded and continuously plated and drawn samples are 
no lesa than the fatigue limit of the predrawn steel 
wire underlying the continuously plated cladding, then 
degradation of the fatigue limits of these steels due 
nominally to their respective types of claddings can be 
estimated. To a first approximation, it would appear 
that this assumption Is justifiable on the basis of 
steel substrate microstructure and hardness. All of 
the steel substrates exhibit very heavily cold-worked 
and textured microstructures of pearlIte and ferrite. 
The hardness of the various substrates is comparable, 
with the exception being the molten-welded sample, 
which is somewhat higher. Thus, It is reasonable to 
expect that both claddings of the molten-welded type 
and continuously plated and drawn type have the same 
strong effect on the fatigue limits of the correspond¬ 
ing steel substrates. These data are summaMzeo below: 

Effect of Copper Claddings on Fatigue 
Limits of Substrate Steels 

Sample 
Sf 

¿afccgue IajiuX 
(XI03 pic) 

KHN¡,oo* 
(Steefl 

1 Reduction 
in 5f 

Predrawn steel 
substrate wire 

76.0 403 - 

Continuously 
plated wire 

50.7 403 ^33 

Molten welded 
wire 

39.9 426 -48 

Continuously 
plated and 
drawn wire 

37.0 407 41 

•Knoop Hardness Number, 500-gram load 

Fatigue-Induced Degradation of Conductivity 

It has been shown previously1 that reversed bending 
fatigue can Induce degradation of the electrical con¬ 
ductivity of continuously plated composite wire at 
stresses below the fatigue limit, although sim lar deg¬ 
radation was not detected 1n typical molten-welded and 
continuously plated and drawn wires. Since degradation 
of conductivity of "survival" samples of all conductor 
types were noted during the course of staircase test¬ 
ing, some more systematic studies of this phenomenon 
were carried out. 

Using stress levels near the lowest levels defined In 
the staircase fatigue testing (Figures 3-5), data were 
obtained which show that, at these stress levels, the 
conductivity of the various copper-clad steels does 
systematically decrease with Increasing cycles of 
stress. These data are summarized In Figures 7-9. 
From these curves. It can be seen that the degradation 
of conductivity with the number of cycles of reversed 
bending fatigue stress Is Initially quite rapid In the 
continuously plated sample. In the case of the molten- 
welded and continuously plated and drawn samples, deg¬ 
radation Is sluggish until about the n * 10 cycle 
level, at which more rapid decreases 1n conductivity 
occur. The limiting conductivity of all conductors, at 
high-cycle levels. Is less than 20% IACS, with the 
lowest measured conductivity occurring In the continu¬ 
ously plated sample (^15% IAC3 at n * ^ 2 x 10 ). 

The differences In the slopes of the curves with re¬ 
spect to the continuously plated sample and the molten- 
welded and continuously plated and drawn sa,nP'es 15 
related In part to the higher stress level used 1" the 
tests conducted on the continuously plated wire. Data 
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available, but not shown here, Indicate that at about 
36,000 psl, the conductivity-cycle curve for this con¬ 
ductor Is similar In shape to the curves shown for the 
mol ten-welded and continuously plated and drawn sam¬ 
ples. In addition, the conductivity at n • 1 x 107 Is 
of the same order of magnitude. 

Interestingly enough, some deoradatlon of conductivity 
was measured In all samples at stresses as low as 
16,000 psl at cycle levels of 1 x 107. This value of 
stress Is close to the fatigue limit of copper mea¬ 
sured 1n a recent study by Ople6 at the same cycle 
level. 

Fatigue-Induced Degradation of Tensile Strength 

Since fatigue fracture can occur In copper-clad steels 
at stress levels that are low with respect to relative 
tensile strength, some tests were conducted to deter¬ 
mine the effects of fatigue damage on the Initial ten¬ 
sile strengths of these types of conductors. Samples 
of continuously plated, mol ten-welded, and continuous¬ 
ly plated and drawn wires were tested at the lowest 
stress levels of the staircase plots at which no fail¬ 
ures were observed. The corresponding reductions In 
tensile strength In samples surviving 1 x 107 cycles, 
expressed as a ratio of UTS (fatigue damaged)/UTS (as- 
received wires). Is .87 for the continuously plated 
wire, .97 for the molten-welded wire, and .94 for the 
continuously plated and drawn wire. 

The maximum reduction In tensile strength occurred In 
the continuously plated wire; however, this wire was 
subjected to fatigue damage at a nominally higher 
stress level than the molten-welded and continuously 
plated and drawn wires. 

Metallography of Fatigue Damage 

The metallographlc data Indicate that both fracture at 
stress levels In the vicinity of the fatigue limit and 
degradation of conductivity and tensile strength at 
lower stress levels are related to the development of 
fatigue-induced microstructural damage In the various 
copper-clad steels. Examples of this damage are shown 
In Figures 10-12, which are photomicrographs of con¬ 
tinuously plated, molten-welded, and continuously 
plated and drawn wires failed In fatigue at stress 
levels corresponding to the highest stresses at which 
no survival occurred during the staircase testing. 
Extensive fatigue cracking of all of the claddings has 
occurred; however, both the molten-welded and continu¬ 
ously plated and drawn samples have sustained addi¬ 
tional complex microcracking In a narrow zone on the 
copper side of the Cu/Fe Interface. Associated with 
this severely cracked zone In these samples are hard¬ 
ness levels which are high with respect to the outer 
layers of softer cladding. In the case of the contin¬ 
uously plated and drawn sample, the hardness of the 
damaged zone is about KHN^si 132 with respect to an 
outer cladding hardness of KHN^s^ 79. The hardness 
of the thin zone adjacent to the steel substrate In 
the molten-welded wire Is on the order of KHN^si 147 
with respect to the outer cladding hardness of KHNr2si 
105. 

There Is a general absence of complex microcracking and 
hardening (of the typo observed In the molten-welded 
and continuously plated and drawn samples) In the con¬ 
tinuously plated wire. Instead, there Is a general 
tendency for the fatigue cracks formed at the surface 
of this type of wire to propagate through the cladding 
and along the original Cu/Fe Interface. This results 
In quite extensive rupture of the cladding. This can 
be seen In Figure 13, a scanning electron micrograph of 
a continuously plated wire damaged In fatigue and 

tested to failure 1n tension. 

Brittle Fracture of Clad Vires 

The metallographlc data presented above suggest that 
fracture processes In the vicinity of the cladding/base 
metal Interface are Important In limiting fatigue 
strength and contributing to secondary degradation. 
Further evidence to support these data has been ob¬ 
tained through examination of both fracture surfaces 
produced during the course of the fatigue testing and 
slow bend testing. 

The micrograph shown In Figure 14 Is representative of 
the types of fatigue fractures produced In all contin¬ 
uously plated wires and most of the molten-welding and 
continuously plated and drawn wires. Several fatigue 
cracks have Initiated In the copper cladding and have 
propagated into the steel through the cladding/base 
metal Interface. The propagation of the cracks has 
resulted In the formation of characteristic striations 
(Figures 15 and 16) through the cladding and the bulk 
of the steel cross section and, finally, ductile rup¬ 
ture (Figure 17) of the remaining cross section. 

Fractures produced In several fatigue tests, and In 
slow bend tests of fatigue-damaged molten-welded and 
continuously plated and drawn wires are of the type 
shown In Figures 18 and 19. These are scanning elec¬ 
tron micrographs of a fracture surface of a continu¬ 
ously plated and drawn wire failed In fatigue. As In 
the case of the continuously plated sample, fatigue 
cracks have propagated Into the steel substrate; how¬ 
ever, there Is evidence of cleavage fracture which has 
been Initiated 1n the vicinity of the cladding/base 
metal Interface. The cleavage fracture appears to have 
moved rapidly to link up with the tip of the main fa¬ 
tigue crack front, resulting In final 'racture via a 
mixed cleavage/ductile mode. 

Fractures of the type shown In Figures 18 and 19 were 
produced in many slow bend tests of molten-welded and 
continuously plated and drawn wires which had survived 
the staircase testing. It Is significant that no frac¬ 
tures of this type were observed In fatigue or slow 
bend testing of the continuously plated wires which had 
survived fatigue over a much higher range of stresses. 
These data, while not quantitative, do suggest a ten¬ 
dency for cleavage to occur, orobably as a result of 
the severe notch effects created at the mlcrocracked 
substrate of these types of wires as a consequence of 
fatigue. 

Fatigue Processes and Degradation 

Fatigue fracture In all of these clad wires Is resul¬ 
tant from the propagation of fatigue cracks Initiated 
at the cladding surface through the Cu/Fe Interface 
and steel substrate. At stresses lower than the com¬ 
posite wire fatigue limit, the steel wire surface can 
effectively act as a barrier to crack propagation. At 
stresses near the composite wire fatigue limit, the 
microstructure of the Cu/Fe Interface becomes extremely 
significant. The fatigue-Induced microstructural dam¬ 
age near the cladding/base metal Interface of the 
molten-welded and continuously plated and drawn wire', 
apparently contributes to the lower stresses required 
to Initiate and propagate fatigue cracks Into the re¬ 
spective steel substrates. This Is due. In part, to 
the Interfacial alloying that occurs during manufac¬ 
turing of the wires and the tendency for localized 
cleavage fracture to occur In conjunction with fatigue 
crack propagation at the respective Cu/Fe Interfaces. 
The lack of alloying and absence of cleavage fracture 
tendencies in the continuously plated wires Is appar¬ 
ently responsible for the higher observed fatigue 
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limit In this composite conductor. 

Purcell, In a recent paper7, draws attention to the 
nature of the damage which can be produced at the edge 
of a propagating fatigue crack In copper. At applied 
fatigue stresses which are low with respect to the 
yield strength of copper, hardnesses and dislocation 
densities near these fatigue crack tips are much higher 
than those found In the vicinity of the edges of cor¬ 
responding tensile fractures In copper. Thus, 1t Is 
not surprising that, In the copper clad steels, ex¬ 
tremely high local stresses can be created near the 
copper/steel Interface due to propagating fatigue 
cracks. These stresses. In effect, reduce the amount 
of applied stress which would be required to Initiate 
cracks Into the unclad substrate. This, coupled with 
the observed mlcrocracklng and cleavage fracture In 
two of the composite wires, would tend to explain both 
the general effects of copper claddings on steels and 
the specific differences between types of copper clad¬ 
dings with respect to fatigue resistance. 

General Conclusion» 

Copper claddings of the type studied herein are, In 
general, detrimental to the fatigue strengths which 
can be developed In the underlying steels. This ob¬ 
servation, coupled with the data regarding fatigue- 
induced degradation of conductivity, tensile strength, 
and resistance to brittle fracture which can occur In 
the clad wires, would suggest caution In the applica¬ 
tion of these conductors In fatigue-sensitive environ¬ 
ments. 
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Tablai 

Propartiat of Coppar-Clad Staat Conducton and 
Steal Subitrate usad in those experiments. 

Sample 
UTS 

(X101 psi) 

YS 

(X103 psi) 
P 

(gm/cc) 

t ctaddins 

(mils) 

d WifM 

(mils) 

Conductivity 

(KIACS) 

Continuously 

Plated Wire 244 231 8.11 2.6 40.5 30.4 

Predrawn 

Steel Wire 278 253 7.86 s il 11 la 35.5 . 

Molten - 

Welded Wire 267 234 8.10 2.8* 40.5 32.3 . 
Continuously 
Plated b Drawn 
Wire 246 233 8.11 2.7* 40.2 31.9 

( 1 ) Steel drawn and plated to final size 
(2) Steel drawn to size and unplated - substrate of continuously plated wire 

(3) Manufactured by molten-welding process 

(4) Continuously plated and drawn to finished size 

* Average cladding thickness of inhomogeneous claddings 

Figure 1 ■ Electron - Probe Microenelysis of Copper-Clod 
Steels at Cladding/Base Metal Interface 

Copper 

Cladding 

o 
24 

0 
40 

Sample 

Distance XNV 
(Microns) 

Continuously 
Matad Wir« 

Mellan— 
WaMadWira 

Continuously 
Pialad and 
Drawn Wir« 

111 

Cu 

11) 

Fe Cu Fe Cu Fe 

40 99.79 0.21 99.67 0.33 99.61 0.39 

24 99.70 0.30 99.42 0.58 99.28 0.72 

8 (2) 99.02 0.98 98.20 1.80 97.92 2.08 

8 0.41 99.59 1.13 98.87 1.62 98.38 

24 0.34 99.66 1.02 98.96 0.98 99.02 

( 1) All concentrations in atomic percent normalized from cor¬ 
rected weight percent data 

(2) Cu/Fe interface (metallographicl 
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Figure 2 - Pulse-Echo Reflections 
from typical wire sample

Table 2
Modulii of Experimental Wires

10 seconds 
I I

—J

Sample p
gm/cc

L;
(X10® psi)

Continuously Plated 
Wire 8.12 26.458
Molten-Welded Wire 8.10 26.877 :

Continuously Plated 
and Drawn Wire 8.11 27.382 j
Predrawn Steel* 
Substrate Wire 7.86

!
28.966 I

•Unplated Substrate of Continuously Plated Wire

Figure 3 ■ Staircase data for wire continuously
plated to final size from predrawn steel
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x
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Figure 4 - Staircase deu for wire mede by 
molten welding processes 

Figure S ■ Suircase date for continuously plated and drawn wire 
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Figur« 6 - Staircase data for steal substrate wire underlying continuously platad wire 
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Figure 8 • Conductivity degradation at constant stress in 
wire produced by molten-welding process 

10* 10* 10» 

n, cycles of streu 00( • 36,000 psi 

Figure 9 • Conductivity degradation at constant streu 
in continuously plated ft drawn wire 
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FiguralO F«ti9u« Dam»g» in
Contmuouily PUtad Wire

Fi«ur<12 Fatigue Damagt in Continuously 
Plated & Drawn Wire

Figure 11 Fatigue Damage in 
Molten-Welded Wire

Figure 13 Tensile failure of lati*ie^lamagad 
Continuously Plated Wire
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Figure 14 Fatigue fracture in
Continuously Plated Wire

Figure 16 Fatigue at Cladding/Base 
Metal Interface

Figure 15 • Striations formed by
fatigue crack propagation

Figure 17 ■ Terminatingductile 
fracture of steel

• rf’ t
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Figure 18 - Fatigue and cleavage in 
Continuously Plated & 
Drawn Wire

■ V- ”

Figure 19 - Cleavage and ductile 
fracture modes in 
above micrograph

I I
\
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MUTUAL CAPACITANCE CORRECTION FACTOR- 
FOR SERIES MODE BRIDGES 

T. Lamar Moore 
Rural Electrification Administration 
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Kenneth W. Brownell, Jr. 
Brand-Rex Company 

Wllllmantic, Connecticut 

Abstract 

This paper presents capacitance correction factors 

for series mode bridges as a function of cable length 
and as a function of measured dissipation factor. 
Errors due to variations in the primary constants are 
discussed. 

The calculation of meaningful mutual conductance data 
Is discussed slong with error analysis due to bridge 

Inaccuracies. 

Measured data Is utilized to substantiate the claims 

of the paper. 

Introduction 

Telephone cables are designed for specific primary 
and secondary parameters. Cable specifications 

generally state limits on three of the four primary 
parameters (resistance, capacitance and conductance) 
which In turn control the secondary parameters. This 

control ensures the cable end user that the line Im¬ 
pedance and attenuation will be within acceptable 

design limits. 

Cablas are checked for compliance to specifications 
by measuring the dc loop resistance of pairs and the 

1000 hertz effective mutual capacitance and conduc¬ 

tance. There arc only Incremental differences between 
dc resistance and 1000 hertz resistance of telephone 
cables. Advances In manufacturing capabilities, cable 
design and customer handling capabilities have 
prompted the move toward longer lengths of telephone 

cables being shipped to operating telephone companies 
from cable suppliers. This, coupled with movements 
toward finer gouge telephone plant design, make It 

Increasingly more difficult to measure cable capaci¬ 
tance and conductance without significant errors due 

to propagation effects. 

There are a number of good books and engineering 

papers that discuss paired cable, propagation effects, 
apparent errors, and related subjects.1 The cable 

parameters are calculated and measured aa open cir¬ 
cuit admittance (Y0c) and short circuit Impedance 
(Zac)• This classic technique of cable measurements 

In the laboratory on short cable lengths has pro¬ 
vided very accurate Information for many decades. 

The world outside the laboratory must be dealt with 
in a practical manner. The maasuiement of cable 
mutual capacitance on shipping reel lengths to verify 

specification requirements might be done In the 
classic manner of measuring Yoc and Zac and then cal¬ 

culating the primary parameters, but generally the 

verification will consist of open circuit measure¬ 
ments and some simplified method of determining the 

true capacitance and conductance. Paper presented 

at the International Wire and Cable Symposium 

by J. V. Busceml and A. E. Wldmer in 19642 and by 

R. A. Frisch, I. Kolodny, and J. A. Olszewski In 1967^ 
provided practical techniques and nomographs for con- 
converting measured capacitance to true capacitance at 
1 kHz. These correction techniques were based on the 
traditional meacurement of capacitance and conductance 

in the parallel mode (admittance). 

Many of the commonl;’ used portable capacitance bridges 
measure capacitance and dissipation In the series mode 

(Impedance). Using parallel mode correction factors 
on data obtained with series mode bridges has resulted 

In some confusion on long cable lengths. Valid data 

can be obtained with either bridge type If properly 
corrected. Examination of the correction factors show 
that propagation affects the series measurements less 

than the parallel measurements at longer measurement 
lengths. This can result In more accurate and less 
complex corrections as the cable parameters vary from 

nominal values. The major reason for this is that the 
dissipation arm tends to balance out the cable series 
resistance without regard to the exact value of the 

resistance. 

The body of this paper further presents mutual capaci¬ 
tance series mode bridge correction factors for a wide 

variety of primary constant permutations. In addition 

mutual conductance determination from series mode dis¬ 

sipation factor is derived and error limits are 

stated. 

All theoretical developments have been verified by 
measured data. A small portion of this data Is pre¬ 

sented In Appendix 1. 

Development of Series Mode Correction Factors 

Capacitance bridges that are used to measure telephone 

cable pairs generally yield data In one of three ways: 

1. Capacitance and Conductance in Parallel (Cp and 

Gp). 

2. Capacitance and Dissipation in Series (Cg and D) 

3. Capacitance and Dissipation In Parallel (Cp and D) 

These values can be converted Into "true" mutual capa¬ 
citance or effective distributed mutual capacitance by 

using correction factors. 

Capacitance correction factors may be applied In 

several ways. In this paper they shall be developed 
as a function of cable length and as a function of 
measured dissipation factor. All discussions refer to 
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1000 hertz measurements and calculations. 

It can be shown that a transmission line of length/ 
can be represented by an equivalent T circuit as is 

illustrated in Figure 1.^ This representation is 

equivalent for any load impedance (Z^). If Zl is in¬ 
finite (open circuit) it follows that the Impedance 
seen looking into terminals A - B (Zab) can be 
readily calculated as follows: 

Equating the real and Imaginary parts of Eq. 7 allows 
the calculation of C8 and Rs as a function of C, G, R, 

L, and S. . In addition, the definition of dissipa¬ 

tion factor, 

t2r 
D _ Power Dissipated . s_ 

Power Stored ^ xj w ^ 

or 

ZAB Z0 tanh PI (1) 
sinhflf * D - Rs w C8> (11) 

where 

R + J U L 

G + j ta C • (2) 

P >/r + Jw l 

_ (3) 

Vc + J w c , 

C, G, R, L are the cable primary constants and t is 
the cable length in consistent units. There exists a 

classical identity: 

tanh - ■ cosh m - 1 
2 sinh m 

(A) 

where m is any complex variable. 

allows for the conversion between Rg and D. 

These equations were utilized in a computer program 

for 47 permutations of C, G, R and L and for & in 
1,000 foot steps from 1 kilofoot through 30 kilofoot 

with u> “ 6,28 x 10^ per second. 

Standard primary constants utilized were as follows: 

R - I 5 (19 AWG), 171 (22 AWG), 274 (24 AWG) or 

431 (26 AWG) ohms/mile, 

L « 1.09 millihenry/mile, 

G • 0.0001 mlcromho/mlle, 

C - 0.083 microfarad/mile. 

Applying Eq, 

yields 

(4) to Eq. (1) 

z.D - z sgffh 
“ 0 sinh/7/ 

+ 1 
iliST/ÇT 

(5) 

Data and error analysis are presented in the next 
section of this paper. Cable lengths are sometimes 

presented as fractions of a wavelength (X) to lend 
consistency between the data for differing gauge sizes. 

A summary of 1000 hertz wavelength are given In Table 

1. 

or 

Zab ■ zo c0th PJL (h) 

Eq. 6 is consistant with classical transmission line 
theory and rapresents the Impedance seen by the 
series mode bridge when the open circuit measurement 

Is being made. Therefore, from Figure 1: 

Capacitance Correction Factors 

Correction factors (CF) were developed which can be 
multiplied times the bridge reading (C8) to yield the 

true mutual capacitance of the cable (C) within the 
required accuracy limitations. This is accomplished 
by applying the following formula to the proper com¬ 

puter output: 

ZAB Rs + _L_ Jwc8 , 
CF " 1 + (12) 

or 

Z0 co th PA. , (7) 

where 

R8 » measuring arm resistance (8) 

C8 ■ measuring arm capacitance (9) 

- 2ir f d») 

Correction Factors as a Function of Cable Length 

Series mode and parallel mode capacitance correction 

factors as a function of cable length are preaented In 
Figure 2 for standard primary constants. It Is obvious 
from Figure 2 that the two types of correction factors 

can not be used Interchangeably. It Is also obvious 

that the series mode factors are of leaser magnitude 
than the parallel mode factors for long cable lengths. 

Detailed curves for series mode capacitance correction 

factors as a function of length ara presented in 
Figure 3 for the four common gauges and + 10X varia¬ 
tions In loop resistance, with all other primary con¬ 
stants standard. In cases which raqulre extrema accu¬ 
racy and where cable length Is also greater than 0.1 
wavelength, loop resistance can be measured and the 
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curves interpolated. 

Error analysis of the standard value series mode ca¬ 
pacitance correction factors as a function of cable 
length is presented in Figure 4 for 24 gauge cable. 
Other gauges have similar error curves when length In 
wavelength Is compared, and a summary of these errors 

Is presented as Table 2. 

It Is apparent from Table 2 that the length correction 

factors presented in Figure 3 yield an error of less 

than 1.0Z for cable lengths up to 0.1 wavelength - 
which Is consistent with the accuracy of most portable 
capacitance bridges. Length correction accuracy can 
be extended to 0.15 wavelength by measuring loop re¬ 

sistance and Interpolating curves. 

Correction Factors as a Function of Dissipation 

Utilizing the series expansion for Z0 coth Pi , 
taking the dominant terms of the real part, and 
equating this to D through Eq. 11 results In Eq. 13 

below. 

Cable conductance can be calculated by the following 

formula on a limited basis: 

G ■ SL u¡* C* f-S_—1 
LwCg 3 J , (13) 

where 

G is in units mho/mile 

Í- Is cable length In miles 

U is 2 V f 

To Improve the accuracy of parallel mode correction 

factors, cable engineers devised an improved method 

of correction.3 This consisted of calculating the 

ratio of measured capacitance to conductance and ap¬ 

plying a correction factor as a function of that 
ratio. Since dissipation represents a ratio of capa¬ 

citance to conductance, Cg capacitance correction 

factors for standard primary constants were developed 

as a function of dissipation and are presented in 
Figure 5. Correction factors to correct Cp as a func¬ 

tion of dissipation can be developed In like manner 

for bridges that measure Cp and D. 

This method is not prone to significant errors from 
10Z variations in R, L, and C or G in the range of 10 
micromho/mlle. These errore are llluetrated in Figure 

6. However, It le limited by the bridge accuracy in 
determining D. Therefore, the correction factors as a 
function of dissipation would generally be utilized as 

a data verification tool. 

Head to Tall Correction Factors 

Long reels of cable can be measured with good accuracy 
using a technique called "head-to-tail."2 This con¬ 

sists of accessing the top end of the cable pair 
(head) and the bottom end of the cable pair (tall) for 

measurement simultaneously. This technique effec¬ 

tively reduces the measurement length to one-half. 
This has the same effect of measuring two cable pairs 

in parallel, each being one-half the reel length. 
Therefore, the cepacitance correction factors as a 
function of length presented in Figure 3 can be uti¬ 
lized by entering the graph at one-half the true reel 
length. Cepacitance correction factors as a function 

of dissipation remain unchanged. 

C is corrected mutual capacitance in farad/mile 

D Is measured dissipation factor 

Cg Is the uncorrected bridge capacitance In farads 

R£ Is the measured loop resistance in ohms. 

The authors make no claim as to the accuracy of the 
above formula for very low G. However. G in the range 

of 3.3 micromho/mlle Is the area of practical field 
interest. The limitations and accuracy of Eq. 13 in 

this area of Interest are presented below: 

If It Is assumed that D, C, Cg, w , and R¿ are known 

precisely, Eq. 13 Is accurate to within + 10Z for all 

permutations of the primary parameters and cable 
lengths up to 0.05 wavelength. 

Ct Cs» Uf, and RÍ are not ever known precisely, of 
course. Horst case errors are summarized In Table 3. 

It Is imperative that D, W , "s> and are known 
with the highest practica’ precision. 

If It is assumed that the accuracy of D cannot be con¬ 

trolled tighter than + 5Z and that the combined accu¬ 

racy of U and Cg cannot be controlled tighter than 

+ 2Z It Is obvious from Table 3 that measurements of 
lengths greater than 0.05 wavelength are unrealistic. 

Beyond this point, or whenever It becomes absolutely 

necessary to insure that accuracy of G, complete open 
circuit/short circuit measurements must be taken 

unless D can be determined accurately. It has been 
assumed that Wheatstone bridge measurements would 

yield accurate RÍ data. 

This is a very effective tool in accurately deter¬ 
mining cable capacitance on the reel. The effective 
measuring length is nro doubled to 0.2 wavelength, or 
longer, with excellent accuracy. Head-to-tail measure¬ 

ments cannot be applied to installed cable since both 

ends cannot be accessed simultaneously. 

When head-to-tail measurements are employed, conduc¬ 

tance can be calculated by: 

c * ^ ^ c2 [-¡7C - 
Bjl d*) 
12 J 

Mutual Conductance 

The determination of cable conductance from an open 

circuit measurement is difficult for long lengths of 
cable due to the masking of the leakage by the loop 
resistance. It is extremely difficult to obtain accu¬ 
rate conductance readings when true conductance is in 
the 0.001 micromho/mile range, but, at the earn time, 

accurate field results are not generally required when 

conductance is in this range. 

Therefore, measurement lengths could be safely doubled 

with the same degree of accuracy in calculated G. 

Conclusions 

The series mode capacitance measurement technique can 
yield accurate mutual capacitance values by utilizing 

either correction factors as a function of cable 
length (Figure 3) or correction factors as a function 

of dissipation factor (Figure 5). Corrections up to 
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F
O.IS wavcl*n«th can ba aadc with an accuracy conpara- 
ble to the accuracy of aoat portabla brldgaa.

Mutual conductance valuea can be calculated utlllilng 
Ea. 13 with reasonable accuracy In the 3.3 nlcronho/ 
nlle range and measureiucnt length up to 0.05 wave­
length.

Measured data Is presented In Appendix 1.
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SERIES MODE CAPACITAiíCE CORRECTION FACTORS 

AS A FUNCTION OF CABLE LENGTH 

LENGTH (Kilofect) 

FIGURE 4 
PERCENT ERROR IP 24 AWG CAPACITANCE LENGTH CORRECTION FACTOR 
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FIGURE 6 
PERCENT ERROR IN 24 A'n'G CAPACITANCE DISSIPATION CORRECTION 
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Table 1 

Cable Length in Kilofeet Versus 
Cable Length in 1000 Herts Wavelength 

AWG 0.05* 0.10* 0.15* 

19 
22 
24 
26 

10.75 
7.70 
6.15 
4.90 

21.50 
15.40 
12.30 
9.80 

32.25 
23.10 
18.45 
14.70 

Table 2 

Percentage Error in Series Mode Capacitance Length Correction 
Factors Due to Variation of Primary Constants from Standard Values 

AWG X R x 1.1 C x 1.1 G « 10*á mhos L x 1.1 
Worst* 

Combination 

19 0.10 
0.14** 

-0.2 
-1.0 

0 
-0.6 

0 
0 

0.2 
0.3_ 

-0.5 
-2.0 

22 0.10 
0.15 

-0.3 
-1.3 

-0.2 
-1.1 

0 
0 

0.1 
0.2 

-0.6 
-2.7 

24 0.10 
0.15 

-0.3 
-1.3 

-0.2 
-1.1 _ 

0 
0.1 

0.1 
0.2 

-0.6 
-2.6 

26 0.10 
0.X5_ 

-0.3 
-1.3 

-0.3 
-1*2_ 

0 
o.i 

0 
_au_ 

-0.6 
-1.6_ 

«Worst combination used is: R x 1.1, L x 0.9, G ■ lOyMnhos, C x 1.1 
**30 Kilofeet was longest calculated length. 

t 

Table 3 

Calculated Values for Cable Conductance Versus True Cable 
Conductance as a Function of Bridge Error and Cable Length 
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Appendix 1 

This appendix contains sors examples of measurement 
data corrected In the manner recommended In this 
paper. The cables measured are as follow. Selected 
pairs from four reels of 25 and 50 pair 22 gauge 
filled cable were measured Individually for series ca¬ 
pacitance (Cs), dissipation (D), dc loop resistance 
(k£) and occasional other parameters. Pairs of reel 
one were then connected in series with pairs of reel 
two and remeasured. This process was continued until 
pairs of four reels was connected in series to extend 
the effective measurement length of the pairs. 

The measurement data and corrected results are pre¬ 
sented in Tables A and B. Measured capacitance (Cg) 
of individual polrr t as corree ‘o true capacitance 
(C) by! 

C - Cs X CF 

where CF is the standard length correction factor. 
The true conductance (G) of Individual pairs was 
determined by: 

Gm[uc -H]u2 c2 

The sum of these individual corrected values of C 
and G (referred to as Cland Gl) was used as the 
reference for comparing the measurements of pairs 
when reels were connected in series. The error 
In corrected capacitance Is shown as a percent of 
C. Conductance error is shown as the difference 
of G and G£ in micromhos (Table B). 

As a further check, C was also corrected using 
dissipation correction factors. There were only 
slight differences between the dissipation and 
length correction factors to 0.15 wavelength. 

Table A 

Capacitance Measurement Data on Individual Pairs of Four Reels of 22 Gauge Cable 

Table B 

Capacitance Measurement Data on Cable Pairs With Reels Connected in Series 

Pair Reels 
Length 
(Feet) 

Wave- 
Length 

Measured Da ta 
CF 

C 
(MfY 

fc - d) X 100 
C 

Error (Z) 
G 

.(diVL 
C - et 

Error <M.V) usUf) D R/ (Ä) 

i 
i 
i 

1—2 
1—3 
1—4 

10,120 
15,196 
20.254 

0.07 
0.10 
0.13 

0.1586 
0.2385 
0.3128 

0.112 
0.252 
0.438 

0.112 
500.0 
660.4 

0.998 
1.002 
1.021 

0.15828 
0.23898 
0.31937 

0.13 
0.24 
0.23 

0.09 
3.33 

10.91 

-0.13 
2.74 

10.26 

2 
2 
2 

1—2 
1—3 
1—4 

10,120 
15,196 

0.07 
0.10 
0.13 

0.1576 
0.2372 
0.3100 

0.110 
0.249 
0.427 

337.2 
494.0 
657.5 

0.998 
1.002 
1.021 

0.15728 
0.23767 
0.31651 

0.13 
0.15 
0.32 

0.34 
5.35 
0.15 

0.03 
4.70 

-0.69 

Additional measurements were made where pairs within 
the same reel were connected in series to extend the 
measurement length. This technique was discussed by 
Busceml and Widmer in 1964.2 Altnough it Is possible 
for couplings within a cable core to alter the mea¬ 
surement paramenters slightly, it was not enough to 
affect the results of measured capacitance up to 0.15 
wavelength. Tables C and D show examples of measure¬ 
ment data and error. Table D shows the error in true 

capacitance (C) when corrected with standard length 
correction factors. Error in corrected capacitance 
of head-to-tail meacurements are shown in Table D. 
Note that only 0.4 percent correction Is necessary for 
22.8 kllofeet of 24 gauge cable when measured head- 
to-tail; for normal measurements, 12.8 percent is 
needed. 

i 

i ,. 
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Appendix 1 - Continued 

Table C 

Capacitance Measurement Data Will Pairs Connected in Series Within a Reel 

Length 
fFeet) 

Wave- 
Length 

Measured 
C. CF 

C 
. 

C£ 
Ufi- 

fc - Cl X 100 
C 

Error (Z) 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

3.800 
5,700 
7,600 
9,500 

11,400 
13,700 
15,200 
17,100 
19,000 
20,900 
22.800 

0.03 
0.05 
0.06 
0.08 
0.09 
0.11 
0.12 
0.14 
0.15 
0.17 
0.19 

0.05812 
0.08915 
0.1188 
0.1480 
0.1774 
0.2046 
0.2319 
0.2562 
0.2783 
0.2977 
0.3173 

1.000 
0.999 
1.000 
1.001 
1.004 
1.011 
1.021 
1.037 
1.059 
1.089 

11.128 

0.05812 
0.08906 
0.11880 
0.14815 
0.17811 
0.20685 
0.236 7 7 
0.26568 
0.29472 
0.32420 
0.35385 

0.05811 
0.08911 
0.11871 
0.14815 
0.17821 
0.20710 
0.23679 
0.26574 
0.29447 
0.32438 
0.35381 

0.02 
-0.06 
0.08 

0 
-0.06 
-0.12 
-0.01 
-0.02 
0.08 

i -0.06 
! o.oi 

Table D 

Head-To-Tail Capacitance Measurement Data With Pairs 
Connected in Series Within a Reel 

Pairs 
Length 
fFeet) 

Wave- 
Length 

Measured 
C. Uf ) CF 

c 
Cm/) 

CZ 
(áíF) 

<e - c) X loo 
c 

Error «) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1.900 
3.800 
5,700 
7,600 
9,500 

11,400 
13,300 
15,200 
17,100 
19,000 
20.900 
22.800 

0.02 
0.03 
0.05 
0.06 
0.08 
0.09 
0.11 
0.12 
0.14 
0.15 
0.17 
0.19 

0.02884 
0.05811 
0.08913 
0.1188 
0.1483 
0.1784 
0.2073 
0.2368 
0.2657 
0.2941 
0.3236 
0.3523 

1.000 
1.000 
1.000 
1.000 
1.000 
0.999 
0.999 
1.000 
1.000 
1.001 
1.003 
1,904.. 

0.02884 
0.05811 
0.08913 
0.11880 
0.14830 
0.17822 
0.20709 
0.23680 
0.26570 
0.29439 
0.32457 
0.35371 

0.02884 
0.05811 
0.08911 
0.11871 
0.14815 
0.17821 
0.20710 
0.23679 
0.2b5H 
0.29447 
0.32438 
0-35381 

0 
0 

0.02 
0.08 
0.10 
0.01 

0 
0 

-0.02 
-0.03 
0.06 

-0.03 

Capacitance measurements and corrections were made on 
the following reels of cable where length was extended 
by connecting pairs in series. The worst errors up 
to 0.15 wavelength are shown when measured capacitance 
was corrected by standard length correction factors 
and by dissipation correction factors. Except for 
the 50 pair 26 gauge cable the largest error in cor¬ 
rected capacitance was 0.55 percent for both length 
and dissipation corrections. The 50 pair 26 gauge 
showed 1.48 percent when length corrections were ap¬ 
plied. This error was reduced to 0.45 percent when 
dissipation corrections were applied. Loop resist¬ 
ance measurements were not made, but capacitance mea¬ 
surements made with other instruments on this same 
length of cable indicate that tne error is due to a 
combination of capacitance measurement error and to 
the loop resistance being greater than 431 ohms per 
mile. Up to one-tenth wavelength, no corrected mea¬ 
surement exceeded 0.5 percent error. 

Table E 

Capacitance Measurement Data - Worst Error 
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A COMPUTARIZED TESTING SYSFEM FOR SYMMETRICAL CABLES 

AND ITS POSSIBILITIES FOR STATISTICAL TESTING. 

D.J. Dekker s. Dijkhuizen, H.L. Goriisen and J.P. Hartwijk 
PTT Administration NKF KABEL B.V. 
of The Netherlands DELFT HOLLAND 

SUGARY 

In this paper a recently developed cable testing sys¬ 
tem for symmetrical cable is discussed. 

This system contains two important elements namely 
connecting tables for connecting up to 60 starquads to 
the system and a process computer for controlling the 

system. Both elements are known in present systems, 
but it is the combination that makes this system very 
advantageous. 

The use of connecting tables is time saving because 
connecting and testing are performed separately. 

Because of the computarication of the system it has a 
high flexibility and it contains some intelligence. 
Judgements about the cable can be made during and 
after testing. 

With this new testing system, we can test on a statis¬ 
tical base, by tsking samples of the starquads in a 

cable and taking cables as samples. This possibility 
can limit the number of measurements and a discussion 
is given on the aim of statistical tests and the num¬ 
ber of tests to be performed. 

Accordingly the cable specification must then be writ¬ 

ten in s statistical way. An example of such a statis¬ 
tical specification is given. 

PRESENT CABLE TESTING SYSTEMS 

In former days the testing of synnetrical cables was 
done by manually operated capacitance, capacitance un¬ 
balance and resistance bridges. Every starquad to be 
tested was connected to the bridges separately and 
thereafter the measurement was carried out and the mea¬ 
sured values were written down on forms. 

This needed, in most cases, two persons; one for con¬ 
necting and one for measuring. Such a system of cable 
testing is of course very costly because it takes much 
time and men power. 

The first time saving step was made with the develop¬ 
ment of automatic capacitance, capacitance unbalance 
and resistance bridges. These bridges can be remote 
controlled and have the possibility of connecting a 
printer to it. 

These features offer the possibility of testing the 

cable by only one person who connects the cable to the 
measuring leads of the test sets. After connecting the 
starquad, measuring and printing out the results are 
performed automatically. 

A next step was to combine these automatic bridges to 

a complete testing system, which includes a capaci¬ 
tance bridge, a bridge for measuring capacitance un¬ 
balances and a resistance bridge. 

An additional control unit offers the possibility of 
measuring the different properties of the connected 
starquad sequently. This control unit was hardware 
programmed. 
For different types of cable the progrsmming can be 

altered by changing connections in this unit. This 

enables us to use the control unit for a range of 
cables. 

A big advantage of this system is the possibility of 

measuring all properties within one starquad by con¬ 
necting it only once. However for measurements be¬ 

tween two starquads new connections have to be made. 

A further improvement is the use of a connecting table 

to which at first all elements of the cable to be 
measured are connected. 

This method is easy and time saving because no 'trip¬ 

ping of the wire insulation has to be done. By means 
of a relay system two independent starquads can be 
chosen and connected to the measuring system. For all 

types of measurements the connections have to be made 
only once. 

Whilst one cable being connected the measuring system 

can measure another cable which was connected to a 
table before. Therefore in the same time this system 

can handle more cables than former systems. 
The control unit for the relay system of the connect¬ 
ing table can be combined with the control unit of 

the measuring system. The programming of the total 
system is in hardware or with a paper tape which is 

stepped through during the measuring procedure. 
In general the output of this kind of systems is a 
paper tape. This makes further analysis of the re¬ 
sults easier to handle. 

This kind of systems still have a number of disadvan¬ 
tages e.g.: 

- Because of the hardware programming the ayatem ia 
not very flexible. 

- Theae ayatems do not have much intelligence becauae 

there are hardly any poaaibilitiea of controlling 
the system on faults during operation. 

- The judgement about the cable has to be done after 
the completion of the testing. If there have occured 

any faults during measuring, sometimes the complete 
testing has to be done again. 

- On line calculations are impossible. 

THE COMPUTERIZED TESTING SYSTEM 

In order to overcome the problems mentioned before, 
we replaced the control unit by a process computer. 
Figure I shows the lay out of the complete system. 

The system consists of the following parts: 

1. Connecting tables manufactured by Sieverts for con¬ 
necting up to 60 starquads sismltaneously. In this 
connecting table any two starquads can be connected 

to the exit of the table by remote control. 
The two ¿tarquads chosen are connected to the ma¬ 

trix, which arranges the proper connection to the 
test sets. The arrangement depends on the type of 
measurement to be carried out. Both the control 

unit for the relays and the matrix are directly 
controlled by the process computer. 

2. Resistance test set, developed by NKF. 
The working principle of this set is based on mea¬ 

suring the voltage over the unknown resistance 
which is connected to a current source. 
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ln ordtr to get a high accuracy the current ia 

100 mA per Ohm. 
The accuracy of the teat ia better than 0.1 Z of 

the meaaurcd value. The meaauring range ia I Ohm 
to 1000 Ohma. The meaauring time ia about 0.1 aec. 

3. Capacitance unbalance and mutual capacitance teat 

act. developed by NKF. 
Thia instrument doea not work with the uaual bridge 

principle but meaaurea directly the current through 

the unknown impedance. Figure 2 ahowa the diagram. 
Both the generator part and the detector part are 

fully floating and have very email atray capaci¬ 
tances to earth. The latter ia obtained by meana 

of guarda. 
The accuracy is 0.I Z of the meaaured value. 

The range ia 0.1 pF to 2 nF in 3 steps. 

4. Process cuapu-^r. 
This ia a standard type process computer (Hewlett- 
Packard). It contains a memory of 8K words of 16 

bits. 
The computer ia program- ihle with every normal 

language. 
Eight 1/0 channels are available for connection of 
the instruments and the peripheral devices. 

5. A standard teletype for operators control, input 
of the specific cable data (such as, type, length, 
cable number) and output of a suanary of the teat 

results. 

6. Paper tape reader for loading the program and paper 
tape punch for storing all individual data. 

SOFTWARE 

System software can be devided in two parts. 

- Basic control system which contains all drivers for 
the devices connected to the 1/0 interfaces, system 
tables, 1/0 handling etc. This part is written in 

assembler language and mainly delivered by the com¬ 

puter manufacturer. 

- User program which comprises all tasks to be per¬ 
formed by the system during operation. 
This program is a combination of subroutines which 
have specific tasks and can be devided in three 

groups: 

1. control of tne measuring instruments and connec¬ 

ting the starquads to be tested to these instru¬ 

ments. 

2. handling the results e.g. 
- calculation of the results to standard length 

and teaq>erature 
- comparing these values with the requirements 

of the cable specification 
- calculation of several statistical characteris¬ 

tics such as mean, standard deviation and ex¬ 

treme values. 

3. input of. the specific csble data and output of 

results. 

This users program is written in Fortran, which 
does not result in the smallest program in core but 
has the advantage that it can be written faster, 

which is needed as for testing any new type of 
cable a new program has to be written. 

Only the routines for chosing the different measure¬ 
ments, for chosing the desired combinations of star- 

quads and for cos^arison with the specification 

have to be changed. 

Figure 3 shows a typical flow chart of a cable test 

program. 

WORKING PROCEDURE 

The computer, the measuring instruments and the input/ 

output devices are not located on the testfloor. Only 
the connecting tables are situated on this floor close 

to the cables. 

On the testfloor the starquads of the cables that have 
to be tested are connected to the tables. One of them 

- about 10 tablet belong to one system - can be con¬ 

nected to the test system. 
There are tiro types of programs. One for the measure¬ 
ments of mutual capacitance and capacitance unbalances 
- in that cate one end of the cable must be open - 
and one for the resistance measurements - in that case 

the same end must be short circuited. 

After initialisation of a program the computer asks 

for the specific cable data, which must be typed in 
on the teleprinters keyboard. These specific cable 

data are tested by the computer. 
After acceptance the measuring instruments are tested 
on proper working by taking measurements of standard 

capacitances or resistances. If the results do not 
agree with the values mentioned in the progrsm the sys¬ 

tem types out a message on the teleprinter and halts. 
Only after repairing, the program can be continued. 

Then actual testing is started. Each value is pro¬ 
cessed and everytiise a value is detected that does not 
agree with the requirements the system types out a 

message and halts. Proper connection of the cable can 
be checked and the program restarted by the operator. 
The latest measurements are repeated. If the results 

are accepted they are punched out. Otherwise the 
message is printed again. Then the operator can decide 

to repeat or to skip certain measurements. 
After completion of all measurements a test report is 

printed out on the teletype. 
A new cable can be connected and the program reini¬ 

tialised. 

ADVANTAGES OF THF SYSTEM 

1. Control of the whole system by the computer. 
Changing software programs ia relatively easy, 

which makes the system very flexible. 

2. Cables have to be connected only once. 

3. During operation the computer can handle different 
fault conditions and take actions. 

4. Corrections for cable length and temperature are 
performed automatically. 
The results can be compared with the cable require¬ 

ments. 
If they do not agree, the system halts and asks for 

a check. 
The measurements can be repeated before punching 

occurs. 

5. Because a computar is available, on line judgements 
on a statistical basis are possible. 
After testing a cable, mean, standard deviation and 

extreme values are printed out. Hereafter the sys¬ 

tem gives a judgement about the cable. 

6. The punched output may be used for further analysis 

by means of other computers. 
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ECONOMICS OF THE COMPUTARIZED TESTING SYSTEM 

The coïts of acceptance tests with this system are at 
present about the same as the costs of former systems. 

Compared with the former systems less people are 
needed but the system costs are higher. Because the 
costs of labour increase more than the cost of elec¬ 

tronics we expect that the system will be economical¬ 

ly advantageous within a few years time. 

ARE ACCEPTANCE TESTS NECESSARY? 

The discribed testing system is very advanced, but 
still costly and therefore one could ask oneself if 
acceptance tests are really necessary or merely a 

custom. 
In discussing this question we shall limit ourselves 

to those properties of symmetric cables which have 
an influence on the transmission performance of the 

network in which these cables are used. 
In the past the quality of the machines in a cable 

factory and of the applied materials was such, that 
the electrical properties of all stranded elements 
could differ much. Therefore all these properties, 
such as conductor resistance, insulation reaistance, 
mutual capacitance and capacitance unbalance, had to 

be meaaured. At that time these measurements were ab¬ 
solutely necessary in order to protect the cable user 

against inferior or even defective products. 
Nowadays cable manufacturing is perfected in such a 

way that : 

1. defects (short circuits, broken wires) hardly oc¬ 

cur any more 
2. the chance of unacc' table deviations of the quali¬ 

ty is relatively small. 

Therefore the acceptance tests are no longer strictly 

necessary. 
One could perhaps even drop the acceptance tests and 
be content with the fact that a cable manufacturer 

guarantees the quality of his products. 
If after applying the cable in a network any defects 
are observed the manufacturer can be hold responsible 

for them. 
However, the quality of a cable is not a workable cri¬ 
terion for the network where it is used in. 
A cable with inferior electrical properties is funct¬ 

ioning most of the times and the laying of such 
cables tends only in the long run to a noticable de¬ 

gradation of the quality of the network. 
If it is to be ascertained afterwards whether a par¬ 
ticular length of cable meets the manufacturer's 
guarantee this is only possible if the relevant elec¬ 
trical properties are meaaured during or after in- 
atallation of the cable. Aa a rule these measurements 

are only carried out in network parts where relative¬ 
ly few cables are used, i.e. in trunk and toll net- 

worka (carrier or loaded cablea! Figure A for in¬ 
stance shows the structure of the Dutch taleconsauni- 

cation cable network. 

When installing local cables they are tested on 
broken wires and insulation resistance only, these 
tests however do not give any information on the 
transmission performance of the cabla. Therefore ac¬ 
ceptance tests are a necessity if we want to prevent 
the transmission performance of the local or urban 

networks from degradation. 

During and after installing toll cables the relevant 
electrical properties are measured. The total length 

of cable pairs, yearly put into service in urban 

networks, is a multiple of the total length of cable 

pairs put into service in the toll connections. 
Dropping the acceptsnce tests of the toll cables will 

therefore give only a relatively small benefit. 
On the other hand the cable manufacturer wants to test 

the cables too in order to monitor his quality and to 

assure that he meets gis given guarantees. 
The benefits of both parties by dropping the accept¬ 

ance tests but still requiring guarantees, will be 
negligible. Moreover, when the acceptance tests are 

dropped and the possible defects are noticed during 
or after installing the cable, the costs of replace¬ 
ment of such a cable are, specially in the Dutch si¬ 
tuation where all cables are directly burried, very 

high. 
The acceptance test thus remains necessary to avoid: 

1. a gradual decline of the transrission performance 

of a cable network 
2. high replacement costs. 

VOLUME OF ACCEPTANCE TESTS 

The necessity of acceptance tests being obvious, we 

still can discuss the volume of these tests in re¬ 

ference to: 

1. the number of properties of the cable which has 

to be tested 
2. the frequency in which each propertj has to be 

measured. 

1.: principle every item mentioned in the specification 
nwt be checked. It should be borne in mind, however, 

that every check takes equipment and labour time and 

therefore costs money. It is true these costs consti¬ 

tuí! only a small portion of the total cost but this 
sheold not tempt us to do more checking than is 
stcictly necessary. Considering the enormous amounts 

that have to be invested in cables, every percent 
that can be saved on the total cost is of great impor¬ 
tance. So for each type of cable it must be considered 
what items of the specification require checking. 
The item uninterrupted conductors, for example, is in 

itself of prime importance but it is pointless to 
check it where cables with thick conductors (dia¬ 
meters over and including 0,8 in) are concerned. 
The same applies to short circuits and insulation re¬ 
sistance and to a certain extend to mutual capacitance 

when testing plastic insulated cables. 
The number of tests carried out on each item to be 

checked strongly depends on the way in which: 

1. the measurements are performed (manually operated 

or with automatic testing systems) 
2. the specification is written. 

With manually controlled measurements, the messuring 

time is long in comparison with the connecting time. 
However when automatic testing systems as described 
above are used, testing times are very short and after 
connecting a cable to the connecting table the number 

of measurements does not matter any more. 
So far it nearly always has been standard practice, 
when specifying cable requirements, to lay down limits 
for the items concerning electrical properties. 
Sometimes two limits per item are given, one for 90 Z 
and one for 100 X of the elements to be checked, but 
in any caae such a specification implies that all the 
items to be checked must be measured on all elements. 

So the volume of an acceptance test can only be re¬ 
duced by decreasing the number of items to be mea¬ 

sured. 
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If on* desires to reduce aleo the number of measure' 
mente per item it will be necessary to waive the 
stipulation that certain limits are not to be ex¬ 
ceeded and to formulate requirements in statistical 
terms. Only then it is possible to reduce further¬ 
more the volume of the acceptance test by taking 

samples. 

REQUIREMENTS FORMULATED IN K STATISTICAL WAY 

The electrical properties: capacitance unbalance, 
mutual capacitance and resistance lend themselves 
well to statistical circumscription of the relevant 

requirements since they are in general normally dis¬ 
tributed and therefore can be characterised by u*c ns 

of the statistical conceptions mean (x) and stanuard 

deviation (<T) 
However fixing x and <T for the various electrical 
properties is rather a problem. 
Only the mean of the capacitance unbalance is well 

defined, since this value must of course be nominal¬ 

ly zero. 
As an example we give a method to obtain the values 

of x and <r of the capacitance unbalance. 
The present requirement for the capacitance un¬ 
balance is, that its value must not exceed a certain 

limit. In practice this upper limit is only seldom 

exceeded. Thi* implies that this upper limit cor¬ 
responds with the 4 to 60*-value, if we suppose a 
normal distribution of the capacitance unbalances. 
If the number of exceedings is I on 10^, the allowed 
maximum is the same as the 50*-value (figure S). 
We might conclude from this that the value 0* must be 
I/5 of the suximum value allowed. However this is 
not a very exact method for determining the value of 

0*. 

The next method it a better one: 

1. Measure the capacitance unbalances with sign of 

a large number of ceblet and determine the fre¬ 

quency distribution. 

2. Examine wether this frequency distribution is 
sufficiently normal and after that calculate the 

standard deviation (r). 

3. Consider the collection of capacitance unbalances 
mentioned above as the population and the number 

of the capacitance unbalances per cable as s 

sample out of this population. 

4. The standard deviation of the distribution per 

sample (*) must have a value of: 

20- 

In this formulae n is the nuisber of capacitance 

unbalances per sanple. 
This value of a lies, according to the probability 
theory, within the 95 l confidence limits (fig. 5 ) 

5. The mean 
must be: 

(xa) of the in point 4 mentioned sample 

x ♦ 
20- 

For the capacitance unbalances we can state: x - 0. 

When we apply this method to the other properties 

then of course x 4 0. 

1. A better opportunity to search for new applicatiors 

of the cables. 

2. Comparing the cables of different manufacturers. 

3. Monitoring the quality as a function of time. 

The advantages for the manufacturer are: 

1. Monitoring of production is made easier. 

2. By continuous knowing the exact quality level the 
tolerances in production can be kept within closer 

ranges. 

3. By taking samples it is only necessa-y to measure 
a fixed number of the elements of a cable. This 

makes the use of one type of connecting table possi' 

ble for all cables used. 

4. Less testing time is needed. Consequently testfloor 

space can be used more efficiently. 

CONCLUSION 

The computarized measuring system described gives cer¬ 

tainly in future a saving of costs because the costs 
of labour are increasing faster than the costs of elec¬ 
tronics. This system gives the opportunity of testing 

in a statistical way. 
Although the manufacturing methods have been improved, 

acceptance tests are still necessary. By defining the 
requirements in statistical terms the number of mea¬ 

surements can be decreased. 
Getting the results per cable in a statistical way is 
advantageous for the user as well as the manufacturer. 

Defining the requirements in this way gives the user 
a more extended knowledge about the quality of the 
cables and therefore the following possibilities: 
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USING A LASER MICROMETER FOR PRECISION CONTROL 
OF WIRE DIAMETER AND POSITION ON A CV LINE

by

F. M. Taylor 
Autometrix Division 

Dayton, Ohio

Laser Micrometer - Operating Principles
A laser micrometer performs a function similar 
to that of vernier calipers. But instead of 
precision mechanical jaws, a precisely 
aligned parallel beam of laser light is used. 
This parallel beam is rapidly scanned over the 
measurement aperture and any object in the 
measurement region will interrupt the beam as 
illustrated in Figure 1. Because the beam is 
perfectlv parallel and because the sweep rate 
is constant, the time dur.tion of the shadow 
cast by the object is directly proportional 
to the dimension casting the shadow. The 
rising and falling edges of this signal are 
used to gate a high frequency oscillator whose 
digital pulses are counted, converted to BCD

(Binary-Coded Decimal) and displayed on the 
front of the readout head. Any of the 
segments of the shadow can be measured by 
this method. Thus, the position of object 
can be measured as well as its diameter. 
Figure 2 illustrates the bloc)c diagram of the 
instrument. A precise and stable drive 
frequency for the scanner motor is obtained 
by subdividing the pulses from the oscillator 
and shaping them into a sine wave. This 
technique "loc)cs" the scan velocity and phr.se 
of the motor to the bit count rate used to 
deteri'ine dist-.ice. This technique provides 
excellent repeatability.

Figure 1. Laser Micrometer System.
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Other Applications 

The laser micrometer can be adapted to 
measure both average diameter and/or ovality 
of wire or cable. Figure 4 illustrates the 
scan mechanism for a two diameter scan system. 
The two diameter measurements are then aver¬ 
aged in the readout head. For ovality, a 
3-scan unit is used to obtain 3 diameter 
inputs (Di, Dj, D,) which are used to solve 
the following set of equations for At, B0 and 

c° 
Ac Di2 -1-0 

^ Ao D,2 B, D,2 + J C, D,2 -1 - 0 

j A0 Dj2 - j B, Dj2 + J Co Oí2 -1-0 

Ao, B0 and Co are then substituted in the 
general equotioi. for an cíipse of arbitrary 
rotational orientation. 

A, X2 + B0 X Y + Co Y2 -1 - 0 

The equation is then reduced to normal form 

where b-a - (Max. Diam.) - (Min. Diam.) 

The process does assume that the out-of-round- 
ness is oval-shaped (an elipse); an assumption 
which is normally justified. The calculations 
are performed on-line by a micro-computer 
interfaced directly to the laser micrometer 
readout. 

For applications involving multiple lines 
which run only one product and do not need 
sophisticated active control loops, the laser 
micrometer can be used with a large number of 
laser heads feeding one central readout which 
automatically monitors each line, as illus¬ 
trated in Figure 5. In automatic sequence, 
the diameter of the wire is measured on each 
line in turn, compared to Hi and Low limits 
previously set by the operator i'or that line 
and a local and remote alarm occurs if either 
condition is exceeded. The system is expand¬ 
able in modular form and offers a significant 
cost savings over having individual systems 
for each line. 

Figure 4. Double-beam laser micrometer. 
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DETECTO* 

Figure 2. Leeer micrometer block diagram. 

on a CV Line 

» “ 
ssîî s-tÄ'-Äsr^r 
■sal Two digital controllers, one for 
^iiionlnd one for diameter then processes 
the *information from the laser micrometer and 
provides independent control outputs. The 
controllers are digital proportioning^ith 
raaat and line speed correction. Control ÎÎ'.li’îlSn.ny .lth.r locally or 

remote. Diameter is contro11^+°010 
inches and position is controlled within +.010 

inches. 

ail innuta and outputs of the control loop are 
diaital^providing excellent repeatability and 

stability. The digital characteristic also 

control and/or monitoring. The r«"°tely 
programmable set points in the 

permit direct computer con“°} °f „^•têrial? 
process, which, in terms of time »^ material, 
is the most wasteful part of the process. 

VULCANIZING CHAMBER 

SIGHT GLASS 

COATING 
- FEED 

CONTROL 

Figure 
3. Control of diameter and position on a CV line. 
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Figure 5. Hultl-llne diuieter monitoring aystem.

Inatrunentinq for the luture
In thia day of ahortagea and ever-increasing 
costs, every effort must be made to run an 
efficient, lean operation. Shipping excess 
product out the door in the way of oversize 
wire and cable doesn't really buy you any 
friends. Of course, it's preferable to 
running undersize and making enemies. But 
the point is that you should avoid both these 
extremes. Manufacture a product which does 
meet minimum specs, but without a layer of 
fat to be "safe". To do thia will often mean 
that the sensors, controls, and/or monitoring 
systems on wire lines must ho to

modern standards. Many, if not most, 
continuous manufacturing processes in the 
United States are already totally automated, 
operating under computer control. This is 
true in the paper industry, sheet plastic, 
refineries, etc. The wire and cable industry 
is behind the times in this respect. In the 
past, we've been able to afford the wastage. 
Not so today. The instruments described in 
this paper were specifically designed for 
integiation into a fully computerized line.
It is time to start moving in that direction.

r. N. Taylor 
Bloyraphleal Sksteh

Nr. Taylor yradnatad froai Ohio Stata Onlraralty with a 
B. S. la l»«, rocalTlm hla M. S. In Miyalea fro* Ohio 
Stato Onlwaralty In l»«t. Ha haa had axtanalwa aaporloneo 
In laaora, alaetro-optlea and thalr application to tho 
problan of Induatrlal control procoaaaa. Hla Boat racant 
afforta have boon dlractad towards eoablnlnc nodom alactro- 
optlc aanaora with ccaipatar-ccavatlhla Inatmaantatlon for 
clooad-loop oontrol of continuous Induatrlal proesasos.
Nr. Taylor la praoantly Taehnloal Director of hotoMtrla, 
Dayton, Ohio.
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THE COOLING PROCESS IN PLASTIC INSULATED WIRE 

J. C. Calhoun and W. M. Flegal 
Western Electric Company, Incorporated 

Norcross, Georgia 

Summary 

Two methods of determining the tempera¬ 
ture distribution In plastic Insu ated wire 
at any Instant Immediately following the ex¬ 
trusion process are reported. The first 
method predicts the temperature distribution 
for a given set of operating conditions. 
The second method measures the temperature 
of the conductor as It Is insulated. Re¬ 
sults of each technique are presented and 
compared. 

Introduction 

The cooling rate of a plastic Insulated 
conductor following the extrusion process Is 
one of the controlling factors In the pro¬ 
duction of Insulated wire. In an ex1sfj"9 
production line, the length of/he cooling 
apparatus determines to a great extent the 
maximum speed at which the H"* ¡’P* 
erated. For a new facility, the optimum de 
sign of the cooling apparatus Is dependent 
on a knowledge of the cooling rate for the 
type of Insulated wire to be produced and 
the Insulating materials to be used. 

In the past, trlal-and-error techniques 
have been used In the design of various 
cooling devices and the methods for 
atlng their performance were more qualita¬ 
tive than quantitative. In other words. If 
the quality of the final Pr02u$J; 
or If the bulk temperature of the finished 
reel was low, then the device was a good 
one. Theoretical methods1« 2 for predic¬ 
ting the Insulation temperature at any time 
after the extrusion process have been de- 
veloped, but these methods required approxi¬ 
mations of the convective heat transfer co¬ 
efficient In the gas and liquid coolant en¬ 
vironments. 

The purpose of this paper Is to present 
a new analytical model which 1* •PP1/«*»1« 
to a wide range of cooling conditions for 
solid, foam, and multi-layer 1"$u1*tl0"*• ^ 
The validity of the model has been verified 
by an experimental method of measuring the 
tempera .ure of the conductor during the In¬ 
sulating process. The experimental results 
are compared to analytically predicted 
values for several Insulation materials, 
line speeds and Insulation thicknesses. 

Theoretical Analysis 

Consider a small segment of bare wire 
that has just entered an extruder die. At 
the Instant that the hot plastic contacts 
the conductor, the conductor temperature is 
approximately constant across Us cross 
section and the plastic Is similarly at a 
uniform melt temperature. The cooling pro¬ 
cess which follows lowers the temperature 

y 

of the Insulated wire segment until it ap¬ 
proaches equilibrium with the environment. 
This cooling results from ex5han?* 
energy between the wire and the Insulation 
by conduction and the Insulation and the 
cooling medium by convection. Some energy 
Is lost by the wire through radiation, but 
It can be shown that this effect Is negligi¬ 
ble. 

Internally, the energy which Is stored 
In the plastic and the metal Is transferred 
radially and longitudinally by conduction. 
The longitudinal conduction may be ne91eÇted 
because the temperature gradient In the lon¬ 
gitudinal direction Is much smaller than that 
In the radial direction, and the cross sec¬ 
tional area for longitudinal conduction Is 
much less than that for radial conduction. 
It may also be assumed that there arec¡£* 
cumferentlal temperature gradients. With tne 
above simplifications, the problem reduces to 
solving the radial heat conduction equal on 
for a cylinder composed of two or more dif¬ 
ferent materials. If the temperature depen¬ 
dence 0?^™«! conductivity and density are 
considered, the heat conduction equation may 
be written 

Ò 
àrV à'/ ' àr * 

(D 

where k Is the thermal conductivity, p Is the 
density and u Is the specific 1nt*r"a1 ‘ 
For the plastic. Equation (1) must be solved 
subject to the following boundary conditions. 

1. The Initial temperature of the plastic 
Is uniform and at a known value. 

2 The energy lost to the environment by 
convection from the outer surface is 
equal to the energy conducted to the 
surface from within. 

3. The temperature of the plast.c and the 
wire are equal at the Interface. 

To find the temperature distribution In 
the conductor, either of two approaches may 
be used. The first approach requires the 
¡Ílütloñ of Equation (1) subject to appro¬ 
priate boundary conditions. In the second 
approach, the conductor 1s c°ns1íe^fa* Î 
body at a uniform temperature. A heat bal¬ 
ance Is then made on the cond“ct°r,?^!?/!je 
additional assumption of constant physical 
properties. For this method to be appli¬ 
cable, there must be a very small tempera¬ 
ture variation between the conductor-insula¬ 
tion 'Interface and the center of the w re. 
This temperature variation will be small it 
the thermal resistance of the wire Is much 
smaller than the thermal resistance of tbe 
insulation. The thermal res1st?!)catls J1 
by R - Ax/k. The thermal conductivity of most 
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plastics Is approximately 2000 times smaller 
than that of metal conductors. Therefore, 
this simplification Is Incorporated Into the 
solution. 

In the cooling of plastic Insulation, 
the heat of fusion released as the plastic 
changes from the molten to the solid state 
must be considered. In most heat transfer 
problems where a change of phase 1s Involved, 
It Is necessary to consider that the heat of 
fusion Is released at a solid-liquid Inter¬ 
face which moves through the material. The 
moving Interface enters the solution as a 
boundary condition coupling the equations 
for the liquid and solid regions. If the 
actual functional relationship between the 
specific heat and temperature Is used, how¬ 
ever, the heat of fusion Is taken Into ac¬ 
count without Introducing a moving solld- 
llquH 1nterf»-e. Equation (1) now becomes 

(2) 

where C Is the specific heat of the material. 
In the following discussion, the heat con¬ 
duction equation as given by Equation (2) 
will be used. 

Solution of Differential Equation 

At this point, It Is necessary to de¬ 
cide what type of solution to seek. An 
exact solution to Equation (2) can be found 
If the surface temperature Is assumed equal 
to the cooling medium temperature (Infinite 
convective heat transfer coefficient) and 
the properties are.consldered constant. 
Guenther and Biggs1 obtained such a closed 
form solution under the above conditions. 
While mathematically sound, this approach 
has limitations. The assumption that the 
surface temperature Is Instantaneously that 
of the cooling medium Is approximate for a 
liquid cooling medium. However, for the 
passage of the wire through an air gap, this 
assumption cannot be justified. In addition, 
special constructions like dual Insulation 
would complicate the solution Immensely. In 
order to solve a greater variety of problems, 
a finite heat transfer coefficient must be 
used at the outer surface. It Is also de¬ 
sirable to consider temperature-dependent 
properties. To find a closed-form solution 
under these conditions would be extremely 
difficult. If not Impossible, and a different 
approach Is necessary. 

The method of finite differences Is a 
flexible approach which can be used In this 
situation. In this mathod, a network of 
nodal points Is superimposed on the region 
under study. Given the temperature at all 
nodes at one Instant of time, the tempera¬ 
ture at a time At later can be calculated 
from an energy balance on each node. If the 
thermal conductivity Is taken to be linear 
with temperature (k ■ k0 ♦ aT), then such 
an energy balance yields 

a At 
2*,C,(Ar) {(’ ^ +(1 ' “ 2T*] 

(3) 

where Ts Is the temperature at nodal point s 
at time t ♦ At, Ar Is the radial distance 
between nodal points, and p. and Cs are the 
density and specific heat or node s at tem¬ 
perature T$. The temperature at time t + At 
depends on the temperature at nodes s, s - 1 
and s + 1 at time t and on the thermal pro¬ 
perties of the material at node s. 

Equation (3) Is valid at all points ex¬ 
cept those located on the boundaries. Spe¬ 
cial consideration must be given to these 
points. The appropriate boundary condition 
must be Incorporated Into the equation for 
the temperature at a boundary node. At the 
surface of the Insulating material, the 
energy lost to the cooling medium by con¬ 
vection must equal the energy conducted to 
the surface from within. Incorporating this 
boundary condition Into the finite differ¬ 
ence equation for the temperature at the 
surface node n yields 

where h Is the convective heat transfer co¬ 
efficient and DOD Is the outer diameter 
(diameter over dielectric). As before, the 
"new" temperature depends on the "old" tem¬ 
perature at adjacent nodes and on the mate- 
rlal's thermal properties. ,In addition, the 
outer surface temperature Tn Is also a func¬ 
tion of the convective heat transfer coeffi¬ 
cient h and of the environment temperature 
T«. The convective heat transfer coeffi¬ 
cient can be approximated using turbulent 
flow over a flat plate theory3 or extrapo¬ 
lated using data obtained by Mueller4 for 
flow parallel to a very fine wire. In ei¬ 
ther case, the heat transfer coefficient Is 
on the order of 10 to 50 BTU/m1n-ftz °F for 
water and 0.1 BTU/m1n-ft2 op f0r air. 

The temperature of the nodal point lo¬ 
cated at the Interface of two dissimilar 
materials (the surface of the conductor, for 
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example) Is found from an energy balance 
which reflects the different thermal pro¬ 
perties of the two materials. By applica¬ 
tion of the appropriate boundary condition, 
the temperature at the Interface node at 
time t + At can be expressed In terms of the 
temperatures at adjacent nodes at time t and 
the thermal properties of the Interface node. 

By calculating all temperatures at time 
t + At and using these values as the initial 
temperatures In the equations, the tempera¬ 
ture at any later time Is found. To main¬ 
tain accuracy and stability of the solution, 
the size of the time step Is limited to very 
small values which makes It necessary to per¬ 
form many calculations In order to study the 
temperature distribution during the desired 
time Interval of several seconds. These 
calculations are handled easily by a high¬ 
speed d i g 11 a i computer. Equations for the 
temperatures at the various nodal points 
have been programmed In Fortran IV, and the 
resulting program has been run extensively 
on a Xerox Sigma 9 computer system. This 
program permits the analytical study of the 
effect on the cooling process of such vari¬ 
ables as wire gauge*, Insulated diameter 
(DOD); Insulation material and construction; 
line speed; heat transfer coefficient; and 
melt, conductor preheat, and cooling medium 
temperatures. 

Figure 1 demonstrates that the results 
from this analysis agree with those obtained 
from the closed form solution of reference 
1 for a very large heat transfer coefficient 
and constant physical properties. It also 
demonstrates the effect that a realistic 
heat transfer coefficient has on the cooling 
rate. 

Experimental Procedure 

The work presented so far has been to¬ 
tally theoretical. Like all theoretical 
work, the level of confidence given to this 
analysis can be Increased greatly 1f the re¬ 
sults are verified experimentally. The pro¬ 
blem then became the discovery of a method 
to measure the magnitude of the Important 
variables. 

The curves of Figure 1 show that after 
a period of time the conductor temperature 
has the highest value In the radial direc¬ 
tion. Since the length of time necessary 
for the Insulated wire to reach a given 
temperature 1s of considerable Interest, a 
measurement of the conductor temperature 
would be an excellent method to determine 
the magnitude of this time Interval. 

One of the most common temperature 
measurement devices Is the thermocouple. 
To use a thermocouple to measure the con¬ 
ductor temperature after the Insulating pro 
cess requires that a method be devised to 
hold the junction In thermal communication 
with the conductor. Another approach would 
be to use the thermocouple Itself as the 
conductor whose temperature It Is desired 
to measure. The major advantage In this 
approach Is that the temperature of the 
junction Is Identically that of the con¬ 

ductor, and the response of the junction to 
temperature changes Is Instantaneous. If a 
high Impedance potentiometrlc device Is used 
to measure the small voltage generated, then 
the length of the wire Is not significant 
since the current which will flow In the 
thermocouple circuit 1s extremely small, and 
the resultant voltage drop In the leads Is 
negligible. This Is Important because long 
lengths of wire (10,000 to 20,000 feet) are 
necessary to use this method In conjunction 
with an Insulating line. 

A copper/constantan thermocouple (Type 
T) was used because copper was the desired 
conductor metal and constantan was the most 
suitable thermoelement material. Lengths 
of constantan and copper approximately 300 
feet long were butt-welded together In an 
alternating pattern to produce a series of 
thermocouples In the same circuit. The 
thermocouples were wound onto a reel, and a 
long copper lead (approximately 10,000 to 
20,000 feet) was welded to the outermost 
piece of constantan. The length of this 
lead was determined by the speed at which 
the line was run and the time required for 
It to reach equilibrium after start-up. 
The lead wire was passed through all the 
machines In the Insulating T1"? *nd1ion’ 
nected to one terminal of a millivolt 
corder as shown In Figure 2. A mercury slip 
ring was used to make rolling contact with 
the bare wire, and was connected to the 
other terminal of the recorder. 

The line was started and brought up to 
speed with the desired Insulation diameter. 
As hot plastic covered each thermocouple 
junction In the circuit, an emf was gener¬ 
ated and recorded. The polarity of each 
response alternated as each successive junc¬ 
tion passed over the slip ring. The slip 
ring sheave was made of copper and acted as 
the reference junction while the constantan 
was In contact with It, and the previous 
junction acted as the reference Junction 
when the copper was in contact with the 
sheave. Only one segment of constantan,was 
required to obtain two response curves.3 
However, three segments of constantan were 
used In each experiment to obtain six re¬ 
sponse curves. If any erroneous signals 
were recorded, the other curves were still 
usable. The repeatability of the measure¬ 
ments could also be verified. 

The melt temperature was measured with 
a hand held thermocouple probe after the 
thermocouple cooling rate experiment had 
been run. A special valve was Installed In 
the extruder head. The extruder was started 
and brought up to the same screw speed, head 
pressure, and output as during the original 
experiment. The thermocouple probe was Im¬ 
mersed In the plastic flowing from the die 
and the measured temperature was used as 
the melt temperature. 

Any type cooling apparatus can be used. 
The temperature of the cooling medium and 
the distance over which 1t was In contact 
with the Insulated wire were measured and 
recorded. This Information used In conjunc¬ 
tion with the computer program permits the 
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cooling rate to be predicted for the entire 
cooling length. 

Discussion of Results 

Experiments were conducted using low 
and high density polyethylene (LOPE and 
HOPE), polypropylene (PP), polyvinyl chlo¬ 
ride (PVC), expanded high density polyethy¬ 
lene (EXHO), and expanded polypropylene 
(EXPP) as the Insulating material. Insu¬ 
lation constructions which have been evalu¬ 
ated are solid, foam, and dual (solid skin 
over expanded core). 

Experimental and analytical cooling 
curves of the various Insulating materials 
are shown In Figures 3 through 8 and the 
applicable extrusion cordltlons are given 
In Table 1. These curves show good agree¬ 
ment between the .nalytid end experi¬ 
mental results. The accuracy of the ana¬ 
lytical results Is greatly dependent on the 
physical property data of the Insulating 
material. An attempt has been made to ob¬ 
tain the best property data available for 
Incorporation Into the computer program. 

The thermal conductivity 1s especially 
significant In determining the shape of the 
cooling curve for a given material. Since 
the thermal conductivity of Insulating 
plastics Is low, It follows that any In¬ 
crease In the DOD would Increase the re¬ 
quired residence time In the coolant to 
reach a given temperature. This effect Is 
clearly exhibited In Figure 9 which shows 
the experimental cooling curves for HOPE 
with DOD's of .043, .049 and .055 Inches. 
Extrusion conditions for these curves are 
given In Table I. 

Experiments were conducted at various 
line speeds from 1000 to 5000 feet per min¬ 
ute. The agreement between the experimental 
and analytical results exhibited no appre¬ 
ciable dependence on the Une speed. The 
thermal conductivity of the plastic is the 
most significant parameter In the heat 
transfer process and tends to obscure the 
effects of changes In other variables. 

Although developed primarily to predict 
the cooling rate of plastic Insulated wire 
for telecommunication applications, the mo¬ 
del Is correspondingly applicable for larger 
size wires and thicker Insulations. On sev¬ 
eral occasions It has been used to predict 
cooling rates of thick walled Insulations 
on large wires. In Figure 10, the predicted 
cooling rate of a coaxial ocean cable core 
Is compared with some experimental results 
obtained at Western Electric's Baltimore 
Works. The agreement between the experi¬ 
mental and analytical values Is seen to be 
excellent. 

Conclusions 

For the first time, the cooling rate of 
dual Insulation can be predicted accurately. 
The cooling rates of solid and foam Insula¬ 
tions can now be predicted using a model 
which has been verified experimentally by 
the unique method of measuring the conductor 

temperature which was developed. Used sep¬ 
arately or together, the analytical and ex¬ 
perimental methods are valuable tools for 
the Insulating engineer. Applying the re¬ 
sults of the techniques presented here, the 
design of the optimum cooling apparatus for 
any wire Insulating application becomes 
feasible. 
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FIGURE 2: EXPERIMENTAL APPARATUS 
FIGURE 5: COOUNG RATE OF CONDUCTOR 

MSULATED WITH PP 

[»STANCE FROM EXTRUDER (FT) 

FIGURE 3: COOLING RATE OF CONDUCTOR 
FIGURE 6: COOUNG RATE OF CONDUCTOR 

WMCE FROM EXTRUDER (FT) 

FIGURE 4: COOUNG RATE OF CONDUCTOR 
MSULATED WITH HOPE 

FIGURE 7: COOUNG RAIE OF CONDUCTOR MSUARD 
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TABLE I 

EXTRUSION CONDITIONS 

Figure 
No. Compound 

Hire DOD 
Gauge (In.) 

Une Bare Wire Melt 
Speed Temp. Temp. 
(FPM) ( r) (°F) 

Air Dlst. In 
Gap Water 

(In.) (ft.) 

3 LOPE 

4 HOPE 

5 PP 

6 PVC 

7 EXPP ¿2«) 

8 HOPE (Skin) 
EXPP (50*) (Core 

9 HOPE 

9 HOPE 

9 HOPE 

10 LDPE 

22 .043 5000 

22 .043 3000 

22 .052 3000 

22 .043 3000 

22 .079 1000 

22 .0825 1313 

22 .043 2000 

22 .049 2000 

22 .055 2000 

5/16" 1.00 33 

76 

82 

80 

78 

77 

72 

82 

73 

83 

100 

472 

515 

452 

370 

404 

540 (HOPE) 
437 (EXPP) 

500 

525 

540 

465 

18 104 

18 120 

18 120 

18 50 

18 104 

6 170 

18 120 

18 50 

18 50 

18 510 
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GAS INJECTION EXTRUSION PROCESS 
FOR A FOAMED PLASTICS INSULATION, 
SUPPLYING A FIXED QUANTITY OF GAS 

M. Azuma K.Orimo K.Toyoda T. Shim ano S. Yamamoto 
The Furukawa Elec. Co., Ltd., Tokyo, Japan 

1. Summary 

We developed a wire coating line for foamed plastics in¬ 
sulated wires by nitrogen gas injection. It was completed 
by development of a gas injection apparatus which is capable 
of injecting a fixed amount of gas into molten polymer in the 
extruder barrel even when the pressure of the molten poly¬ 
mer varies at the gas inlet. This line makes it possible to 
extrude various kinds of plastics on various sizes of con¬ 
ductor at various line speeds by the use of one and the same 
screw, producing foamed plastics Insulated wires of highly 
unlfoam quality. 

2. Introduction 

Development of mechanical foaming method has been 
carried on in many countries since about twenty years ago. 
In the previous meeting of IWCS we reported a wire coating 
process by making gas sorbed into solid polymer pellets in 
the extruder hopper. This time we report on a wire coat¬ 
ing process by making gas injected into molten polymer in 
the extruder barrel that we have been developing along with 
the gas sorbing process, which is simpler and easier to 
operate than most of the conventional mechanical foaming 
methods. 

In the extrusion of foamed plastics insulation, one of the 
requirements that must be met to ensure uniform proper¬ 
ties of insulated wire is to keep the amount of gas dissolved 
in molten polymer uniform until the polymer reaches the 
die. Attempts have long been made to fulfil this require¬ 
ment by injecting gas into the extruder barrel, and they all 
involve gas supply under a constant pressure. In such 
methods, however, the pressure of molten polvmer must be 
kept constant at the gas inlet. For this reason, the pres¬ 
sure at the inlet must usually be kept "zero" or close to 
"zero" and the use of the extruder is limited to a narrow 
range (in respect to output and kind of plastics used). 
Therefore we developed a process in which a fixed amount 
of gas is supplied irrespective of the pressure of molten 
polymer In the extruder and completed a new wire coating 
line in which gas is fed into the barrel. 

3. Flow of gas through a nozzle 

The gas flow through the convergent nozzle (Fig. 1) Is 
expressed by Formula ( 1) below If the gas used is in an 
ideal condition, that is, it is a perfect gas, expands adlaba- 
tlcally, is friction-free, and so on, 

G = aj r-1 /0, ^{(l+x)Ar 
111 

r i (i) 

r-1 
r 2gRT, 

where G : 
P,: 
P2: 

T.. 

r 
K 
a 

Mass flow of gas 
Upstream pressure 
Downsfeam pressure 
Upstream temperature 
Upstream specific volume 
Veloc ty of gas at the inlet-side of a nozzle 
Ratio of specific heats 
Gas c jnstant 
Cross-sectional area of the outlet-side of the 
nozzle 

: Acceleration of gravity 

a ( area ) 

Fig. 1. Cross Section of Convergent Nozzle 

In Formula (1), "x" represents the effect of the velocity 
of gas at the inlet of the nozzle and is usually negligible 
because the velocity of gas is smaller at the inlet than at 
the outlet. 

Therefore, 

G~ F ( r>-jr— ) a . 
Pi /iTr, 

(2) 

r+i 

r' 

F ( y, )/Lili- , plotted in relation to P2/P1, Is shown by 

the dotted line in Fig. 2 in the case of r = 1.4 (N2 gas). 
This curve takes unrealistic values in the range in which 
P2 is lower than Pc (which is the value of P2 when 
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Fig. 2 

F ( r. -D )/4—- is maximum). But this is based on the 
*i/ 2 g r 

assumption that the gas pressure at the cross section of 
the outlet of the nozzle is always equal to ?2. In reality, 
however, when the pressure ratio is Pc/Pi or less, P2 is 
constant Pc regardless of the downstream pressure. 

Therefore, the curve of F ( r. -jj? ver8us *VP1 

becomes as shown by the solid line in the range in which ?2 
is lower than Pc. 

Because of the condition 

J— (F(r.£)} = o . . (3) 
d(£) 

(in the case of N2 gas, Pc * 0.53 Pi) 
Therefore, when the downstream pressure is not more than 
Pc obtainable from Formula (4), the gas flow has no relation 
with the pressure. 

4. Foamed plastics insulated wire manufacturing process 

An outline of the equipment of our process is shown in 
Fig. 3. 

It differs from the equipment of ordinary chemical 
blowing process in that it has a venting type screw, that a 
gas inlet is provided on the middle of the extruder barrel, 
above the venting zone, and that it includes a new apparatus 
that supplies a fixed amount of gas. 

4-1. Apparatus for injecting a fixed amount of gas. 

On the basis of the above-mentioned discussion, we 
devised an apparatus shown in Fig. 4. 

It compresses N2 gas into a high pressure by means of 
a compressor and keeps the upstream pressure (Pi) of the 
metering valve at a constant level by the use of a pressure 
reducing regulator. The value of Pi is so fixed as to make 
the downstream pressure (P2) not more than Pc obtainable 
from Formula (4). The pressure P2 is somewhat higher 
than the pressure of molten polymer at the gas inlet and 
varies with the fluctuation of the polymer pressure. But, 
by fixing Pi as above mentioned, the amount of gas passing 
through the metering valve and flowing toward the gas inlet 
is made constant irrespective of P2. 

In this way, according to insulating conditions, for 
example, the kind of material used, conductor diameter 
insulation thickness, capacitance of wire, line speed, etc., 
die amount of Injecting gas is fixed, then the on-off valve 
is opened and the desired gas flow is preset on the gas flow 
meter by the metering valve. Then the extruding conditions 
are set and the on-off valve is closed. With these done, 
insulated wires having desired properties can be produced. 

4.-2. Extruder and screw. 

the value of Pc is as follows: 

r 

Po = p, Itt-,}7’"1 .(O 

The extruder used in our manufacturing line has a barrel, 
65 mm in inner diameter and 30 in length-diameter ratio 
( L/D), and a screw of venting type which is so designed that 
its venting zone is located just at the gas inlet. The screw is 

HOPPER 

BOBBINS 

TAKE UP \ 
MONITOR 

Fig. 3 Wire Coating Line 
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Q PRESSURE INDICATOR 

TOGAS 
INLET 

METERING VALVE 

-IX- -Ço- 
PRESSURE REDUCING 
REGULATOR 

»ON-OFF VALVE 

REDUCING VALVE 

GAS 
CYLINDER 

TOGAS FLOW METER 
COMPRESSOR 

Fig. 4 Apparatus for Injecting A Fixed Amount of Gas. 

also designe specially to reduce the fluctuation of pressure 
of molten polyer at the venting zone. The pressure in the 
venting zone neeu not be "zeiu" Oi close to zero as 
mentioned in the foregoing. Rather, consideration was given 
to prevent the pressure in the venting zone from changing 
substantially according to the output or the pressure in the 
extruder cross-head. It is known to be difficult to reduo: 
change in the pressure in the venting zone which is deter¬ 
mined by various extruding conditions (for example, line 
speed, conductor diameter, materllas used.) Such diffi¬ 
culty, however, can be overcome by the use of our appara¬ 
tus for injecting a fixed amount of gas described above. 
The apparatus makes it posslvle to Inject a fixed amount 
gas into molten polymer in the extruder barrel Irrespective 
of change in the pressure in the venting zone. 

4-3. Control of capacitance of foamed plastics 
Insulated wire 

The foamed plastics insulation line generally has a tele¬ 
scopic trough at the first section of the cooling trough. 
The telescopic trough automatically controls the capacit¬ 
ance of foamed plastics insulated wire by signal from a 
capacitance monitor. Our process also uses this control 

system. 

Fig. 5 Capacitance of PEF Insulated Wire vs. Quantity 
of Injected Gas. 

Conditions: 
1) Material of insulation - High density polyethylene 

(density - 0.942, M.I. - 0.4 g/10 min.) 
2) Injected gas - N2 
3) Conductor diameter - 0.65 mm (22 AWG) 
4) Insulation thickness without injecting gas - 0.125 mm 

5) Line speed - 750 m/mln. 
6) Air gap between die and trough 

(1) - 10 cm (2) - 20 cm (3) - 30 cm (4) - 50 cm 

(5) - 70 cm 

Fig. 6 Capacitance of PEF Insulated Wire vs. Quantity 
of Injected Gas. 

Conditions: 
1) Line speed - 1000 m/min. 
2) Others are same as Fig. 5. 
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Fig. 7 Capacitance of PEF Insulated Wire vs. Quantity 
of Injected Gas. 

Conditions: 
1) Line speed - 1500 m/min. 
2) Others are same as Fig. 5. 

In Figs. 5 to 7 are plotted the relations between the ca¬ 
pacitance of Insulated wire and the amount of Injected gas 
at different line speeds and for different air gaps between 
the die and the trough In these tests, the diameter of insu¬ 
lated wire in a state were gas in not injected is kept con¬ 
stant (0.90 mm). The figures show that the capacitance 
fluctuation of wire caused by the fluctuationof the amount 
of Injected gas can be considerably made up for by move¬ 
ment of the telescopic trough. 

For example, in Fig. 6, when the line speed is 1,000 
m/min. even if the amount of injected gas changes from 
220 Std. cc/min. to 350 Std. cc/mln. a foamed plastics 
insulted wire having the same capacitance ( 290pF/m) can 
be produced, theorltically speaking, by changing the die- 
trough air gap (air gap between die and telescopic trough) 
from 70 cm to 10 cm. But, if the die-trough air gap is too 
wide or too narrow, it will causes irregularity in the 
electrical properties of the insulated wire produced. This 
is known from Fig. 8 and 9. For instance, when in Fig. 9 
a foamed plastics insulated wire having a capacitance of 
290 pF/m is produced at a line speed of 1,500 m/min. the 
dietrough air gap is 13 cm in the case of 470 Std. cc/min. 
gas injection and the "trough control sensitivity" (change 
in capacitance per centimeter of movementof the telescopic 
trough -pF/m/cm.) is about 2.7 pF/m/cm. In the case of 
310 Std. cc/mln. gas injection, the die-trough air gap is 55 
cm and the trough control sensitivity, about 0.9 „F/m/cm. 
For the same degree of change in capacitance, tnerefore, 
the trough is moved about three times as much in the latter 
case as in the former case. Consequently if the die-trough 
air gap is made too narrow in the capacitance controlling, 
a slight movement of the trough causes a substantial chang 
in capacitance and if the gap is too wide, the movement of 
the trough cannot follow major change in capacitance. 

trough for a specific line speed. In our trial production of 
foamed plastics insulated wire by the newly developed 
process, we preset the amount of injecting gas most suit¬ 
able for a specific line speed, insulation thickness, etc., 
and the moved distance of the trough was within 7 cm. 
Fig. 10 shows the capacitance chart of the insulated wire 
produced in this way (conductor diameter - 0.65 mm (22 
AWG), line soeed - 1,500 m/min.) recorded on the capaci¬ 
tance monitor. 

Air Gas Between Die and Trough (cm) 

Fig. 8 Capacitance of PET Insulated Wire vs. Air Gap 
Between Die and Trough. 

Conditions: 
1) Material of insulation - High density polyethylene 

(density - 0.942 g/cm3, M.l. - 0.4 g/10 min.) 
2) Injected gas - N2 
3) Conductor diameter - 0.65 mm (22 AWG) 
4) Insulation thickness without injecting gas - 0.125 mm 
5) Line speed - 750 m/min. 
6) Quantity of Injected gas 

(1) - 144Std.cc/mln., (2) - 195Std.cc/min., 
(3) - 224 Std.cc/min. 

To prevent these, the amount of injected gas must be so 
controlled as to allow a proper gap between the die and the 
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Fig. 9 Capacitance of PEF Insulated Wire vs. Air Gap 
between Die and Trough. 

Conditions: 
1) Line speed - 1500 m/mln. 
2) Quantity of injected gas 

(1) - 192 Std.cc/min., (2) - 240 Std.cc/mln., 
(3) - 311 Std.cc/min., (4) - 408 Std.cc/min., 
(5) - 470 Std.cc/min. 

3) Others are same as Fig. 9. 

4-4. Range of application 

In most of the conventional methods ir, which gas is in¬ 
jected into the barrel, the pressure of the gas at tne gas 
inlet is kept at a constant level by a pressure reducing 
regulator. Therefore the amount of gas dissolved in 
plastics is changed by the pressure of molten polymer at 
the Inlet, because the amount of gas dissolved in plastics 
is determined by difference between the gas pressure and 
the molten polymer pressure at the inlet. Consequently, 
most of the conventional methods require accurate control of 
the pressure of molten polymer at the inlet. But this Is very 
difficult to perform under a high level of the pressure. In 
experimental foamed plastics insulation extrusion, we obtain¬ 
ed the result that uniform wires can be produced when the 
pressure of molten polymer at the gas inlet is kept at "zero 
or close to "zero". From this we have come to know that in 
such converntional methods the range of material, line speed, 
Insulation thickness and so on for the same screw are limited. 

On the other hand, our method offers a fairly extensive 
choice of material, line speed, insulation thickness, etc., 

Fig. 10 Capacitance Chart of PEF Insulated Wire. 

Conditions: 
1) Material of insulation - High density polyethylene 

(density - 0.942 g/cm^, M.I. - 0.4 g/10 min.) 
2) Injected gas - N2 
3) Quantity of injected gas - 390 Std.cc/min. 
4) Line speed - 1500 m/mln. 
5) Conductor diameter - 0.65 mm (22 AWG) 
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Table 1. Properties of PEF Insulations Produced by Our New Technique 

Conductor 
Dla. (mm) 

(AWG) 

Insulation 
Thickness 

(mm) 

Expan- 
tlon 
Rate 

(%) 

Tensile 
Strength 

(8) 

Elonga¬ 
tion 

(%) 

*1 

Thermal 
Shrinkage 

(%) 

*2 

Thermal 
Stress 
Crack 

*3 
Environ¬ 
mental 
Stress 
Crack 

*4 

Abrasion 
Test 

(Times) 

*5 
Surface 
Rough¬ 
ness 

(/‘) 

0.4 (26) 0.1 14 510 370 0.0 No Crack No Crack 9 1 > 

0.5 (24) 0.125 17 670 410 0.1 No Crack No Crack 25 1 > 

0.65 (22) 0.15 21 840 450 0.0 No Crack No Crack 65 1 > 

Notes: 
•1 
»2 

3 

*4 

*5 

24 hours in 80°C air with conductor. 
The insulated conductor were wound on its own diameter in 20 contiguous turns, 
and keot in 80°C air for 1000 hours. 
The insulated conductor were wound on its own diameter in 20 contiguous turns, 
and kept in 50°C solution of Igepal CO 630 (20% volume) for 100 hours 
Nema type abrasion tester was used. The diameter of the abrasion-bar was 4mm 
and a 500 g dead weight was applied. 
Values are shown by root mean square. 

Table 2. Palr-To-Palr Capacitance Unbalance Within A Quad (pF/m) 

Paper Insulated Cable 
PEF (Chemically Blown) 
Insulated Cable 

PEF (Gas Injection 
method) Insulated Cable 

C ti ble 
Size Average 

Individual 
Maximum 

Average 
Individual 
Maximum 

Average | 
Individual 
Maximum 

0.4 mmrf 
(26 AWG) 
2400 pairs 

59.0 201.3 17.6 85.0 

— 

17.3 

— 1 ' 

84.5 

0.5 mmrf 
(24 AWG) 
1800 pairs 

56.5 187.6 15.9 61.5 15.7 61.3 

0.65 mm0 
(22 AWG) 
1000 pairs 

55.4 176.4 14.4 49.6 14.6 49.7 

because the amount of injected gas Is not affected so much 
by the pressure of plastics. The applicable range of this 
method is determined by the upstream pressure of the 
metering valve and the pressure of molten polymer at the 
gas inlet, that is, venting zone of the screw. As is evident 
from Fig. 2, the smaller the ratio of the upstream pressure 
to the downstream pressure of the valve, the smaller the 
amount of injected gas as compared with the preset level 
measured under the condition that the downstream pressure 
of the metering valve is the atmospheric pressure, and the 
grater the change in the amount of injected gas due to 
fluctuation of the pressure at the venting zone. Therefore, 
the upstream and downstream pressure must be so main¬ 
tained that their ratio will not become too small. 

Since the upstream pressure is limited by the maximum 
operating pressun of the valve, the maximum pressure at 
the venting zone is also limited accordingly from the view¬ 
point of the above discussion. A broader allowable range 
of the pressure at the venting zone means a broader choice 
of material, line spec 1, insulation thickness, and, as Just 
mentioned, this depends on the maximum operating pressure 
of the metering valve. 

As a result of an experimental wire coating made in our 
coating line, using only one screw specially designed by us, 
it was found possible to use both high-density and low-density 
polyethylene as insulation materials and to produce insulated 
wires having satisfactory properties at a line speed of 1.700 
m/mln. for 0.4 mm-and 0.5-dlameter conductors and 1.500 
m/mln. for 0.65 mm conductor. 

5. Properties of insulated wire and cable 

By this new process we Insulated copper conductors, 0.4 
mm (26 AWG), 0.5 mm (24 AWG) and 0.65 mm (22 AWG) in 
diameter, using high density polyethylene (density - 0.942 
g/cm3, M.I. - 0.4 g/10 min.) and nitrogen gas, at the line 
speeds of 1,700 m/mln. for 0.4 mm and 0.5 mm conductors 
and 1,500 m/min. for 0.65 mm conductor. The properties 
of the insulated wires prud’iced are shown in Table 1. The 
wires were made into PEF -LAP city junction cables and 
their capacitance unbalance was measured, with the result 
shown in Table 2, and Photo. 1 shows cable samples and the 
cross sections of the insulated wires used for the cables. 



one screw was used for coating these wires. of co-workers of our laboratory, particularly Mlkio Kanda 
and Mitsuru Sakai. 

6. Conclusion 

As has been described above, we completed a foamed 
plastics insulated wires by gas Injection into the extruder 
barrel, which has a fairly extensive range of application. 
This process is more simple in equipment than most of the 
conventional processes and produces Insulated wires of 
high quality by simple operation. As we have no auxiliary 
equipment for Insulated wires of larger diameter, we have not 
as yet experimented production of wires. But, the application 
of this process to such field is very attractive and we are 
planning to test it in the near future. 
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Photo. 1 Cable Samples and Cross Section of Cores of PEF-LAP City Junction 
Cables Insulated by New Technicyie.

(a) 0.4 mm (26 AWG) 
2400 pairs.

Conditions:
1) Line speed-1700 m/min.
2) Injected gas-N'2
3) (Quantity of injected gas 

175 Std.ee/min.

^ ■"!

aoopo-'-

•jNcno^

(b) 0.5 mm (24 AWG) 
1800 pairs

Conditions:
1) Line speed-1700 m/mln,
2) Injected gas-N2
3) (Quantity of injected gas 

250Std.ee/min.

0
Conditions:
1) Line speed-1500 m/min.

'i'i 2) Injected gas-N2
3) (Quantity of injected gas

(e) 0.65 mm (22 AWG)

300 Stda;c/mln.

1000 pairs
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AUTOMATIC PROCESS CONTROL IN THE INSULATING OF TELEPHONE CABLES 

BY 

E. Kertscher 

Maillefer, S. A. 
Ecublens-Lausanne 

Switzerland 

_Introduction 

High performance extrusion lines for 
the production of plastic insulated 
telephone wires have reached a relatively 
high legree of reliability . This was 
achieved on the one hand by process 
oriented thimcing of bur'.ain equipment 
manufacturers together with a better 
understanding of the total process, and 
on the other hand by the availability of 
raw materials with repeatable characteristics. 
However, it must be mentioned that in 
comparison to other industries such as the 
synthetic fibre industry, the cable 
industry has not made equivalent progress. 

The purpose and goal of this develop¬ 
ment is to provide the telephone cable 
manufacturer with equipment for the 
economical production of telephone wires. 
It is, however, impossible to describe all 
the details involved in these automatic 
controls. Therefore, only the more 
important features of this system will be 
described in detail. An outline will be 
presented showing the way toward automatic 
monitoring and control of groups of 
machines by a central computer. Besides, 
this kind of system can reduce the problems 
caused by personnel shortages and lack of 
qualified personnel. With this system it 
is desired to achieve a balanced optimum 
utilization of machines, materials and 
personnel. Specific emphasis is not 
necessarily on the top speed of various 
machine components but on the followings 

- Continuous production of machines 
without downtime 

- Best material usage with high quality 
output 

- Minimum scrap 

This goal can be achieved with 
meaningful automation and suitable inline 
process control. 

A new generation of high capacity 
telephone wire insulating lines will be 
introduced. These lines are so conceived 
that during operation no adjustments on 
the part of the machine operator are 
necessary. The operating data for the 
production of a particular telephone wire 
are programmed into a data carrier which 
controls the operation of the process. 

The following parameters are monitored 
and when necessary automatically corrected: 

- Capacitance of insulation for 
foamed polyethylene 

- Capacitance of insulation for 
solid insulation 

- Insulation wall thickness 

- Wire elongation 

- Spark test failures 

The above controls are part of the auto¬ 
matic system. 

An accurate length measuring device 
insures constant lengths of wire on each 
reel. 

Color changes can be accomplished at 
full line speed in a few seconds with a 
minimum of scrap. 

2. The State of the Art 

2.1. Classical Composition 
of the Extrusion Line 

The production of plastic insulated 
telephone wires is accomplished either by 
means of tandem lines which besides the 
extrusion equipment also include a wire 
drawing machine and an annealer, or by 
simple extrusin lines whic are fed the 
annealed wire from a flyer type pay-off. 

The following is an outline of the 
personnel requirements for a six line 
telephone wire extrusion department which 
more or less corresponds to what is being 
currently done in the field by modern 
manufacturers. 

Each line has its own operator and a 
helper is available for the supply of raw 
materials and another for the removal of 
the finished wire. 

A group of six lines also requires 
the services of a set-up man and a foreman. 
Besides there is usually an inspector to 
check the quality of the production by 
measuring conductor diameter , insulation 
thickness and centering. Further tests on 
the product are later performed in the 
laboratory. 
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1. Classical Layout for Telephone Wire Insulating Department 

What advantages or disadvantages 
result from this kind of organization? 

- The machine is set up by a specialist 
who is mostly overworked. 

Corrections in the operation of the 
machine are made by the operator or 
the setup man who do not always 
achieve the desired results. 

- Supervision of the operating personnel 
is relatively difficult. 

High personnel requirements, i. e. 
11 persons for 6 machines. 

- Uneconomical use of personnel since 
such machines operating at over 6,000 
ft./min., operate at 90% of the time 
or better. 

- Each reel is checked for insulation 
thickness to avoid waste of materials. 

- Much of the work is still donne 
manually. 

- in spite of the fact that wire 
capacitance, insulation faults and 
wire elongation are usually measured 
and controlled, usually no records 
are provided to record these para¬ 
meters. This results in possible bad 
conductors going into further produc¬ 
tion, resulting in faulty cables 
which are only detected at final 
testing. 

There exist no possibility to analyze 
faults or variations in quality of 
the product. Therefore, the opti¬ 
mization of the production process is 
impossible. 

Valuable data and individual ex¬ 
periences are lost with each change 
of personnel. 

Raw materials are often not checked 
at all. With critical materials this 
can lead to unpleasant surprises and 
a great amount of scrap. 

- All the above problems will sooner or 
later have to be solved. This is 
accomplished by minimizing or if 
possible eliminating the various 
shortcomings. 

In the future it may become easier to 
find * good engineer than a good operator. 
The restructuring of manufacturing 
enterprises is not too far off if it has 
not already started. In general, it is 
doubtful that the quality of the available 
machine operators will improve. 

2.2. How Far to Automate? 

Automation of certain machines or 
processes must take into account, at the 
same time, the work flow before and after 
the automated process. The positioning of 
machines should be such as to minimize the 
movement of products and raw materials. 

y 
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One has to consider both the quantity 
and the quality of the required personnel. 
How such an installation is maintained and 
when necessary repaired must also be taken 
into consideration. 

How far to automate depends to a 
large extent upon the production program 

and the limitations of the process. In 
any case, one must be able to sow savings 
through automation. Automation for its 
own sake serves no purpose. Extrusion 
lines and especially lines for telephone 
wires offer many possibilities to auto¬ 
mate. 
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2. Improved Extrusion Line Layout with Automatic Matrials Handling System 

A production layout as shown in Fig. 
No. 2. above, does no longer require 
individual operators for each line. The 
layout is so designed that the intermediate 
annealed wire is transported to the 
machine at one end and the reels of 
irsulated wire are automatically fed into 
fie twinning machines at the other end. 
7he insulating compound is automatically 
ced through a pneumatic conveying system. 
The operation of the idividual lines is 
automatically monitored and controlled 
through a punch card system. This allows 
fast product changes on the lines when 
necessary. 

Each line can be controlledi 

a) Automatically by means of punch 
cards 

b) Manually 

c) Automatically with manual override 
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Since ell materials handling problems 
have been minimized and the istallation 
operates automatically» the required 
personnel can also be reduced. A instal¬ 
lation of this kind can be operated with 
six people, two operators for the drawing 
machines, two operators for the extruders, 
a set-up man and a foreman or process 
engineer. 

3. Elements of an Automated Insulating 

P*’008** 

Several prerequisites must be ful¬ 
filled to obtain maximum line efficiency: 

3.1 Raw materials with reproducible 
characteristics 

3.2 will^i.gnees t" properly organize 
personnel 

3.3 Employment of the necessary 
machines and devices to insure 
reliable operation 

3.1 Raw Materials 

The quality of raw materials is not 
always uniform. This can lead in certain 
cases to considerable difficulties. 
Problems can be encountered with the 
copper, the plastic insulation or the 
color additives. These problems can be 
eliminated through an incoming inspection 

procedure. 

Allowable tolerances must be adhered 
to by the raw material suppliers. Test 
procedures must be agreed to between the 
suppliers and the user. 

3.2 Willingness to Properly Organize 

A number of organizational problems 
have previously been outlined. 

It is necessary, first of all, to 
understand that a general solution to the 
problem of higher productivity is not 
achieved only through improvements in 
machinery and processing methods. Raw 
material problems, lack of training of 

personnel, prejudices and work rule 
problems can have considerable influence 
over the profitability of an operation. 

Equipment manufacturers are often 
criticized because they are equipment 
oriented and they do not consider how 
tneir machinery fits into the complete 
picture of the cable manufacturing process. 

This criticism may be justified in 
many cases, however, one should not 

generalize. 

We shall return to the problem of 
organization later in order to present a 
well rounded picture of the total problem. 

3.3 Application of Machines and Auxiliary 
Equipment for Maximum Reliability 

It is no longer sufficient, on the 
basis of present day relatively lab°r 
intensive methods, to run extrusion lines 
automatically. Automatically operating 
extrusion lines exist already. Tbe 
extrusion process must be improved by the 
application of the systems approach to the 
problem. In this manner, weak points in 
the process can be identified and eliminate 
to obtain a more reliable production 

svatem. 

It was only possible to assemble a 
programmed extrusion line after sufficiently 
reliable components were developed and 
became available to the system supplier. 
Drift free instrumentation was one of the 
most critical requirements. The requirement 
for daily calibration of capacitance 
gauges and diameter measuring devices etc. 
I_J a.Ä U«, -* 1 — *-a-3 

As a result of this requirement, 
suitable instruments were eventually 
developed which resulted in higher line 
reliability and the elimination of the 
need for many final inspection procedures. 

4. Why a Punch Card? 

The punch card is an information carrier 

of standard size used in many data 
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processing applications. 

The dimensions are as follows: 

Length 7.375" 
Width 3.25" 
Thickness .0067" 

Generally printed information on one 
or both sides of the card explain the 
contents of the card. In comparison to 
perforated tapes or magnetic tapes the 
punch card is a compact unit which can 
easily be filed and sorted. 

The standard punch card (Fig. No. 4) 
consists of 80 rows with 12 holes each. 
In contrast to other data storage devices 
a card is relatively inexpensive and can 
easily be reproduced in cabe of damage. 

The main disadvantage of a punch card 
is its limited storage capacity. For 
example in comparison to perforated tapes 
which can be any length, the punch card 
holds only 80 characters. 

However, this limited information 
carrying capacity is sufficient for 
programming an extrusion line and therefore 
this method was selected. Each different 
product to be made requires a separate 
card. The number of cards required 
depends therefore on the number of products 
to be manufactured. 

A static card reader was selected for 
this application for the following reasons: 

1. As information carrier the punch card 
is inexpensive. 

2. The puch cards and the card reader 
are not affected by electrical noise 
which is usually found in factories. 

3. The use of magnetic tapes would 
require programmable storage devices. 

4. Compared to machine tools, for 
example, the operation of an extrusion 
line is quite different. In programming 
a machine tool successive operations 
are performed. In the operation of 
an extrusion line a certain number of 
parameters are constantly monitored 
and some are constantly automatically 
corrected. 

5. All operations are controlled by 
relays, counter etc. This facilitates 
the maintainance of the equipment by 
generally available factory maintainance 

personnel. 

5. The Assembly of the Installation 

The necessary data for a production 
run are introduced into the system by 
means of the punch card which is inserted 
into the card reader. In this manner 
certain conditions can always be reproduced, 
extraneous information deleted and it is 
always possible to make certain manual 
adjustments. 

5. Schematic of the SECAP System 
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5.1 _Description of Operation 

The layout of the installation can be seen 
in Fig. No. 5 and can be divided into 
three parts. 

5.1.1 The programmmable controller to 
control the installation. 

5.1.2 The production control section 

5.1.3 Equipment Monitoring 

The installation can also be 
operated semi-automatically or 
manually. The selection of the 
mode of operation is made by 
means of a key operated selector 
switch to prevent tampering with 
the equipment by unauthorized 
persons. 

5.1.1 _Programmable Controller 

In this part the following para¬ 
meters are stored: 

- Temperatures of the extruder 
- Temperature of the head 
- Temperature alarms for the 
extruder and the head 

- Take-up speed 
- Drawing machine speed 
- Screw RPM 
- Pay-off speed 
- Take-up reel wire length 
- Nominal wire diameter 
- Nominal capacitance 
- Diameter tolerance 
- Capacitance tolerance 
- Number of allowable spark 

failures per reel 
- Take-up cutover instructions 
- Annealing current 
- Pre-heater temperature 
- Take-up wire tension 
- Regulation of the installation 

5.1.1.1 Process Control 

In order to make the installation as 
versatile as possible the use of various 
materials and combination of materials has 
been forseen. The necessary control 
functions to allow this equipment to 
operate with different plastic compounds 
have been incorporated into the equipment. 

The following controls are incorporated: 

A) Diameter control 

B) Capacitance control 

C) Capacitance control for 
cellular polyethylene 

A) Diameter Control 

Diameter control is used when materials 
are being extruded which do not have 
stable dielectric constants such as PVC. 

With PVC cap-citance control is not pos¬ 
sible. With this type of control either 
the line speed or the screw speed can be 
varied. 

B) Capacitance Control 

Capacitance control can be used with 
materials such as most types of polyetv'”lene 
which exhibit stable dielectric charac¬ 
teristics. The actual control is as in a) 
above. 

C) Capacitance control for 
cellular polyethylene 

To control the capacitance of a 
cellular polyethylene insulated wire a 
special sytem is employed as shown in Fig. 
No. 6. Both the quench point of the wire 
and the temperature of the fourth zone of 
the extruder are varied. 

6. Capacitance Contiol, Block Diagram 

Beyond the above the following are 
also monitored: 

D) Insulation faults 

E) Wire elongation 

D)_Insulation testing 

A high rate of spark failures can 
have many causes« among them the following: 

- dirty conductor or poor tinning 
- moist conductor 
- high insulation eccentricity 
- too much color concentrate 
- poorly mixed color concentrate 
- moisture in the compound 

and color concentrate 
- damaged insulation 

and many others! 

Under normal conditions can the eccen¬ 
tricity of the insulation be easily 
connected with frequent insulation faults. 

As can be seen in Fig. No. 7 the capacitance 
changes little with a slight amount of 
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eccentricity. Further increwe. in the 
eccentricity increase the wire capacity 

considerably. 

In the same sense, as the eccen¬ 
tricity of a conductor increases so will 
eventually the spark faults. 

For this reason a spark tester is, 
even if not directly, a very important 
part of an extrusion system. 

E) Wire elongation 

The elongation of the conductor is 
also an important factor to consider in 

the operation of an extrusion line. A re¬ 
duction in the conductor diameter strongly 
influences the capacitance value of the 
insulated wire. Therefore the elongation 
or rather the reduction in diameter of the 
wire should be always monitored. How this 
is done is shown in Fig. No. 8. 

The high investment in control and 
monitoring equipment can be justified by 
the resulting savings in material, both , 
copper and insulation. It must be considered 
that about 80% of the cable costs can be 
materials, possibly three quarters copper 
costs and one quarter insulation costs. 

Diam. 
Over Ins 

0.4 mm 0.$4 mm 
0.4 mm 0.76 mm 
0.4 mm 10l.80 mm 

ST xt (¡S’ 9V CC4 «í «s "j «Í V 

Eccentricity Eccentricity 

7. Effect of Eccentricity on Capacitance 
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8. Elongation Measuring System, Schematic 

Capacitance in pf/m_^ 
for PE - a- ¿.3 ^ 

9. Capacitance Variations Caused by Conductor Diameter Reduction 
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5.1.2 Production Control 

The following parameters are included: 

- Capacitance 
- Diameter over insulation 
- Insulation faults 
• Wire elongation 
- Wire length on each reel 

The tolerances of the various pro¬ 
duction control parameters are programmed. 
However, in order to limit the number of 
inputs into the control system, only the 
values falling outside those tolerances 
are registered. If one of the controlled 
values is outside its tolerance limit a 
light will blink which must be acknow¬ 
ledged by the operator by pushing a but¬ 
ton. at the same time a card is printed 
which indicates the following: 

An automatic color change system is 
provided. When a color change is desired 
the feeding of the compound and the color 
concentrate is stopped at a precise moment. 
The new compound and color concentrate is 
then fed to the machine some time later. 
This time depends upon the extruder screw 
RPM. After the last reel is filled with 
the old color the reel is changed and the 
color change follows a few seconds later. 
As soon as the new color is established the 
reel is changed again and the short length 
of wire with the mixed color is scrapped. 

Half full reels and reels with defects 
are sorted at the exit conveyor of the 
take-up. They are separated from the good 
reels and a printer prints a ticket in¬ 
dicating the fault on the reel. 

5.1.3 Equipment Monitoring 

- Deviating parameter 
- Reel number 
- Date 
- Machine number 

The production efficiency of each 
machine can be determined at the end of 
each production order. 

fault free reels x length/reel 
total length 

Color changes can be made with the aid 
of a color change counter in a few seconds 
without stopping the operation. Since the 
volume of the granules in the extruder 
remains constant, the color change can be 
programmed depending upon the crossection 
of the extrudate by the use of the table in 
Fig. No. 10. This can be done because of 
the self cleaning feature of the MAILLEFER 
BM extrusion screw. 

Besides the previously mentioned 
controls of the line there are also moni¬ 
toring functions which serve to monitor 
various aspects of the functioning of the 
machine as follows: 

- Extruder temperature tolerances 
- Extruder heaters 
- Thermocouples 
- Heater controllers 
- Punch card reader 
- Air pressure 
- Reel position in take-up 
- Compound in the hopper 
- Programming error in punch card 
- GO or NO-GO for production after 
machine start up 

The individually programmed values can 
also be recorded on a separate punch card. 
The values of all the parameters can thus 
be recorded at one time 

A recorder for the wire diameter and 
the wire capacitance completes the instal¬ 

lation. 

10. Color Change Table 
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PROGRAMM 
ImaiixefswI 

Wir« Cu/Al *0 m» 
Quality 
Ovar laulatlon 0 mm 
Capacity pF/m 
Length of wlra/raal m 

Tolerance e mm 
of elongation max. % 
Tolerance + mm 
Tolerance ♦ pFLm 
Total lengtK to be produced 

Max. elongation t min. 
Material Type 
Colour concentrate Type 
m 

t 

Colour No. 
Colour No. 
Colour Nt. 
Colour No. 
Colour No. 
Colour No. 

reels to be produced 
• • « «* 

Colour No. 
Colour No. 
Colour No. 
Colour No. 
Colour No. 
Colour No. 

reels to be produced 
• M N N 

Temperature 

Zone 1 °C 

Zone 2 °C 

Zone 3 °C 

Zone 4 °C 

Head °C 

Alarm Temp. 

♦ °C 

7 °c 
7 °c 
7 °c 
7 °c 

Start operation level t 

Lino stabilisation at t 

Stabilisation time seconds 

Time before ccntrol on sec. 

Pre-heater temperature °C 

Quality control* 

Type of control 

Capacity 

Diameter 

Insulation 

Elongation 

Production speed m/min. 

Entry capstan speed 4 

Screw speed r.p.m 

Traverse (aversge) no 

Servo-control system* 

Cap./telescopic trough 

Cap./screw speed 

0 /screw speed 

Tension on dancer* 

1.4 Kp/cm2 

1,8 Kp/cm2 

2.5 Kp/cm2 

3,2 Kp/cm2 

* Mark where applicable 

i « i 

11. SECAP - Production Data Sheet 

12. Order Processing and Punch Card Generation 
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6. Determination of Production Dat^ 

The production parameters for a par¬ 
ticular wire are detemined by means of a 
one time experimantal run. The data is 
then recorded on a puch card which later 
serves to repeat the production run. The 
values as indicated in Fig. No. 11 are 
determined and recorded. 

Obviously in order to determine this 
data a knowledge of and considerable 
experience with extrusion operations is 
required. 

The data is then analyzed and processed 
as shown in Fig. No. 12. 

When a new order is received it is 
necess»!.'/ find oi t whether this operation 
has already been performed. If this job 
has already been run then a punch card with 
the required data is sent to the supervision 
of the production department who use this 
card to set up the machine to run it. 

With the aid of the punch card reader 
which is incorporated in the extrusion line 
control cabinet it is possible to check the 
value of various parameters of the wire 
which is being produced against the desired 
value as indicated on the control punch 
card. See Fig. No. 12. 

* «tut »atilt ol tka Haa 

■ I tut patat al tha latraPu <•■*> 

c itahtUaatlaa at tpaU vt 

D Patat al apaaktaalaa* uaaluatioa (OCCI 

( Pradaatlaa tarai *1 a *1 

P atart al pcataattaa 

13. Line Start-Up Program 

The machine operator receives together 
with his production order a punch card 
which is used to control the process. He 
mearly inserts this card into the machine 
selects the number of reels to be run and 
then performs certain manual functions such 
as loading the reels, the compound, the 
conductor and inserting the proper tooling 
into the extrusion head. The machine will 
then do nothing until the proper extruder 
temperatures have been reached. At that 
time a signal lamp lights and the operator 
can push the ON button to start the 
operation. 

There exist a number of ways to bring 
the line up to production speed one of 
these methods is shown in Fig. No. 13. 
This process can be optimized to eliminate 
as much as possible the production of 
scrap. 

The points B, C, D, E, and F can be 
located to suit the particular process 
depending upon the conductor and the 
insulating compound used. 

As outlined above the control system 
incorporates enough flexibility to allow 
the production to be varied and to make it 
possible to accept a practically infinite 
variety of production programs. 

Because of the number of inline cotrols 
in the system which constantly monitor the 
quality of the wire it is possible to limit 
the final quality control of the wire to 
statistical checks. This of course is 
based on the assumption that the raw 
materials entering into the process meet 
all required specifications. 

7. Maintainance 

All the major components of the system 
are plug in type units for ease in main¬ 
tainance as shown in Fig. No. 15. 

Therefor in case of a malfunction of 
the system it is easy to interchange the 
units. Beyon this there exists a logic 
diagram for the complete installation which 
allows the operator or the maintainance man 
to quickly determine in which unit the 
problem lies. 

Some of the modules are also equipped 
with trouble lights which indicate when 
there is a malfunction in the module or 
when the program is not correct. 

8. Expansion Possibilities 

This whole system is computer com¬ 
patible and isofar as the SECAP system is 
not used as a closed loop system the 
information can be fed into a computer 
which can supervise a number of extrusion 
lines. 

It is also possible to cetralize the 
critical components in an air-conditioned 
room for supervision of the whole 
manufacturing program. 
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14. Process Control and Statistical Quality Control, Logic Diagram 
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15. SECAP Control Panel
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INTRODUCTION 

Background 

Most designs of multipair coinr^unication cable contain 
at 1east one * '•ket nf polyethylene. In some cases, 
more than one polyethylene jacket is required. Pro¬ 
viding a process to apply these jackets uniformly has 
long been a goal of the Western Electric Company. 

The jacketing process involves passing a multipair con¬ 
ductor core through an extruder where a cylindrical 
tube of polyethylene is applied. It is desirable to 
maintain uniform thickness of the polyethylene jacket 
around the cable and along the cable length. Accom¬ 
plishing this Involves both the extrusion process and 
techniques for monitoring and controlling the cable 
jacket thickness. 

Difference in opposite wall thicknesses is referred to 
as eccentricity and is stated as a percent of desired 
nominal thickness. Major adjustment of eccentricity 
is accomplished by lateral and vertical positioning of 
a movable die about a fixed core tube in the extruder. 
Smaller variations in eccentricity occur because of 
out-of-round core and the position of the core in the 
core tube. 

Jacket thickness uniformity along the cable is deter¬ 
mined by the ratio of line and extruder speeds. Con¬ 
ventional control systems maintain this ratio once it 
is set by the operator. Pertubations of either the 
line or screw speeds separately cause jacket thickness 
variations. 

Potential Jacketing Improvements 

The most desirable cable jacket is one that has zero 
eccentricity and sufficient thickness to protect the 
cable core. Such a jacket would have minimum cost 
(material usage) and the cable would be easy to handle 
and splice. We have previously applied excessive 
jacket material in some areas to assure adequate thick¬ 
ness of the overall jacket because of difficulty in 
achieving low eccentricity. Poor response of the 
eccentricity measurement has been a primary cause of 
difficulty. Measurement equipment was located near the 
take-up reel, typically about 90 feet from the extrud¬ 
er. Precise adjustment of eccentricity was precluded 
by the 1 1/2 to 3 minute delay between crosshead ad¬ 
justment and measurement of the effect. 

Systems that were used to measure jacket thickness and 
eccentricity mechanically "scanned" around the cable. 
One scan cycle would require more than one minute of 
additional waiting time. Furthermore, most cables 
twist in the cooling trough so that orientation of the 
cable changes between the point of adjustment and the 
measurement location. 

A separate difficulty in achieving good eccentricity 
has been in positioning the die at the extruder. A 
large wrench and much muscle has been required with 
poor incremental control. These factors combined to 
make a 35 percent eccentricity seem good. 

Developments Needed 

In order to improve eccentricity, the first step was 
to develop a sensor that could be located near the 
extruder to measure jacket thickness at four locations 
simultaneously around the cable. Several techniques 
were investigated and success was achieved with a 
pulse echo ultrasonic approach. With non-contacting 
probes located within 18" of where the cable enters 
the cooling trough, the Ultrasonic Jacket Thickness 
and Eccentricity Test Set senses a change in eccen¬ 
tricity a few seconds after an adjustment is made at 
the crosshead. 

A second development was required to facilitate easy 
adjustment of eccentricity. Western Electric's 
Phoenix Works developed an electrically positioned 
adjustable core tube and Eccentricity Controller. The 
controller automatically changes the eccentricity of 
the extrudate to make opposite wall thickness equal 
based on eccentricity signals from the test set. 

After the jacket thickness sensor and eccentricity 
controllers were operational, we ware in a position to 
achieve further savings in jacket materials by auto¬ 
matically controlling thickness. A Jacket Thickness 
Controller was developed to adjust the ratio of line 
and extruder speeds to maintain the desired average 
jacket thickness. 

Figure 1 shows the Ultrasonic Jacket Thickness and 
Eccentricity Test Set, Eccentricity Controller, and 
Jacket Thickness Controller as they exist on a jacket¬ 
ing line. All three systems work together to improve 
jacket quality and to conserve jacket material. 

JACKET THICKNESS TEST SET 

Desired operating characteristics of a jacket thick¬ 
ness sensor are: operation near the extruder, non- 
contacting on the cable surface, measure both inner 
and outer polyethylene jackets, and produce outputs of 
thickness and eccentricity suitable for automatic con¬ 
trol. After considering several different sensing 
techniques, ultrasonics was chosen for intensive 
in1 estigation. 

Ultrasonic Principle 

Figure 2 shows the functional arrangement for the 
ultrasonic pulse-echo measurement approach. Only one 
of four measurement channels is shown. Water of the 
cooling trough serves as the coupling medium for 
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transmlttli.g the ultrasonic energy to the cable jacket. 
Operation consists of pulsing an ultrasonic crystal, 
which transmits a "ringing" signal through water to 
the cable jacket. Part of the signal reflects off the 
outer surface of the jacket and returns to the crystal, 
which then operates as a detector. A second reflection, 
or echo, occurs off the inner surface of the jacket and 
arrives back at the crystal after the outer surface 
reflection by a time difference that relates to thick¬ 
ness of the cable jacket. These echo signals are then 
processed to produce a measure of jacket thickness. 

The amount of processing to obtain thickness depends on 
the uniformity and stability of sound velocity in poly¬ 
ethylene for different extrudate temperatures and 
jacketing line conditions. Empirical data based on a 
large assortment of cable samples indicated a suffi- 
ciently constant sound velocity to scale echo separa¬ 
tion time directly into jacket thickness for all cable 
sizes. 

Test Set Operalion 

Referring to Figure 2, the Receiver Amplifier provides 
40 to 60 db of gain with a bandwidth of over 30 
megahertz. This provides echoes in the volt range for 
the Receiver Logic circuit which then produces a pulse 
width corresponding to echo separation time. The 
Interval Counter quantizes the echo separation with a 
resolution of + 10 ns (about +. .2 mil). The counter 
output is a 10 bit binary number to indicate thickness 
and the number is stored in a Buffer between successive 
measurements. A Digltal-to-Analog Converter then pro¬ 
duces an analog thickness output. 

Achieving an operational jacket thickness measurement 
system was made through progress in areas such as 
ultrasonic crystals, electronics, and polyethylene 
sound properties. 

Ultrasonic Crystals 

The crystals are excited by a voltage impulse, which 
causes cyclical mechanical stresses in the crystal 
material. These stresses generate high frequency pres¬ 
sure gradients or waves in the water coupling medium. 
The pressure waves, varying in intensity as a damped 
sinusoid, propagage to the cable jacket surface where 
a reflection occurs due to acoustical Impedance mis¬ 
match. This generates the outer surface echo. Part of 
the wave travels into the cable jacket, and a second 
reflection occurs at the inner surface of the jacket. 
This determines the second, or inner surface, echo. 

There are two essential points to consider when 
selecting a crystal for cable jacket measurement -- 
one is electrical and the other is physical. The _ 
electrical constraint is the impulse response ringing 
time of the crystal which determines the minimum thick¬ 
ness that can be measured. Since the crystals tend to 
ring for a fixed number of cycles, crystal frequency 
must be 5 to 10 megahertz in order to have a first echo 
of about .Sus or less duration. This corresponds to 
about 10 mils of polyethylene jacket thickness. 

The primary physical constraint is that the crystal 
must tolerate normal cable motion without loss of sig¬ 
nal. After experimentation with different crystal 
designs, a 1 1/2 inch wide unit was used across the 
cable to tolerate up to + .75" laterel and v6rtical 
cable motion. To maintain signal quality, uniformity 
in crystal sensitivity over this 1 1/2" width must be 
achieved. 

Electronics 

Earlv electronics development concentrated on the 
Puiser and Receiver Amplifier circuits. ™î£ase 
Dulsers were used to evaluate insensitive crystals. 

Kin band «(dtb. M9b 9.1". 1« ™ “„r!cre„ '' 
amplifier was required. Later improvements in crysta 
sensitivity reduced these requirements somewhat. 

The novel electronic developments were incorporated in 
the Receiver Logic function. This circuit receives 
the echo signals as input and produces a Pu]*®d^°se 
width corresponds to echo separation. The leading 
edge of the first echo signal, through threshold de¬ 
tection, determines the beginning of a Puls® . 
width is determined by the leading edge 
echo. This circuit also examines characteristics of 
the first and second echoes and produces an Act;^e 
Signal pulse for each valid measurement. Because o 
occasional noise pick-up or poor crystal/cable al g^ 
ment, excessive errors were 
gence" was added. In case an Active Sgnalpuseis 
not generated during a measurement c>¡c 
previous good measurement is retained in the B^fer. 
The Active Signal is also an enable for both the 
eccentricity and thickness controllers. 

It should be noted that the echo characteristics 
tested by the Receiver Logic are presently calibrated 
for hot polyethylene jackets and the ^at 
Western Electric uses. Cold polyethylene, othei 
jacketing materials, or different crystals yield co 
siderable different echo patterns. 

Polyethylene Sound Properties 

Two sound properties of polyethylene, acoustical 
impedance and propagation velocity, are Par^du^ly 
important. Both depend on temperature and had not 
been previously investigated for extrudate tempera¬ 
tures. Also, both could be calculated from more 
fundamental material properties, but these properties 
are also unknown for extrudate temperatures. 

Acoustical impedance is important because it affects 
the strength of the echoes and the PÇnetrationofthe 
ultrasonic energy into the polyethylene. The first 

echo reflection depends on the.d1"e^*d!*ea The1’ 
cal impedance between water and the extrudate. ine 
ultrasonic energy not reflected propâgâtestowardthe 
inner surface of the extrudate. There a second re¬ 
flection occurs. This second echo is sufficiently 
strong when polyethylene Interfaces with either air, 
metal, flooding material or core wrap. Since the 
acoustical Impedance mismatch between polyethylene 
and water is low, the second reflection easily escapes 
the jacket and propagates to the crystal. 

Propagation velocity of sound in poiyethylene effects 
directly the echo separation time and reto^ed thick¬ 
ness. Extensive on-line tests were condu^®d d 
termine the effects of jacket cooling °n the propa¬ 
gation velocity and the most desirable loc»t1on 
the ortibes. Echo separation times were recorded at 
one- and two-foot Intervals along the cooling troughs 
of several different jacketing lines. 1"creeses in 
propagation velocity of 100 percent from hot to cold 
conditions were generally PrevJ1®"t- ^ 
samples of jacket thickness and coding the data 
to corresponding chart recordings, the most s-able 
propagation velocity was found to occur near -he 
pxtruder We could not detect a difference in 
nrooaaation velocity for different cable types at 
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the entrance of the cooling trough over the normal 
extrudate temperature range. However, If line speed 
were reduced below 20 feet per minute, a significant 
Increase In propagation velocity would occur due to 
jacket cooling and cause the test set to Indicate a 
thinner than actual jacket. This could be corrected 
In the test set by recalibrating for the lower speed 
if desired. 

Performance 

The ultrasonic test set meets all of the desired 
operating characteristics mentioned previously. 
Measurements of jacket thickness are made at a 500 Hz 
rate on each ultrasonic probe In a top, right, bottom, 
left sequence. Orthogonal pairs of thickness meas¬ 
urements are subtracted to yield top/bottom and left/ 
right eccentricity signals for automatic eccentricity 
control. The four thickness and two eccentricity out¬ 
puts are displayed continuously on the front of the 
test set. Also, thickness and eccentricity data are 
on a linear c..--t .per so th»t Interpretation Is 
direct. This allows operating and quality assurance 
personnel to readily monitor the jacket quality. 
Furthermore, the quick response of the test set has 
permitted analysis of the jacketing lines to locate 
the causes of jacket thickness fluctuations. 

ECCENTRICITY CONTROLLER 

While the ultrasonic test set was being designed, 
development work was also concentrated on a method to 
automatically control the eccentricity of the plastic 
jacket. A device was developed that physically moves 
the tip of a guider tube within the extruder die. In 
this way, the flow of plastic material being extruded 
onto the cable core Is controlled. Through the opera¬ 
tion of an Eccentricity Controller, stepping motors 
position the guider tube In the lateral and vertical 
directions. Signals from the ultrasonic test set are 
used by the controller to determine when and In which 
direction the guider tube should be moved to correct 
the eccentric jacket. 

Controller Design 

The Eccentricity Controller was designed around the 
premise that trying to control to perfect concen¬ 
tricity was unrealistic. Acceptable levels of eccen¬ 
tricity were determined and limits were set. If the 
controller detects an out of limit condition, for 
example In the vertical plane, the motor which moves 
the guider tube In that plane In gated on with the 
direction of rotation determined by the controller. 
The motor Is allowed to run for a maximum predeter¬ 
mined amount of time and then gated off. The results 
of the guider tube movement do not show an Immediate 
change of eccentricity on the ultrasonic test set. 
There are two reasons for this delay: (1) the plastic 
takes time to readjust to the new flow pattern, and 
(2) there Is a physical separation between the sensing 
devices (ultrasonic crystals) and the tip of the 
guider tube. After the motor Is gated off, the con¬ 
troller waits for another predetermined amount of time 
before an additional change can be made. If the 
eccentricity of the plastic being extruded onto the 
cable after this off-t1me Is still out of limit, the 
above mentioned cycle repeats. The same adjusting 
procedure as stated In the vertical plane Is also 
used In the horizontal plane. 

Controller Operation 

The front panel of the controller Is shown In 
Figure 1. Two modes of operation are manual and 
automatic. In manual mode, the controller responds 

to direction from the joy stick to change eccentricity 
without feedback. In automatic mode the joy stick Is 
disabled from eccentricity control and signals from 
the ultrasonic test set are In command. 

The controller uses six signals from the ultrasonic 
test set. Two are percent eccentricity signals and 
the remaining four are the active Signal verification 
pulses. Top/bottom percent eccentricity is given by 
the following equation: 

% Ecc. * (T - B) 100 
NOM 

where T = top plastic thickness In mils, 

B = bottom plastic thickness 1n mils, 

and NOM = desired thickness in mils. 

In a similar manner, left/right percent eccentricity 
Is developed. With these two eccentricity signals, 
the controller determines If an out-of-limit eccen¬ 
tricity condition exists and In which direction the 
guider tube should move to bring the eccentricity 
back within limits. The limits are adjustable so 
that different operating conditions of a particular 
jacketing line can be taken Into account. For exam¬ 
ple, If the core is very Irregular due to small 
diameter variations In a particular plane, the most 
optimum limits are + 10 percent. If the core is regu¬ 
lar, as In a small diameter cable, the limits can be 
set for automatic operation of + 5 percent. If the 
limits are too low, the controlTer will oscillate th_ 
eccentricity between the limits. 

The four verification signals originating in the 
ultrasonic test set are Indicators that the thickness 
data coming from a particular test set channel Is 
correct. The eccentricity controller monitors these 
four signals and If any one of the two for a parti¬ 
cular plane Is missing, either vertical or horizontal, 
the approorlate eccentricity adjustment motor Is kept 
off. As an example, If the bottom Active Signal is 
missing, the eccentricity controller detects this and 
gates off the motor which drives the iu1der tube 1n 
the vertical plane. The vertical drive motor Is kept 
off #: long as the Active Signal from the bottom Is 
missing. Since only the bottom verification signal 
Is missing, the eccentricity controller still con¬ 
trols In the horizontal plane. 

Status 

The Eccentricity Controller is In operation at. six 
Western Electric Wire and Cable locations. Expected 
savings have been obtained 1n achieving uniform 
jacket thickness around the cable. Furthermore, 
start-up time and operator attention to the jacketing 
line have been significantly reduced. 

JACKET THICKNESS CONTROLLER 

The thickness of a polyethylene sheath placed on a 
cable depends upon the speed of the cable moving 
through the jacketing line and the rate at which the 
polyethylene Is supplied from the extruder. Thick¬ 
ness may be controlled by changing either the line 
speed or extruder speed. A Jacket Thickness Con¬ 
troller has been designed to accept the measure of 
thickness produced by the ultrasonic test set and 
adjust the ratio of line speed to extruder speed to 
effect the desired thickness control. 
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Figure 1 presents a photograph of the controller front 
panel. Presently this controller is being installed 
on all applicable Western Electric jacketing lines.

SUMMARY

New cable Jacketing equipment which monitors and con­

trols Jacket thickness and eccentricity has been 
developed. Improved quality of the Jacket has been 
achieved while reducing the Jacket material used. 
Furthermore, the better process control has permitted 
the specified cable Jacket thickness to be reduced 
thus allowing additional material savings. Automatic 
operation of the quipment has reduced operator atten­

tion to the Jacketing process, and eliminated difficult 
start-up procedures.
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TECHNIQUES IN MANAGING A TELEPHONE TRUNK CABLE NETWORK 

_TO PROVIDE ECONOMICAL. DEPENDABLE SERVICE_ 

by 

J. M. Robertson 
Rochester Telephone Corporation 

109 South Union Street 
Rochester, New York II4.6O7 

SUMMARY 

The objective of this paper is to demon¬ 
strate the importance of the management and 
administration of a typical telephone cable 
network, in completing the mission of the 
design, engineering, mar,ufactuning and in¬ 
stallation personnel by furnishing superior 
telephone service to the public. The 
industry should be commended for the techni¬ 
cal advances and accomplishments achieved in 
the telecommunications field over the years. 
In local line plant, for instance, the advent 
of PIC (polyethylene insulated conductor) 
cables, color coded, laid up in binder groups 
and designed for ready access terminals could 
be regarded as the most notable advance of 
the 1960s and has enabled very effective 
utilization of distribution cables compared 
to the old fixed count terminal method. 

TRUNK NETWORK 

It is proposed however, not to dwell on 
the many complexities of outside plant local 
distribution, but to describe in some detail 
the telephone trunk cable plant of the Metro¬ 
politan and Suburban areas of the Rochester 
(N.Y.) Telephone Corporation. The present 
cable network comprises cables placed in 
1899, having textile insulated conductors and 
with lead sheath up to the latest 197U 
products of pulp insulated, Stalpeth sheathed 
unit type cables wich interstitial pairs. 
During the years between, many different 
types of cable have been installed, fortun¬ 
ately all working together compatibly - by 

design. 

In the network to be described, there 
are 92 physical routes of all gauges up to 
19, or 20 lb/mile loaded and non-loaded com¬ 
plements with many cable carrier installa¬ 
tions ranging from N toll grade and short 
haul analog to PCM types. Excluding three 
microwave systems, this trunk network pres¬ 
ently supports the following statistics shown 

in Figure 1. 

Physical Carrier 
Conductors Channels 

Total Facilities 38,3214- 

Traffic Circuits Working 16,6147 

Special Services Working 1l4i5l8 

Defectives 2,565 

Spares U»59l4 

14,528 

3,1452 

575 

501 

These trunks serve a base of 310,000 
Main Stations in a 2500 square mile area, to 
give a frame of reference of the ratio of 
lines to trunks. 

The actual administration and assignment 
of the available facilities in the trunk 
network is performed by a supervisory clerk 
operating a Computer Consoles machine employ¬ 
ing disk storage devices and video terminals. 
Print-out facilities are available for work 
operations or study purposes and statistical 
data may be readily extracted from the record. 

CONTINUITY OF SERVICE 

It is in the selection of routing 
patterns, judicious assignment of facilities 
and application of protective measures that 
the trunk network is rendered more reliable 
than if routine assignment procedures were 
practiced. 

Continuity cf service is the primary 
consideration in any telephone network and a 
very high standard has come to be expected by 
the public in the North American continent. 
None can predict the moment, however, when 
emergency or catastrophe might render the 
availability of a telephone as a service of 
the utmost importance. In the Direct Distance 
Dialling trunk hierarchy many alternate routes 
have been provided but it is in the local Toll 
areas that more can be done in utilizing 
existing plant to attain a greater degree of 
security and reliability. 

Telephone service interruptions in urban 
areas, other than those involving individual 
subscribers, invariably may be attributed to 
cable damage by domestic services contractors, 
highway reconstruction operations, corrosion, 
electrolysis, lightning strokes, power con¬ 
tacts or other hazards. While damage to 
subscriber distribution cables can result in 
considerable inconvenience to customers in a 
specific area, the interruption of service in 
a trunk cable affects all of the subscribers 
calling beyond the local switching machine. 
Consequently our main concern must be for 
those cable sheaths in which are routed the 
interoffice, toll connecting and other high 
grade circuits linking the particular Central 
Offices and the outside world. 

TYPICAL ROUTING 

In the typical urban area shown in 
Figure 2, the main Toll Center is surrounded 
by switching centers contained within a single 
exchange area. The trunk networit will comprise 
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a variety oí Traffic circuits; large groups 
of direct inter-office or high usage trunks 
between adjacent Central Offices having high 
community of interest; smaller groups of 
inter-office trunks between distant Central 
Offices may route via intermediate Main 
Distribution Frames; various types of Toll 
Connecting trunks with which we are partic¬ 
ularly concerned, will usually occupy 
separate sheaths from the high usage inter¬ 
office trunks. Included in the Toll Connect 
category of trunks are two directions of 
inter-local overflow trunks switched at a 
local tandem machine to serve as a secondary 
route to the directly connected inter-office 
trunks in normal circumstances and es primary 
service in the event of disruption of the 
high-usage trunk routes. See Diagram No. 3« 

PROTECTIVE MEASURES 

It is proposed now to describe the 
procedures and practices which have been 
developed in an effort to prevent cable 
damage or at least minimize the effect on 
telephone service in the event of interrup¬ 
tion of a trunk cable. 

STAKE OUT 

The first precautionary measure is 
directed at the hazard of dig-up by contrac¬ 
tors, by making available a common reporting 
center operated .y the "Utilities Coordinat¬ 
ing Committee" which serves all utilities, 
city and county agencies. This center, 
manned 21; hours, receives calls from contrac¬ 
tors proposing to excavate on highway or 
private property and by means of teletype all 
participating agencies in the scheme are 
alerted. Each utility arranges for stake-out 
at the appropriate time and place if their 
plant is involved or in the vicinity oí the 
contractors' operations. The prom; ■ attention 
given by the utilities to these requests for 
location and stake out of services since in¬ 
ception of the program, has encouraged 
contractors to rely upon the system and has 
facilitated their construction activity with 
the assurance of the presence or absence of 
power, telephone, gas, water etc, services. 
The Tele number for "Dig-up Alert", as the 
service is entitled, is well publicized in 
all Media and is contained In the preface to 
the telephone directory. Etaphasis on this 
Joint effort, which has already reduced 
incidence of cable interruptions, will impart 
a greater security to the underground plant 
of all services. 

AIR PRESSURIZATION 

A second scheme for the protection of 
the trunk cable network utilizes a system of 
continuous flow dry air equipment available 
in every Central Office cable vault since 
1957. Each machine applies dry air at lj.0oF 
and 10 lbs./square inch pressure to all 
cables, subscriber feeder or trunk, to 
prevent the ingress of moisture in the event 
of a sheath break. In trunk cables, pressure 
contactors set to operate at one pound less 
than the pressure measured at the location, 

are installed in convenient manholes at 
approximately 12,000 feet intervals and con¬ 
nected to dedicated alam pairs within a 
trunk complement. These alam pairs are 
connected in series with alam pairs in other 
trunk cables in such a manner that loops are 
formed from a centralized test center where 
the loops teminate on "in" and "out" jacks as 
shown in the Sketch No. U. A contactor, 
reacting to a loss in air pressure because of 
a sheath puncture or break, places a short on 
the alam pair to display the operated con¬ 
dition at the maintenance center. Precise 
testing of the loop resistance by means of a 
Wheatstone Bridge to the activated contactor, 
both from the "in" and the "out" jack, if 
necessary, will define the manhole or splice 
location of the fault by reference to pre¬ 
recorded values of loop resistance measured at 
the time of installation of the contactor. If 
a resistance measurement is obtained on one 
jack and an open circuit reading on the other, 
it can be assumed that loss in pressure has 
been caused by a cable disruption in one leg 
of the loop. 

The system of looping alam pairs up to 
the 10,000 ohms supervision limit of the 
equipment is most economical in alam 
circuitry and has enabled the whole Metro¬ 
politan Trunk Network to be monitored from one 
location at the downtown main emergency center 
with a single 30 jack installation test board. 
Alam pairs are invariably jumpered straight 
at intemediate Central Office MDFs, but these 
points are, of course, readily available and 
accessible for confimation of test resistance 
measurements if the bothway loop around test 
proves to be suspect for some r’eason. 

The Plant Operating Pract.ce specifies 
that the contactor trouble report be investi¬ 
gated and cleared in four hours by cable 
repair personnel. The practice also provides 
for alam loop continuity tests on a weekly 
routine basis and it will be readily sepr that 
a shorting plug in jack number one will 
activate the alam for loop number one if 
alam pair continuity exists. 

METROPOLITAN DIVERSE ROUTING 

The third method of protecting the trunk 
network and at least assuring a measure of 
continuity of service, with an accepted 
degradation of grade of service, is entitled 
"Diverse Trunk Routing". The procedure really 
consists of good bookkeeping practices and 
judicious assignment of facilities and equip¬ 
ment. 

The development of an interoffice trunk 
network in most urban areas will be found to 
follow a growth pattern whose incremental 
nature of provision at engineering economic 
intervals lends itself to diverse routing. 
The nature of the growth and the gradual 
expansion of the cable plant may obscure this 
fact and unless an overall fundamental plan is 
evolved, many opportunities for providing 
diverse routing and obtaining the consequen¬ 
tial security of service may be overlooked. 

Hie first step in arranging, or perhaps 
"re-arranging" is more appropriate, the trunk 
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facilities is to classify those Toll Connect­

ing Type trunks and inter-local overflow 
trunks to which diversity should be accorded. 
These are the trunks which provide access to 
and from the outside world, either directly 
dialed or operator assisted, via the ODD 
Network together with the overflow trunks 
which serve as back-up to all of the local 
high usage trunk groups.

The next step requires examination of 
the various trunk complements with particular 
reference to geographic routing, separate 
cable sheaths, transmission loss if physical 
and if carrier, system availability to the 
home Toll Center. These trunk complements 
should then be graded for each Central Office 
as first choice, second and so on, preferably 
in order of reliability.

The procedure to be followed next is to 
ensure that each type of traffic circuit 
group is equitably assigned to the primary, 
secondary or other route up to the limits of 
facility availability. It is most desirable 
that the separate facility tr .ismission 
losses should be closely matched, although 
adherence to standard design limits should 
ensure that no more than two ub disparity 
occurs in circuits of similar category i.e. 
toll connecting trunks design conforms to Via 
Net Loss +2.5 db maximum db and direct 
interoffice trunks VNL + 5 db maximum 8 db.

The form shown in Figure S> is represen­

tative of the record used to effectively 
control the assignment and display the dis­

tribution of the various circuits among the 
available transmission media. In the event 
of disruption of a route, the circuits 
remaining intact will be readily discernible.

What has been expected, and so far has 
been achieved, of the foregoing measures is 
that the loss of a trunk cable in the Metro­

politan Network will neither result in 
dislocation of traffic flow nor complete 
isolation of a Central Office from the outside 
world. It is not intended that the Busy Hour 
grade of service - usually .01 probability - 
will obtain in those emergent circumstances 
but this is a small price to pay for contin­

uity of service.
Constant surveillance must be exercised 

in maintaining diversity, once established, as 
rearrangements and changes in the trunk plant 
could very well undo a well thought out plan.

The principle of diversity need not bo 
costly to implement but should bo superimposed 
on the plan for provision of growth in trunk­

ing facilities.

SUBURBAN TRUNK NETWORK
The suburban trunk network poses a 

different problem, for the multiplicity of 
cable routes of the Metropolitan area does not 
prevail. The routes depicted in this Sketch 
No. 6, mostly carrier routes, mainly utilize 
cables 100 pair or less and because the growth 
rate is small there are seldom requirements 
for parallel cables. In these circumstances, 
the position is taken that a damaged color

coded cable can be quickly restored by cable 
repair forces. Despite this approach, an 
opportunity to provide diversity will occa­

sionally be presented and it is proposed to 
conclude this talk by describing a means of 
exploiting an existing network configuration 
bv closing a ring at small cost, as shown in 
Sketch No. 7.

The various community dial offices are 
served by N analog carrier routes from the 
Toil Center in a clockwise pattern. The 
first cable route in a clockwise direction 
carries 16 carrier systems and with two more 
to be added in 1'i»75. the carrier compJ ement 
approaches exhaust.

Expansion of cable plant for subscriber 
service between the Toll Center and the first 
office i.n the counterclockwise direction, 
offered the means of establishing a ring main 
of trunk cable pairs as shown.

The next Diagrcm No. 8 demonstrates the 
proposed plan for the addition of carrier 
systems which will, in the ultimate, serve 
each CDO with cable carrier systems routing 
to the Toll Center over clockwise and counter­

clockwise routes.
Ihe protection derived from this arrange­

ment and the economy of plant and equipment 
achieved will be readily apparent from the 
sketch. The slow growth rate of toll 
circuits characteristic of these Community 
Dial Offices should ensure that this plan 
will provide for the development of the area 
for many years.

In conclusion, it is hoped that this 
description of Management of a large Indepen­

dent Telephone Company's Trunk Network will 
serve as a guide to others in the industry 
seeking to provide the most reliable 
telephone service possible.

John M. Robertson 
109 South Union Street 

Rochester, New York II4.6O7

Born in Ayrshire, Scotland in 1915. John H. 
Robertson attended Glasgow Royal Technical and 
Nottingham University Colleges. He received 
telecommunications training in the British 
Post Office and was employed in Engineering 
and Traffic Divisions in Glasgow and London 
from 1938 to 1953. He served in the Royal 
Corps of Signals during World War 2. Elnployed 
since 1955 with Rochester Telephone in various 
capacities, he is presently Engineering 
Manager-Trunk Facilities.
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SIMULTANEOUS FIELD SPLICING AND TESTING 

By Gary H. Knippelmier 
Automation Products Company 

Austin, Texas 

ABSTRACT 

Recent improvements in wire Joining techniques have 
greatly increased efficiency. Concurrently, 
pressure has Increased for quality with respect 
to cost and service. These factors have been the 
stimulus for improving the fault detection and cor¬ 
rection techniques utilized in cable splicing. 
This paper will define the most common cable ir¬ 
regularities, determine a measuring parameter and 
its limitations, describe the physical measurement 
methods and detail an optimum technique for ob¬ 
taining quality without sacrificing efficiency. 

I. CCMJON SPLICING AND CABLE FAULTS 

The most common types of construction cable ir¬ 
regularities for new cable are opens, crosses, 
splits, shorts and grounds. 

An open is obviously a non-continuous pair or 
wire in a pair. The majority of opens are lo¬ 
cated at the splice points and are due to craft 
error when splicing, although some opens are 
created during cable installation and others 
are caused by manufacturing process problems. 
Opens can be detected by measuring the mutual 
capacitance (Cm) and comparing it with a good 
pair or measuring wire to sheath capacitance and 
comparing it with a good reference. 

A cross is defined as the metallic connection of 
one wire of a pair to another wire in a different 
pair. A schematic representation is shown in 
figure 1. Crosses are caused by cable damage or 
by excessive pair handling causing wire insu¬ 
lation to be removed. Comparison of the wire to 
sheath capacitance will detect a cross as well 
as measuring the Cm and comparing it to a 
reference. 

Splits are defined as the metallic connection of 
one wire of a continuous pair to a wire of 
another continuous pair as shown in figure 2. 
Although this appears to be a rather difficult con¬ 
figuration to obtain, it is a common occurrence 
when enough wire is exposed during splicing to 
allow the pairs to become untwisted. Splits 
can only be detected by comparing the mutual 
capacitance with a reference. The only places 
where splits can occur are at connection points. 

A short is defined as a metallic connection from 
one side of a pair to the other side. Shorts, 
like crosses, are caused by cable damage or 
insulation removal resulting from excessive pair 
handling. Shorts can be detected either by 
measuring continuity or by comparing Cm to a 
reference. 

A metallic contact between one or both sides 
of a pair and the sheath is known as a ground. 
The primary cause of grounds are the same as for a 
short or cross. Detection is possible by 
measuring conductivity between the pair and sheath 
or again by comparing Cm. 

A change in the mutual capacitance of the affected 

pair is common to all the irregularities that have 
been previously mentioned. 

II. LIMITATION OF USING MUTUAL CAPACITANCE FOR 
THE MEASURING PARAMETER. 

A three port artificial line was constructed in 
order to measure the effect of each type of 
irregularity with length. One section of the 
artificial line is shown in figure 3. Some cable 
on-reel specifications limit the mutual capaci¬ 
tance to 0.083 ± 0.006 uf/mile, which is a range 
of * 7.2%. If this range is used to set the maxi¬ 
mum acceptable Cm variation, the ability of a 
Cm measurement to detect each type of fault can 
be determined. Figure 4 shows the amount of faulted 
cable required to give a 7.2% change in the mutual 
capacitance for the irregularities that are length 
dependent. Figure 4 also points out that splits 
are essentially undetectable if they occur in the 
last 201 of a cable run. 

Let us consider methods for making the actual 
physical measurement. 

III. TESTING METHODS ON NEW CABLE 

A. Testing from the mainframe out, as 
cable is being spliced, is probably the most 
common system in use today. The MDF is the only 
place where the pairs are easily accessible, and 
a number of test sets are available which can 
access the pairs via MDF shoes. The biggest 
disadvantage from the mainframe is that splits 
in the last 20% of the cable can not be detected 
consistently. Since the measurement point is 
fixed throughout the splicing operation, there is 
no way to design out the cable tolerance limitation. 
Also, since the testing is usually done after 
the splice is complete, re-entering the splice to 
make corrections is normally required. 

B. A second method involves testing the cable 
at the splice point after the splice is complete. 
This method has the advantage that the 20Ï limi¬ 
tation can be planned out by selecting the 
splice lengths that are greater than 20* of the 
total as shown in figure 9. Also, most faults 
can be corrected before the splice is closed. 
Craft confidence can be increased because each man 
is testing his own work. The main disadvantage 
of splice point testing is that accessing pairs 
at the splice is a very time consuming procedure, 
since each pair must be manually attach) d and the 
working environment in most Instances is far from 
ideal. Also, both ends of the cable must be cleared 
before meaningful results can be obtained. 

C. The third method of new cable testing 
is simultaneous splicing and testing of each 
pair. This method requires a connector presser 
with automatic means of making metallic contact 
to the pair being spliced and a PASS-FAIL indi¬ 
cation. 

Although this method would still require both 
ends to be cleared, this is a small amount of 



r time ill relation to re-entering even one splice 
arid appears to be the optimum method both in 
terms of time and accuracy.

IV. ANALYSIS OF A PASS-FAIL FAULT DETECTOR FOR 
SIMULTANEOUS SPLICING AND TESTING.

In order to detect the cable irregularities dis­

cussed previously with a PASS-FAIL system, a 
measuranent method must be used that will 
measure Cm for cable lengths from 300 to 40,000 
feet and the test needs to be fa.ct enough to 
avoid slowing down the splicing operation.
The steady state solution of the general trans­

mission line equations defines the propagation con­

stant of a pair as
\|(R + JwL) (G + JwC) = o+ JB

If the measuring frequency is decreased to 200 Hz 
or less, we need to consider the effects of inter- 
facial polarization on the measured results.
Interfacial polarization will exist in most 
dielectrics that are made up of two or more substances 
having different dielectric constants and conductivities. 
In most multi-pair cable the dielectrics would be 
represented by either paper-ai" or polyethylene-air.
In composite dielectric systems, the capacity is
dependent upon the charging time due to the
accumulation of charge at the interface between
two layers and whose resistance may be high
enough so that the interface does not beccane completely
charged during the time allowed for charging.
If absolute capacity magnitudes had to be mea­

sured such effects would need to be considered 
in more detail. However, if the measurement sys­

tem worked on the ratio of jjair capacity, inter- 
facial polarization could be minimized.

where: R = series resistance
L = series inductance 
G = Parallel conductance 
C - mutual capacitance 
o = attenuation constant 
B = phase constant

The characteristic impedance of a pair is defined as 
Zo =\|r + jwL/G + ,iwC (2)

The PASS-FAIL system described in the next sec­

tion uses a very low frequency charge integration 
technique to measure the pair capacity. A sys­

tem block diagram is .shown in Fig. 8. The mea­

sured value is compared against a digitally stored 
reference value to determine if the pair is defec­

tive. The total splice and test operation requires 
less than 250 milliseconds. System linearity is 
better than IJ over the range from 300 feet to 
40,000 feet.

The line impedance can be represented as a function 
of cable length as

V.

1 * r- (e

where: Pr

I

-?a£ -2jBt

.1 ■ Fr (« ■ - )

reflection coefficient 
cable length

(3)

\ = 2n/B = VP/f 
Vp = velocity of propagation 
f = frequency

(4)

If the maximum operating length is set at 40,000 
feet for 26 AWG, using H88 loading. Fig. 7 demon­

strates that the maximum frequency should not be 
greater than 200 Hz.

OPERATION OF A SIMULTANEOUS SPLICING UiU 
TESTING SY.Srm.

As a pair approaches its characteristic im­

pedance, it can be observed that faults such 
as splits, opens, grounds and crosses, which are 
capacity dependent will not give a uniform percent 
capacitance variation with respect to length.
See Fig. 6. One method of reducing the propa­

gation effect is to operate at a frequency where the 
maximum cable length is less than 20J of the 
wavelength. The wavelength is defined as

There are a couple of systems available today 
which are capable of testing some of the modu­

lar type of splices, but the system I am going 
to describe operates with the Taped B-Wlre Con­

nector. The splicing machine is a pneumatic 
operated presser as shown in Fig. 9 which is 
equipped with 2 probes for metallic contact to 
the B-Wire Connector. The taped connectors are fed 
into the machine and precisely aligned.
After the wires are inserted into the connectors 
and the presser button depressed, the probes 
enter the small holes in the back of the connec­

tors as the presser completes the crlmpirig cycle.
At the end of the cycle, the probes are with­

drawn and the connector tape cut allowing fie 
crimped pair to be ejected. The presser also has 
a sensory switch which activates the rASf-FAIL tester 
when the probes have engaged the ccnnecto.-s. The 
system has been in field operation for over four years.

Gary H. KnippelAler h*a been alloyed by AjioMilon Product* Cosparvy for the 
past four year* as a Oeelgn Engineer for outalde plant test equipment. Prior 
to joining APC he am* Involved In the leslgn of autonatle fault taolatlon 
equljweni for Collins Radio Company. He received his B.S. of Electrical 
Bnclneerlng degree fro* the University of Houston In 1966 and is a BMber of 
the IEEE and Eta Kappa Nu.



The PASS-FAIL unit shown in Fig. 10 is acti¬ 
vated by connecting to the presser unit. The 
START switch is depressed and the LED on the 
presser lights. The first pair to be spliced 
is inserted into the presser and the presser 
button held down, within 2 seconds the LED will 
extinguish or an alarm will sound. If the LED 
goes out, the unit was able to range up to the 
proper cable length, measure the pair's capaci¬ 
tance and digitally store a normalized value 
for the pair. If the alarm sounded, the pair 
was either shorter than 300', longer than 
40,000' or had a resistance fault less than 
1 meg olm. Assuming the pair was good and 
within the range of the unit, the splicer 
would begin splicing without any additional 
adjustments. The unit would then compare each 
newly spliced pair with the initial pair and if 
the spliced pair had a capacitance value of 
+ 7.2Ï different from the stored value, the 
alarm would sound for approximately 1 second 
and the LED on the CS-10 would blink indi¬ 
cating a bad pair. Because of Murphy's Law, the 
first pair selected for setting the unit may not 

fall in the center of the cable's normal capacitance 
distribution. An added feature of the unit is that 
it performs a limited range "tweaking" of the stored 
reference value. After approximately 20 pairs have 
been spliced the reference value will have changed to 
a value that closely represents the average pair. 
If the alarm sounds, the pair can be tested 
manually to determine if the internal probes in 
the presser made good contact or if the pair is 
definitely out of tolerance. The direction to the 
fault can be determined by cutting the pair and 
resplicing each side with another pair. The 
pair that remained faulted would determine the 
direction. 

A 25 pair automatic scanner is available which 
functionally works the same as above except that 
the bad pair number is digitally displayed when 
a fault is encountered. The scanner is equipped 
with interface cables to adapt the unit to tht 
different types of modular splicing systems. 
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AN A'.L POLYETHYLENE CABLE SPLICE EMPLOYING HEAT FUSION 
TECHNIQUES FOR POLYETHYLENE JACKETED CABLES 

by J.G. Nevison and D.T. Parr 

Telephone Cables Division 
British Insulated Callender's Cables Limited 

Prescot, Merseyside, England. 

Summary 

The Jacket closure designs generally 
available for plastics jacketed cables are 
briefly reviewed and it is concluded that a 
fusion method is likely to offer the best 
security. The development of such a system 
over the past decade is described and the 
relevant features of the technique, the 
splicing equipment and components are 
discussed, together with the results of 
laboratory tests and field experience. 

Introduction 

The traditional paper insulated lead 
jacketed telephone cable is rapidly being 
superseded by plastics jacketed cable in the 
toll and trunk network and plastics insulated 
and jacketed cable in the distribution network 
with a clear trend towards the latter for all 
networks. Consequently the need arises for 
a plastics jacket closure design which is 
comparable or superior in performance to the 
plumbed lead sleeve commonly used for lead 
jacketed cables. This paper describes the 
development of a jacket closure design for 
polyethylene jacketed cables which comprises 
essentially a polyethylene sleeve with ends 
fused to the cable jacket by an injection 
moulding process such that a true weld is 
obtained between the sleeve and jacket. The 
integrity of the closure so formed makes this 
design particularly suitable for toll and 
trunk cables of high circuit capacity where 
maximum security is of prime importance. 

Design Requirements 

When considering the development of any 
new splice closure design the parameters of 
importance must be established. In general 
the requirements are as follows: 

(a) Splice Closure Materials 

1) Simple component design. 

2) Minimum number of components for 
a given closure size. 

3) Minimum range of component sizes 
to cater for all possible splice 
and cable configurations. 

4) Low cost components. 

(b) Splicing Tools 

1) Robust simple design with high 
reliability. 

2) Minimum number of tools .for a given 
closure size. 

3) Minimum number of tools to cater 
for all cable diameters and 
combinations of cable sizes. 

4) Low cost. 

5) Portability. 

(c) Technique 

1) Simple; to reduce operator training 
to a minimum. 

2) Quick? to reduce operator cost and 
increase efficiency. 

3) Manual skills should be reduced to 
a minimum. 

(d) Design Considerations 

1) Integrity and strength of jacket 
closure equal to that of the cable 
jacket. 

2) Ability to accommodate all cable 
diameters. 

3) Facilities for multiple cable 
entry. 

4) Ease of reopening and reclosure. 

5) Ability to test the jacket closure 
immediately after completion. 

6) Capable of use in all climates. 

It is considered that the closure design 
to be described fulfils the above require¬ 
ments although provision for multiple cable 
entry is restricted to four cables which may 
be inadequate in exceptional circumstances 
and thus require the introduction of an 
additional splice for flexibility. This 
means that the splicing system is entirely 
adequate for the toll and trunk cable network 
and also for the normal requirements of the 
local distribution network. 
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w Choice of Fusion Technique

The success of polyethylene as a cable 
jacketing material has been due in part to 
the fact that it is largely chemically inert 
and therefore not subject to corrosion in 
the same way as the earlier metal jacketed 
cables using lead, aluminium or steel. 
Unfortunately this very property makes it 
difficult to achieve a satisfactory bond to 
polyethylene with the result that the splic­

ing of polyethylene jacketed cables is still 
the subject of much development work in which 
no single technique has yet received universal 
acceptance. Resins, particularly of the epoxy 
type, have been used extensively. They 
attempt to obtain a satisfactory key to poly­

ethylene by mechanical means relying on the 
contraction which takes place when the resin 
cures. Unfortunately differential expansion 
between the resin and polyethylene which 
occurs on temperature cycling reduces their 
effectiveness and usually it has been found 
necessary to roughen the polyethylene jacket 
or flame treat it, prior to the application 
of the resin, to improve the adhesion.

Similarly due to the high temperature 
coefficient of expansion of polyethylene 
coupled with its cold flow properties, designs 
of the pot and bung type which atte.mpt to 
obtain a seal to the polyethylene by mechani­

cal compression have achieved only limited 
success and usually a secondary closure such 
as a compound filled box has been found 
necessary to achieve adequate performance.

In the light of the above experience it 
was considered that systems which n.erely 
attempted to stick polyethylene splicing 
components to the polyethylene cable jacket 
would be inferior to a true fusion technique 
as a means of achieving a high integrity 
closure, particularly against the probable 
advent of hign capacity coaxial cables 
jacketed in polyethylene. Accordingly it was 
decided to pioceed with the development of a 
fusion type splice involving the forming of a 
mould cavity around the cable jacket/splicing 
sleeve interface and injecting molten poly­

ethylene into this mould so as to weld the 
jacket to the sleeve.

L _■
Figure 1 Electrically heated Injection gun

Figure 2 Splicing Jig

Figure 3 Transparent acrylic thermoplastics 
mould box

Initial Design of Fusion Closure

The initial arrangement comprised an 
injection gun, splicing jig, transparent 
acrylic thermoplastics mould boxes and 
splicing components consisting of a cylind­

rical polyethylene sleeve and two sleeve to 
jacket adaptors. The foregoing items are 
shown in Figures 1-4. The jacket adaptors 
are necessary to avoid the need for massive 
moult j to bridge the relatively large d’.a- 
metev step between the cable and splice 
sleeve respectively.

Figure 4 Polyethylene sleeve and two sleeve 
to jacket adaptors
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The method of operation consisted 
essentially of injecting molten polyethylene 
at a temperature of 330°C into a transparent 
acrylic thermoplastics mould box surrounding 
the cable jacket and the end of the sleeve to 
jacket adaptor. With the transfer of heat 
from the injectant, the surfaces of these 
components are melted thereby purging them of 
any oxidised surface film. This permits 
fusion in the molten state between the 
surfaces of the injectant, the cable jacket 
and the adaptor, this fusion remaining to the 
solid state. 

The transparent acrylic thermoplastics 
mould box is formed from two mating halves 
which are clamped together; one half contain¬ 
ing an entry port and the other an egress 
port for the polyethylene injectant. The 
advantages of transparent acrylic thermo¬ 
plastics as a mould box material are that it 
enables the whole operation to be seen and 
controlled; also it does not stick to the 
injectant, jacket or adaptor and being an 
insulating material it prevents rapio loss of 
heat from the injectant, which is required 
for melting the components to be fused. Its 
disadvantages as a mould material are lack of 
mechanical strength and vulnerability to 
damage coupled with a tendency to warping 
under the influence of the relatively high 
injectant temperature. 

In practice the molten polyethylene is 
at first injected rapidly into tie mould until 
this is filled and polyethylene Is seen to 
exude from the egress port. This is possible 
because at the aforementioned temperature the 
polyethylene is of low viscosity and by rapid 
injection the cable jacket and adaptor can be 
surrounded with molten polyethylene before 
melting of these components takes place. Heat 
transfer to the inside of the cable jacket is 
also minimized. 

When the mould box has been filled with 
injectant, the remainder of the molten poly¬ 
ethylene in the injection gun is forced more 
slowly through the mould so that a good rate 
of heat transfer from the molten polyethylene 
to the cable jacket and adaptor takes place, 
and any oxide films are washed away. If the 
colour of the injectant is different from 
that of the components to be fused, melting 
of the latter will be indicated by the colour 
traces in the material issuing from the outlet 
port. Melting of natural polyethylene 
components can also be observed as they become 
transparent. 

In order to ensure adequate heat transfer 
occurs and to reduce the element of operator 
judgement necessary for the operation, both 
the injection gun and mould volumes were 
designed on the basis of extruding a full 
charge through each mould. 

When the contents of the injection gun 
are exhausted it is disconnected from the 
mould box and rams are fitted to seal both 
the inlet and outlet ports. The purpose of 

these is to prevent the formation of 
contraction voids in the polyethylene injectant 
which would otherwise take place on cooling, 
due to the high temperature coefficient of 
expansion of polyethylene. When the incipient 
formation of voids is observed through the 
transparent walls of the mould box, the two 
rams are screwed equally into the mould box 
until the voids are observed to disappear. 
This action is continued until the contents of 
the mould have cooled and solidified, when the 
mould box, which is designed to split about an 
axis of symmetry through the port areas, may 
be removed and the sprues cut off. 

The remaining welds may then be made in a 
similar manner. Usually four such welds are 
required for the complete jacket closure, 
namely two adaptor to jacket welds and two 
adaptor to sleeve welds. Alternatively the 
latter two welds may be made as a separate 
operation in advance of splicing in which case 
the adaptor sleeve arrangement so formti may 
be divided as convenient on location when only 
three welds are required to complete the 
closure as shown in Figure 5. 

Figure 5 Polyethylene sleeve and prewelded 
adaptors with brass liner. 

It will be apparent that in order to weld 
together the two halves of a divided sleeve 
some form of internal support is required both 
to prevent the sleeve collapsing when melted 
by the injectant and to avoid molten polyethy¬ 
lene being forced into the conductor splicing 
area. These difficulties are overcome by using 
a brass liner located inside the splicing 
sleeve and supporting the interface between 
the two half sleeves. 

Similarly to prevent molten polyethylene 
gaining access to the inside of the adaptors 
and to ensure a tight fit between the trans¬ 
parent acrylic thermoplastics mould box and 
the adaptor and cable jacket, it is necessary 
to seal the diameter steps between these 
components, since pressure of 200 - 300 kN/m2 
are developed in the mould box during the 
injection process and subsequent tightening of 
the rams. Furthermore air must not be 
permitted to enter the mould during the cooling 
period. Sealing is usually done by applying 
paper tape wraps to the components until a 
push fit is obtained. 

Injection Gun and Injectant 

The electrically heated injection gun 
used is shown in perspective cutaway in 
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Figure 6a and 6b. It is essentially a minia¬ 
ture hand extruding machine and comprises a 
cylindrical brass heat exchanger and extrusion 
nozzle by means of which heat supplied from 
an electrical element surrounding a portion 
of the heat exchanger may be evenly trans¬ 
ferred to a polyethylene charge inserted from 
one end of the gun. A suitably encased 
platinum resistance thermometer is in contact 
with the gun wall« thus enabling the tempera¬ 
ture of the injectant to be monitored and 
controlled. The polyethylene charges consist 
of natural material in specially moulded 
cylindrical rods 130 mm long and 25 mm dia¬ 
meter and with Melt Flow Index (MFI) of 2. 
Two charges are present in the loaded gun at 
any one time, the first charge being melted 
in the heat exchanger and the rear charge 
remaining unmelted in the barrel until 
extrusion takes place. The molten polyethy- 
lene is forced from the gun by a plunger 
assembly consisting of a heat resisting 
piston operated by a screwed shaft connected 
to a crank handle which pushes the rear 
charge into the heat exchanger ar®*- T,"! 
equipment requires a 230 volt ac 50 H* J*00 
watt supply and is suitable for use with a 
small portable generator. 

Figv-e 6b Cross section diagram of injection 

gun. 

As mentioned earlier the polyethylene 
charge in„the injection gun is raised to 
about 330 C prior to injection. This ensures 
that adequate heat is available from the 
injectant to enable subsequent washing away 
of any oxide films present on the cable 
iacket or polyethylene splicing components to 
be carried out effectively. In addition the 
viscosity of the material must also be satis¬ 
factory at the extrusion temperature in order 
that adequate control of the injection process 
may be exercised by means of the crank handle 
of the gun. In this respect the use of co- 
polyioers as injectant materials is limited 
due to their rapidly changing and low 
viscosity over the extrusion temperature 

At temperatures above 290°C a limited 

extent of pyrolysis occurs in 
resulting in a gradual incrsass in MFI. The 
pyrolysis becomes more rapid and its extegt 
greater at higher temperatures, above 330 C. 
A much more rapid breakdown at these tempera¬ 
tures is brought about by the Presence of 
traces of oxygen. The extent of degradation is 

confined to within acceptable £yJ;he 
addition of appropriate antioxidant end by 
ensuring that the injectant u»ed as soon as 
fh® in-taction temperature has been attained. 

It has been found that a resiáu®¿ a"^“ 
»xidant concentration ofO.2% N°noxWSg(or 

.imilar) is normally 8uffifie"t1a^?3?-, 
maintain the MFI at a constant level for 

Ref. 
No. 

PARTS DESCRIPTION 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Crank Handle and Spindle Assembly 

Feed Nut 
Tubular Shield 
Barrel Clamp 
Barrel 
Spindle Head 
Heat Exchanger Body 
Heat Exchanger Shield 
Nozzle 
Latch Plate 
Temperature Sensing Element 
Heating Band 
Terminal Block 
Indicator Lamp 
Handle 
Plug 
Cable_____ 

Figure 6a Perspective cutaway diagram of 
injection gun. 

From tests conducted to determine the 
requirements, Figure 7 shows the resultant 

4FI of the extrudate of 
solymer (as determined by BS 2782 105C 
Procedure A) after heating various temp¬ 
eratures. The increased value of MFI with 
increasing temperature indicates a permanent 
___ 4. vi./.«-!!,-» due to loss of antioxidant. 

The graph in Figure 8 shows the furtg 
change in MFI for similar polymers at 330 

over a period of time. 

er 
C 
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Figure 7 Graph showing change in MFI of 3 
homopolymers (measured to BS 2782 
105C) after heating in a closed 
container to various temper Atures 
and allowing to stand for 1 minute. 

Figure 8 Graph showing variation of MFI with 
time for 3 homopolymers after heat¬ 
ing to 330°C in a closed container. 
(MFI measured to BS2782 105C). 

Lower MFI number polymers require 
greater pressures during extrusion; conse¬ 
quently, for hand operated injection systems 
and the range of flow path lengths required, 
homopolymers lower than approx 0.7 MFI are 
unsuitable due to the viscosity being 
excessivo at the relevant temperature and 
flow rate (the ratio of shear stress to shear 
rate is strongly dependent on the rate of 
shear). The effect of applying high pressures 
to low MFI materials is to increase their 
effective MFI. Similarly although homopolymers 
of low MFI have been tried at higher tempera¬ 
tures, as can be seen from Figure 7 the anti¬ 
oxidant is used up more quickly, because of 
the higher temperatures involved. 

These effects cause a rise in MFI (In 
extreme cases, discolouration, decomposition 
and a fall in MFI) the final result being 
inferior to a higher MFI material used at a 
lower temperature. 

To limit the extent of cross linking of 
the injectant, the gun should be heated at a 
rate equal to the thermal conductivity of the 
material, i.e. about 34 x 10-t J/m s deg K, 
giving an overall heating time from ambient 
temperature to 330°C for the 129 x 10“‘ m3 
injector, of approx 9 minutes and a reheat 
time from 32°C, of 4.3 minutes. This can be 
related to between 1.0 and 1.2 seconds at the 
ideal heating rate, per 100 urn of film 
thickness/unit area. 

If excessive heat is applied, the anti¬ 
oxidant in the material nearest the source of 
heat is lost prematurely, allowing the outer 
layers to degrade. On the other hand if too 
little heat is applied, there is the risk of 
losing all the antioxidant before the 
operating temperature is attained, because of 
the time taken. 

The conditions necessary for fusion to 
occur require a suitable combination of temp¬ 
erature and viscosity. These conditions can 
be achieved by a range of polymers over a 
range of temperatures, but the ideal situation 
is one which allows the use of the lowest MFI 
for the greatest flowpath length required, at 
the lowest temperature possible to ensure 
fusion at the extremity of the flowpath, with 
the least residual stress. With the simple 
moulds employed, polyethylene compounds with 
an MFI in the range 0.8 - 2.0 have been found 
to be the most suitable. 

Figure 9 shows the curve of temperature 
gradient against path length of a typical 
polymer injected into a mould. 

initial 
Uppat Path Temperature 

Figure 9 Graph showing curve of temperature 
gradient against path length of a 
typical polymer injected into a 
mould. 
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Testing Jacket Closure
A significant advantage cf this method 

over those involving the use of resin, where 
appreciable cure times are usually involved, 
is that the completed closure may be 
immediately air pressure tested through a 
Schrader valve fitted in the splicing sleeve.
A transparent plastic sheet water bath formed 
round the welds enables the presence of any 
leeks to be detected.

Reopening and Reclosing
In the event of the completed welds 

proving faulty they may be removed by rasping 
off the formed mouldings which restores the 
components to their original form and enables 
reclosure to be carried out by the procedure 
already described.

Further Developments
Whilst the above method served to 

establish the technical feasibility of this 
fusion technique and was used for a decade up 
to 1967 nevertheless it became apparent that 
in its existing form it possessed several 
weaknesses which would need to be overcome if 
the technique was to gain general acceptance. 
The features requiring further examination 
are listed below.

a) The need for a 230V ac 50 Hz supply 
to heat the injection gun detracted 
from its flexibility.

b) Twenty transparent acrylic thermo­

plastics moulds were required to 
cover the range combination of 
cable diameters and splicing 
sleeves.

c) A correspondingly large range of 
cable jacket/splicing sleeve 
adaptors were required.

d) Possible reduction of closure time.
e) Possibility of dispensing with the 

jointing jig.
The above points were resolved in the 

following manner.
a) Alternative heating arrangements -r 

the injection gun
It was realized that the necessity 

to provide an electricity supply ar.d a 
control unit for the gun represented a 
complication and cost penalty. Further­

more with the existing heating element 
design, at least an hour was required to 
heat the initial charge, and even this 
was subject to ambient weather conditions 
e.g. wind shielding was essential.

An alternative approach was adopted. 
This consisted of placing the gun in a 
special muffle and heating it with a gas 
torch as in Figure lo. Using this method 
the need for an electricity supply and 
control unit would be eliminated and the

time required to heat a polyethylene 
stick charge reduced. By carefully 
observing the temperature of the thermo­

meter embedded in the injection gun 
satisfactory performance has been obtained 
using this method and the heating time 
per charge reduced to 10-15 minutes with 
associated cost reductions in time and 
equipment.

Figure lo Injection gun heated by gas 
torch

Reduction in the number of moulds 
required

The capital cost of providing a 
range of transparent acrylic thermo­

plastics moulds which required 
individual machining was appreciable 
and contributed significantly to the 
high capital cost of the equipment. It 
was realized that the provision of a 
more flexible mould arrangement was 
required which would enable the range 
of necessary moulds to be substantially 
reduced. Although in the early develop­

ment it was believed that visual 
inspection of the operation was essential 
for a satisfactory weld, it was soon 
realized that operators in fact were 
rapidly becoming experienced in the 
technique and only rarely inspected the 
weld for voids during the cooling period.

Consequently design effort was 
concentrated on the introduction of 
metal strip moulds (See Figure 11), 
incorporating tubular metal stems to 
permit connection of the injection gun 
or insertion of metal rams as previously 
described.

Figure 11 Strip moulds
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F By Increasing the use of paper or 
aluminium cape build ups In conjunction 
with these strip moulds, which were held 
In position with worm drive clips, a 
satisfactory mould box was formed (See 
Figure 12) and only five sizes of mould 
strip were necessary to meet all require­

ments. This new arrangement effected a 
substantial reduction in both the cost 
and the bulkiness of the splicing equip­

ment.

Figure 12 Strip moulds (assembled)

Reduction In required range of adaptors
In order to accomodate the required 

range of cable diameters and splicing 
sleeves the technique requires the 
provision of appropriate polyethylene 
adaptors with single and multiple entry 
facilities. A reduction in the number 
of designs to a minimum was clearly 
desirable to reduce tooling and thus 
comi-onent costs. With this purpose in 
mind multiple concentric ring adaptors 
trere developed.

Figure 13 shows how a number of 
coad>lnations of cable and splicing 
sleeve diameters could be provided by 
one size of adaptor. By suitable 
Biachlning of a given size of adaptor 
unwanted rings of material could be 
removed leaving only the required 
combination of diameters. Such adaptors 
have been in general use over the past 
seven years.

Figure 13 Multiple concentric ring adaptor

d*e) Reduction in time to effect sh^th 
closure and elimination of spilcTng
Ha

The original equipment Involved the 
use of a splicing jig to support the 
jac)iet closure and mould box during the 
welding process, and each weld was a 
separate operation. In congested man­

holes the splicing jig proved inflexible 
and difficult to sat up and was clearly 
undeslritble.

The Introduction of the relatively 
cheap metal mould strips also enabled 
the splicing jig to be eliminated. 
Sufficient mould strips could now be 
available without cost penalty to 
enable all the required moulds to be 
fitted prior to commencing the first 
polyethylene injection. The moulds 
themselves serve to align and secure 
the complete closure in position. (See 
Figure 14).

% - ^

Figure 14 Set of moulds assembled on joint
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This obviously assisted the 
sequential operation of injecting molten 
polyethylene into each mould in turn, 
since it obviated the need to wait for 
the cooling of the mould before setting 
up for the next operation. Using this 
method the closure time was reduced to 
less than an hour when using one 
injection gun.

Performance

Some 33,000 splices have now been 
installed using the techniques described and 
a very low fault rate has been experienced. 
The significant faults which have occurred 
have been associated with mechanical stresses 
and environmental pollutants and in this 
context the materials used in the splicing 
process together with environmental stress 
crack resistance (ESCR) need to be considered.

Materials

Considerable development work has been 
expended on polyethylene polymers for cable 
jackets over the past few years and low 
density high molecular weight polyethylene 
with an HFI of 0.13 and possessing good 
tensile properties, resistance to cracking 
and low brittleness temperature is now 
available. Similar polymers with an MFI less 
than 0.3 and otherwise complying with the 
same specification as the cable jacketing 
materials are used for the manufacture of 
both the splicing sleeves and the adaptors.
The polyethylene stick charges used for the 
injectant are however made from a Grade 2.0 
MFI homopolymer since as indicated earlier a 
material with an MF.. less than 0.8 cannot be 
extruded with a hand operated injection gun 
without the use of excessive pressure and 
unusually high temperatures. The optimum 
injectant, jacket and splicing sleeve 
material to give the best overall system 
performance is considered later.

Weld and Closure Performance
It is clear that a means of establishing 

jacket closure performance other than by long 
term field assessment is desirable. In 
addition to the application of quality 
assurance specifications to the splicing 
materials and components three tests have 
been developed for determining the quality of 
the welds and completed closure. One test is 
used to confirm that true fusion of the cable 
jacket and adaptor to the injectant has 
occurred <Weld Test) the second to establish 
that the ESCR performance of the weld is 
adequate (ESCR Weld Tost) and the third to 
prove the ESCR performance of the complete 
closure is adequate (ESCR Closure Test).

(a) Weld Test
Weld strength is assessed by means 

of a peel test. On completion of a 
jacket closure several longitudinal 
sections of the adaptor to jacket weld 
are taken 'rom around the cable weld 
circumference as Figure 15a.

Figure 15a Peel strength sample - before 
test

The adjacent jacket and adaptor ends 
of the sample are gripped between jaws 
and tension applied until the sample 
breaks. (As shown in Figure 15b).

Figure 15b Peel strength sample - broken

Failure should occur in the cable 
jacket or adaptor material, not in the 
weld area and should not be of a brittle 
nature.

A similar test can be applied to 
the adaptor to sleeve weld or the sleeve 
weld on a divided sleeve.

ESCR Weld Test
The sample is prepared as previously 

described and bent into a 'O' shape of 
radius approximately 6 mm, the ends of 
the 'U' being tied together. The sample 
is Immersed in Shell Teepol GD53 contain­

ing 40% solids, at a temperature of 50°C 
for a period of 5 days as Figure 16. No 
failure of the weld should be observed.

Figure 16 Tied 'U' sample in beaker of 
Teepol
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r ESCR Closure Test
The cable ends should be bent to a 

diameter of 12D, (where D is the overall 
diameter of the cable jacket) and tied 
together. The complete sample should 
then be immersed in Teepol GD53 as 
previously specified at 50°C for a 
period of 5 days during which period no 
fracture of the closure or jacket should 
occur, (see Figure 17). This test is 
considered extremely severe and much 
more onerous than the stress likely to 
be experienced by the cable or closure 
during its normal life expectancy.

accommodating up to 8 strain jigs hold­

ing one sample each. These strain jigs 
consist of a frame which houses two 
pairs of jaws, one fixed and one adjust­

able, into which one of the 6 equal 
segments of a weld section is placed and 
tensioned. A micr>. switch is used to 
sense failure of a specimen, which is 
recorded in terms of minutes on an 
impulse recorder.

Many tests have been conuucted using 
this method and table I indicates the 
improvements in performance which can be 
expected using EVA co-polymer jacketing 
materials compared with homopolyraers.

Figure 17 Bent splice immersed in Teepol

The latest form of ESCR test 
provides a quicker method of determining 
the performance of materia)s used for 
the splice than the closure test 
described above.

Figure 18 shows the test rig which 
provides a combination peel and tensile 
test in a stress cracking environment, 
simulating the compound stress produced 
by a closure test. It consists of a 
number of tanks containing Teepol GD53 
at a temperature of 50°C, which are 
indirectly heated by water, each tank

Figure 18 ESCR test rig

Discussion of Test Results
It will be appreciated that the tests 

enumerated are extremely severe and hence 
should give a reliable indication of any 
inherent weaknesses of the system together 
with a performance rating. In fact the 
injection welding technique described enables 
these tests to be met using a preferred 
combination of injectant, splice and jacket 
materials whe'"oas it has been found that 
techniques which merely depend on melting of 
the components to be spliced, without any 
displacement of the component materials, are 
unable to pass even the peel test. Similarly 
an unsuitable combination of materials for 
the system components will result in failure 
to meet these tests.

A further indication of the severity of 
the ESCR closure test is indicated by the 
fact that although the field performance of 
the sleeve adaptor system has been very 
satisfactory the time to failure in relation 
to the table is shown to be the lowest.

As might have been expected, step 
diameter changes in the splice profile give 
rise to points of appreciable stress and some 
failures were experienced in the early stages. 
Vulnerable points are the adaptor jacket weld 
edges, the wall thickness of the adaptor and 
diameter step on the adaptor. By increasing 
thickness margins and adjusting profiles 
improved performance has been obtained. How­

ever further development work has been carried 
out with a view to increasing safety margins 
and reducing the cost oi the tecnnique even 
further and these are outlined below.

Modification to Weld Profile
When a completed closure is subject to 

the ESCR test already described, the point of 
maximum stress is the outer edge of the 
adaptor jacket weld as shown on Figure 19a. 
Unfortunately this tends to be a weak point 
because the polyethylene an this area has 
become more highly crystalline and more 
brittle, due to the fact that the injectant 
is allowed to cool naturally as opposed to 
quench cooled. The area so affected is within 
3-4 mm of the weld itself. When the weld is 
made a naturally formed integral collar is 
produced at each side of the weld over a 
distance of approximately 0.75 mm. It was 
apparent that by increasing the length of this 
collar the applied stress could be removed 
from the crystalline area. This is achieved
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by applying a heat resisting tape such as 
mylar, over the cable jacket in this region 
and extending this natural collar in the weld 
over it (See Figure 19b). No weld occurs to 
that portion of the jacket covered by the 
tape but in effect it provides a close fitting 
supporting polyethylene collar which transfers 
the point of maximum stress away from the 
immediate weld area.

Annealed Area

rn
Point of Maximum Stress

Figure 19a Meld profile showing maximum
stress point within annealed area 
of weld

Annealed Area

Mylar Tape 
_ _ _ _

jj

sleete using Grade 2 MFl compound. Although 
the use of a rotational moulding process 
necessitates the use of Grade 2.0 or higher 
MFI materials with consequent reduction in 
ESCR performance this is offset by the nature 
of the manufacturing process and by using 
compounded materials (See Figure 20). This 
splicing sleeve has no sharp diameter steps, 
eliminates the need for adaptors and can be 
trimmed to fit the cable diameter precisely 
thus avoiding the need for internal jacket to 
sleeve tape barriers and resulting in a weld 
of consistent size and optimized dimensions. 
The improved ESCR performance obtained with 
these splicing sleeves is shown in Table I.

Point of Maximum Stiess
Figure 19b Held profile showing maximum

stress point outside annealed area 
of weld

This procedure effectively increased the 
time to failure on the ESCR closure test as 
far as splices on small dic^meter cables were 
concerned but was only marginally effective 
on the larger ceOile diameters.

Developeient of Cone Ended Sleeve
Although the sleeve adaptor system has 

proved very successful, the need to achieve 
the best possible ESCR performance together 
with further cost reductions, has led to the 
consideration of those aspects of the 
technique where these parameters might be 
improved.

Some consideration was given to the 
reduction of inherent atress in the splicing 
components, and to see whether changes in the 
splicing sleeve or adaptor profile would be 
beneficial. It was further noted that in the 
current adaptor design the diameter steps 
preclude minimizing the weld volusie, where 
the cable does not exactly fit the nearest 
adaptor diameter. Similarly the use of a 
sleeve and adaptors implies a four weld 
system, whereas if the adaptor facility could 
be combined with the main splicing sleeve a 
three weld system would result with an 
inherently Increased reliability.

These considerations have led to the 
development of a cone ended splicing sleeve, 
manufactured by a rotational moulding process, 
which results in an essentially stress free

Figure Cone ended splicing sleeves

Cone ended splicing sleeves have been in 
general use since 1972 and a full range of 
single and multiple entry splicing sleeves up 
to 174 imn diameter is available. To date some 
i.OOO splices have been installed with very 
satisfactory results. Figure 21 shows a 
typical jointing installation using these 
sleeves.

Figure 21 Cone ended sleeve splice 
installation

y



Figure 22 shows the manner in which a 
gas pressure contactor is accommodated in a 
breeches sleeve for pressurised cable systems. 

Parallel 
Contactor Weld Section 

Figure 22 Breeches sleeve with contactor 

Choice of Injectant Material 

Reference has already been made to the 
importance of correct heating rate, choice of 
MFI and antioxidant lavel for the injectant. 
These aspects of the technique were further 
examined following the introduction of the 
cone ended sleeves to secure optimum overall 
system performance. Figure 23 shows the 
results of a linear programming approach to 
the evaluation of the system parameters and 
constraints. It will be seen from the 
feasibility area for an injectant consistent 
with adequate ESCR performance, «'at a 
material with MFI 0.8 and an operating temp¬ 
erature of about 345 C should be optimum and 
trials using material conform! j to these 
requirements have confirmed this prediction. 

Temperature (°C) 

A- Stability curve of a 2.0 MFI Homopolymer, 
(the hlqhefit MFI material to give adequate fcSCF). 

g - 0.13 MFI Homopolymer stability curve. 

C“ U-.*efct temperature/melt flou index combination 
for * 150 mm diameter flow path length. 

0" Upper te»i¿ orature limit for satisfactory melt 
viscosity. 

Figure 23 Linear programme for injection 
welding constraints. 

As the use of compounded materials for 
the splicing sleeve gave an improved closure 
performance the same materials were also 
tried as an injectant. Although these gave 
further slight improvements in ESCR closure 
performance the welds obtained failed to pass 

the peel test. 

The optimum overall performance is thus 
obtained on suitable copolymer jackets using 
cone ended sleeves manufactured by a rotational 
moulding process from Grade 2 MFI compounded 
material and a homopolymer injectant Grade 0.8 
MFI 0.2% antioxidant. 

Table 1 Results of ESCR tests on various 
sleeve, Injection and jacketing 
materials 

Jacket Material Sleave 

Material 

Injectant Average Time 

To Failure 

(■Inal 

EVA Co-Folymer » 

• C 

• c 
Monopolymer B 

I >20,000 
y >20,000 
y >20,000 
I M.tto 
y n.ooo 
y H.ooo 
B 1.000 

y 2,012 
y 7S1 

Position or 

Failure*(a) 

Jacket to Weld 
•leave to Weld 

•leave to Weld 

Jacket to Weld 
and 

•leave to Weld 

jacket to weld 

Adaptor to Weld 

1 
la 

lb 

2 
1 
4 

•UKVC 

A - Conical, Botatlonally moulded grade 2.0 MFI Polyotbylono 

« 10% Polyieobutylene. 

B - Conical, Potattonally moulded Grade 2.0 MFI Pelyethylcne 
« S% Polyisobutylene. 

C - Conical, Botatlonally moulded Grade 2.0 MFI. 

0 - Adaptor/cat ruded sleeve. Injection aouldcd Grada O.J MFI Polyethylene. 

1WJECTAMT 

I - Grade 2.0 NT I Polyethylene ♦ S% Polylaobutylene. 

y - crade 2.0 MPI Polyethylene. 

Conclusions 

With the realization of this new range of 
splicing components and simplified tools it is 
considered that an economic and high security 
closure is now available for polyethylene 
jacketed cables which meets the design 
criteria enumerated at the beginning of this 
paper. The rotationally Moulded cone ended 
splicing sleeves are virtually stress free, 
their profile enables jacket to sleeve 
adaptors and sharp diameter changes to be 
eliminated and tape wraps minimized. The 
special splicing tools comprise one injection 
gun and muffle and a small range of cheap 
metal strip moulds and rams, these tools 
being reliable, portable, and robust. The 
ability to apply a simple air pressure test 
iimnediately a closure is completed is of 
prime importance in enabling the operator to 
check his work quickly. This also allows 
operator standards to ta established by an 
administration. The ease with which faulty 
closures may be repaired or reopened and 
closed following pair reallocation can also 
be considered a significant advantage of this 
method. Finally it is confidently 
anticipated that the ease and speed with which 
operators can be trained in the efficient use 
of this technique will lead to its increasing 
acceptance in many parts of the «world. 
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POLYBUTYLENE-JACKETED AIR-CORE 
PIC CABLES FOR USE IN STEAM 

EXPOSED DUCTS 

J. D. Dykes and G. F. DeVeau 
Bell Telephone Laboratories, Inc. 

Norcross, Georgia 

Summary 

A cable with polypropylene 
insulated conductors and a polybutylene 
jacketed sheath has been developed to 
reduce high temperature steam related 
cable failures. The sheath is known as 
STEAMPETH an<* will increase the maximum 
operating temperature for plastic sheaths 
from 170#F to 230#F. Polypropylene 
insulated conductors will prevent low 
insulation resistance failures that some¬ 
times occur in pulp cable when it is 
exposed to steam conditions. 

Water sensors and improved water 
removal techniques that restore wet PIC 
cable to its original condition have been 
developed for this introduction of PIC 
cable in the underground. 

The combination of air core PIC 
cable and these new maintenance techniques 
promises to do more than just solve steam 
related failures. Color-coded plastic 
insulated cables with the maintainability 
of pulp thereby become available, and in 
the future expanded plastics can be intro¬ 
duced to increase duct efficiency. 

The Steam Problem 

In New York, Boston, and other 
cities steam is used as an energy source to 
heat and air-condition buildings. The 
steam, often 400*F or hotter, is pumped 
through an underground distribution system, 
and frequently the steam lines either 
cross or run parallel to telephone cables. 
Poorly insulated steam lines or actual 
steam leaks cause high temperature condi¬ 
tions that have resulted in many cable 

failures. In 1973 New York Telephone 
experienced over 100 steam related 
cable failures in Manhattan; New England 
Telephone had over 50 failures in Boston. 

Three Types of Cable Failures 

With pulp insulated stalpeth 
sheath cables, three types of steam 
induced failures have been experienced. 
The most frequent problem is cracking 
of the stalpeth jacket. A second failure 
nx>de occurs even without sheath cracking; 
low insulation resistance failures are 
caused by moisture drying from the pulp 
and condensing at a "cold spot" downstream 
from the heated section. The third fail¬ 
ure mode is pulp insulation degradation; 

high temperature degrades the pulp to the 
point where handling of the conductors 
causes it to fall off the wire. 

To avoid polyethylene sheath 
damage, stalpeth cables should not be 
installed «diere temperatures exceed 170°F. 
Above this temperature, pressurized 
sheaths, will expand and slits will soon 
occur in the jacket. For example, in 
laboratory tests cable samples held at 
185"F and under 9 psi ruptured within 3 
days. Both pressurized and nonpressurized 
stalpeth cables are subject to thermal 
stress cracking. Nonpressurized test 
samples bent to a 9" radius and placed in 
a 212°F environment cracked in less than a 
week. 

Laboratory experiments demon- 
strated that high temperature conditions 
can cause low insulation resistance 
failures without sheath cracking.! If a 
length of dry (3% relative humidity) pulp 
insulated cable is exposed to a temperature 
of 180*F or so moisture is released as 
water vapor from the "dry" pulp. This 
moist air is then transported down the 
cable by normal air flow supplied by the 
gas pressurization system. At a cooler 
spot downstream from the heated section 
of cable, condensation may occur resulting 
in low insulation resistance failures. 
However, if a gradual cooling of the cable 
occurs, the released moisture will be 
redeposited over a long length of cable; 
this will prevent circuit failures. Thus, 
these failures are a function of the tem¬ 
perature profile and air flow rates. 

Pulp insulation exposed to high 
temperature for long periods of time be¬ 
comes brittle and turns to a natural tan 
color; telephone splicers have dubbed it 
"tobacco cable". If handled, it will fall 
off the wire so that as repair is attempted, 
shiners develop faster than repairs can be 
made. Laboratory aging for two months at 
248"F converted pulp insulation into 
tobacco cable. Lower temperatures also 
cause degradat-on, but naturally the expo¬ 
sure times are longer. 

Operating Companies indicate that 
stalpeth sheath cracking is the major pro¬ 
blem, but a significant number of low 
insulation resistance failures occur and 
that pulp degradation is least common. 
Steam-exposed duct temperatures are gen¬ 
erally between 150"F and 200"F, but there 
have been a few cases of temperatures 
exceeding 212#F. 
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w Cable Design Alternatives to 
Baduee Steam Related Failures

A mincer of sheath and insulating 
materials have better high temperature 
properties than pulp and polyethylene, but 
high temperature performance is not the 
only significant factor in developing a 
steam resistant cable. Other points to be 
considered include (1) material cost and 
availability, (2) compatibility of designs 
with existing manufacturing equipment,
(3) efficient use of duct space, and
(4) compatibility with installation and 
maintenance procedures.

Sheath Materials u
- - -  One solution to the high tem­

perature po3ye*'wlene sheath cracking 
problem is to return to a lead sheath.
But compared with stalpeth, lead sheath 
increases the cable cost about 20% and 
nearly doubles the cable weight. Lead s 
bend and friction characteristics also 
serve to increase the force needed to pull 
the cable into ducts: this sometimes 
necessitates smaller diameter cables 
(reduced pair counts) and/or shorter 
lengths (more splices). However, the main 
disadvantage to the lead sheath is its 
susceptibility to corrosion. Thus in 
cities with both steam and corrosion pro­

blems, the lead sheath alternative only 
gives the Outside Plant Engineer an option 
of how sheath failures will occur, it will
not solve his problem. _ _

Polybutylene, a plastic which has 
exceptional resistance to environmental 
stress-cracking and superior high tempera­

ture performance, has also been suggested 
to replace the polyethylene jacket. 
Polybutylene can be processed on existing 
equipment, and its long term hoop stress 
resistance at 150*F is compared with tha^ 
of low density polyethylene in Figure 1.

TABLE 1

High Temperature Sheath Tests 
Straight, Pressurised Sections -

10-20 psi
Failed within Surviving 

2 days After a Year

Polybutylene

Jacket

Polyethylene

Jacket

24 8 “F 

185»F

230*F

170'F

The polybutylene jacket is still 
withstanding 230*F under 20 psi after 12 
months. As mentioned earlier, poly!thylene 
jacketed cables at 185*F and 9 psi ailed 
in 3 days; this is in line with polyethy­

lene's accepted temperature limit of 170*F. 
Thus 45*F to 60*F improvement in jacket 
protection is indicated. It is estisiated 
that the polybutylene jacket will withstand 
212''F for 20 years.

The handling characteristics of 
polybutylene end polyethylene jacketed 
cables differ at low temperatures. Samples 
7' long and 2.8" in diameter were bent at 
temperatures ranging from 0°F to 75*F. The 
efforts required to bend the caoles were 
similar, but both materials stiffened at 
low temperatures to the extent that at 0*F 
it took twice as much force to bend the 
samples around a wheel with a 13" radius as 
it took at 75*F. However, the rolybutylene 
cracked when sharply bent at low tempera­

tures. As shovm in Figure 2, a "free" bend 
at 20*’F to about a 4" radius of curvature 
caused some polybutyler.e samples to crack; 
at 0*F a free bend to about a 10" radius 
caused sajn>les to fail. No polyethylene 
jacketed cables cracked during these tests.

paTSvTn.cst

8
f ,000-
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<\sr- "io----- llDOO
month 

fsxuat Tier. mo»*s

1-^ i
TCMI

FIG'JRE I

long T£NM HOOH iT«SS «S,5I»NCt ,S0"f

Samples of polybutylene-jacketed 
and polyethylene-jacketed cables have been 
tested under various conditions and 
typical results are shown in Table 1.

FIGURE 2
STEAMPETH SHEATH SAMPLE THAT CRACKED 
- - - - DURING A 4" RADIUS BEND

Polybutylene jacket will not 
crack if the bending operation is performed 
above 32*F and then subjected to cold tem- 
peratxres. However, an investigation is 
underway to find a grade of polyb- tylene 
having better low temperature benoing 
properties and with good high tempera­

ture peformance.
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Insulating Materials

To prevent cable failures related 
to pulp insulation, a different material is 
required. It should not absorb or give off 
moisture, and ^t should withstand high tem­

peratures for a long period of time. The 
material's cost and dielectric constant are 
also of prime importance.
Dupont's Teflon*^ FEP-Fluorocarbon Resin is 
nonhydroscopic and will withstand high 
temperatures for extended periods. It has 
an attractively low dielectric constant of 
2 but the material and insulating costs 
would be prohibitive.

Fortunately, other less expen­

sive plastics, polypropylene, low and high 
density polyethylene, are available which 
will solve the low insulation resistance 
problems. Of these plastics, polypropylene 
has the best high temperature properties, 
and oxygen uptake tests indicate that it can 
be made to withstand 212“F for 5 years. 
Because of its high-temperature longevity, 
low price, low dielectric constant, and 
processability, well stabilized polypropylene 
is the current choice of insulating materials 
for steam exposed cables.
Recommendation for a Steam Resistant Cable

A cable with well stabilized 
polypropylene insulated conductors and poly- 
butylene- jacketed sheath is recommended to 
reduce high temperature steam related cable 
failures. This design is referred to as 
■PIC STEAMPETH cable.

PIC STEAMPETH Cable
Cable Construction

Figure 3 summarizes the PIC 
STEAMPETH cable design:

VolyhltylaM Sl«>l Aluitilm... Iniul»*«d
Joikit ^ Shidd T »hl»ld Conductor,

^____ / Z-'
rmp.1

7

Comsowfii I ^ Wroo JCoro
Wrop .

FIGURE 3

within a multiunit, each of the 4 primary 
units has a different binder; these binders 
are blue-white, orange-white, green-white, 
and brown-white as shown below. Pairs with­

in each 25 pair primary unit follow the 
standard PIC color code.

Each multiunit has a two color 
binder. One color, alternately yellow amd 
black, is used to identify all the multi­

units in a layer: the sequence starts with 
yellow on the outside layer. One multi­

unit in each layer has green as the second 
binder color, and this is the marker unit 
for the layer. These green units are placed 
over each other, and each- one is flanked 
alternately by red and blue bound multi­

units until each desired layer component is 
reached. The 1800 and 2700 pair cores are 
shown below:

PIC STEAMPETH CABLE
The STEAMPETH sheath is similar 

to stalpeth; it has a corrugated aluminum 
shield, a soldered steel barrier, and a 
plastic jacket. Of course, the plastic 
jacket for STEAMPETH is polybutylene and 
not low density polyethylene. The steel is 
coated with a flooding compound to prevent 
corrosion and water flow in case of sheath 
cracking. "STEAMPETH" is printed on the 
jacket to distinguish it from other plas­

tic sheaths.
PIC STEAMPETH cables follow the 

standard PIC color-code except the multiunit 
binder colors follow a scheme like Bell Sys­

tem pulp cables to prevent crossover splices. 
The cable consists of 100 pair multiunits and 
25 pair primary units. For identification

FIGURE 5
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As in pulp cables, the unit count 
starts with the green center unit and pro¬ 
ceeds through other center multiunits in a 
clockwise direction when the cable cross 
section is viewed looking away from the cen¬ 
tral office. The count continues with the 
same rules through the first layer, and then 
through any subsequent layers. Within a 
multiunit, pairs can be identified by color 
and binder group. 

Table 2 compares the cable diam¬ 
eter of 1800 and 2400 PIC STEAMPETH cables 
with that of pulp stalpeth (other sizes of 
PIC STEAMPETH cable are available; these are 
just two examples). In large size cables 
the PIC design is about 0.1" larger. 

TABLE 2 

CABLE DIAMETERS 

26 AWG 24 AWG 
Pair PIC Pulp PIC Pulp 

Count STEAMPETH Stalpeth STEAMPETH Stalpeth 

1800 2.50" 2.46" 3.14" 3.00 

2400 2.87" 2.80" 

Transmission Characteristics 
The mutual capacitance of PIC 

STEAMPETH cable pairs is the standard 83 
nF/mile. As shown in Table 3 the d.c. 
resistance and voice frequency loss (1 kHz) 
of the pairs are the same as pulp. However, 
at higher frequencies such as 772 kHz 
(center frequency for Tl), PIC pairs have 
lower shunt conductance losses than pulp 
pairs. 

TABLE 3 

TRANSMISSION CHARACTERISTICS 
(55op) 

D.C. Voice Frequency Tl Engineering 
Resistance Loss (1 kHz) Loss (772 kHz) 
Ohms/mile dB/mile_ dB/mile 

24 AWG 

PIC 
Pulp 

274 2.31 29.5 
274 2.31 35.9 

Since PIC cables do not fail 
immediately when wet, they are inherently 
more realiable than pulp. However, the 
overall maintenance package for combatting 
water in PIC cable left something to be 
desired. 

Cable Maintenance 

General 
Compared to plastic one of the 

few advantages of pulp insulation is its 
maintainability with respect to water 
problems. Pulp, when wet, loses all 
working circuits giving an immediate alarm 
while the core swells limiting water travel. 
The point of water entry can then easily be 
determined since it is adjacent to the low 
resistance faults caused by the wet pulp. 
These low resistance faults can easily be 
located by welding the pair together with a 
breakdown set and tracking down the weld 
with resistance/length measurements or a 
tone and pickup coil. The cable is 
restored by localized drying of the core, 
clearing the welded pair, and restoring 
the sheath. 

Air core PIC is not so easily 
maintained. Water may enter the cable 
and due to the high insulation resis¬ 
tance of plastic go undetected for days or 
weeks before causing problems such as noisy 
circuits or open conductors. The ease with 
which water may travel longitudinally in 
PIC cable creates yet another problem. The 
point of water entry and the electrical 
fault may be hundreds of feet apart or, if 
water travels far enough, there may be two 
or more separate locations with electrical 
faults. Even locating an electrical fault 
in PIC cable is difficult since the fault 
is usually of a high and variable resis¬ 
tance. Because of this high resistance, 
and without paper pulp to carbonize and 
thereby catalyze a weld, the breakdown set 
is useless on PIC cable. Once the water 
has been located it sometimes has been more 
economical to replace the cable since many 
pairs may have corroded open and because 
water removal has been so difficult. 

Before PIC STEAMPETH cables could 
be introduced as an attractive alternative 
to pulp cables in the underground, new 
maintenance techniques were needed that 
would: 

26 AWG 

PIC 440 2.85 39.5 
Pulp 440 2.85 43.1 

Advantages of PIC Cable 

In addition to better high tem¬ 
perature properties, PIC STEAMPETH cables 
offer other advantages relative to paper 
or pulp insulated cables. Plastic insulation 
is more durable and is readily color-coded. 
It has higher dielectric strength than pulp 
and, as seen above, has lower high fre¬ 
quency loss (20% lower at 772 kHz) than 
-equivalent gauge pulp pairs. Expanded 
plastic air core cables can also be employed 
to increase duct efficiency. 

1. Immediately detect water, 
2. Help in locating the water, 
3. Find the cause of water entry, 
4. Facilitate restoral. 

A maintenance system that in¬ 
cludes these functions has been developed. 
It consists of gas pressurization, water 
alarms, and when needed, water removal 
techniques. These techniques are discussed 
below. 

Gas Pressurization 
A continuous pressure maintenance 

system will, in most cases, prevent water 
from entering PIC STEAMPETH cables. Con¬ 
tinuous monitoring with pressura transducers 
will warn of slow pressure leaks as well as 
major sheath breaks. In case of a major 
sheath break, pressure gradients can be 
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drawn to estimate its location. 
Since PIC STEAMPETH cables have 

one-£ifth the pneumatic resistance of pulp 
the pressure feed points can be spaced 
farther apart} this reduction of feed points 
will simplify gas supply, and monitoring gas 
pressure to detect leaks. 

difficult to clear a welded pair if it were 
not in a splice. Besides if water does 
enter the cable between manholes, it will 
likely flow to a splice. Given an adjacent 
manhole location and noting air flow read¬ 
ings, sheath damage between manholes should 
be easy to detect and locate. 

Water Detection and Location 
A simple means to immediately 

detect water entry and aid in the location 
of the water was sought. Placing a standard 
pulp pair in the PIC core may appear to be 
the obvious way. However, this is imprac¬ 
tical since the insulation resistance of 
pulp at relatively high humidities (greater 
than 50%) would mask the resistance change 
in the pair caused by a wet spot. In order 
to desensitize the effect of humidity while 
preserving the desirable effect of pulp and 
paper when wet, a special water sensing 
element was devised. The sensor consists of 
paper insulated wire and a PIC wire with 
the insulation removed at the tip. The two 
are twisted together and the bare copper at 
the end of the PIC wire is tightly twisted 
around the paper insulated wire. The probe 
is shown in the following diagram. 

WATER SENSING ELEMENT 

TUBING 

FIGURE 6 

The water sensing end of the 
probe is covered with perforated heat 
shrinkable tubing to prevent inadvertent 
shorts while at the same time allowing 
water to reach the tip. The design of this 
probe is such that the two conductors are 
separated by plastic except at the very tip. 
This allows operation in high humidity 
(greater than 90%). 

The sensor can be bridged onto 
either a dedicated pair or on working pairs. 
When wet, the sensor's resistance drops from 
many megohms to about 20 kfl. Monitoring 
equipment senses this change, and an alarm 
is given. In order to pinpoint the trouble 
location, a breakdown test set may be used 
to weld the wet sensing element. By making 
a resistance measurement or by using a tone 
and exploring coil, the wet splice can be 
located. 

For convenience water sensing 
elements are placed only in splices because 
(1) over three-fourths of wet cable pro¬ 
blems occur in manholes and (2) it would be 

Cable Restoration 
With a pressurization system and 

water alarm sensors, the occurrences of 
water in the cable should be minimal. In 
most cases when water doss enter the cable, 
the amount to be removed should be small. 
However, there still may be some failures 
that require a method of quickly restoring 
a very wet PIC cable. 

Existing methods of drying wet 
PIC cables include the use of acetone and 
dry nitrogen. Since acetone has a low flash 
point and will dissolve connectors using 
polycarbonate parts, its use is dis¬ 
couraged. Forcing dry nitrogen into the 
cable core will absorb some water, but long 
lengths of waterlogged cable may require 
months of drying and hundreds of nitrogen 
cylinders. 

Although B Reclamation Compound4 
is a very effective technique used to 
reclaim waterlogged buried PIC cable, its 
extensive use in underground PIC is not 
attractive. B Reclamation Compound has maxi¬ 
mum applicability in unpressurized, buried 
plant where numerous small sheath defects 
exist and where more are likely to occur. 
In the underground cables sheath defects in 
the conduit should be minimal. If leaks 
occur they will most likely be at manhole 
locations either in the sheath or closures. 
If B Reclamation Compound is used in under¬ 
ground PIC, pressure bypasses around the 
blocked section would be necessary. The 
compound also increases capacitance 30-40 
percent which could cause transmission 
problems with high frequency carrier 
systems. 

c An improved cable restoration 
technique3has been developed for cases 
where the cause of water entry can be 
determined and repaired. The method uses a 
high output air compressor (10,000-20,000 
cubic feet per day) which feeds into an air- 
dryer. By developing pressures up to 35 
psi at the input, dry air equal to 50-100 
tanks of nitrogen per day is pushed through 
the cable. In order to speed moisture re¬ 
moval, air in the cable core can be heated 
so that it will hold more moisture. This is 
done by forcing a high current through 
parallel and/or series combinations of spare 
pairs connected to a low voltage power 
supply. As the spare pairs are heated, air 
in the cable core becomes warmer, and its 
moisture carrying capacity increases. 

The time needed to dry a wet 
cable can also be reduced by increasing the 
amount of air flowing into the cable. The 
flow of air, however, is limited by pres¬ 
sures which the cable sheath or splice 
closures can withstand. The STEAMPETH 
sheath can withstand 50 psi, but if air is 
forced through a splice closure, only 
25-35 psi can be allowed. 

Four field tests of the new 
water removal technique have been tried, 
all successfully. In the first three tests 
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r the amount of water in the cable did not 
require the heating of spare pairs. How­

ever, in the fourth due to large amounts 
of water and to low temperatures during 
the restoration process, raising the cable 
core temperature by heating several pairs 
was necessary.

Although the water removal 
technique is capable in restoring completely 
waterlogged cables, it is believed that 
cables completely filled with water will 
not be typical: gas pressurization and 
water sensors should keep the amount of 
water entering a cable to a minimum.
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RESTORATION OF WET PIC CABLE USINO 

VAPORIZATION DRYING (ANALYSIS AND APPLICATION) 

Nathan E. Hardwick III 
Bell Telephone Laboratories 
Greensboro, North Carolina 

SUMMARY INTRODUCTION 

A viable scheme of water removal was needed 
before air core PIC telephone cable could 
become attractive for use in the underground 
plant. Although the basic concepts of vapor¬ 
ization drying are not new, this paper pre¬ 
sents analytical studies that resolve 
questions related to vaporization drying 
schemes as well as steps for optimum restor¬ 
ation procedures. 

NOMENCLATURE 

B Driving force for mass transfer. 

Cp Specific heat at constant pressure, 

g Reynolds flux (lb/ft2 hr). 

Necessity for Restoration 

There are functional as well as cost advan¬ 
tages in using polyethylene insulated 
conductor (PIC) cable in the underground 
duct system. However, a problem that must 
be resolved before air core PIC cable can 
be introduced as an attractive alternative 
to pulp insulated cable in the underground 
plant is the development of an effective 
method of water removal from the core. 

Besides this future application there is 
also a present-day need for a water removal 
technique, i.e., this technique is also 
adaptable to burled PIC cable in cases where 
the B-Reclamatlon Compound is not suitable. 

h Surface heat transfer coefficient 

(Btu/hr.ft2.°F). 

“h2o 

A" 

Water concentration, mass of H20 in a 

email volume divided by the mass of 
all the material in that volume element. 

p 
Mass transfer flux (lb/ft »hr). 

Restoration Complementary to Reclamation 

The process discussed in this paper is 
viewed by the author as complerentary to 
the Reclamation Process1 in buried plant. 
(Reclamation involves pumping a gelatin-like 
substance, B-Reclamation Compound, into the 
cable core to remove water and preclude 
future water entry.) 

M Quantity of moisture removed from 
cable (Ib/hr). 

P Pressure (psi). 

Heat flux (Btu/hr*ft2 °F) 

t Temperature (°F) 

Cable conditions that would favor restoration 
by water removal versus reclamation for wet 
PIC cable are listed in Table I. 

TABLE I 

RESTORATION - RECLAMATION ALTERNATIVE 

(BURIED PLANT) 

V Air velocity in cable. 

W Amount of air entering or leaving 
cable section. 

X Quality of water vapor (mass of vapor 
divided by total mass of air-water 
mixture). 

Subscripts 

G G-state (i.e., bulk gas). 

L L-state on control volume surface. 

S S-state on control volume-surface. 

I. CONDITIONS FAVORING RESTORATION BY AIR 
DRYING 

1. Pressurized double-sheath cable (e.g., 
buried toll and trunk cables, feeder 
cables). 

2. Water entry probably a singular occur¬ 
rence. 

3. Increase in capacitance by 35< not tol¬ 
erable (e.g., special service circuits). 

II. CONDITIONS FAVORING B-RECLAMATION 

COMPOUND 

1. Single-sheath buried cable (e.g., Alpeth 
cable with lightning holes). 

2. Cable likely to get wet again and again. 

3. Nonpressurized cable. 

4. Increase in capacitance by 35% is 
tolerable. 
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Briefly, restoration using techniques dis¬ 
cussed in this paper is preferred in buried 
plant for pressurized double-sheath cable. 
Also, water removal is preferred in cases of 
one-time water entry problems such as con¬ 
struction equipment damage, open splice 
cases, and entry prior to installation. 
However, the method can be extended t j 
other cases where the 25% capacitance in¬ 
crease resulting from B-Reclamation Compound 
would be detrimental to service. 

On the other hand, B-Reclamation Compound is 
the ideal solution to water-logged non- 
pressurized or single-sheath cable in buried 
plant. (For example, a condition where 
lightning has caused multiple holes in an 
Alpeth sheath.) 

New "In-Depth" Investigation 

Although a number of schemes for water re¬ 
moval have been proposed in the past, no in- 
depth investigations have been found. In 
sifting through these proposals as well as 
some newer ideas, a number of questions re¬ 
lated to these various schemes became evi¬ 
dent. Most of these questions could be 
resolved using thermodynamic and heat trans¬ 
fer analyses without costly and time-consum¬ 
ing experimentation. Furthermore, this 
study would eliminate, once and for all, 
consideration of proposed schemes that are 
impracticable or not theoretically feasible. 

However, the key objective sought was *-o use 
the results of the analyses to determine a 
method that optimizes the process of water 
removal from both a time and cost standpoint. 

METHODS PROPOSED AND QUESTIONS TO BE ANSWERED 

Basic Mechanism of Water Removal 

The basic water removal process is a two-step 
procedure. In the first step the bulk of the 
water in the cable is removed by forcing 
high pressure air into the cable core. The 
air acts like a piston and forces the water 
out of the cable at selected vent point. 
After this initial step, less than 15X of 
the air space in the cable is left with water. 

The second step in the restoration process 
is to vaporize the res<dual water and trans¬ 
port the vapor out of the cable. The air is 
forced through the cable causing the water 
surface or moist regions on the solid sur¬ 
faces to be scrubbed and usual vaporization 
to occur. A crude model of the basic 
mechanism is shown in Figure 1. W is the 

ainoui.v of air entering the cable. Since the 
water content, X, of the air must increase, 
M » W (Xp - X^) is the amount of water 
accumulated. The air can only produce drying 
while it remains unsaturated (i.e., as long 
as it remains in a state above its dew point 
temperature). 

Forced Convection of Dry Unheated Air at High 
and Low Pressures 

There are two approaches that can be used to 
vaporize the remaining water. First, the 
high pressure procedure can be continued as 
shown in Figure 2. In this case a compressor 

Fig. 2 Schematic of Water Removal 
Arrangement for Wet Cable 

and air dryer are used to force massive 
amounts of dry air through the cable core 
until the moisture level of the exiting 
air is reduced below an acceptable leve]. 
A second approach is to use the available 
air pressurization source to force air 
through the cable section at a lower velocity. 

Although the high pressure procedure will dry 
the cable in a shorter time period, it has 
the disadvantage that additional equipment 
(sometimes manned) will be required. Thus, 
one aspect of this problem that can be re¬ 
solved theoretically is a comparison of the 
vaporization rates for the two processes. 
This analysis will also answer the question 
regarding the efficiency of exiting from the 
cable with fully saturated air at the lower 
velocity versus the possibility of exiting 
with a lower vapor quality at the higher 
velocities. 

THERMODYNAMIC ANALYSES OF WATER VAPORIZATION 
-ÏÏÏ fE3 Föft ¿óMEEYT’Ng fame SCHfcrtËS- 

A thermodynamic analysis is required to 
determine the water vaporization rates for 

w( Xl.TEMft, .ENTHALPY) ) 
W (X,, TEMKt. ENTHALPYi > 

Fig. 1 Mathematical Model for Basic 
Mechanism of Vaporization 
Drying 
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the competing high and low pressure schemes. 
For readers who are primarily interested in 
the nonanalytical aspects of this work, 
sections marked by asterisks (*) may be 
omitted without loss of continuity. 

*Model for Phenomena Adjacent to Interface 
When a Vater Surface is Exposed to Dry Air 

In order to develop an analysis of convective 
mass transfer for the drying process, details 
of the happenings close to the air-water 
Interface are important. When water vapor¬ 
izes into air, the air has a greater moisture 
content in the neighborhood of the interface 
than at a distance further out from the 
fluid. Thus, there is a steady transport of 
water vapor through the air along this 
gradient. 

The rate at wMch materia] will be trans¬ 
ferred from one phase to another across the 
interface is to be calculated. To accom¬ 
plish this, a small element of the interface 
between the two regions (each containing a 
different phase) is considered. The phase 
which attracts the major part of the atten¬ 
tion (air in this case) can be defined as 
the considered phase, to distinguish it 
from the other which is designated the 

neighboring phase. 

Now consider this element for an idealized 
model of a water film within the cable being 
jerubbed by dry air (see Figure 3a). A con¬ 
trol volume is assumed that has two surfaces. 

Fig. 3 Phenomena adjacent to the Inter¬ 
face when a Water Surface is 
Exposed to Dry Air 

designated S and L (see temperature and 
mass profile In Figure 3b), which are paral¬ 
lel to the interface element but separated 
from it by a distance jf a few mean free 
paths of the molecules. The mass-transfer 
flux, <h"(lb/ft2hr) is defined as the net 
rate at which material crosses unit area of 
the interface from the neighboring phase 
and into the considered phase per unit time. 

Similarly 4n (Btu/ft2hr°F) denotes the rate 
of heat transfer per unit area. 

An exploration of the composition of the 
air using Figure 3b reveals that the con¬ 
centration of steam (i.e., water vapor) in 
the mixture varies steadily along a normal 
to the interface, having its highest value 
mH 0 s adjacent to the interface and its 

lowest value within the bulk of the air 
stream. Note that mH Q, unlike the temper¬ 

ature (t), exhibits a discontinuity at the 
interface because the water film is in the 

liquid phase ("»H.O.L ’ H whlle the adJa“ 
cent gaseous mixture may only contain a 
small proportion of steam (mH20,S<<1)* 

»The Reynolds Flow Solution 

The processes contributing to mass transfer 
are numerous. However, the Reynolds Flow 
Hypothesis2 can be used to express the 
complex heat-and mass-transfer relations in 
an Ohms' law type relation, 

m" « g • B (D 

where g is the conductance and B is the 
driving force. The Reynolds Flux, g, can 
be regarded as a quantitative measure of 
the rate of "scrubbing action" of the fluid 
stream on the interface (i.e., g represents 
the amount of stream material which is 
brought to the S-condltion by contact with 
the surface). This conductance g can be 
deduced from the surface heat-transfer 
coefficient, h, of convective heat transfer 
theory by means of the relation. 

where c is the specific heat of the mixture 
P 2 

at constant pressure. 

The driving force B in Equation (1) is 
related to the thermodynamic properties of 
the various states in the idealized model. 
In the present case, the driving force 
is related to the water concentrations by 

the equation2 

mH,0,0 " mH 0,S 

b - ~—n- 
“HjO.S 

(3) 
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When a stream of air flews through a duct, 
the u-state Is chosen as an average of the 
states of the fluid flowing past the section 
In question. Normally, the "mixing cup" 
average Is used. (This Is the s-ate which 
would prevail In the steady state In an 
adiabatic well-stirred vessel with Its only 
entrance at the cross-section In question.) 
In the case of Interest the Q-state Is fully 
specified as to composition and temperature. 

Usually mH 0 S ls t'0,jnd t0 talce a 

depends only on the temperature ts 

value which 

and the 

local pressure, (l.e., the phase change 
can take place so easily that thermodynamic 
equilibrium prevails between the L- and the 
S-states). However, the Interface temper¬ 
ature and the S-state composition are not 
known. Tn order to determine the S-state 
characteristics for a particular case. 
Information from three sources can be 
brought to bear on the problem, namely from 
mass transfer theory, from thermodynamics, 
and heat-transfer theory. This involves 
either a laborious trial and error method 
or a graphical scheme that requires enthalpy- 
composition diagrams be constructed for each 
pressure condition. 

WATER ACCUMULATION COMPARISON 

Using the Reynolds Flow model, vaporization 
rates were calculated for conditions en¬ 
countered In the proposed drying schemes. 
These results were used to compute how a 
specific volume of air accumulates water as 
It traverses a cable section under the 
various conditions. (As the air accumulates 
additional water vapor, the driving fore«, 
diminishes and the rate of vaporization for 
a particular volume of air decreases.) 
The water accumulation results provide the 
quantitative basis for obtaining the total 
drying rate throughout a cable section under 
the conditions of the proposed drying 
methods. 

Figure gives the total mass of water 
accumulated by air at 70°F throughout a 
uniformly wet cable section plotted against 
the time after the first dry air enters the 
cable section. Each new mass of air enter¬ 
ing the cable will have a similar vaporiza¬ 
tion pattern as long as the entire cable 
section Is wet. Hence, the curves provide 
a snapshot of the ongoing vaporization pro¬ 
cess prior to the time that the initial 
section of the cable becomes dry. 

These curves reveal that during the time 
that it takes a slug of low pressure air to 
traverse a 500-foot cable section, four times 
as much water is accumulated by air at the 
higher pressure and velocity. Although each 
high pressure slug of air accumulates less 
water at each point, the high pressure slug 
of air moves much more rapidly through the 
section. Hence, more air moves through each 
section in a given time. The additional 
water accumulation by the higher pressure 
flows would be even more pronounced with 
either hotter air or longer cable sections. 

Fig. 11 Total Mass of Water Accumulation by 
Air at 70°F Throughout a Uniformly 
Wet Cable (500 feet long) 

Therefore, intuitive reasoning that the 
ideal drying conditions exist when air 
txits from the cable at 100 percent relative 
humidity is Incorrect. Ideally one wants 
to have air with the largest possible capac¬ 
ity and highest flow velocity. 

ACCELERATED DRYING 

The next echelon of sophistication is accel¬ 
erated drying. Since 50 psi is the maximum 
temporary pressure that Bell System stand¬ 
ards will allow in a cable core, the flow 
velocity cannot be increased further. Thus, 
referring to Equation (1), the capacity of 
the air must be increased in order to 
Increase the vaporization driving force. 

Benefits of Higher Temperature 

Increasing the tempenture of the air will 
achieve this end. Figure 5 is a plot show¬ 
ing the water capacity of a cubic foot of 
saturated air at various temperatures. For 
temperatures below 100°F the amount of water 
that a volume of air will hold almost 
doubles with each 20°F rise in the air 
temperature. Figure 6 repeats the curves 
for the total mass of water accumulated by 
air at 70°F throughout a uniformly wet cable 
section. In addition, similar curves are 
included for the high and low pressure cases 
when the air temperature is elevated to 90 F. 
Note that the total water accumulation 
throughout a cable increases with air temper¬ 
ature at the same rate as the water-holding 
capacity of the air (l.e., approximately 
doubles for 20°F increase). 
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TABLE II 

at Various Temperatures 

Fig. 6 Total Mass of Water Accumulation 
by Heated Air in a 500 Foot Cable 
Section that is Uniformly Wet 

Drying Time for a Typical PIC Cable Section 

Using information from the thermodynamic 
analysis, the drying time for a typical PIC 
cable section can be estimated. Assuming a 
500-foot cable section (600-palr, 22-gauge 
ARPAP) with 10? of the available air core 
filled with water, the drying times are 
given in Table II. 

DRYT1IG TIME FOB PIC CABLE« 

TYPE FLOW 

DRYING TIME 

Tair “ 70°F 
Tam * 90°F 

HIOH PRESSURE 5.7 days 
(5.0) 

2.9 days 
(2.8) 

LOW PRESSURE 2A.3 days 13.3 days 

» 500' SECTION OF 600 PAIP-22 CAUSE ARPAP 

Experiments were performed using a similar 
cable In a 500-foot dry test duct in order 
to verify the calculated results. The 
experimental results (shown in parenthesis 
in Table II) corroborated the theoretical 
findings within the accuracy allowed by the 

mathematical modeling. 

Heating Schenes 

Technique of Preheating Air. One 
often proposed scheme for increasing 
temperature is to use a preheater to heat 
the air prior’ to entering the cable, .here 
is no heat supplied withir the cable, 
therefore, a heat transfer analysis is 
important to determine how sharply the air 
temperature drops along the length of cable. 

•The method of solution is to first obtain 
the thermal resistance to heat loss from the 
inner core through the sheath and its 
environment. Then using this as a boundary 
condition, an extension to the separation 
of variable solution of the heat transfer 
equation is made using a special form of a 

series of eigenfunctions. 

Assuming the inlet air to be reheated to 
150°F the resulting temperature dlstribu 
tions are plotted in Figure 7 for buried 
and underground cables with both high an 
low pressure (i.e., velocity) conditions. 
The calculated temperature distribution^ 
indicate that the air core temperature can¬ 
not be maintained significantly higher th^n 
the temperature of the surroundings for 
more than a few hundred feet under the best 
conditions. Thus, this recurring proposal 
does nortear feasible since the advantage 
of having heated air would be negated._ 

•ItTAHCi MAM CAttl (MCTI 

Fig. 7 Temperature Distribution of 
Heated Air being Convected along 

nf Cable 
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Technique of I^R Heating. Another 
method of heating; the cable Is to employ 
I2r (or Joullan) heating. As Illustrated 
with Figure 8, the air within the cable it. 
heated by applying current to some of the 
spare conductors within the cable core with 
the far ends shorted together. The single 

? 
Fig 8 Schematic of I R Heating Setup 

for Accelerated Drying 

most important question to be answered here 
is how much energy is necessary to provide 
a sufficient temperature rise in the tra¬ 
versing air. 

•The heat transfer solution for this case is 
obtained from a superposition uf fundamental 
solutions of the differential equation for 
the temperature field in laminar pipe flow. 
Lundberg, et. al., obtained the eigenvalues, 
eigenfunctions, and expansion coefficients 
(arising in the resulting Sturm-Liovllle 
equation) through a direct numerical Inte¬ 
gration facilitated by a convergent itera¬ 
tion method for obtaining the eigenvalues. 

In the analysis for buried cable the ground 
temperature is assumed to be 60°F and the 
inlet air from the compressor is assumed to 
be 70°F. The resulting temperature curves 
showing the mean temperature within the 
cable versus distance from the air inlet are 
plotted in Figure 9 for buried cable. The 

Fig. 9 Temperature Distribution in 2 

Buried Cables due to Joule (I R) 
Heating 

lower curve represents the case where no 
current is introduced to the conductors. 
(All solid curves are for a low pressure 
driving force of AP ■ 10 psi). Note that the 
air temperature approaches that of the ground 
a short distance downstream from the cable 
inlet. 

The middle solid curve represents the air 
temperature distribution when one watt/foot 

of I2R energy is introduced. This energy 
output can be attained when seven conductor 
pairs (22 gauge) of 500-foot lengths are 
subjected to a potential of 50 volts. This 
magnitude of heat energy is sufficient to 
maintain the convected air at 9°F above the 
ground temperature. However, if 100 volts 
are applied across these same conductors the 
energy output is increased fourfold to 
^ watts/foot. This case is indicated by the 
upper solid curve. A significant increase 
in the temperature of the air within the 
cable occurs (96°F terminal temperature) 
under these conditions. 

The dashed line represents the ^ watts/foot 
power output case when the high pressure 
air (aP ■ 50 psi) is forced through the 
cable. In this case the .ame terminal 
temperature is reached. However, this 
temperature is attained at a position of 
about 60 feet from the cable inlet. The 
terminal temperature is reached when the 
heat loss from the cable air core to the 
environment equals the heat flux from the 
Joule energy at this temperature. Thus, 
Joule heating can be used to increase the 
air temperature for either the low pressure 
or high pressure convection methods. 

For underground plant the cables are in 
conduits and resistance for heat loss by 
convection to the air is much larger (pro¬ 
viding the ducts are not flooded). Assum¬ 
ing no flooding, the resulting curves for 
mean temperature in underground cables are 
given in Figure 10. The magnitudes of 

Fig. 10 Temperature Distribution In 
Underground Cables due to 

Joule (I2R) Heating 



the terminal temperatures are much higher 
than the corresponding buriel cable values 
because of the higher resistance to heat 
loss to the environment. 

APPLICATION OF RESTORATION PROCEDURES 

As in the reclamation process the following 
factors should be taken into account in 
selecting the optimum length of cable 
section for restoration: (1) the length 
of cable suspected of containing water; 
(2) the slope of the terrain: (3) location 
of splice cases in section: (¾) pneumatic 
resistance of the section. The preferred 
arrangement is to open existing splice 
cases or, in their absence, remove the 
cable sheath outside the extremities of the 
wet cable section and introduce high pres¬ 
sure dry a*r at a centrally located point 
(see Figure 2). 

A wet section of underground PIC cable is 
different from buried PIC in that the 
section length for restoration is fixed by 
the manhole-to-manhole spacing. In all 
other respects, the procedure is the same. 

Restoration Equipment 

The equipment arrangement for restoration 
by vaporization using high pressure dry 
air is shown in Figure 11. It is Important 

Fig. 11 Equipment Arrangement for 
Vaporization of Residual 
Water from PIC Cable 

to recall that the drying time is directly 
related to the rate at which the dry air 
is forced through the cable. This is why 
the pressure should always be maintained 
as high as the cable (50 psl) or splice 
case (35 pel) can safely withstand (i.e., 
the greater the pressure at the inlet, the 
greater the flowrate will be for a certain 
cable length). The flowrate is greater for 
a shorter cable section (i.e., having a 
lower total pneumatic resistance). Thus, 
the compressor and air dryer are sized to 
have a large flow capacity in order to 
permit operation at the optimum conditions 
of maximum allowable inlet pressure. 
Figure 12 shows a plot of approximate flow 
rates for various pneumatic resistance 
units of PIC cables. By manifolding, a 

second compressor can be used to accel¬ 
erate the comoletion of a particular 
project. Details of the functional 
requirements of the equipment components 
as well as generic specifications are 
discussed in the equipment supplement to 
this paper in Appendix A. 

Fig. 12 Air Flow Rates as a Function 
of Pneumatic Resistarce Units 
for Given Inlet Pressures 

Cable Moisture Level Check 

Periodically the moisture level of the air 
exiting from the cable should be checked 
with a humidity indicator to see if accept¬ 
able moisture levels have been reached. 
When the relative humidity of the outlet 
air (with a 10 psi inlet pressure) drops to 
less than 35* rh the cable is considered 
technically dry. 

Electrical Testing to Confirm Restoration 

When acceptable moisture levels have been 
reached all the known problem pairs are to 
be rechecked. If no pairs are found to have 
insulation resistance less than 10 megohms 
(conductor-to-ground), the restoration is 

completed. 

RESTORATION EXPERIENCES 

A series of six field experiments in restor¬ 
ing actual wet cable sections have been com¬ 
pleted using these restoration techniques. 
In all but one of the cases the high leakage 
pairs were restored within two days using 
only high pressure dry (unheated) air. In 
the other case extremely cold conditions as 
well as the necessity of pumping uphill dic¬ 
tated that i“R heating be employed to restore 
this 1R101 section. Despite these conditions, 
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the restoration costs were only 25? of the 
estimated cost of replacement (the only 
alternative possible because the section was 
too long for reclamation). In most cases 
the water-related faults cleared after the 
bulk purge. 

DISCUSSION OF RESULTS AND CONCLUSIONS 

The principal conclusion from the study is 
that vaporization drying using high pressure 
unsaturated air is a viable means for restor¬ 
ing wet PIC cable in both underground and 
buried plant provided the cause of water 
entry is corrected. This water removal pro¬ 
cess is considered a complete restoration 
process. That is, application of this tech¬ 
nique to a cable very soon after water has 
entered will essentially restore the cable 
to its previous condition. In addition, it 
avoids the necessity of bypassing a filled 
reclaimed section with air pipe. 

The thermodynamic analysis determined that 
ideal vaporization conditions result from 
having air with the largest possible 
water-holding capacity and highest flow 
velocity. Also quantitative values result 
that allow prediction of reduced drying 
times so economic tradeoffs are possible 
between the optimum restoration equipment 
and overall drying costs. In conjunction 
with the thermodynamic analysis the heat 
transfer analyses provided the magnitude 
of energy required for accelerated drying 
using l”h heating as well as revealing 
that preheating the air is not feasible. 

The use of forced air drying (without 
heating) has been approved for Bell System 
use. It is considered that this technique 
will accommodate most wet cable problems. 
The feasibility of accelerated drying with 

I2R heating has been demonstrated, and this 
technique is under evaluation for applica¬ 
tion in cold weather conditions and for 
cable sections containing large amounts of 

water. 
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APPENDIX A 

EQUIPMENT SUPPLEMENT 

This equipment supplement is included to 
provide generic equipment specification': 
as well as to explain the functional 
requirements of the equipment component: 
which are not readily apparent. 

Mounting of the 'quipment is left to the 
discretion of thf users. Positions for 
"quick-disconnec .s" are indicated to simpli¬ 
fy on-site assembly. When the equipment is 
placed inside a van during restoration, 
adequate ventilation must be assured to pre¬ 
vent the heat dissipated by the equipment 
from causing excessive ambient temperature 
(e.g., leave windows and doors open). 

CONFIGURATION: CONTINUOUS DUAL-COMPRESSOR 
SYSTEM 

The restoration system is shown schematic¬ 
ally in Figure Al. Instructions and settings 

Fig. Al Schematic of Continuous Dual- 
Compressor System Utilizing 
"Manifolding" to Provide 
Maximum Flow through Cable 
Section 

of equipment components for different types 
of cable sections are given below. 

(i) High Pneumatic Resistance Section 

The functional requirements imposed upon the 
regulators and relief valves depend upon 
whether the wet sections has a high or low 
total pneumatic resistance, A High Pneumatic 
Resistance Section is defined as a section 
in which the compressor capacity is suffi¬ 
cient ^o create an inlet pressure greater 
than the allowable inlet pressure for restor¬ 
ation (e.g., greater than 35 psl for splice 
case entry). 

For this case the pressure controller 
should be set to provide the allowable pres¬ 
sure at the inlet to the cable air core. 
The bleed relief valve should be set at a 
60 psi pressure or higher if continuous com¬ 
pressor operation can be maintained (i.e., 
slightly below the upper pressure cutoff). 
This setup maintains higher pressure at the 
inlet of the air dryer as well as continuous 
operation of compressors having automatic 
pressure switches. (Higher inlet pressure 
results in more efficient dryer operation.) 
Without the relief valve the compressors 
would cycle rapidly because of the low 
volume in the air lines. 
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In a High Pneumatic Resistance Section the 
intermediate regulator does not come into 
play and should be set wide open. 

(11) Low Pneumatic Resistance Section 

A Low Pneumatic Resistance Section is defined 
as a section having such a low total pneum¬ 
atic resistance that the available compressor 
capacity is not capable of creating the 
objective pressure at the air core inlet. 
For this case, the pressure controller 
is set to the inlet pressure merely to 
prevent unsafe pressures during the 
initial bulk water purge. 

The intermediate pressure regulator is 
closed until at least a 60 psi pressure 
is created at the inlet to the air dryer. 
The flow will be choked somewhat under 
these conditions but the higher pressure 
results in more efficient drying. This 
is particularly important under cold 
environmental conditions because the 
dew point temperature is lowered fol¬ 
lowing expansion through the regulator. 

The bleed relief valve does not come 
into play with a Low Pneumatic Resistance 
Section because the compressors are not 
capable of flow rates necessary to cause 
pressure cutoff conditions. 

(iii) General 

The aftercooler is necessary to dissipate 
thermal energy generated during compres¬ 
sion so that the temperature of the air 
entering the dryer does not exceed the 
specified level. 

Manifolding compressors in the manner 
shown has two advantages. First, the 
flow capacity of the system is increased 
above 15 scfm which will provide optimum 
drying conditions for essentially all 
cases. Second, drying will continue if 
one compressor malfunctions. For cases 
where one compressor will provide the 
optimum capacity (e.g., flowrate less 
than 8.2 scfm) the other unit may be 
unplugged when the equipment is attended. 
(These compressors have automatic check 
valves to prevent air backing into them.) 
Additional flexibility is gained by using 
self-closing quick disconnects at the 
compressor outlet. This allows one unit 
to be easily removed for maintenance or 
to be included only when conditions 
require the added capacity. 

Generic Specifications 

(1) Compressor 

The oil-less compressors should be 
capable of delivering at least 7.5 
scfm at 75 psi with an output 
temperature less than 200°F. 

not greater than 0°F at l1*.? psi 
when the inlet temperature is 150°F. 
The air dryer should also have an 
automatic temperature bypass so the 
cooling chamber will not freeze at 
very low flow rates. 

(3) Aftercooler 

The aftercooler must be capable of 
dissipating enough energy to reduce 
the outlet temperature of the air 
from the compressor to the specified 
inlet temperature of the air dryer 
(preferably less than 130°F). A 
suitable aftercooler can be con¬ 
structed locally by forming several 
turns of 1/2-inch OD copper tubing 
into a helix approximately one foot 
in diameter. Experience has shown 
that at least six turns should be 
used to provide adequate cooling. 

(<0 Adjustable Relief Valve 

The adjustable relief valve should be 
capable of bleed flows up to 15 scfm 
at 5 to 125 psi. A pressure gauge 
having the same range is also required. 

(5) Dial Air Pressure Controller 

The Dial Air Pressure Controller should 
have an associated gauge and be capable 
of operating at 150 psi (up to 200°F) 
and 15 scfm. 

(6) Pressure Regulator 

The regulator should be of industrial 
quality having a compatible pressure 
gauge. The operating range should be 
5-125 psi at a flow rate of 15 scfm. 

COST 

The following listing gives approximate costs 
of the equipment recommended for the restor¬ 
ation process. 

COMPONENTS COST 

Oil-less Compressors (2) $1000 

Refrigeration Air Dryer 500 

Aftercooler 15 

Dial Regulator (with gauge) 20 

Regulator (with gauge) 15 

Relief Valve (with gauge) 20 

Quick Disconnects  10 

TOTAL $1580 

(2) Air Dryer 

The refrigerator air dryer should be 
capable of delivering at least 15 
scfm of 75 psi air at a dew point 
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ECONOMICS AND PERFORMANCE CONSIDERATIONS 

OF TELEPHONE CABLE PLUGGING 

FRANCIS M. FARRELL. Ill, MANUEL FTIREIS. JAMES D. OROVES, and HENRY K. KAPPELL 
3!. COMPANY. ST. PAUL. MINN. 

SUMMARY 

Due to several significant trends in the use of pressurization 
in the outside plant the subject of cable plugging deserves a 
re-examination. 

The use of centrally read transducers, along with air-pipe 
systems, allow better than ever sheath condition moni¬ 
toring. The development of a cable plugging system that 
compliments these advances is discussed. 

Economic considerations point to several interesting con¬ 
clusions. 

INTRODUCTION 

The entire history of improved telephone service has been 
marked with milestones representing advances in the 
quality of the transmission path. Probably the largest single 
advance was the replacement of open wire by cable. This in 
turn required the development of pressurization techniques. 
Pressurized cable equates to a dry and therefore relatively 
steady state transmission path which has allowed prac¬ 
titioners of electronics to multiplex many signals onto one 
pair and bring incredible economies to information trans¬ 
mission. Pressurization, especially the control of it through 
gas tight dams is the topic of this psper. 

Pressurized cable plant has been evolving for half a century. 
Advances have come steadily and now it is a well developed 
tool that offers high utility. Most of the overall benefits it 
can afford us are already being realized, however, signifi¬ 
cant improvements continue to be made in various com¬ 
ponents of the overall pressure system. It is important to 
recognize the interaction of these various components and 
what net effect a change in any one component will have 
on the entire system. Only those component improvements 
increasing the overall system value are acceptable. It is in 
this light then that we should evaluate the present effort in 
cable plugging. 

HISTORICAL PERSPECTIVE 

Before plunging into specifics, let’s take a look at what has 
led us to the present state-of-the-art. 

The first field use of cable pressurization was in lead 
sheathed toll cables during the 1920’s. These cables lent 
themselves to gas pressure because they were long runs with 
few branches. Since they produced high revenue, there was 
ample economic justification for the higher initial cost of 
pressurization. The benefits sought were twofold, namely; 
protection of the core from moisture entry and a method 
of monitoring sheath condition. Some controversy exists as 
to which one was the primary motivation but that’s a con¬ 
cern for historians. 

A pressure “system” then was a discrete section of cable, 
typically seven to eleven miles long, maintained under a 
static pressure (Fig. 1). Static pressure in the section was 
maintained by periodic charges of dry gas, usually nitrogen, 
from a high pressure cylinder. Leak location was a matter 
of reading pressures at valves spaced along the cable, either 

in manholes for underground cable or at poles for aerial 
cable, and then making a graphical analog of the Findings. 
The intersection of the plotted gradients approximated the 
leak’s location (Fig. 2). A soap solution was then painted 
on the suspected area to find the actual leak. 

In the early 30’s, pressure conUctors gained wide ac¬ 
ceptance. They were placed along the cable, three or four 
to a section, and could be set to any desired pressure level. 
If pressure dropped, an alarm would sound in the central 
office to indicate a change in sheath condition. This was a 
quantum jump in the monitoring function of pressur¬ 
ization. 

The condition of remotely placed nitrogen cylinders was 
also monitored when they were used to feed discrete 
sections that required a constant pressure source. Central 
office alarms would indicate when cylinders needed replace¬ 
ment. Thus another link in the system had been added. Not 
only could sheath condition be monitored but also the pro¬ 
vision of the pressure medium itself. 

Through all these developments, the discrete pneumatic 
sections were isolated with only one type of gas dam or 
cable plug as it is commonly called. As shown in Fig. 3, this 
plug was made by removing a section of sheath and re¬ 
placing it with a lead sleeve. The sleeve was first filled with 
liquid paraffin to saturate the conductor insulation, the 
paraffin was then “boiled” out and replaced with hot asp¬ 
halt which solidified to c reliable gas tight dam. This was a 
notable achievement but the plug construction was very 
time consuming and relatively dangerous. 

The benefits of pressurization to toll cable in reduced 
maintenance cost and improved reliability were so sub- 
stantial that by the late 40’s attempts were underway to 
pressurize portions of exchange area cable. 

Exchange cable presented a new set of difficulties, as is 
illustrated in Fig. 4. Whereas in toll cable there were large 
cables, few branches and long runs, exactly the opposite 
was true in the exchange cable plant. Frequent entries into 
the sheath were necessary for small branch cables and 
circuit rearrangement and most of the early terminals were 
not pressure tight. 

These fundamental differences required two basic changes 
in pressure systems. First, a better source of pressurizing gas 
other than a nitrogen cylinder was needed because high 
activity in the exchange cable plant produced large leaks 
reducing its overall pneumatic integrity compared to toll 
cable. Secondly, a more economical and rapid plugging 
system was required because of the vast increase in number 
of plugs per unit length over toll cable. 

The mid 50’s provided solutions to both problems. Con¬ 
tinuous feed air dehydrators were developed which pro¬ 
vided large quantities of dry air which was fed directly into 
cables as they left the central office vault. A “cold resin” 
method of plugging was a corresponding development 
which reduced the cost, complexity and danger of the old 
hot asphalt plugs. 
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The newly developed system was primarily an advance in 
materials since a thermosetting epoxy was substituted for 
two troublesome thermoplastics. The advantage offered by 
the epoxy resin was that a chemical reaction occurring at 
ambient temperature caused it to go from an injectable 
liquid to a gas-tight solid, rather than the heating and 
cooling cycle needed for wax and asphalt. 

Along with the development of epoxy as an improved 
material, came the introduction of a new method of appli¬ 
cation - sheath injection. This method was developed 
primarily to accelerate and simplify plugging the large 
number of small diameter cables found in the distribution 
network. Using this method, a craftsman would simply drill 
a hole through the lead sheath and inject the epoxy resin 
directly into the core. 

The sheath injection method never gained widespread use 
on larger cables because their layered core construction 
prevented thorougn resin penetration and therefore, reliable 
plug formation. Instead the new epoxy compound was 
poured or injected into lead sleeves. This method, nonethe¬ 
less, was a vast improvement over the wax/asphalt method. 

Plastic insulated conductor (PIC) cable was the next signifi¬ 
cant development that had an effect on pressurization. For 
the exchange cable plant, it was a mixed blessing; since 
service was less immediately affected by moisture entry, 
sheath breaks remained unnoticed and open longer allowing 
large amounts of water to collect far from the point of 
entry. As PIC cable matured as a product, a more realistic 
approach to its use developed. It became generally accepted 
that high humidity in the core was tolerable but bulk water 
was not. Ways of keeping it out were needed. 

Pressurization, of course, was one of the options selected to 
supply the answer. Double sheath PIC cable was designed 
specifically for use on pressurized trunk and toll routes, 
as well as for feeder cable to cross connect terminals in the 
exchange plant. Single sheath cable was also pressurized to 
a limited extent. 

A need now arose for a method of plugging PIC cable with 
several solutions emerging. Epoxy resins, as used in pulp 
cable, were unacceptable because their high exotherm 
during cure would degrade, or even melt, polyethylene 
conductor insulation. Specially formulated epoxies were 
developed which had smaller temperature rises but this was 
done at the expense of rapid cure. Namely, the large heat of 
reaction inherent with epoxy had to be dissipated over a 
longer cure time. A further disadvantage was the tendency 
of epoxy to dramatically reduce in viscosity just prior to 
gelling. This behavior was especially troublesome in PIC 
cable because the conductor insulation was completely 
non-absorbent; thus allowing the thinned plugging com¬ 
pound to flow down the core leaving voids. 

Polyurethanes began to arouse interest at this time. This 
class of resins is a chemically reacting thermoset similar to 
epoxy but offers some essential advantages over epoxy. 
These are: 

— lower cost. 
... lower exotherm during cure preventing thermal 

damage to the plastic insulation. 
... uniform viscosity increase to gellation thus not 

flowing down the core away from the plug location. 
— less offensive odor. 
— less skin irritation. 
... better insulation resistance. 

— improved compliance with conductors and sheath 
during thermal cycling. 

— greater resistance to thermal and mechanical shock. 
— shorter wait until pressurization. 

(Fig. 5) illustrates a polyurethane plug. It is somewhat 
analogous to the earlier lead sleeve plug, filled with epoxy, 
with several exceptions. Unlike lead, the plastic sleeve 
method required internal strain relief and shield bonding. 
This development was a doubly significant advance since it 
introduced polyurethanes to the outside plant, not only as 
a plugging compound but also as a splice encapsulant. It is 
still dominant in both roles. 

The early 70’s saw another change in plugging methods gain 
widespread popularity. It was a modification of the earlier 
sheath injection method, this time using a polyurethane 
compound where the sheath itself contains the compound 
rather than an applied sleeve. The new method required 
that an opening, or a “window”, be cut intt the sheath, the 
core prepared, a fitting attached and the compound 
injected (Fig. 6). Since the need for a plastic sleeve and 
additional mechanical and electrical continuity was elimi¬ 
nated it resulted in a sizable time savings. It could be used 
with all types of cable and therefore appeared to offer a 
universal advantage. 

To place this sheath injected urethane plugging method in 
perspective as one component in the overall system it is 
necessary to consider the other components which consti¬ 
tute a modem cable pressure system. As mentioned earlier, 
a single component’s worth is determined by its effect on 
total system performance. 

PRESENT STATE-OF-THE-ART 

Without placing them in chronological order, several 
recently available components in a modern pressure system 
are: 

Air Pipe - the high pneumatic resistance in cable 
limits the distance pressure can be main¬ 
tained at a useful level when it is fed only 
from central office dryers. “Air pipe” 
systems overcome this by paralleling cable 
runs with low pneumatic resistance air lines 
(Fig. 7). Dry air can then be manifolded 
into cables at proper intervals to keep cable 
pressures at any selected level. This does 
for the air pressure in a cable, what a 
repeater does for the signal being trans¬ 
mitted. 

Pole Mount Air Dryers - allows either cables or air 
pipe systems to be fed at locations distant 
from the central office. They are dispro¬ 
portionately expensive to operate 
compared to a central office dryer, but 
excessively long runs and/or leaky systems 
require them. 

Pressure Transducer ■ a pressure measuring device 
which produces an output proportional to 
the pressure it senses. It gives a quantitative 
reading. It allows for a much more sophisti¬ 
cated, remote monitoring system. 

Automated Monitoring Systems • a mechanized 
approach to cable plant monitoring where 
remote devices are periodically accessed 
and interrogated. When a device gives a 
reading outside pre-set limits an alarm is 
given alerting maintenance forces to the 
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location and nature of the problem. 
Devices which are typically monitored 
include air dryers, contactors, transducers 
and air flow rate indicators. These 
automated systems vary in sophistication 
from simply monitoring a few contactors 
on a priority cable, to elaborate computer 
controlled networks monitoring entire 
geographical areas. Such a system is 
described below. 

Cable Pressure Monitoring System - briefly stated is 
the latest advance in the state of the art. It 
is both a monitoring and management tool 
(Fig. 8). It was designed by Bell Labora¬ 
tories to upgrade and unify the pressuri¬ 
zation efforts that had become very exten¬ 
sive and complex since the introduction of 
pressurization to the exchange plant. 
CPMS, as it is commonly calleu, will 
monitor up to 15,000 miles of pressurized 
cable, reporting changing conditions to the 
responsible repair forces and also provide 
management with current information on 
the status of the maintenance of pressure 
systems. 

The system is extremely flexible since 
changes can be made by simply altering the 
controlling computer program. The overall 
effect of CPMS is to maximize the benefit 
of the large Investment already made in 
pressurization and minimize the incre¬ 
mental cost of further additions. 

From this perspective we can now look at the specific topic 
of modern cable plugging. 

Air dryers, pipe systems, transducers and CPMS are all 
acknowledgments that leaks are expected in cable pressure 
systems. These leaks occur at splice cases, repeater 
housings, manifolds, cable plugs and in air pipes, to name a 
few. In fact any computer assisted pressure system design 
program allows for a fixed leakage in a given amount of 
plant. 

It is critical, however, that tolerated leak rate be small com¬ 
pared to leaks the system is designed to protect against. 
Anything else is poor design and poor economy since it 
decreases the system’s capacity to protect and its sensitivity 
to monitor. 

A USER’S NEED 

A large user of cable pressure plugs recently began an evalu¬ 
ation of the sUte-of-the-art in plugging, considering both 

methods and materials. A specification was written stating 
their performance and economic requirements. The specifi¬ 
cation placed a high premium on a universal system, one in 
which a common method and material would perform up 
to required levels for both pulp and PIC cable. To comply 
with this requirement, all our development efforts, except 
as noted, treated ( alp and PIC cable in a similar manner. 

The economics of plugging are inextricably tied to the over¬ 
all economics of pressurization. A low first-cost plug that 
requires subsequent maintenance and reduces long term 
pneumatic integrity of the system is a very false economy. 
Therefore, the plugging system that meets design criteria is 
th. only economical choice. Why set performance criteria 
otherwise? 

Performance then, was the controlling factor. The specifí- 
cation addressed this by stating required levels of per¬ 
formance and how attainment of those levels was to be 
proven. 

The most stringent, requirement set a maximum allowable 
leakage rate for ¡ample plugs after they had been aged 
through thermal cycling. There is good justification for this 
method of accelerating age because the failure mode of 
most plugs in the field is thermally induced dimensional 
changes. It is simply speeded up in the laboratory to reduce 
development and evaluation intervals. 

The actual test is: 
24 plugs are made in both pulp and PIC insulated cable, 
(eight each at 20,70 and 95° F.| 

All 48 plugs are cycled for 50 cycles. 
(0 to 100° F. for pulp, —40 to 140° F. for PIC) 
under a constant 10 psig pressure. 

At the conclusion of the cycling, leakage rates past the 
plugs are measured at 0,40 and 95° F. 

In order to meet the specification, pulp samples must have 
an average leakage rate not exceeding 10 cc/min and PIC 
samples must not exceed 1 cc/min (both corrected to 
sUndard conditions; 0° C and 760 mm Hg). The difference 
in allowable rates is based on intended use of the different 
cable types and their different pneumatic resistances. 

There were other requirements but this one appeared domi¬ 
nant. Our first attempt therefore, was to try to qualify the 
sheath injected urethane method which had gained wide 
popularity. Groups of samples, including both PIC and pulp 
cables, were prepared and tested using several different 
commercial urethane formulations. 
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TABLE 1 

PNEUMATIC TEST DATA FOR SHEATH INJECTED 

CABLE PLUGS 

CABLE PLUGGING CONDITIONS H CYCLES PASSED 

SIZE TYPE TEMPERATURE COMPOUND 

600/24 PAP FPA • PIC '70 

300/24 PAP FPA - PIC 70 

600/24 PAP FPA - PIC 32 

000/24 PA? FPA - PIC 70 

300/24 PAP FPA PIC 70 

600/24 PAP FPA PIC 32 

A 

A 

A 

B 

D 

C 

33 

3 

12 

12 

3 

12 

2700/26 STALPETH - PULP 32 

2700/26 STALPETH • PULP 32 

2700/26 STALPETH - PULP 70 

2700/26 STALPETH - PULP 70 

2700/26 STALPETH - PULP 70 

200/24 STALPETH-PULP 70 

200/24 STALPETH-PULP 70 

A 

C 

A 

B 

C 

B 

A 

FAIL INITIAL 

FAIL INITIAL 

12 

FAIL INITIAL 

FAIL INITIAL 

FAIL INITIAL 

12 

Table 1 illustrates the limited success of the sheath in¬ 
jection technique. Typically a sheath injected plug will 
provide a good initial plug on PIC cable, but will begin to 
leak after a few cycles due to the severe stress of the 
temperature cycles of this type of specification. Per¬ 
formance is more mixed on pulp cables. Present sheath 
injection plug compounds and techniques do not measure 
up to these new severe specifications. 

At this point, one might ask how applicable this type of 
specification is to the typical user of pressure plugs. Obvi¬ 
ously, existing systems will make plugs and under many use 
conditions these may perform indefinitely. However, just as 
obviously these plugs may also break down and leak under 
many conditions. It would seem desirable, in view of the 
economic penalties of maintenance or failure of plant, to 
use systems which assure long term performance. 

Examining the failed samples of sheath injected plugs by 
staining the leak paths with a dye solution, it was very 
evident that the sources of difficulty were the many inter¬ 
faces between the plugging compound and the various 

layers of the sheath that remained in place. A look at a 
double sheath cable construction, Fig. 9, will illustrate the 
many interfaces that may cause continuous leak paths 
through the length of the plug. Since the sheath seemed to 
be the problem, consideration was given to the earlier 
methods where the sheath was removed. A modification of 
the classical sleeve method was developed (Fig. 10). It 
simplified core preparation, shield bonding and sleeve place¬ 
ment. A urethane was formulated to meet the material 
requirements in the user’s specification and perform satis¬ 
factorily in both types of cables. Its wetting action was 
improved over earlier urethanes so it would penetrate and 
saturate the core of pulp cable yet not run down the core in 
PIC cable. Compound introduction into the sleeve was 
simplified and economized by the use of a standard two 
part plastic bag which can be injected with a regular 
caulking gun. In addition, the method is more universal 
than sheath injection since the rate of compound intro¬ 
duction is independent of cable type unlike sheath injection 
where it must be metered into PIC cable to prevent exces¬ 
sively long plugs. 
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TABLE 2 

PNEUMATIC TEST DATA FOR SLEEVE INJECTION 

CABLE PLUGS 

CABLE PLUGGING CONDITIONS 

SIZE TYPE TEMPERATURE COMPOUND 

200/24 STALPETH - PULP 70 

200/24 STALPETH • PULP 70 

200/24 STALPETH-PULP 70 

1200/?4 STALPETH - PULP 70 

5700/26 STALPETH-PULP 70 

2700/26 STALPETH-PULP 70 

200/26 STALPETH-PULP 70 

2700/26 STALPETH-PULP 70 

2700/26 STALPETH - PULP 70 

900/24 STALPETH-PULP 70 

600/22 STALPETH-PULP 70 

2700/26 STALPETH-PULP 70 

900/24 STALPETH-PULP 70 

200/24 STALPETH-PULP 20 

200/24 STALPETH-PULP 20 

200/24 STALPETH-PULP 20 

200/24 STALPETH-PULP 20 

2700/26 STALPETH-PULP 20 

2700/26 STALPETH-PULP 20 

2700/26 STALPETH-PULP 32 

2700/26 STALPETH-PULP 32 

2700/26 STALPETH-PULP 96 

2700/26 STALPETH-PULP 95 

200/24 STALPETH-PULP 95 

200/24 STALPETH-PULP 95 

200/24 STALPETH-PULP 95 

200/24 STALPETH-PULP 96 

2700/26 STALPETH-PULP 96 

2700/26 STALPETH-PULP 96 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

HCYCLES PASSED 

51 

51 

51 

54 

54 

51 

54 

56 

56 

63 

53 

53 

55 

51 

51 

51 

51 

51 

51 

54 

69 

51 

51 

51 

51 

51 

51 

51 

51 

Table 2 shows the revised sleeve method did meet the leak- valent cables. This latter consideration was an added help in 
age rate requirements of the specification. Furthennore, an bringing the first cost of a modified sleeve plug in line with 
average craftsman can apply the modified sleeve plug in the the first cost of a sheath injected plug, 
same time required to inject a plug into the sheath on equi- 
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TABLE 2 (con’t.) 

PNEUMATIC TEST DATA FOR SLEEVE INJECTION 

CABLE PLUGS 

CABLE 
PLUGGING 
CONDITIONS CYCLES 

SIZE TYPE TEMP o F COMPOUND PASSED COMMENTS 

900/24 STALPETH-PULP 

2700/26 STALPETH-PULP 

100/24 PCP 

600/24 PCP 

600/24 PCP 

70 

70 

20 

32 

32 

A 

A 

A 

A 

A 

6 CONTINUED 1/2 SHIELD 

FAIL CONTINUED 1/2 SHIELD 

54 NO SEALING COLLAR 

56 NO SEALING COLLAR 

56 NO SEALING COLL AR 

900/24 PAP FPA - PIC 

900/24 PAP FPA • PIC 

900/24 PAP FPA PIC 

70 

70 

70 

A 53 

A 53 

A 53 

SEALING COLLAR 

SEALING COLLAR 

SEALING COLLAR 

100/24 PCP 

600/24 PCP 

600/24 PCP 

600/24 PCP 

600/24 PCP 

95 

95 

95 

95 

95 

A 

A 

A 

A 

A 

54 NO SEALING COLLAR 

58 NO SEALING COLLAR 

58 NO SEALING COLLAR 

55 NO SEALING COLLAR 

55 NO SEALING COLLAR 

900/24 PAP FPA-PIC 

100/22 PAP FPA PIC 

100/22 PAP FPA-PIC 

900/24 PAP FPA-PIC 

900/24 PAP FPA PIC 

100/22 PAP FPA • PIC 

100/22 PAP FPA-PIC 

100/22 PAP FPA-PIC 

100/22 PAP FPA-PIC 

900/24 PAP FPA-PIC 

900/24 PAP FPA • PIC 

900/24 PAP FPA-PIC 

70 

70 

70 

20 

20 

20 
20 

95 

95 

95 

95 

95 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

6 NO SEALING COLLAR 

51 NO SEALING COLLAR 

6 NO SEALING COLLAR 

1 NO SEALING COLLAR 

3 NO SEALING COLLAR 

3 NO SEALING COLLAR 

3 NO SEALING COLLAR 

3 NO SEALING COLLAR 

3 NO SEALING COLLAR 

1 NO SEALING COLLAR 

51 NO SEALING COLLAR 

1 

600/24 PCP 70 A FAIL CONTINUED 1/2 SHIELD 



TABLE 3 

SLEEVE INJECTION PLUGGING COMPOUND 

I. UNCURED PROPERTIES 

- Free TDI (%) 
- Volatile Isocyanate (%) 
- Viscosity (Cps- 250 Q 

Prepolymer 
Polyol 
Mixed (1 Minute) 

~ Gel Time ( min., 25° C) 

- Maximum Exotherm (°C) 

II. CURED PROPERTIES 

METHOD VALUE 

None 
ASTM 2615 2.3 
Brookfield 
Viscometer 

3.500- 4,000 
1,000-1,500 
1.500- 2,000 

Sunshine 20-25 
Gel Meter 
100 g. Mass 
100 g. Mass 75-80 

A. PHYSICAL 

- Tensile Strength (psi) 
- Elongation (%) 
- Hardness (Shore A) 
-- Density (gm/cc) 
- Volume Shrinkage (%) 
-- Copper Corrosion 
- Fungus Resistance 
- Hydrolytic StabUity 

(7 days, H20,100° C.) 
a) Weight Increase (%) 
b) Shore A Loas 

- Heat Stability 
(21 days, 1350 C) 
a) Weight Loas (%) 
b) Shore A Increase 

- Thermal Shock 

ASTM D-412-68 
ASTM-D-412-68 

3M* 
3M* 
3M* 
ASTM D-1924-63 

1,500-2,000 
150-200 
85-90 
1.10 
1.5 
None 
“0” Growth 

2.5-3.5 
15-20 

3M* 
3.0-3.5 
10-15 

3M* 10 Cycles No Cracking 
1/4" Insert 
—65PCto 130° C 

B. ELECTRICAL 

- Dielectric Strength 
(VolU/mil) 
(1/8" Sample) 

- Dielectric Constant lO^Hz 

- Dissipation Factor lO^Hz 

- Insulation Resistance (ohms) 
(28 days, 40° C, 96% h. H.) 

ASTM D149-64 
ASTM D150-70 

ASTM D150-70 

3M* 

450-500 
250C 5.3 
600 C 6.2 
900 C 7.3 
250 C 0.065 
600 C 0.073 
900 C 0.077 

1 X lOlO 

The material properties of the polyurethane adapted for the 
modified sleeve method are given in Table 3. The properties 
listed are those called for by the customer's specification 
and are appropriate to a plugging compound. 

Two properties deserve some in-depth consideration; dry 
heat aging and dielectric constant. 

Dry heat aging is particularly significant to a plugging com¬ 

pound because it simulates long term aging in the presence 
of dry air. Two hazards to an improperiy formulated ure¬ 
thane come from dry aging; weight low from plwticizer 
volatility or migration which causes shrinkage and, thereby, 
opens leak paths and hardness increase due to oxidation. 
Hardnew increase reduces the urethane’s ability to follow 
thermally caused dimimsional changes in the plug, also a 
major cause of leak paths. 
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TABLE 4 

EFFECT OF DRY HEAT AGING 

ON A SHEATH INJECTED CABLE PLUG 

(Temperature 135° F.) 

Days 
Leakage Rate (cc per min.) 

Stable Compound 
(Scotchcast 4407) 

Non-Stable C ompound X 

0 - 

17 

48 

88 

Stalpeth PAP Stalpeth PAP 

0 

0 

0 

13 

0 

0 

0 

1 

0 

0 

9 

48 

0 

0 

2 

25 

To verify thi» theory four sheath injected plugs were made, 
two with a urethane resistant to weight lore and hardness 
increase, the other susceptible to both. The plugs were aged 
at 135°F for 88 days. Table 4 shows the progressive change 

by the degradation in the thermally unstable com¬ 

pound. 

A cable plug is viewed by the signal being transmitted in a 
cable as a lumped capacitance. In other words it appears as 
a capacitor in series in the transmission path. CapaciUnce is 
a funcUon of plate spacing, plate area, and dielectric con¬ 
stant of the intervening material. In a section of cable con¬ 
taining a plug the capacitive effect depends on: the spacing 
between the individual conductors, which is essentially th»> 
same in all plugging methods; the area of conductors 
(plates) exposed to the dielectric medium, which is pro¬ 
portional to plug lengths for a given cable; and the die¬ 
lectric constant of the compound. Since spacing is constant 
for all methods, only area (length) and dielectric constant 
imtter. Thus, it can be seen that the capacitive influence of 
a plug in any given cable is proportional to the length of the 
plug times the dielectric constant of the material. 

This is good news for a sleeve type plug which incorporates 
a relatively low dielectric compound. Furthermore, a sleeve 
plug is typically 10-12” long while an injected plug avenges 
36”, and some compounds used for sheath injection have 
dielectric constante above 9. Thus a sheath injected high 
dielectric plug can have a capacitive influence 4 or 5 times 

that of the system described herein. 

«proved Test FacUity 

he large number of plugs that were tested in the foregoing 
rogram has lead to an improved testing facility. The latest 
icility as shown in Figure 10 is centered around a mass 
low meter which constantly monitors the pressurized 
amples in a temperature cycling chamber. 

fhe system is designed to include a strip chart recorder 
living us a hard copy record of leakage rates during the 
emperature cycling. This will enable better identification 
>i failure modes which will allow further improvement and 

Conciusion 

Pressurization has evolved from primitive beginnings to 
today's highly automated servant. Plugging has always been 
part of it and continues to be as fundamental as ever. More 
options an available for today's plugging requirements, yet 
quality and reliability is now more important than ever. 

The options must be carefully evaluated and their true costs 
assesaed. Plugs that don’t maintain long term pneumatic 
integrity as specified in the design of modem pressure 
systems reduce the value of those systems. 

[„ what we see as a definitive study, where performance 
was quantified^ the date strongly indicates tl new 
iheath injection method of plugging does not fill the bul. 
The classical sleeve method modified and combined witha 
new polyurethane and delivery system does meet the need 

J f ill innnrn /truss It for A loWCF fifSt COSt. 
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