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I„ Table IB on page 2 oí NRL Report 6034, 'The Str.ngth oí 01... 
Fibers and the Failure of Filament Wound Prc.ure Vc..cl«, 
Kies, Feb. 1964, the composition, of the S and E gla.ses art exchange . 
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The Strength of Glass Fibers and the Failure 
of Filament Wound Pressure Vessels 

J. A. Kies 

Ballistics Branch 

Mechanics Dixhsion 

In glass-reinforced-plastic rockets such as Polaris A3 and third stage Minuteman, the current 
strength/weight advantage over metals has been achieved in a major degree by utilizing a new glass 
designated S or S-994. Examination of what is meant by the strength of glass filaments has led to a 
new method of characterizing the strength, especially for the purpose of exploring new glasses. Since 
the tensile strength is influenced by flaws and by environmental effects, the strength is therefore 
strongly dependent on the gage length tested and the time under load. In considering the statistical 
distribution of fiber strengths more than one population of flaws has been detected. The amount of 
damage to the fibers in such handling as the making of roving is rather severe, judged by the size or 
length effect on the strength of filaments. On the other hand with good design this mechanical damage 
is not reflected in a correspondingly large size effect in the strength of pressure vessels. About the 
same percentage of the initial virgin fiber strength is achieved in rockets made of E and S glasses, 
and the rather large discrepancy between virgin filament strength and strength in structure should 
not be regarded as due to fiber degradation but rather associated with unequal tensioning limitations 
due to resin, surface finishes, and design factors not yet optimized. It is indicated that a 60-percent 
increase in the strength of glass fibers and presumably of glass-reinforced plastic could be obtained 
by suppressing the effects of the moisture apparently always present. It is not reasonable to expect, 
however, that in large structures the glass stress at failure will ever be the same as the technical upper 
limiting strength of virgin glass filaments in tested short lengths. 

INTRODUCTION 

The present day margin of superiority of fila¬ 

ment wound rocket cases over metals on a 

strength/weight basis on a quantitative scale is in 
a large measure a reflection of the improvement 

in glass fiber strengths achieved since early 1962, 

during which time the production of high-tensile- 

strength coated fibers designated S glass or S-994 
has been brought under close control. It will be 

shown w'hy the intrinsic strength of the filament 

as it comes from the bushing does not completely 

determine the strength of a pressure vessel. 

This is not unexpected, and the mechanisms of 

progressive failure in the composite are as worthy 
of study as is the initial strength of the filaments. 
Environmental influences have a profound effect, 

but in practice is seldom noticed because the 

environments are always apparently about equally 
bad. 

Note: This report was the basis for a lalk presented at a special 

meeting of TTCP, Subgroup P, October 16, 1963. 

NRL Problem R05-19, U.S. Navy Special Projects Office Task Assign¬ 

ment 71402. This is an interim report on the problem. Work on this 

and other phases is continuing. Manusc ript submitted Oc tober 24, 1963. 

LIMITING STRENGTH OF 
GLASS FILAMENTS 

Based on atomic forces, a very rough estimate 

of the limiting strength of a solid, sometimes 

called theoretical strength, is often quoted as 

approximately 

E 

~ 10 (1) 

where E is Young’s modulus, y is the surface 

energy for the two surfaces, and a is the lattice 
spacing. The £/10 value is somewhat arbitrary in 

that it is assumed that a 10-percent strain will 

break a lattice bond. Thus the limiting strength 

expected for glass is between 1 and 2 million psi. 
A rather concise review of six different suggested 

theoretical formulas for the strength of solids is 

to be found in the first chapter of Ref. 1. The 
various theoretical expressions differ by a factor 

of as much as 2 in their predictions. Let us consider 

a more realistic case and assume that a small sur¬ 

face crack larger than the lattice size exists in a 
glass specimen and that the energy pier unit area 

for a pair of “dry" fracture surfaces at room 

1 



2 J. A. KIES 

temperature is given by Qr = 0.08 in.-lb/in.2, as 

measured at NRL (2). The “semielliptical” for¬ 
mula provided by Irwin (3) states that 

1.2 y a-2 a 
(ifi2-p) (2) 

where p is a plasticity correction not needed here 
and 

<P = 
'nil _ 

y/\ — k2 sin2 <f> dip 

in which 

k2=l- 

Here, a is the crack depth (whereas a was the 
lattice spacing in Eq. (1)) and 2c is the crack length 
open on the surface of the specimen. If the crack 
is semicircular, as is often the case, <p2 = tt/2. If 
2c >> a, then ^ = 1. A valid assumption is £ = 
11 X 10« lb/in.2. 

Thus the expected strength of moderately dry 
glass with a semicircular crack open to the surface 
is (based on (Jr = 0.08 in.-lb/in.2). 

6.1 X 102 
<TC = - 

Vi 
(3) 

At the 500,000 lb/in.2 strength level, the flaw depth 
a would then be at the moment of fast rupture, 
and including any slow growth during application 
of the load, a = 1.46 X 10~6 in. The apparent 
main role of moisture is to promote such slow 
growth as “stress corrosion.” 

This a is too small for easy seeing, especially on 
a curved surface; therefore ordinary fracture 
mechanics formulas are not applied to individually 
measured flaws in fibers, and we must resort to 
statistical treatment. Recently we have made 
significant progress at least experimentally in 
characterizing the strength of glass filaments. 

STRENGTH OF FIBERS AS COMPARED 

WITH GLASS STRENGTHS IN GLASS- 

REINFORCED-PLASTIC STRUCTURES 

appropriate to present in Tables la and lb what 
the glass fiber and rocket industries consider to 
be the strength of current production fibers. Note 
that single values are quoted without reference 
to statistics or scatter. By way of comparison the 
glass stress at burst is given in Table 1 for other 
typical composite specimens. A forecast of future 
performances is given in Appendix A. 

Table ia 

Strength of Fibers in Current Production 

Fibers 
Strength (psi) 

S Glass E Glass 

Virgin* 

Strand (roving) 

4-in. Bottle 

Motor Case 
(Polaris 1st Stage) 

700,000 

450,000 

400,000 

270,000 

500,000 

340,000 

310,000 

225,000 

•Tested in 6-cm lengths. 

Table ib 

Properties of S Glass and E Glass 

Glass 
Composition (wt-%) Young’s 

Modulus 
(psi) 

Density 
(lb/in.3) Si02 AI2O3 CaO MgO B2O3 

S 

E 

54 

65 

14 

25 

17.5 4.5 

10 

10 12.2 X 10» 

10.5 X 10« 

0.90 

0.92 

At the moment we shall examine briefly what 
is meant by the size effect on strength. Many in¬ 
vestigators have already reported on the statistical 
nature of the strength of glass in massive as well 
as in fiber specimens. For details of such studies 
there are provided several references at the end 
of this paper (4-10). It is convenient now to men¬ 
tion only one of the many equations suggested 
in the past, because within reasonable limits it 
readily permits us to estimate the size effect and 
that is one of the most obvious differences between 
a short length of filament and a useful engineer¬ 
ing structure such as a Polaris first stage rocket 
case containing about 400 lb of glass fibers. 

Weibull( 10) proposed that the cumulative prob¬ 
ability of rupture for an applied stress rising 
from zero to failure could be expressed as 

S = 1 — exp J B0 dv 
Before describing the progress in characteriz¬ 

ing the strength of glass-filaments, it seems (4) 
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where v indicates volume and and 

s-fô' 

fío = 
\<To - 07 

(5) 

and it was shown that the size effect data then 
in the literature could be better fitted for con¬ 
stant a, because all known data indicated that a 
finite upper a limit was being approached as the 
specimen size decreased. In Eq. (5), o-„, the lower 
limit, is practically zero. This formula (5) is how¬ 
ever inconvenient for purposes of calculation. 
The Weibull formula of Eq. (4) was shown by 
Irwin (8) to provide us with the convenient aids 
to calculation given as 

in which cr is the applied tensile stress and m is the 
Weibull coefficient. Here o-0> although originally 
intended to be related to upper limiting strength, 
becomes rather useless operationally because for 
S 1, <r -* » in Eq. (4). In a previous paper (5), 
the author suggested using 

A = jrr^ JT-3-5-(m-l)] 
m + 1 (2,4,6,"m). 

if m is an even integer. (9) 

Again, m is the Weibull coefficient. For volume 
distributed flaws the effective volume for a cylin¬ 
drical beam in three-point loading is 

Veff = 

and 

VrfS- 

(m + 1) (m + 2) 

[2-4-6-(w- 1)1 

2 r*L 
'(m + 1) (m + 2) 

n ~ 1)] 
2 (2-4-6-m) 

, for m odd (10) 

, for m even. (11) 

For a rectangular parallelepiped in three-point 
loading as a beam the effective area is 

/TA1"" 

\vj 
(6) 

where F, is the average strength of specimen 
of linear size 1, V, is the specimen volume, and 
the Weibull coefficient is 

m = vTs/t) (7) 

in which 7j is the relative standard deviation. 
Volume distribution of flaws is assumed; if, as 
in glass in tension, only surface .flaws are impor¬ 
tant, the volume is replaced by surface area in 
the equations. For relatively undamaged virgin 
glass m = 50; for moderate damage tn = 6, as it 
is for natural minerals such as coal and limestone. 
For nonuniform stress Eq. (6) is much more com¬ 
plicated, as shown ¡tí Ref. 5. 

For example, for the case of a circular-cross¬ 
section beam in three-point loading the effective 
area Aeff for surface flaws is (for radius r and 
span L of the cylinder) 

À 2 rL [2-4-6---(m-1)1 
m + 1 ( l-S^S"-/«) ’ 

if m is an odd integer (8) 

A'"-^T\{b+^T\) <12) 

where L is the span, b is the width, and D is the 
depth of the beam. 

Let us now refer back to Table 1 and see how 
Eq. (6) can be used as a means of evaluating the 
performance of glass in the tests. In order to do 
this. Fig. 1 was prepared, in which the average 
stress in the glass filaments at failure was plotted 
against the weight of the glass. In going from 
the single filament 6 cm long to the Polaris first 
stage, we cover about 13 decades of weight on 
the log scale. The breaking stress is also plotted 
on a log scale, and the slope gives the Weibull m 
value according to Eq. (6). It can be seen to our 
satisfaction that the m value for the small speci¬ 
mens is in the range 25 to 50, which is character¬ 
istic of high quality material without obvious 
manufacturing and design defects. Between the 
4-inch bottle and the Polaris first stage, m is about 
20, which is much greater than 6 and therefore 
much better than if we were scaling up the defects 
in proportion to the specimen size. In other 
words defects in Polaris have been scaled down 
from those in the 4-inch bottle. It should be 
emphasized that when m = 6 the linear size of the 
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•Fig. 1 - The size effect showing the glass stress at failure vs weight 
of glass fibers for a wide range of sizes of specimen 

worst defect is proportional to the linear size of 
the test piece. In Fig. 1 we have shown a dashed 
line for m = 6 connècted to the point representing 
the 6-cm filament of S glass. For S glass which has 
been made into roving and then single filaments 
removed for test the mechanical damage results 
in m Ä 6. We conclude from this that the mechan¬ 
ical damage to the glass during processing is far 
less deleterious in a composite structure than 
it is to the average strength of the filament itself. 
Reasons for the easy tolerance for fiber damage 
lie in the structure redundancy of the material 
and the fact that the resin effectively transmits 
the stress around the breaks if there are not too 
many bunched in one place. 

It is contrary to our experience with high-quality 
structural materials to expect m to exceed 50; 
therefore it seems possible that the glass stress in 
Polaris might reach 340,000 psi as an upper limit 
through extreme refinement in design and manu¬ 
facturing and that 290,000 psi (for m = 25) would 
be a more reasonable f;oal. 

The sober warning to be drawn from all this is 
that we cannot go to indefinitely larger structures 
of glass-reinforced plastic and expect the average 
strength of 700,000 psi as measured in a single 
filament. The size effects just discussed have never 
been explicitly .incorporated in design studies 
by structural engineers; however, it is worth 

our while to consider them as a lesson taught 
by experience. 

Results like those of Fig. 1 are sometimes in¬ 
terpreted to mean that we are not utilizing the 
full strength of the glass (say 700,000 psi) in a 
structure with breaks at a “glass-stress” of 250,000 
psi. This erroneous interpretation results from not 
distinguishing between nominal average stress 
and the local stress at the origin of failure, which 
could approach very close to the upper value. 
Nonuniform tensioning, Jbuilt-in stress raisers, and 
bad interlaminar shear conditioning are largely 
responsible for the discrepancy between virgin 
filament strengths and the nominal strengths at 
failure in the structures. We see in Fig. 1 that 
S glass gives greater strengths'by about the same 
percentage for all the different test specimens. 
We should conclude that future increases in the 
strength of glass would be reflected to a degree 
in the strength of structures, and in that sense 
we are using and will use the full strength of the 
glass. 

RECENT EXPERIMENTS ON THE SIZE 
EFFECT IN GLASS FIBERS 

In the foregoing no attempt has been made to 
be thorough, since extensive literature on the 
statistics of strength already exists. We shall now 
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Fig. 5 - Probability plot fol E glass fibers 0.05 cm long. 

A bimodal distribution is suggested. 
Fig. 6 - Probability plot for S glass 

fibers 8 cm long 

Fig. 7 - Probability plot for S glass fibers I cm long Fig. 8 - Probability plot for S glass fibers 0.05 cm long 
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We are beginning a studyof how .mechanical 
and moisture damages affect the different flaw 
populations in the Solar* tests (11,12). It rçill.be 
the latter part of 1964 before much data will be 
ready for release on this subject; however, if the 
different flaw populations turn out to be physically 
different in kind as well as degree, then we may 
have an improved method o(, determining, for 
example, how moisture or surface finishes affect 
or preserve the strength of glass*. A bimodal dis-, 
tribution was'fôund by Cornelissen and othefs for 
rods (4), but no apjArent use was made of this 
discovery other than to connect it with its fause 
in manufacturing the glass. Cornelissen found 
jhat a certain step in the process introduced a 
separate flaw population. 

At present we can at least say that bare E glass 
has in one sense been shown stronger in air than . 
it is advertized to be, whereas for bare S glass the 
advertized strength in air is close to the upper 
values obtained for the stronger members of the 
population B. Preliminary but unreported results 
indicate that the act of making a single end roving 
(of high-tensile-strength coated fibers and remov¬ 
ing single fibers for test) degrades the strength of 
the fibers considerably below the virgin strengths. 
This degradation of average strength has been 
found at "Solar to be the same percentage for S 
and E glasses. The degradation is a measure of 

the abrasion and the protection or lack of it'pro-* 
vided by the high-tensile-strength finish. It is 
suggested here fhat the lubricating value of a 
finish be judged in accordance with the m value 
for.abraded fibers. • , . 

The main emphasis in the'study we are begin¬ 
ning wil|, be on Hew high modulus fibers a’nd on ’ 
the effects of moisture exposure before and dur- 

, 'n8 testing. At this time the question *of how m 
make an engineering application of these test 
results to the prediction of the strength of struc¬ 
tures is deferred. 

*. * • 
EFFECT OF MOISTURE ON 

* . SHEAR FRACTURE IN THE RESIN * 

OF GLASS-REINFORCEÇ PLASTIC 

We have already mentioned that moisture can 
degrade the strength of glass, probably by a stress 
corrosion effect in which slow growth of surface 
cracks occurs during time under load if moisture 
can penetrate the cracks. The puzzling thing 
about this^to most people is that a bad effect of 
moisture on the tensile strength of laminates 
is not easy to demonstrate without a drastic treat¬ 
ment such as by boiling. There are at least two 
possible reasons for this difficulty: first, some 
moisture is always present in ordinary test samples, 
and secondly, failure of a laminate is partly a 
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resin failure and partly a resin glass debonding on the effects of moisture. The treatments and 
failure. The resin and the resin glass bonding are confidence levels of the test results are shown in 
not necessarily adversely affected by water, at Tables 2a and 2b. This is new data using non¬ 
least in short time tests. standard tests. Further more refined explorations 

For example, at NRL Qm type shear fractures will soon follow in our BuShips program, 
made using slotted hoops of E high-tensile- The fact that moisture can have a drastic effect 
strength glass in Epon 828 CL indicated (Table 2a) on the strength of glass is demonstrated in Fig. 10. 
with practically 100-percent confidence that the These data obtained by General Electric on 
stiffness for shear was increased by an immersion BuWeps contract Now61-0641-c are for bare E 
for 3-1/2 months and that the fracture strength glass filaments drawn in air at room temperature 
in shear was not degraded significantly from those • tested in ordinary air and tested in nitrogen vapor 
specimens stored in a dessicator for the same at liquid nitrogen temperature. Here we see a 
time. On the other hand storing dry for 3-1/2 ' dramatic, effect of the suppression of moisture 
months degraded the shear fracture strength to effects on‘the* strength. In fact, the strength was 
a 94-percent confidence level as compared with 60 percent higher at lojver temperature, -196°C. 
only 11 days dry storage. Those stored dry. for In pursuing this idea the G.E. group tested 4-inch- 
3-1/2 months were weaker in shear fracture re- diameter «epoxy composite rings at the’same two 
sistance than those stored in water but with only temperatures and arrived at modal strengths of 
an 88-percent confidence level. Thus if we omit ‘500,000 psi and 310,000 psi respectively for the 
consideration of the glass strength we have shown glass stress at failure at -196°C and room tem- 
in preliminary tests that a moist environment does perature. This is the same percentage difference 
not generally impair the shear fracture properties as for the filaments. Since we can assume that 
in the resin of the composite. In Table 2b the stress corrosion by moisjure was suppressed by 
specimens of Table 2a were slightly modified by the low temperature to the same extent in the 
sawing only one slot. The results are somewhat filaments and composite rings, then we must at- 
contradictory and without obvious reason. This tribute the difference between filament and ring 
illustrates the need for further study. Such dis- strengths to mechanical damage and nonuni- 
crepancies are typical of the published literature formity of tensioning. The nonuniformity in 

• • 

, Table 2a 

Results of Statistical Analysis of Double Slot Beam Tests,'Shear Qw 
Lot 
No. Description Pmax, Strength AP/A8, Stiffness 

1 

2 

4 

5 

11 days at 100°F and 20% RH 

11 days at HOTand 98% RH, 
cycled to 20% RH, 3 days apart 

Stored dry 3-1/2 months 

Stored in water 3-1/2 months; 
air dried 24 hr before test 

27.3 Ih 

26.5 lb 

23.8 lb 

26.6 lb 

424.6 Ib/in. 

426.5 Ib/in. 

424.2 Ib/in. 

441.1 Ib/in. 

Level of Significance Between Means 

Pmar, Strength AP/Aê, Stiffness 

1 2 4 5 1 2 4 5 

1 

2 

4 

5 

0.55 

0.94 

0.45 

0.55 

0.88 

0.07 

0.94 

0.88 

0.88 

0.45 

0.07 

0.88 

0.58 

0.10 

0.99 

0.58 

0.50 

0.94 

0.10 

0.50 

1.00 

0.99 

0.94 

1.00 
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• Table aß 

Results of Statistical Analysis of Single Slot Beams (Qm) 

(All specimens loaded on the slotted half only)_ 
Lot 
No. Description Pm«*, Strength AP/Af, Stiffness 

3 

6 

7* 

8 

Tested immediately (control group) 

Stored dry 3-1/2 months . 

Stored in water 3-1/2 months, • . 
air dryed 24 hr before testing 

Stored in water 3-1/2 months, • 
tested wet 

' 33.4 lb 

37.3 lb 

38.0 lb 

31.8.1b 

514 Ib/in. 

545 Ib/in. • 
527 Ib/in. * 

511 Ib/in. 
« 

• 
• < Level of Significance Between Means * 

• 
Pm«*, Strength . . AP/Af Stiffness ' • . 

3 6 7 8 ? .6 7 . 8 

3 

6 

7 

8 

• 
0.95 

0.98 

0.62 

0.95 
_ • 

0.22 

. 0.98. 

0.98 

0.22 
_ • 

0.99 

0.62 

0.98 

0.99 

0.99+. 

.0.84 

0.15 . • 

0.99+ 

0.89 

0.96 

0.84 

’0.83 
• 

1 • * 
Û.69 

Q.15 
• 

0.96 • 

0.69 . 
• 

— • 

PERCENT OF FIBERS 'HAVING STRENGTH ABOVE 
VALUE SHOWN 

Fig. 10 - The suppression by low temperatures of moisture 
effects on the tensile strength of E glass fibers 

tensioning does not all come from imperfection 
in the' roving materials and manufacture of the 
rings; also, mechanical damage to the glass can 
develop as the mechanical test proceeds. Fixtures 

for testing rings do not usually achieve a perfectly 
uniform pension on tlje rings. For example, we 
rjeed to make a correction for bending in the 
split D*ring test and for some damage to the ring 

• by shear cracking during test. * . * , * 
B 

It is çlear that to get the moisture low enough 
t in engineering structures to realize the 60-percent 

improvement implied by the G.E. jvork, rather * 
heroic measures w«?uld have, to be adopted. It is 
not clear that this is practically posSible. Metallic 
coatings may yet be .the answer, although to date 
they have been of little value for glass. A'review 
of a considerably bôdy of reports on metalifed 
coatings ha*s recently been »issued (13). Any rtew 
researfh to be undertaken on metal coatings 
should somehow be different ‘in approach, artd* 
accomplishing new research different ip approach 
will.not be easy* 

'• • 

• • 

• • 

' THE LOOP TEST • • 

Although the testing of glass filaments by pull- 
jng a loop is not new, good instrumentation for 
performing the test has only recently been pro¬ 
vided. Figure 11 shows schematically the apparatus 
developed, by R. Trimble of thç University, of 
North Carolina on NRL contract Nonr-3605(00). 
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FIBER SPECIMEN 

The purpose .is to Measure the strengths of •ex¬ 
tremely sfio,rfg&ge lengths in bendlhg aijd to 
avoid the «uncertainty .in gage length 'due to 

.possibje slippage .in the grips. At the present, 
we have no test results to report." In ^making the 
loop test «we have pur choice between measuring 
the diameter of the loop at fracture or of meas¬ 
uring the tension^ in the fiber*. The maximum 
stress a-'m calculated for* the top of the* Ipop is * 
given by Irwin (14) as , • • 

• O’max : 
_ 4 ¡If 

r~7\V 
9 9 • 

and the effective length is given as 

(13) 

where r is the radius of the filament, E is Ydung’s 
Modulus «for the glass, T is jhe tensile force on the 
filament, and m*is the Weibull coefficient^ which 
may be estimated, from the standard deviation • 
formula (Eq. (7)). 
. The* equations for the elástica (natural shapes 
rods When loaded) were ^so previously solved 
by McFadden of NRL in an unpublished paper, 

.and am was expressed by him as a function of 
the loop diameter. Experimentally this has been 
unsatisfactory in that an accurate knowledge of 
the diameter at failure was not easy to obtain. 
Measurement of T is recommended. The effective 

lengtjj of filanjent in the loop test is approxi¬ 
mately 0.01 cm. 

FAILURES IN FILAMENT* WOUND 
PRESSURE VESSELS 

• • 

Wç have more than tan academic interest in 
the strength of glass fibers.. We really "want to 
know to what exteqt their phenomenal strength 
is usable in a composite structure. This calls for 
soVne knowledge of how things fail, and that is 
not a simple matter of tensile failure in filaments. * 
Before discussing failure modes let us consider • 
furthef where we ‘stand in structural efficiencies 
of rockets. 
• TaBle 3 compares various large solid rockets 
on the basis of proof {pressure times volume 
divided by wfight of the motor case. This if not 
an indication of burst pressure. In this table we 
see that for the Polaris A2 second stage the struc- * 
turaf efficiency of the glass-reinforcèd "plastic 
was not particularly high. E glass and a conserva¬ 
tive design were in usé. For the Minuteman third 
stage the PV/W index is alhiost the same a$ for 
the* two metal stages and better than the Polaris 
A2 second stage. This table represents current 
achievement w*it)j S glass. Polaris A3 in both 
stages uses improved designs and S glass. Here we 
can note that in Polaris the glass-reinforced plastic 
outperforms all the other rockets listed, this does 
not represent an optimization but rather an ad¬ 
vanced practical solution that met a deadline. 

•. 

* • ' Table 3 

Comparison of Motor Cases 
of Large Solid* Rockets 

Motor Case 
% Material PV/W (in.) 

Polaris A1 2nd 
A2 2nd 

Typhon , 
• * 

Pêrshing 1st 
• 2nd* 

Minutema'n 3rd 
2nd 
1st 

Polaris A3 2nd 
A3 1 

Steel 
GRP* 

Steel 

Steel 
Steel 

GRP 
Ti 
Steel < 

GRP 
GRP 

0.L2 x«10« 
0.14 * 

• 
0.18 

0.18 
0.20 

0.23 
0.25 
0.25 

0.29t 
0.33f 

♦Glass-reinforced plastic. 
tS glass. 
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In cDiisicUiiiij; lailim-s w«- shouUI iliai
lluii- are U-i iiiinalin>' eiids-ot ({la« in a hlanii-nl 
wiiulin^. niiiiiinitin niilies in tensioninj'. and a 
xaiietx <>l iiregnlarilies in inanntailining so that 
siirsN iaistr> exisl. In aiiditiiin. v\e have ihf lei- 
lainl> III some degradaliini in Mrenglli nl die kI**''' 
il« H line III handliiix anil |iiixexsnig nl die iniit.n 
lase. Hie |>o<iNil)le efliil nl iiioisliire iin dii 

' Mieii)^li III jilass-ieinliirteii plasm has Ixi'ii e\- 
iienieh elnsise In delennine. Miiili iniilliiliny 
ilala exisl. and wiiils is.ciininininji al \R1.. Ihn. 
lai ii apjK-ais dial Ini nxkel lases nn apprt\iahle 
degradatinn nn. sliiiam’ liii several vears is 
aiilii ipaled. ■ ■

As an illnslialinn nl pniKiessive lailiire. Kin- 12 
gives a phnin taken earlv dining a 3-niiiinle hnld 
at iniislanl pvessiiieni a H-iiil li-iliaiiielei pressnie 
\ess«‘l, I he niiler vjiiidiiigs aie in the hixip iliiei - 
linn. Dnriiig this Unld. ninre and iiinie small 
siraiids biiike nr laiiie lixise In nnwinding. sn 
dial the wall was gradnallv Insiiig inalerial and 
presnniahlv siieiiglh dnrnig die hnlil lime. .Alter 
S minnies nl siii h iniiliniiing imwinihiig the pres- 
s'nie was laded In pnxhne sudden lailnre. I his 

’ .tvjx- nV nnwiiiding lailine has Ix-eii descrilx-d 
elsewhere (l.'i-17) and die glass siri-ss liii its Ix- 
ginning 'ilei« nds nn die iininlx i nl libers liinkeii^ 
in a hnndle and nn ihe lesislame in die pmiMga ‘ 
Him nl a sheai iiaik in I’he resin. A ivpiial value 
III Q,ir Ini sinh sheai iraiking is .'i in 8 in.-lh in.* 
111! iiirivnl e|xixv and glass i nmliiiiAliiiiis.

Kilaiiu'iil wnnnd piessine.lessels ale viilnerahle 
In nils 111 snail In s and die lesidiial sirengih is 
mil delerniiiied hv die sireiigdi nl glass sm iiiinh 
as il is hv die liiiighness nl die lesiii and die 
aviiiiling pallerii nr lav-iip. 1 his has Ix-eii dis- 
nissnl in a previniis.iiaixr (l.'i). At present iiin- 
sidei* Kig.‘i:< in whuh the piessiires Ini die’ 
Ixginning nl iniwiiidiiig laihiir and die hiirsl 
pressures are shdwii Im Ixildes ennlaining siii 
laie nils. In die undamaged stale Ixilh kinds nl 
Ixillles had the same streiiglh. but in the nil 
enndiliiiii this was mil.the ease.

* I he I Hen nl lime under Inad is iniixirlaiil and 
es|xiialiv draslie il there is a nil. kiguie 14 shnws 
hiiw Ihe hiirsl sliengih nl .lavered (die sii|x rinr 
kind) Ixildes is afleiled hv lime under Inad. 1 he 
nine maikeil Iasi lesi is Ini Ixildes pressiiii/e<l 
ai sinh a rale as m laiise- biirsi in SO semmls Im 
undamaged nnes. Kigiiie l.i shows Ivpieal burst 
biillk-s in this se-ries. In a numeiiial analvsis ii

Vm 12 •- Olll- Sl<-|> Ml ill! PIIXIK'SI'I l.lllul€ cl J 
Ii imInhamhri iiiulri miriiial pitssmi

was shnwii d'i" •« I''" •»' hilkms wniiW In die 
results;

.Assume dial die hurst siieiiglh <r is piii|xirlinnal 
in Ihe Sijiiaie rixit nl a damage /niie si/e «. apd 
dial ihirmg Inading die lime tale nl imrease nl 
a is ■ ■ • ■

^ * ,r«
dl

(15)

When n was s« i al 2. all nl die dilleVemes between 
iippei ami lower turves due In lime umlei Inall 
tniild lx- hlleil vilislatiniilv Hus was mil the t asi- 

. however with tests hv ()iilwaiei (18) nn \RI ihn- 
liail ,\niii-S2!9(01)(X) Oulwalei used iwilenwnd 
geixlesit nvalnid Ixildes wilhniil nils ami Inuiitl 
the hurst sirengih In lx- expresseil as

<li> + k j\;j.
lib)

where r is lime and a, is stress dining hnld 
piini In hursl. Oulwalei Inund n In lx alxiiil 25. 
IIHI laige In lx- tniisidered a liatliiie mn haiiit s 
ell«-<t but radier a tiM-niital m stress tminsinii 
elleil. Smh a law w.is ptevHiiislv Inund with n = 17 
hv (.hades (ID) nl (id. Inr glass itxls Kigiire lb 
shows Oulwalei s results. We are lliiis ninlrniiled 
with evideme whx h tells us dial laihiie iiinha- 
nisins are mu simplv dehnetl and lalaingetl Ini 
glass-reininiied plasm and that die sirengih nl
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1„ ^h..uk^ r.ah/c tha,
ilu n* iif u iininaiiiiB « K>-»" •* hlanit ia
u.iHling. n..iumil<»n.iti<s in n-nsH.mng. and a
vaiift% <.t itTcgulaMties in mamda. niling «> Iha.
smss laiM is rxiM. In addiii...., we liavr the ,.i- 
laiim ol some deg.a.lalion in strength ol the glass 
ilM-ll due lo handling and i.i.Hessing ot the nioloi 
,a«-. lheV.ssil.le eHeU ol inoistiite on the

• strength ol glass-reinlor..-<i plasti. has b.-en ex- 
miiieh elusive to delerinine. Mmh .ottlhuing 
.lata exisi. and v.oik is..ontinu.ng at NRl Ihn- 
tai It appears that lor t.Kket <asr-s no appre. table

• degiadation on. slot age lot sr veral st ars is 
anti, tpaled.'■

\s an illustration ..I progtessise lailuir. ki|^ >2 
jhves a photo taken earls .hiring a S n.inute h..l.l 
a, .onslaiit p^essuieol a 6 imh-.liain.-tei pressure 
vessel The out. r windings aie in the h.M.p .liux- 
,io„. During this h..l<l. tnor.- an.l mote small 
strands bt..ke ..t .ante 1.m,s.- hs iiuwiii.hng. s., 
.hat Ihe wall was gra.h.alls losing mater.,d .m.l 
presmiiahlv siiength du.mg tlu hol.i ..me Alte.
S minutes ..1 su.h ...u.mu.ng uuwu.d.ng the pres- 

. Mi.e was ra.ie.1 ... p.odu.e su.l.len lailtne. 1 h.s
• ,v,K- ..i unwinding tail....- has In-en .les. ..1h-.1 

■.-Isewhere (I V17) an.l the glass stress 1... its 1k-
ginning lleiKMi.ls on the uumlK-i ol I.Ik-is h...k...
in a bundle and .... the resistame ... the p.opaga 
Hon ..1 a shea. .ra.k m .‘he resin. A tspual sal...- 
..I 1... st'th "h.-.. ..a. king is a to « m.-lh m.

. |..r ....rent eiK.xs an.l glass .omhi.i.'i.i.ms.
•' • filaim n. woun.l press..re.<ess. ls ar. sul.u .ahle 

n, ...ts ... s..at.hes and the lesidual siiength is 
. no. .Utermined l.v the strength ..1 glass s« mu.h 

i, is hv the toughness ..I the les.n an.l the 
as.n.lmg patten, m las-«P '
. usse.i ... a -previous.pa,H-r ,l.a» A. ,.r.sen, ....,-
si.lei- Kig.'i:< in "'»<'> 1>'‘-'"'
beginniiu. ol iinwin.ling lailure an.l the hurst 
,,ressu.es a..- sh.lwn 1... iK.ttles ...ntaming su. 
liwe ...ts. In the un.lamaged state 1k..1. kinds..!

• b.,tiles ha.l the sail..- strength, but ... the .... 
...mlitK.i. this was n..l.th. ...se

• I he . H.rt ..I titui- un.h-. I..... I .m,K.rt.ml and
. MX .alls .has... .1 the., .s a ..... F.gu..- M sh..ws

,..Iw the hurst strength ..1 .lasc tl (th.- su,K-r...r 
km.l) U...I.S .s aHe,.e.l hv tim. .mthu l..a.l. I he 
....se ...a.k.-.l las. us. .s I... IkM.I.s ,..essu../ed 
a. stvh a .ate as ... .a..s<- huts. ... Ihl srso.Hls I... 
.....lamaged ..n.-s, F.g.n. la sl...ws ts,,Hal burs. 
Ik,.ties ... tins se.i.s. In a nume.i.al anahs.s tt

1.; • I.IH ilrp ...'Ik
,i-„„ I, . I.amh.-. ulMlr, .mriliKl |>.. s«...

was sh..wn that a law as lolk.ws W....1.1 h. the

'* Xssumethal ihehuisl siiength ts ,)i..,K.tti..n.d

... the s,,..a.e r.K.t ..1 a da...ag.' "•

.ha. .hmug l..a.h..g the..mu- .ate ..I ...... as,- ..I

<i is

4e.
dt

k (T" a- U5)
••

Wlu .. n was se. a. 2. all o! .1»- .hllere...r s ^-.w.x-n 
an.1 l..we. ..uses .h.e to .m»- u"«l« ■ ><-*'

..U,.l lK-h...dsa,.sla.U...ls. lh.s was....,d.,-.aM-

.h..wev,-. with tests hs O.nwau-. (I«l <»' NRl 
,.a.t ,N.....-S21‘»(0l»(X» Omwau-. us,xl .s..„-nv... 
g,x«l,s.. ..sal..id lK.tlUs without ...Is an.1 h.,m.l 
the I.U.S1 st.ength I.. In- ex,... ss,-.l as

.•tI
A- ,l»i.

Ok + A,

vshere / ts time and a, .s stress d.n.ng h..ld 
,,„o, ... hu.sl. Oulwate. I.mnd n u. Ik alK.ul 
:.K. la.ge to Ik- ...ns..le..-.l a l.a.....,' nuxlianus
.-He., hut .ather a .lumual ... s.r,-ss .......s.....
eH.xt. S... h a law was ,,.esK...sls l.,..n<l with r. 
hs ( harh-s (191 -.1 (. F. I... glass .,kIs 
shows Outwatei s r.-sul.s We are tints .onlronU-d 
with .-suletHe whuh ulls ..s that la.lu.r m.xha-

glass-reinl.....d ,.iast.. an.l that the strength ..I
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failure and for final burst iîi 6-mch*b«jtles 

Fig. 14 - Thç effect of time on burst strengths of six 6-inth-diameter 
bottles with layered windings containing cuts 



fm. IS - Apix-JtaiKf <>l hul«s in ml b..lll< v

Ihf glass is mils i>nt- of main lailms clt-U-imilling 
ihr sln-rtgih ot a iircssiiic \rssH. In lliis |in-s«Miia- 
liim no incniion lias Ih-cii niailr ol llu- role ol iln- 
resin. This is an cxiienu-K ini|«iHanl part ol NRl 
leM-anh. es|«-i iails leseanli lor tlie Bnieaii ol 
Ships. .Mlei hsrlioiesl eseis Polaris ronlains mil­
lions ol iraiks in the resin. .\n example is shown 
III Fig. 17. We have reason to iM'lieve that siuh 
iraiks lav oih ii the glass lo eiivironmenlal allaik. 
esiHxiallv bv moisture.* I he strain niagiii1i> ation 
III the resin is ven large anil has Ix-en ilesiiilx-d

•Sf-t \

III a previous pajK-i (20). The • onlrihiitMin ol 
ihe resin sliength to the nieihanital strength anil 
stahilitv ol ilimeiisHins ol the stun line aie ol 
greai imi>oriaiii e We are onlv iH ginning to hinlil 
liom the grouiiil up out kiiowleilge ol ihe role 
ihe lesin plavs in progressive lailure

In loniliision let us eniphasi/e ihe lail that 
the wonls ■stiength oF glass lilamenls" have a 
iliHerent meaning <le|>« tiding on ihe test si/e. 
lesting s|Med. and eiiviionmenl. .Mniost nothing 
is known alxnil how lo lelale the tensile sliength 
ol lilanieiils diiixllv lo the sliength ol a laige 
glass leinloiied plasm sitiHliiie exiepl hv
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<•»»
V.

P«3«^w;
hig- 17 — Rran irjikft grraiU inagnitiMi. 1 hr gla&ft nirf* are abiHil 0.(WMr4 in. in diamner

fiiipiiu^il iiiflliiMls. W'v 1k-Ih-x«-. Inmrxri. lhal 
un-ni im|>iiiM'iiiciiiN in iht- sii«-ii(^h ot )il.iim-nl\ 
ha%«‘ aliiiiiM .ill laiiird nui iiiKi llu- vtu-nKlh 
Ilf Miliil KHki'is; In the- next \r.it in luo we are 
leil III ex|Hxl lhal I S. indiiMix will bi- able In 
|iiiMliiie glaxx lilx-is .dime 8(K1.(MKI (ixi in Mien){lli 
and that exeii highei Mieii)(lh will (nine lalei. 
Meibaimal dainaRe In the fdwis is less ini|>nManl 
lhan iinexen lenxinninK. eti. In a wniiint (.iiiiinn. 
hnwcxei . lei iix leali/e lhal In liilh iilili/e xiK h 
hi^h slieii)rlhs with (iiireiil xaliiex nl idaxtu 
iniMhihix ni sliHness nl ihe ul.i'x ihe Miaiiis in 
seiviie wniild haxe In Ix' Iimi hi^h Ini (nni|>alibilil\ 
with iiielal pails and diiiiensinnal Inlei.imes 
dutaled hv pieseill n|Hialiniis. Il is iheielnie 
suggested lhal the emphasis nii neat liitiiie glass 
hix'i i<‘se.ii<h shniild lx- inaiiiU nn nbt.iining 
highei iiiimIiiIiis gl.iss withnul Ix'ivlliiiin. and 
ih.il pinblems nl design and testing Ini slindnial 
< niiip.iiihiliix lx- kepi in inind In ihns<- planning

inateiials leseanh. In nni hurl leleieme in 
niei h.inisms nl lailnie in gl.iss-ieinlnii ed-pl.isiH 
slim lines we luxe ninitled sexeral iin|Miilanl 
lailnie iiu*( h.inisnis and latises nl l.iihiK* xxim h 
haxe Ix-en div iissed in piexiniis p,i|K'is (‘Jl -'J.li. 
I hese h.ixe Ix-en ihi- u-snll nl i-iinis. Haws, and 
(hai.ideiislK mlii-ieiil slindnial weakm-sses not 
diredlx .iss<« i.m-d with ihe .I'-nsile slii-iiglh nl 
ihe glass.
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APPENDIX A 

FORECAST OF FUTURE PERFORMANCES • 

AN INDUSTRIAL FORECAST 

As a guide in deciding what areas of materials 

research and development will be most rewarding, 

a copy of an industrial forecast is given as Fig. 

Al. In this figure the highest usable strength/ 
density ratio is given for the materiaL For fila¬ 

ment winding the numbers refer to filament re¬ 
inforced plastic, not to the filaments alone. It is 

seen that glass-reinforced plastics are regarded 
with great optimism. Cost has not been considered. 

OTHER STRONG FIBERS* 

Metal filaments now producible in continuous 

form are listed in Table Al. Here the strength 

values are quoted from various sources. The test 

results have not been given with adequate detail 
for purposes of fully describing what uncertain¬ 
ties may exist. 

*H. Bernstein, 'Materials for Advanced Solid Propellant Motor 
Cases,” Interagency Solid Propellant Meeting, Seattle, Washington, 
Sponsored by Johns Hopkins Applied Physics Lab., July 1963 
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Fig. AI — Industrial forecast of the performance of glass reinforced 
• plastics and other materials for rocket cases 

Table Ai 

Strengths of Continuous Metal Filaments 

Metal’ Tensile 
Strength (psi) 

Density 
(Ib/cu in.) 

Strength/ 
Density (in.) . Modulus (psi) 

Boron 

Beryllium 

Steel 

Titanium (B120VC.A) 

Tungsten 

400,000 

190,000 

600,000 

270,000’ 

700,000 

0.094 

0.067 

0.282 

0.170 

0.695 

4.3 X 106 

2.7 X 106 

2.1 X 106 

1.6 X 106 

1.0 X 106 

55 X 10« 

44 X 106 

30 X 106 

15 X 10« 

50 X 10* 

EFFECT OF MOIST ENVIRONMENT ON 

PRESTRAINED 4-INCH-DIAMETER 

PRESSURE BOTTLES 

It has not been easy to find clear evidence of 
the degradation of filament wound glass-epoxy 
specimens due to exposure to moisture. Follow¬ 
ing, however, are unpublished data obtained by 
Dr. S. Brelant and Mr. I. Petker of the Aerojet- 
General Corp. at Azusa, California. The purpose 
of the 80 percent of ultimate prestress was to 
produce a large number of resin cracks as exem¬ 
plified in Fig. 17 of this report. According to the 
data of Table A2, exposure to moisture did de¬ 
grade the bottles after prestrain but did not 
degradé the strength without the prestrain. Also, 

Table Aa 

Effect of Environment Upon 
Prestressed 4-in.-Diameter Bottle 

Prestress 
(% ultimate) Exposure Actual Burst 

Pressure (psi) 

0 

80 

0 

80 

None 

. None 

10 days, 95% R.H. 

10 days, 95% R.H. 

2900, 2950 

3025, 2900 

2725, 2940 

2325, 2230 

the prestrain did not by itself degrade the strength. 
Only two specimens were tested for each condi¬ 
tion, and so no significance test was applied. 
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EFFECT OF MOIST ENVIRONMENT 
'ON PRESTRAINED 

GEODESIC ISOTENSOID BOTTLES 

Iable A4 
Effect of Submergence in Water for 7 Days 

With and Without 80% Preload 

In the work of Brelant and Petker the specimens 
were 4-inch cylinders with semielliptical ends. 
Some shear strain and change of shape were ex¬ 
perienced during pressurization. On the other 
hand, in Outwater designed specimens the shape 
tends to remain constant. Tables A3-A5 are taken 
from OutwateTs Report* and refer to test speci¬ 
mens made from the same roll. Since the number 
of specimens was too .nail for good testing of 
significance, this data must stand as tentative. 

Work on this subjet t is in progress at NRL by 
Dr. I. Wolock and Mr. H. Ewing. 

Table A3 

Effects of Moisture on the Strength of 
Outwater Bou ¡es not Prestressed 

Vessel 
Failure Load 

in Air 
(lb/end) 

Vessel 

Failure Load 
in Under- 

Water Burst 
(lb/end) 

SB-1 

SC-1 

SI)-1 

SF-4 

SC.-4 

Mean 

6.52 

6.84 

6.6/ 

6.21 

6.92 

6.63 

SB-4 

SC-7 

SD-4 

SG-3 

Mean 

6.07 

6.54 

6.48 

6.92 

6.50 

Gmcluiion: The sli^hi different? shown is probably not significa 

*|. Outwater and W. J. Seibert,"Tbc Efferts oi Water on the Strength 

ol Laminated Pressure Vessels,” leih. Mento. 194 on Projet! 62R0.1)- 

I9A. Contract Nonr.32l9<01)(X), Univ. of Vermont, Oct. 5, I9«2 

Vessel 

Failure Load 
with 80% 
Preload 
(lb/end) 

Vessel 
Failure Load 
Without Pre- 

.load (lb/end) 

SC-2 

SB-6 

SD-6 

SF-6 

Mean 

6.38 

6.39 

6.71 

6.14 

6.40 

SC-6 

SB-2 

SG-2 

SF-1 

Mean 

7.02 

6.69 

7.57 

'7.03 

Ï08 

Conclusion: Submergence in water for one week is deleterious only 
tl the vessel has been preloaded. This conclusion is tentative. 

Table A5 
Effect of Exposure to 100% Relative Humidity 

for 7 Days After Preload of 80% 

Vessel 

Failure Load 
Without Ex¬ 

posure 
(lb/end) 

Vessel 

Failure Load 
After 7 Days 
Exposure to 
100% R.H. 

(lb/end) 

SF-7 

SF-2 

SB-3 

SG-1 

SC-3 

Mean 

7.06 

7.13 

7.20 

6.98 

7.36 

7.15 

SB-5 

SC-5 

SF-3 

SF-9 

SC-8 

Mean 

6.80 

6.65 

7.06 

6.39 

6.97 

6.77 

Conclusion: The effect of exposure to 10()¾ relative humidity for 

7 days is to reduce the strength of the vessels which have been craze 

cracked by pi t-stressing prior to exposure. This is a tentative s'atemenl. 
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