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ABSTRACT 

The effects of low temperature on the mechanical, electrical and thermal 
properties of plastics is dis on sed. Data are given where available at three 
temperatures; namely, low temperature, about -65°F, room temperature and 
around 160°F to permit complete evaluation. The material is presented by plastic 
family (in alphabetical order) and is divided into three parts: thermoplastics, 
thermosets and foams. 
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INTRODUCTION 

Plastics have a prominent place in the spectrum of materials used in the de¬ 
sign and development of military materiel. This is due to their many attributes, 
such as cost, light weight, insulation capabilities, corrosion resistance, fabrica¬ 
tion versatility, etc. Therefore a tremendous wealth of information is required to 
fulfill the engineering demands for today's advanced weaponry designs and breadth 
of materials operation. 

Military materiel, from the simplest guerrilla infantry weapons to the most 
sophisticated space vehicles, must be capable of storage and operation in a wide 
temperature range. Since plastics are visco-elastic and therefore temperature 
sensitive, much research has been done and recorded on the effects of cryogenic 
and high temperatures on their properties. However, little work has been recorded 
in the lower limit temperature portion 0° to -80 °F of the U. S. Army's "Research 
and Development of Materiel, Regulation 705-15, " "Operation of Materiel Under 
Extreme Conditions of Environment. " 

Therefore, at the request of the miliUry, PLASTEO has prepared this report 
to cover the effects of low temperatures, specifically 0° to -80°F, on the various 
properties of plastics. Since most materiel is not designed to function at one 
temperature, it would be impossible to evaluate a material at the low temperature 
alone. The author has attempted to include data at ambient and approximately 
155°F (the Army's high temperature design requirement) for comparative purposes. 

After completing a rather comprehensive literature search which Included the 
PLASTEC Document Index, Engineering Index, Environmental Effects on Materials 
and Equipment Abstracts Index, Applied Science and Technology Index, Defense 
Documentation Center, International Aerospace Abstracts, OTS Selective Bibliog¬ 
raphy - "Low Temperature Research on Materials, " and trade literature, the 
author found very little data in the low temperature range. This is attributed to 
two factors: (1) All searches are based on key words, and there was no specific 
key word to use in this case as "low temperature" has unfortunately become synon¬ 
ymous with "cryogenics. " (2) Non-military applications do not require data to such 
low temperatures, therefore little interest is displayed in this area. 

The author, in an attempt to obtain data, contacted plastics suppliers for in¬ 
formation. This also resulted in little data, due to hesitancy to release data and 
lack of testing in this temperature range. Therefore, the following sections of this 
report contain all the information that could be found, even though Incomplete, on 
the mechanical, electrical and thermal properties of plastics. Where no data 
exists on a specific property for a designated plastic, this should not be construed 
as an evaluation of this material at that temperature range. The omission of data 
is merely an indication that the author could find no data to include. 

Much data could not be found in some areas because that property was not 
critical in many applications, and therefore little or no testing was accomplished. 
Again, the reader is reminded that the material presented is only that which could 
be found and that the data are typical values and are not to be used for specific 
design purposes. 
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PART I - THERMOPLASTICS 

SECTION I. ACETAL 

Mechanical Properties 

Table 1 and Figures 1 and 2 present average tensile elongation and impact 
values for various acetal compositions. Table 1 also compares regular molding 
materials with a Teflon-fiber filled material. As can be seen, the filled material 
is inferior in all respects to the regular molding material. Tensile streiçth in¬ 
creases moderately while percent elongation and impact strength decrease with 
lowering temperatures. 

TABLE 1. MECHANICAL PROPERTIES OF ACETAL COMPOSITIONS 

Property Unit ASTMNo. 

Delrin Celcon C' 

Temp. 10
0 

15
0 

SO
O

 

5
5

0
 

5
0

7
 

9
0
0

 

U« 
< M2 5 M90 

Tensile Strength pal 0 638 -88 °F 
a 

14,700 
b 
9,000 

73°F 10,000 6,900 

158°F 7,500 4,700 

Elongation % 0 638 -68° F 38 13 11 6 

73°F 75 15 13 12 

158°F 460 330 280 38 

Impact Strength, Izod ft ib/ln. 
of notch 

0 256 -40CF 1.8 1.2 1.0 .6 1.2 1.0 

73°F 2.3 1.4 1.3 .7 1.4 1.2 

Note: a. Ref. 1 
b. Ref. 2 
c. Ref. 7 

COMPOSITIONS r CHARACTERISTICS 

Delrin SOO 

Delrin 550 

Delrin 507 

Delrin 100 

Delrin 150 

Delrin 900 

Delrin A F 

Celcon M25 
ani M90 

General purpoae molding material. Surface lubricated. 

Comparable to Delrin 500 but not aurface lubricated. 

Comparable to Delrin 500 but containa a light atabilirer. Surface lubricated. 

Special purpoae molding material: high viacoaity hence auiUble for eaty-to- 
fill molda. Surface lubricated. 

High viacoaity resin for extrusion. Comparable to Delrin 100 but not surface 
lubricated. 

Low viscosity hence better flow than Delrin 500: tensile strength, donation 
and toughness are comparable to Delrin SOO except 900 is not as resistant 
to repeated Impact. Surface lubricated. 

Oriented Teflon TFE fibers disperaed in matrix injection moldti«. 

Serle* of copolymers for extrusion and injection moldli«. 



Impact strength of acetal composition changes little with decreasing temperature 
but they are notch sensitives as are most thermoplastics. Izod unnotched impact 
strength is about 20 to 30 times the notched impact strength at room temperature. 

TEMPERATURE, *F TEMPERATURE, *F 

Figurei. Effect of ambient tempera- Figure 2. Effect of ambient tempera¬ 
ture on tensile stress at yield point ture on ultimate elongation of 

of M-grade CelconU) M-grade CelconU) 

Tensile tests were conducted on four experimental Celcon copolymers. SV-149 
150, 151 and 290 and two commercial Delrin polymers, 150 and 500. Standard ’ 

S-l/* tensile bars were injected molded on the 1 oz. Moslo machine and run at 
four crosshead speeds of . 2 to 20 in. /min. on the Instron Tester. For tempera¬ 
ture other than 73 F, the tests were conducted in an environmental chamber. 
Test specimens were allowed to equilibrate in the chamber 30 minutes before 
testing. No extensometers were used because of the tendency for failure to occur 
prematurely at the knife-edge of the extensometer. Instead, an ’’effective" gage 
length for the ASTM bar was determined. Because the average effective gage 
length was determined to be within 1 percent to the jaw separation of 4.50 in., this 
number was used in all subsequent calculations of elongations. For tests at cross¬ 
head speeds greater than 0.2 in./min., the standard recorder used with the Instron 
was replaced with a Sanborn recorder whose pen response speed was faster. The 
results are shown in Table 2 and Figures 3 and 4. 

Figure 3 plots the maximum stress versus strain rate at various temperatures 
for Celcon M90-01-SV-290. As would be expected, the stress increases with in¬ 
creasing strain rate and decreasing temperature. In fact, the data form almost 
parallel lines. It should be noted that the maximum and ultimate strength (see 
Table 2) do not vary too much over the range studied. 

Figure 4 indicates that ultimate elongation at low temperatures is almost inde¬ 
pendent of strain rate. At higher temperatures the elongation varies markedly 
with both strain rate and temperature. 
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Figure 3. Maximum stress versus strain rate SV-290^ 

Figure 4. Break elongation versus temperature SV-290^ 
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The modulus of rigidity of acetals was determined over the temperature range 
-60°C to +140°C by ASTM D1043.'4) Results are shown in Table 3 at five tempera 
tures. It will be noted that all the materials have about the same behavior. 

(4) 
TABLE 3. MODULUS OF RIGIDITY OF ACETALS' 

Torsional Rigidity, psi 
A B C 

-40 C 
0 C 

+40 C 
+80 C 

+120 C 

123,000 
94,000 
72,000 
43,000 
23,000 

150,000 
115,000 
91,000 
59,000 
30,000 

150,000 
120,000 
85,000 
50,000 
27,000 

A = General purpose, extrusion grade 
B = General purpose, injection molded grade 
C = Weather-resistant, injection molded grade 

The curve for general purpose, extrusion grade polyacetal is shown in Figure 5. 
Sharp transitions were not evident; nowever, there is an indication that transitions 
occur at about -50 °C to +30 °C but these changes are not drastic. 

Figure 5. Effect of temperature on stiffness of polyacetal, 
general purpose, extrusion grade (compression 

molded; ASTM D 1043)(4) 

) 

# 

-5- 



Figure 6 illustrates the effect of moisture and temperature on the flexural 
modulus. As can be seen, moisture has a slight effect, reducing the property by 
about 20 percent at minus 40°F under wet conditions. Decreasing the temperature 
from 80°F to -40°F increases the modulus by about 20 percent at 50 percent RH. 

-40 O 40 8C 120 160 200 240 280 320 360 

TEMPERATURE, *F 

Figure 6. Flexural modulus of acetal resin 
versus temperature^) 

The degree of crystallinity of the material hi the temperature range under 
study can influence mechanical properties such as elongation, yield point and 
modulus. The molecular structure of acetals permits a high degree of crystallin¬ 
ity. This crystallinity can be altered by annealing or by varying the quench temper¬ 
ature. Therefore, the stiffness as determined by tensile and flexural modulus can 
be affected to a limited extent (10 to 20 percent) by the procedure used in fabrica¬ 
tion. At higher mold temperatures it becomes stiffer and modulus increases with 
decrease in elongation. This is most pronounced in thin sections. (5) 

Electrical Properties 

In most implications the mechanical properties of acetals will be more impor¬ 
tant than the electrical properties. Nevertheless, there may be some specific 
areas where electrical properties are critical. 

Table 4 gives the dissipation factor and dielectric constant of Delrin 500, a 
general-purpose molding compound. 

-6- 



TABLE 4. ELECTRICAL PROPERTIES OF DELRIN 500, NC- lO*1* 

Temp °F Dissipation Factor^ 
103 105 
cps cps 

Dielectric Constant1^ 
103 105 
cps cps 

-94 
-76 
-58 
-40 
-22 
-4.0 

14 
32 
50 
68 
77 

104 
140 
176 

0.0160 
0.0225 
0.0260 
0.0150 
0.0030 
0.0011 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0009 
0.0035 
0.0038 

0.0130 
0.0200 
0.0300 
0.0360 
0.0300 
0.0170 
0.0080 
0.0036 
0.0018 
0.0012 
0.0010 
0.0018 
0.0029 
0.0060 

3.00 
3.:5 
3.30 
3.36 
3.38 
3.40 
3 ** 
3 ' 
3.41 
3.43 
3.44 
3.52 
3.58 
3.68 

2.84 
2.91 
3.00 
3.14 
3.28 
3.36 
3.39 
4.41 
4.43 
4.43 
4.43 
3.50 
3.55 
3.62 

1/ ASTM D150-54T 
Bone Dry (run in dry nitrogen) 

Figure 7 shows the dielectric constant (*') and loss factor (*") as a function of 
frequency for given temperatures of compression molded acetal. (6) Measurements 
were made on a WTW modified Schering bridge (10* - 10^ c/sec.) and a Hartshorn- 
Word resonance circuit (10® - 10® c/sec.). 

A dielectric dispersion and absorption region is seen where the height of the 
absorption decreases with decreasing temperature. Also, the loss curve broadens 
and becomes more complex at lower temperatures. (®) 

The dielectric constant and loss tangent were measured on a Schering bridge 
in the frequency range 30 cps to 30,000 cps and temperature of -112 to 250°F on 
Celcon samples in air. (7) The data appear in Figures 8 and 9. Figure 9 indicates 
that there are two main regions of high loss: a low frequency, high temperature 
region due to a condition process and a loss hump at low temperature attributed to 
a di-polar relaxation mechanism. 

This data indicates that there is a useful temperature range of -40 to 120°F 
where losses are relatively low and dielectric constant varies little with tempera¬ 
ture and frequency. 



0-67.2°C, O-58.0oC, 7-47.9°C, 0-37.1^, 

A-27.2°C, 0-9.8 °C, #+20.9°C 

(a) 

0-67.2°C, 0-58.6°C, V-47.9°C, 0-37.1oC, 

A -27.2°C, 0 -9.8°C 
(b) 

Figure 7. The dielectric constant (e ’) and loss factor (c ") 
as a function of frequency for given temperatures (6) 
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Figure 8. Variation of acetal dielectric 
constant with temperature 

and frequency 

Figure 9. Variation of acetal loss 
tangent with temperature and 

frequency^) 

Thermal Properties 

One method for indicating low-temperature is by means of the brittleness 
temperature as outlined in ASTM D 746. In this test, unnotched molded specimens 
are subjected to an impact blow. That temperature at which 50 percent of the speci- 
ments fail from one impact blow is the brittleness temperature. 

Specimens from compression molded disks from four acetal molding grades were 
cooled to -55°C and subjected to impact load; all specimens failed.(4) Tests were 
then conducted at 0cC; 100 percent of two molding grades failed. About 17 percent 
of one sample and 8 percent of a general purpose composition failed at 0°C. The 
brittleness temperature was not established but it did point out that acetals have poor 
resistance to shock loads at low temperature. 

Little information on thermal properties could be obtained. However, the aver¬ 
age coefficient of linear thermal expansion (ASTM D 696-44) for Celcon acetal copoly¬ 
mers M90 and M25 is 4.7 x 10"® in./in./°F over the temperature range of -30°C to 
+30°C. These were as-molded, unannealed specimens. 

The following data shows the environmental shrinkage of acetal moldings due to 
stress relaxation. (*) 
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Temperature Molding 
Shrinkage 
mils/inch 

Shrinkage 
cm/cm 

-40 to 170°F Molded with mold temperature of 250 °F 
(121 °C) 

Routine molding - cold mold 

Annealed Samples - 320 °F (160 °C) for 
15 minutes 

<0.5 

< 1 

<0.5 

<0.0005 

<0.001 

<0.0005 



SECTION n. ACRYLICS 

Acrylics «s Known for their ^ °He“«, 
cost effort has been directed towards on opScal properties, weather- 
there is a 6reat deal of ‘"^^"mperatSre effects on mechanical. 

î^ctricaf'anithermal* properties, especially on molded materials. 

Acrylonitrile styrene and methyl methacryiate discussed in 

Mechanical Properties (8) 

xne IÄe:^cTo0fntSeeeteof ti: l"" C 
1 _ . m DI7CTM l\ 

ID V* -* 

TABLE 5. PROPERTIES OF MOLDED ACRYLIC RESIN (8) 

(U Lucit<> ,40 - heat-res,slant composition tor injection mold,.*, extrus.-m 
129 - Rcneral purpose"ompos, ,on 

ir.sÂE'Ær"--™. 

sr»'rr!°'r"S'“'.... 

* asTMnese-sar. ÄÄ“..* 
Annealing Temp ... 2 hours 

30 .u,d 130 MO F 8 ,^ 

29 and 129 16° F 
40 and 140 180 F 
147 and 148 1«0 F 

(31 Thickness. 1 8 in. 

UC. ?„c««èswiiheÂlTÂeWrrtuïe.8 MeraXlo—'“8 
ani elongation decreases with decreasing temperature. 
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Figure 10. Modulus of elasticity of acrylic (Luette) versus temperature (ASTM D 

638-52T) (8) 

methytaS^te^Th^^t01; 100,'Tent 6*"^ Purpose molded poly- 
Table ’ Oive. the leneile strength ^ 

TABLE 6. PROPERTIES OF POLYMETHYL METHACRYLATE^) 

Property^) 

Tensile, Kpsi 

Elongation, % 

Modulus of Elasticity, K psi 

Work to Produce Failure 
(Ft/lb/in. 3) 

Proportional Limit K psi 

Izod Impact Strength 

GP Molding Material 

-65 F 

16.0 

2.5 

800 

18.4 

7.2 

.45 

■40 F 

15.8 

2.8 

660 

21.2 

6.8 

.45 

+10 F 

14.2 

3.6 

557 

25.8 

8.5 

.45 

+77 F 

10.1 

5.9 

420 

36.8 

6.1 

.44 

Heat Resistant Cast Sheet 

-65 F 

15.0 

2.1 

848 

14.5 

7.0 

.40 

-40 F 

15.0 

2.5 

726 

17.7 

4.4 

.49 

+ 10 F 

13.9 

3.3 

597 

24.3 

4.0 

.50 

-77 F 

11.2 

5.8 

447 

39.2 

4.1 

.45 

.12. 



TABLE 7. TENSILE PROPERTIES OF ACRYLIC (PLEXIGLAS) CAST SHEETS*10) 

Property*1^ 

Valued at Degrees F 

Type -76 -40 32 77 140 160 

Tensile strength, K psi, max. 

Modulus of elasticity 
in tension, x 10^ 

1-A 

11 UVA 

1-A 

11 UVA 

12.5 

14.0 

8 

8 

m 

m 

7 

7 

« 

5 

5 

8.0 

9.5 

4 

4 

4.0 

5.7 

2 

2 

2.4 

4.4 

(1) ASTM D 638-46T (0.2 "/minute) 

(2) Values not to be used in calculating allowable stresses in Aircraft parts. 

Figure 11 shows the variation in flexural strength with decreasing temperatures 
for a cast Lucite sheet. Flexural strength of the Lucite sheet is not greatly affected 
by moisture. After 96 hours of water soaking the flexural strength did not change 
appreciably. At temperatureaof -40°F and -112°F, samples were reported to show 
slight increase in strength. 'u' 
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An indication of the toughness of an acrylic-PVC alloy is shown in Table 8. (12) 
Useful ductility is retained down to -22° F and impact data exceeds ASTM specifica¬ 
tion for type n PVC. 

TABLE 8. PROPERTIES OF ACRYLIC-PVC ALLOY (KYDEX) AT VARYING 
TEMPERATURES^2) 

Property Value 

Temp: -58 F -22 F 14 F 50 F 73 F 122 F 158 F 

Elongation, % 16.3 44.9 >60(^ >80^) 167.2>8o(1) >8o(^ 

Temp: -65 F -40 F -20 F 0 F 32 F 73 F 

Impact strength, charpy, ^ 
unnotched, ft/lb. 14 23 26 35 80 118 

Temp: -65 F -40 F -20 F 0 F 25 F 48 F 73 F 

Impact strength, falling 
dart,'3'ft/lb 3.2 4.0 4.4 12.0 >30^4) >36(4) >36^4) 

(1) Not carried to rupture due to limits of test equipment. 

(2) ASTM D 256-56, 1/2" x 1" section, 2" span. 

(3) R & HP -24 F, 2 lb dart with 1/8" radius. 

(4) Dent - no break. 

Figure 12 plots the flexural modu¬ 
lus of the acrylic-PVC alloy over a 
range of temperature. ^2) This modu¬ 
lus is among the highest offered by the 
unreinforced thermoplastic materials 
and it varies very little in the temper¬ 
ature range of interest. Thus, 
this alloy successfully combines tough¬ 
ness with rigidity. 

The effect of low temperature on 
impact strength of Acrylic multi- 
polymers is shown by the following. '13 

Figure 12. Flexural modulus of elas¬ 
ticity versus temperature of acrylic- 

PVC alloy (Kydex) (12) 
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Property XT-500 XT-250 XT-150 

Izod Impact Strength, D 256-56 
Notched ft. Ibs/inch of notch 
(1/4 inch bar) 

73 °F 
32eF 

-40° F 

3.0 
2.3 
1.6 

1.0 
0.9 
0.9 

0.7 
0.7 
0.7 

As can be seen, the impact strength of the alloy is superior to the unmodified 
acrylics. 

The effect of low temperature on acrylic transparency is shown in Figure 13. It 
is interesting to note the rather significant decrease in percent light transmission 
with decreasing temperature. The author is offered no explanation for this phenomena. 

Figure 13. Percent light trans¬ 
mission versus tempera¬ 

ture for XT-500(13) 

The impact strength of unmodified acrylates (as opposed to the alloys and 
copolymers, etc.) are low and change very little with decreasing temperature. (10) 
(See Table 6 and Figures 14, 15 and 18.) However, they are highly notch sensitive. 
This is demonstrated in Figure 15. 

-15- 
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Figure 14. Effect of 
temperature on the 
impact strength of 
Plexiglas I-A and 

n UVA(IO) 

to 

TCMPEBATUBi. #C 

TEST METHODS -A»TM 025(-47, PROCEDURE 4, 4STM 075(-4( 

PRE-CONDITIONING - (STM 0618 47T, PROCFOUHE 4 

CONDITIONING MORE THAN ONE, BUT LESS T m*n F : *2 HOURS i N T£ sr 
ATMOSPHERE PRIOR TO TESTING 

Figure 15. Impact strength versus 
temperature of cast acrylic sheet 

(Plexiglas) (10) 

i 
Ui 

OL 

o t 
t 0 

• r, 
? ?» _ 

— 

CMARP 
r~ 

UN N 

T- 

jTChED 
— 
BAR 

—r- 

_ 

— -- 
0 

- ( 

Charpy bar ESTS 

I SOO'I TES bAMPl ES SOO 

_ 

10 005 

n 

i 
CHARPy NOTCH l BAR 

T—o—; 
* 1 

— _1 
-II2* 76* 40* 4* T2* 68* 104’ 140* 176 

TEMPFRATijRt 

Figure 16. Effect of temperature on 
impact strength of acrylic (Lucite) 

HC-201), (general purpose 
cast sheet) (14) 
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Figure 17 shows the effects of temperature on the impact strength of an acrylic 
laminate (Plexiglas). Unlike the solid sheets, the impact strength of the laminate 
changes radically at about 32 °F. This is attributed to a transition occurring in the 
polyvinyl butyral interlayer. Also, the laminated acrylic is less notch sensitive than 
the solid acrylic. This again is the result of the interlayer material. 

The effect of direction on impact strength is well illustrated in Figure 17a and 
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Figure 17. Impact strength of laminated acrylic (Plexiglas) 
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Electrical Properties 

Dielectric measurements at 60 cycles per second on . 2 g samples of acrylic 
polymers over a temperature range of -40° to +200 °C are shown in Figure 18 (15) 
A General Radio Co. (Type 740 BG or Type 1611-B) 60 cycle bridge and an elec¬ 
trically heated oven which can be controlled at temperatures from 25 °C up to 
300 C were used. Temperatures down to -40 °C were obtained in another chamber 
using a dry-ice cooled, water-ethylene glycol mixture for control. Also a plastic 
enclosure and P205 for avoiding difficulties from condensation at low temperatures 
were used. The tests and calculations were made following the ASTM method 
D 150—59T. 

0 4 0 80 120 160 200 
TEMPERATURE, °C 

Figure 18. Dielectric constant of polyme¬ 
thyl methacrylate versus temperature 

Figures 19, 20, and 21 compare the dissipation factors at 60 c/s of various 
acrylic compositions, i15) These figures illustrate very well the susceptibility of 
dielectric properties to changes in formulations and temperature. The various 
absorption peaks point out the need for testing material over the planned tempera¬ 
ture range in applications where dielectric properties are critical. 

Figure 19. Comparison of polymethyl methacrylate 
and polymethyl acrylate at 60 c/s(15) 
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Figure 20. Comparison of polyethyl methacrylate 
polyethyl acrylate and trichloro ethyl 

methacrylate at 60 c/s(15) 

Figure 21. Comparison of methacrylate homologues 
showing the merging of » - and ß -peaks (15) 

Note: P(n-HMA) - Hexenyl methacrylate PEMA - Polyethyl methacrylate 
P(n-BMA) - Butyl methacrylate PMMA - Polymethyl methacrylate 
P(n-PMA) - Propyl methacrylate 

Figures 22 and 23 show the variation of acrylic dielectric properties with 
temperature and frequency. '16J No radical changes, i.e. peaks, are evident in 
the low temperature range. 

-19- 
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ISO 

FREQUENCY I C/S) 

Figure 23. Variation of acrylic 
dielectric constant with 

temperature and 
frequency. (16) 

Figure 22. Variation of acrylic power factor 
with temperature and frequency. (16) 
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Thermal Properties 

The coefficient of linear thermal expansion of cast acrylic sheets at different 
temperatures is given in Figure 24 and Table 9. Cast Lucite is stated to have a 
coefficient of linear thermal expansion about three times that of aluminum, eight 
times that of steel and ten times that of glass. 

Figure 24. Increase and decrease in length of cast acrylic (Lucite) bar 
(measured with quartz dilatometer - initial length 3.74") (11) 

TABLE 9. THERMAL EXPANSION OF PLEXIGLAS CAST SHEET 

Coefficient of 
Thermal Expansion^) 
(in./in./°F) X 10“5 

Plexiglas Type 

G & II UVA IA UVA 55 V V (920) VM 5009 
White TI 

Thickness, In. 

At: -40 F 
-20 F 

0 F 
20 F 
40 F 
60 F 
80 F 

100 F 

1/4 

2.8 
2.9 
3.1 
3.3 
3.6 
3.9 
4.2 
4.6 

1/4 

3.1 
3.2 
3.4 
3.6 
3.9 
4.2 
4.6 
5.0 

1/4 

2.7 
2.8 
3.0 
3.2 
3.5 
3.8 
4.2 
4.7 

2.7 
2.9 
3.1 
3.2 
3.4 
3.6 
3.9 
4.2 

2.7 
2.9 
3.1 
3.2 
3.4 
3.6 
3.9 
4.3 

2.8 
3.0 
3.2 
3.3 
3.5 
3.7 
4.0 
4.5 

1/8 

3.7 

4.2 

4.9 

5.5 

(1) R & H P4A 
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SECTION m. ACRYLONITRILE-BUTADIENE-STYRENE 

Mechanical Properties 

Tables 10 and 11 give some typical values for mechanical properties of ABS 
molding and extrusion materials. v5) These tables also illustrate the differences 
in properties between the general purpose, heat resistant, medium and high impact 
grades. Some of these are also shown in figures 25 and 26. 

X 

o 

b 

CO 
a 

o 
2 
UJ 
cr 
h- 

if) 

UJ 
_J 

CO 
z 
UJ 

Figure 25. ABS tensile and impact properties 
versus temperature(5) 

Figure 26. Flexural properties of ABS 
versus temperature(5) 

As would be expected, strength and rigidity are reduced with the higher impact 
strength grades. ABS’s, in general, have very good impact strength down tc -40°F. 
However, they are also notch sensitive. Failure is ductile rather than brittle, in¬ 
dicating toughness is not drastically affected by orientation of internal stresses. 
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Table 12 presents data on 20 percent and 40 percent fiberglass reinforced ABS 
compositions. The glass reinforcement greatly increases the tensile and flexural 
properties. Also, the glass reinforcement reduces the effect of temperature on the 
properties. This is especially significant in the lower temperature range, 73°F to 
-40° F as evidenced by the small change in values. 

Impact strength at -40 °F is comparable to many grades of unreinforced ABS. 
However the reinforced ABS's are definitely inferior at room temperature. 

(171 
TABLE 12. PROPERTIES OF FIBERGLASS REINFORCED ABS (ABSAFIL)' 

Property Temp 
°F 

Type 

G 1200/20 G 1200/40 

Tensile Strength, K psi^) 

Elongation, 

Modulus of Elasticity, psi x 105^ 

5(2) 
Flexural Modulus, psi x 10 

Flexural Strength, K psi^ 

/ (3) Impact Strength, Izod, ft Ib/in 
(l/2Mx 1/4''bars) 

170 
73 

-40 

170 
73 

-40 

170 
73 

-40 

170 
73 

-40 

170 
73 

-40 

73 
-40 

8.5 
15.0 
16.2 

2.5 
3.0 
3.0 

7.5 
8.0 
8.0 

8.3 
9.2 

10.0 

16.0 
23.0 
24.5 

2.0 
1.5 

9.5 
18.0 
19.0 

2.2 
2.5 
2.8 

9.0 
10.3 
10.8 

11.5 
13.0 
14.5 

20.0 
27.0 
28.0 

2.4 
2.5 

(1) ASTM D 638-60T 

(2) ASTM D 790-59T 

(3) ASTM D 256-56 



SECTION IV. CELLULOSICS 

Mechanical Properties 

an ó^n8fts0tndnÍfl?PtCt Were conducted on cellulosic materials at +77, +10, 
-40 and -65 F. Uö) Tensile values were obtained on a Tinius-Olsen Plastiversal 
testing machine. Determinations in tension were made using a constant rate of 
^O“feho£ P,8,1 Minute. Load-elongation graphs were auTomatically 
recorded to the point of fracture using Baldwin Models PS-6, PS-7 and PS-8 

recordermer"typ€ pla8tics extensometers, coupled to a Baldwin Microformer-type 

. Tests at 77 °F were conducted in a controlled room at 50 ±2 percent relative 
humidity. Tests at below 77 F were conducted in an insulated housing where low- 
temperature air, precooled with carbon dioxide, was circulated. Temperature was 

Âírs tafóre4?ertí!rid“y ^ COntrOUed' Speclmens were ““l«loned for 

T made based on Method I«». Federal Specification 

27, 88^31 l0ading' ^ data ^ ranBe "e Sh0Wn ^ Flgurcs 

„0i,.I|npact tests were conducted on a Baldwln-Southwark pendulum-type Impact 
machine conforming iur accuracy to Federal Specification L-P-406. ASTMD 256-41T 

““ l20*1 ‘“fCt data- Spending on the strength of the indi- 
vidual materials, either a 1- ora 2-ft. -lb. hammer was used. 

temper,atJUrues the entire apparatus was placed in a heavily 
w laa!í ü?bÍ*net* precooled by solid carbon dioxide was circulated in the cab- 

maintained t0 within ± 2°F. Specimens were condi¬ 
tioned in this cabinet at test temperature for 2 hours before the test. The results 
are shown in Figures 27, 28, and 31. results 

Cellulose Acetate 

. compositions in Figure 27 showed an increase in modulus with decreasing 
temperatures with the largest increase occurring between -40 and -65 °F This 
illustrates the progressive embrittlement in this temperature range. Also indica- 
aild 06V0FbriÍSímew ÍttÍltí de"ease in elongation to only 2 to 4 percent in the -40 
«ELS« ^ 4lWoJk-to-Produce-failure varied with temperature similar to 
elongation. Tensile strength increased with decreasing temperature. 

further^ecreauing temperature!1^ “ ^ 10“F' bU‘ ^ ^ 
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TENSILE STRENGTH 
MODULI,^ of ELASTICITY 

I05PSI 

NOTE: 

Material* 

74'; normal acetate, 26^ mixed phthalate plasticizer» 
67.5', normal acetate, 32.5'; mixed phthalate plaaticizer*1 
68.75^ normal acetate. 20.75^ mixed phthalate plaatl- 

ci/rr.a 10. 5^ triphenyl phosphate plasticizer 
62.5^ normal acetate, 25^ mixed phthalate plasticizer3, 

12. S'; triphenyl phosphate plasticizer 
74” high acetyl acetate, 261 mixed phthalate plasticizer3 
67.51 high acetyl acetate, 32.51 mixed phthalate 

plasticizer3 
68.751 high acetyl acetate, 20.751 mixed phthalate 

plastic!.’er3, 10.51 trlphenyl phosphate 
62.51 high acetyl acetate, 251 mixed phthalate plasti¬ 

cizer3, 12.51 triphenyi phosphate 

aMlxed phthalate plasticizer is made up of dimethyl phthalate and diethyl 

510 General purpose, hard 
511 General purpose, medium soft 
512 Water resistant, hard 

513 Water resistant, medium soft 

514 Improved water resistance, hard 
515 Improved water resistance, medium 

soft 
516 Maximum water resistance, hard 

517 Maximum water resistance, soft 

Figure 27. Tensile properties of cellulose acetate 
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CELLULOSC acetate 
buttrate CELLULOSE 

PROPIONATE 

TENSILE STRENGTH modulus or Elasticity 

540 General purpoae, hard 
Ml General purpoae. medium aoft 
5« Maximum water resistance, minimum 

Plagiier volatility hard 
M3 Maximum water resistance, medium 

soft 

544 Temperature resistant, medium 

545 Ixjw temperature resistant, hard 

560 Only composilion available, hard 
a>l Only composition available, medium 

Material 

Sebacic acid ester plasticizer, low 
Sebacic acid ester plasticizer, medium 
Phosphoric acid ester plasticizer, low 

Phosphoric acid ester plasticizer, medium 

Adipic acid ester plasticizer, medium 

Adipic acid ester plasticizer, low 

Low plasticizer content 
Medium plasticizer content 

Figure 28. Tensile and impact properties of cellulose 
cellulose propionate 

acetate butyrate and 
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Cellulose Acetate Butyrate 

The cellulose acetate butyrate compositions plotted in Figure 28 varied only 
in type and amount of plasticizer. Of the different plasticizers selected, the sebacic 
acid ester gave the best elongation and impact values at room temperature, whereas 
the phosphoric acid ester showed a slight advantage at lower temperatures. As in 
the case of cellulose acetate, the most pronounced drop in elongation and impact 
strength occurred between 77 and 10 °F. Tensile strength and modulus showed a 
more gradual change with temperature. Work-to-produce-failure varied somewhat 
erratically and no definite trend could be established. 

Figure 29 shows the increase in shear modulus with decreasing temperature 
for typical grades of cellulose acetate butyrates. 

Figure 29. Shear modulus (G) versus temperature for 
four typical grades of cellulose 

acetate butyrate (16) 

Cellulose Propionate 

The tensile and impact properties of a low and a medium plasticized cellulose 
propionate composition are shown in Figure 28. As would be expected, the results 
reflect a slightly higher tensile strength for the harder composition with decrease 
in elongation and rigidity. All differences at -65° F were negligible. 

Figure 30 presents the shear modulus of four cellulose propionate grades at 
various temperatures. 
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Figure 30. Variation in shear modulus (G) versus 
temperature for four grades of 

cellulose propionate (16) 

ï il aÎÏm J4*te8ts were conducted down to -50“F on a 4 inch square sheet and a 
diameter vacuum formed blister. (19) The sheet was looped into a "c" 

and the ends stapled to cardboard. The fold was parallel to the length (machine) 
direction and was not creased. ' 

The impact tester was a 1 pound weight, 1-1/2” wide and 3/16” thick with a 
rounded impacting edge. The weight was dropped one foot on the center of the 
blister and on the center and at right angles to the fold of the sheet. 

The r®®ults were as f0ll°W8: sheet specimen - no failures to -50 °F; blister - 
0, 15 and 25 percent failures at -30°, -40° and -50°F respectively. 

Ethyl Cellulose 

monIW\e 01 Sh0WS tenfsiíe and imPact Properties of five ethyl cellulose speci¬ 
mens. ) The properties of three different compression molded grades of ethyl 
cellulose are charted in Figure 32 a-d, from -40°F to 130°F. As in the case of 

ture°wa8 normal8 0 P aStiC8' the general trend oi the data with decreasing tempera- 

wereÄtle tenemT-M-F. ^ ^ plistlcUer8 Bpecl">en 572 3D 
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TENSILE STRENGTH 

ETHYL CELLULOSE 

WORK TO PRODUCE FAILURE 

% 
O 

8 

6 

4 

2 

(b) 

I0*M' 

0T» 

OSO 

OIS 

(c) 

') 

f T -LB /IN5 

40 

30 

20 

i0 

(d) 

ELONGATION BREAK 

(e) 

570 

mmm 
571 572 573 574 

NOTE: 
Material 

9CT' K100 ethyl cellulose, “Tr Dow V2 
restn, trtphenyl phosphate 

Genera, purpose, .edtun, so,, 

572 Nitroglycerine rests,«.,, high H"r N100 ethyl cellulose. 23^ Censen 

impact - ^ K100 (|hyl ce„u|0gei Dow V2 
ream, 3^ trie resyl phosphate 

80¾ K100 ethyl cellulose, H r Dow V2 
ream, 6¾ trtcreayl phosphate 

570 General purpose, hard 

573 General purpose, hard 

574 General purpose, soft, 
Improved water resistant 

Figure 31. Tensile and Impact properties of ethyl cellulose 
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a. ASTM D 638-58T b. ASTM D 638-58T 

c. ASTM D 638-58T d. ASTM D 790 

NOTE: 
856 

Figure 32. 

Compression Molding Material 
Flexible grade, 860 General purpose 

general purpose 870 High impact grade 

Mechanical properties of ethyl cellulose (ethyocel)^ 
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SECTION V. FLUOROCARBONS 

Mechanical Properties 

Mechanical properties of fluorocarbon plastics are highly dependent on degree of 
crystallinity, also the size, number and arrangement of crystals, and, for this rea¬ 
son, a wide range has been given in some of the properties. TFE, which is cooled 
rapidly from the melt stage or quenched, will have relatively low crystallinity and a 
relatively high tensile strength and elongation, coupled with low rigidity. Slower 
cooling, on the other hand, will lead to a higher crystallinity with relatively low ten¬ 
sile strength and elongation but higher rigidity. Orientation also affects tensile prop¬ 
erties. In general, tensile strength is greater in the direction of orientation but ulti¬ 
mate elongation is lower. 

Tensile stress-strain curves for polytetrafluoroethylene (TFE) and fluorinated 
ethylene propylene (FEP) in Figure 33 show that yield occurs at high deformations. 
Also, elastic response deviates from linearity at strains of only a few percent. Fig¬ 
ure 34 gives the tensile properties of FEP film over a wide temperature range. 

The effects of crystallinity on the tensile yield strength, elongation and flexural 
modulus of TFE are shown in Table 13. This data supports the previous statement 
that tensile strength and elongation decrease with inc*tased crystallinity and rigidity 
increases. 
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TEMPERATURE, *C 
(26) 

Figure 34. Tensile properties versus temperature of Teflon FEP film' 

TABLE 13. EFFECT OF CRYSTALLINIT Y ON TEFLON TFE FLUOROCARBON 
RESINS(22) 

Property °F 
Crystallinity, % 

50 55 60 65 70 75 80 

Tensile m 
Yield Strength, Kpsi*1* 212 

73 
-40 

1.20 
1.90 
3.80 

1.14 
1.80 
3.20 

1.08 
1.60 
2.80 

1.04 
1.40 
2.40 

0.98 
1.30 
2.30 

0.92 
1.20 
2.10 

0.83 
1.00 
1.60 

Elongation, 212 
72 

-40 
58 
40 

44 
50 
35 

39 
40 
30 

33 
32 
25 

25 
25 
20 

14 
10 

6 
8 

Flexural Modulus^ 
Elasticity, Kpsi 

212 
73 

-88 

26 
45 

210 

33 
67 

240 

41 
88 

270 

49 
110 
310 

57 
132 
340 

64 
154 
370 

72 
176 
400 

(1) ASTM D638-52T modified for test specimens 3/16" x 1/16" x 7/8" for low-and 
high-temperature tests. Crosshead speeds of 0.02 in./min. (Baldwin) for low 
temperatures and 0.05 in. /min. (Instron) for high temperatures. 

(2) ASTM D790 
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The impact strength of TFE and FEP resins is very high and is retained over a 
wide temperature range. Average values oí Teflon specimens subjected to tensile- 
impact and Izod-impact tests are given in Table 14. Figure 35 compares the tensile 
impact strength of Teflon FEP and TFE films with polyethylene, acrylic and nylon 
films. 

TABLE 14. IMPACT STRENGTH OF TFE AND FEP RESINS*23^ 

Temp. 
Property (°F) 

Tensile Impact 73 
(ft-lb/cu in.) -65 

Izod Impact 73 
(ft-lb/in. ) -65 

(l)ASTM D256-56 
(2 )sample bends 

TFE (Teflon 1) 

320 
105 

2.9 
2.3 

FEP fTeflon 100X) 

1020 
365 

-(2) 
2.9 

Figure 35. Comparison of tensile impact energy of FEP and TFE with 
other films(24) 

Electrical Properties 

TFE and FEP fluorocarbon resins differ from other organic Insulations in that 
their electrical properties are extremely stable over a wide range of temperature 
and frequency. 

Figure 36 shows that the dissipation factor and dielectric constant of TFE mold¬ 
ing material remain constant over a temperature range of -40 to +464° F. 

Figure 36. Dielectric constant, dissipation factor versus temperature 
of Teflon TFE (25) 
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of ^1^88 and ‘™s 

SO KX) ISO 200 2S0 

TEMPEHATuBE.’C 

Figure 37. Dielectric constant versus temperature ol Teflon FEP Mm(26) 

ranged tempe'vatures0nSÍStentIy '0W di88lpati°n factor of FEP <“”■ »vnr a broad 

C 
S « 
I ï 

000« 

2 o 0004 

¿ 2 

0000 

10* CYCLES/SEC 

10s CYCLES/SEC 

“50 
1 I I 

50 100 iso 

TEMPERATURE,°C 
200 250 

Figure 38. Dissipation factor versus temperature of (Teflon) FEP film(26) 

inve.tlgat^ rfPtemMrarturreUsIU58“tthy4e|î’,eo(r?1"Fn8rade300) were 
frequencies (0.1 els to S.eVc s® Tesare co^ fi’50 ,0 250°C>' a'ld 
known thermal history and at 80 73 44 aJt is „I ,conduc,e<i on specimens of 
dielectric behavior wk degre^Ä, ^mptSfaS^r'"6 

constant a? fte MiiatS^mper'atoeTLtM^T«0' lo/f,lu,ex and «eleetric 
These plots illustrate the behavior with’temneîùJ3’ Vît"* 12 percent "ystallinity. 
cess in the polymer. Denavlor w,th temperature of the most prominent loss pro- 

thante%míCmme^^a!sV!èstaenddVo0vrmre,8'8ÜVl,y ^ bo,h TFE ^ FEP «re higher 
suit, are showMn TaWe 15. ' ,emp*ra,ure ra^e *o 440» F. 

Figure 4. gives Uie electrica, strength of TFE versus temperature and frequency. 
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^CTrr 
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Figure 40. Dielectric constant versus fr^.. * 
temperatures at four crXstalltnSs(27f Various 
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TABLE 15. SURFACE RESISTIVITY AND VOLUME RESISTIVITY OF TFE 
AND FEPUS) 

RESINS 
VOLUME 

RESISTIVITY, 
OHM-CM. 

SURFACE 
RESISTIVITY, 

OHMS/SO. 

MEASURED 
TEMP. RANGE* 

TFE resins 

FEP resin 

00 
00 

o
 

o
 

^
 

«
-4

 

101« 

1016 

-40°F. (-40°C. ) to 440°F. 

-40°F. (-40°C. ) to 440°F. 

^Limits of measuring equipment. 

1077 VH* 

(C) 

Figure 41. Electrical strength of TFE^ 

Thermal Properties 

Figures 42 and 43 depict the effect of temperature on the linear expansion of 
three fluorocarbon molding materials. A drop in linear expansion occurs between 
65 and 77° F and allowances should be made for applications crossing this transition 
zone. 
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a. 
X 
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9 

400 -200 0 200 400 600 

TEMPERATURE. *F 

500 -400 - 300 -200 -100 0 100 200 

TEMPERATURE,°F 

Figure 42. Effect of temperature on Figure 43. Linear coefficient of thermal 
linear expansion of TFE and FEP expansion for CTFE (21) 

molding and FEP film 
material^ 2^*2®) 

The total linear thermal expansion was determined on four TFE materials; two 
laminates and two filled materials. (30) The materials and codes are given in Table 
16. Measurements were made in two directions (thickness and normal to thickness) 
on aLeitz dilatometer from 75° to IOQof. The data is shown in Figures 44 through 47. 

The large differences in the expansion inthetwodirections of the laminates (mate¬ 
rials I and L) is explained as follows: A laminate is composed of alternate layers of 
reinforcement and resin. The expansion in the thickness direction approaches the 
sum of the expansion of each layer and results in a value between that of the two ma¬ 
terials. In the normal to thickness direction, the bonded resin and reinforcement try 
to expand at different rates due to differences in their respective expansion coeffi¬ 
cients. However, since they are bonded, the higher modulus material will tend to 
control the overall expansion. Therefore, the expansion ol the composite will be 
closer to that of the higher modulus material. This is only applicable, of course, if 
the resin to reinforcement bond withstands the thermal stress. 

Also, many cloth reinforcements are constructed with more threads per inch in 
the warp direction than in the weave direction. Consequently, the expansion in the 
warp direction should be controlled by the reinforcement to a greater extent. 

The differences i;; the warp and weave directions in Figure 45 were attributed by 
the authors to preferential fiber orientation during processing. Tne differences in 
material J, a chopped-fiber filled specimen were also due to preferentially aligned 
fibers, parallel to the panel's surface due to the manufacturing process. (30) 
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TABLE 16. MATERIAL DESCRIPTION OF TFE SPECIMENS 

CnmimsiU' Svslt m M J-l K-t L-t 

M.mul.u turcr 
Rcsin Siiurcr 
Pri'-prr« Snurcr 
RcNin Cimtrnl 

Fluurorarbon 
nu Pont 

757 

Raybrstos -Manhattan Fluorocarbon 
DuPont DuPont 

79';. 80 

Rayboston -Manhattan 
DuPont 

75. 3 'r 

Rcsjn System 

Trodenamt' Teflon TFE 
Chemical Tv|»e Fluorocarbon 
Catalyst 
Cunni; Agents. 

Additives, etc. 

Teflon TFE Teflon TFE 
Fluorocarbon Fluorocarbon 

Copper, man mese 
blue ceramic pigment 

Teflon TFE 
Fluorocarbon 

Reinforcement System 

Tradename 
Generic Name 
Fabric Designation 
Form of Reinforce¬ 

ment 

Finish 
Lay -up 
Number of Plies 
Reinforcement Orient - 

at ton 

"E" Glass 
Glass Cloth 
Style 116 

Fabric 

Parallel Laminate 

Cross-plied at 90 

Glass 

Chopped fibers 

Molded 

Random 

Graphite 
Gra|ihite cloth 
Style WCB7 

Chopped fabric 
1/2" X 1/2" squares 

Molded 

Random 

Asbestos 

Long fiber asbestos 
Felted sheet 

Parallel mat laminate 

Cure Cycle 

Pressure 
Temperature 
Temperature-Time 

History 

1500 psi 
780" F 

D-stage lor 15 min. at 
150"F and 740"F for 20 
nun. Air cool. Repeat 
until each laver has 
proper ' resin Place 
sheets in mold in 690°F 
press. Hold 1 hr at 
contact pressure, raise 
slowly to 1500 psi. Hold 
for 45 mm. Transfer to 
water cooled press and 
cool at 1500 psi 

2000 psi 
720" F 

Sintered 2 hours at 
720" F. 

1250 osi 
740"F 

B-slage by repeated 
dipping, healing at 
150"F and sintering at 
740"F. Place squares in 
mold in 690"F press. 
Dwell 20 mi. at con¬ 
tact pressure. Raise 
to 1250 i is i and hold for 
30 min. Cool under pres¬ 
sure. 

2000 psi 
720" F 

Sintered 2 hours at 
720"F. 

The data in Figures 44 - 47 show the transition, previously discussed, at about 
68° F. It should be noted that the change in length at the transition temperature was 
less in the directions having lower expansions. This again is due to the control of 
the reinforcements over the expansion of Teflon. 
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O Normal to thickness - Material I 
• Normal to thickness - Material J 
□ Normal to thickness - Material K 

Points above 75 °F were taken on the 
same sample and were taken after 
those below 75° F. 

0 Weave - virgin 
Points above 7 5°F were taken on same 
sample and after those below 75°F. 

O Warp - virgin 
Points above 75°F were taken on same 
sample and after those below 75°F. 

Figure 44. Total linear thermal expan- Figure 45. Total linear thermal expan¬ 
sion of material I, J, and K (thickness) sion of TFE material L (normal to 

(normal to thickness direction) thickness direction) (30) 
(30) 
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TEMPERATURE, °F 

O Thickness - Material I 
• Thickness - Material L 

Points above 75°F were taken on same 
sample and were taken after those be¬ 
low 75()F. 

Figure 46. Total linear thermal expan¬ 
sion of TFE (material I and L 

thickness direction) (30) 

TEMPERATURE, #F 

O Thickness - Material J 
• Thickness - Material K 

Points above 75°F were taken on same 
sample and after those below 75°F. 

Figure 47. Total linear thermal expan¬ 
sion of material J and K (thickness) 

(30) 
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The thermal conductivities of the materials listed in Table 16 were determined 
on a modified guarded hot plate at one atmosphere in helium and one atmosphere in 
nitrogen. ™0) results in two directions are plotted in Figures 48 to 51. 

Thermal conductivités are influenced by temperature, environment, type rein¬ 
forcement, reinforcement orientation, type of resin, density, void content and fabri¬ 
cation history. 

The influence of environment can be seen, as the presence of helium gas gives 
consistently higher conductivities. 

The thermal conductivity of materials J and I, unexpectedly, was lower than 
pure TFE Teflon. This was attributed to the large number of resin-glass interfaces 
(high void content) and accounts for the low conductivity obtained in the nitrogen en¬ 
vironment. The high void content was also confirmed by the large increase in con¬ 
ductivity in helium gas. There was a large increase in thermal conductivity in the 
thickness direction of material J (Figure 48). This was construed to mean that the 
fibers were not randomly oriented, but had 
thickness direction. 

The graphite and asbestos reinforced 
same conductivities as pure Teflon. (30) 

O Heiium Gas, 1 atm. 
A Nitrogen Gas, 1 atm. 
- Thickness direction 
--- Perpendicular to thickness 

direction 

Figure 48. Thermal conductivity of TFE 
(J-material) in thickness and perpen¬ 

dicular to thickness direction w0) 

their length perpendicular to the original 

TFE materials (K and L) had about the 

O Helium Gas, 1 atm. 
A Nitrogen Gas, 1 atm. 
- Thickness direction 
-Perpendicular to thickness 

direction 

Figure 49. Thermal conductivity of TFE 
(I-material) in thickness and perpen¬ 
dicular to thickness direction ($0) 
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Figure 50. Thermal conductivity of TFE 
(K-l material) in thickness and per¬ 

pendicular to thickness direction 
(30) 

Figure 51. Thermal conductivity of TFE 
(L-material) in thickness and perpen¬ 

dicular to thickness direction (o0) 
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SECTION VI. lONOMERS 

A new family of thermoplastics, lonomers, became commercially available in 
1965. Because of this relative newness, very little low temperature data are avail¬ 
able. 

Properties of ionomers vary with composition and depend on molecular weight, » 
degree of crystallinity and type of metal ion. "Unlike polyethylenes, density of ion¬ 
omers is not a crystalline -dependent property and should not be used to predict other 
physical properties." (58) 

Of the interested properties only the below thermal data was found: 

Thermal Properties* Film, Coating Molding Grade Electrical Grade 

Brittleness temperature 
Coef of thermal expansion 

(-4 to + 90° F) in/in/c * 
10-5 

<-160 

12 to 13 

<-160 

12 to 13 

<-160 

12 to 13 

* Surlyn A Resins 

SECTION VH. POLYAMIDES 

Mechanical Properties 

Tables 17, 18 and 19 present data on the mechanical properties of various nylon 
materials at three designated temperatures. Polyamides, more than other thermo¬ 
plastics, are influenced by moisture content. Moisture content reduces strength and 
stiffness and increases elongation and impact resistance. Therefore, moisture, in 
addition to crystallinity (previouslydiscussed), will affect low temperature properties. 

Figures 52 to 56d show the ultimate tensile strength, yield point and modulus of 
elasticity of polyamides over a range of temperatures. From this data it can be seen 
that polyamides react normally to decreasing temperature (strength and modulus in¬ 
crease, elongation and impact strength decrease). Also, the previous statement 
concerning moisture is verified. 
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TABLE 17 PROPERTIES OF POLYAMIDES (ZYTEL, BLUE C) 

1 At- ZYTEL* — 

Water. «ni OS S3 0 1 19 

1 

0.1 

w 

3.3 0.1 

31 

19 0 1 

N 

II 

1 

0.1 

03 

it 0.1 

h 

it 0.1 

h 

1.0 

01 

0.1 1.4 0 s 

M 

s « 

-2» 
10 V 

0.14 

Tenalle «reagiu. Kpal,,l 
“r 
170 
71 

-to 

1.0 
Il 1 
11 7 

US 
13 3 

• 3 
12« 11.3 

11.1 

• 7 
13.1 
11.7 

• 0 
17.0 

3.3 
• 3 

IS 0 
7.1 
IS! 

1.1 1.0 
7.0 
II 4 
II. 1 

0.0 
10 0 

— 10.1 0.0 
IB. 1 

1.7 
Il 1 

10 
7 4 

11.0 

4.4 
7.0 

II 7 
4 0 

11 4 
4.7 
4 7 

0.0 
II.1 
10.0 

11 0 

Zloagallon at Braak, V" 170 
71 

•to 

340 
•0 
SO 

300 
SO 

133 
•0 300 

33 

143 
30 
10 

200 
13 

300 
13 
SO 

sso 
30 

too 300 
330 

40 
10 

sso 
so 

100 400 234 
S3 

IN 
M 

400 
M0 
100 

4M 
370 

SO 
MO 

40 
IM 

70 

340 
44 
S3 

M0 

Yt«ldStr*M. K|«|(3) 170 
7J 

-40 
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11.0 • • 
11 1 
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II 
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7J 
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3 
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3 

S3 
3 
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S3 
3 
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3 
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30 
13 
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— 

— 
— — — 20 

10 
30 
4 

— — 
— 

S4 
so 
4 
4 

S3 
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14 
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typlral at iboae in ihe aa -molded con - m 
dMI«. Value« at I S lo ) 41 water de- 
•cribe the alalea reached in equilibrium 
wllh lhe almtwphere «I >01. R H 

«) ASTM 0 790 

<» ASTM DIM 

(«) ASTM DIM 

No Braak 

•Bef- It 
••Bel - 9 

General purpoae 
Weather etablllted 
HI# vtacoally lor eairualon 

• Unmodified, leneral purpoae. 
- Unmodified, yen purpoae lubricated 

Zylel • 101 
"Zylel" 109 • 
"Zylel ' «1 
"Blue C" 10V 
Blue C 10V 

NYLONS 10 
"Zylel" II - General purpoae. unmodified 
"Zylel" M - Same, higher mell vlecoalty 

NYLON 0 
'Zylel" 111 - General purpoae 

TO POLYWINS 
"Zylel" 100 - General purpoae 
"Zylel" II - Heal atablllaad 

''Zylel" 91 - Heal aublliaed. 
"Zylel" 01 - General purpoae 

low melting 
"ZVMI" 00-Same 

TABLE 18. MECHANICAL PROPERTIES OF PLASTON 
(DRY AS MOLDED )(33) 

8200, 8201 AND 8205 

Property 

Temperature 

175°F 75° F -40°F 
Tensile Strength Ultimate, Kpsi^ 
Tensile Yield Stresn, Kpsi(l) 
Tensile Modulus, KpsiU) 
Elongation, Ultimate, %(1) 
Compressive Modulus, Kpsi(2) 
Flexural Modulus, Kpsi(3) 
Flexural Strength, Kpsifo) 

9.9 
4.3 
60 

310 
75 
75 

3.4 

11.8 
11.8 

380 
200 
248 
395 

16.4 

17.4 
17.4 
445 

5 
252 
435 

21.0 

(1) ASTM D 638-58T 
(2) ASTM D 695-54 
(3) ASTM D 790-58T 

46 



(IM
) 

l*
liO

<
 

O
U

IA
 

TABLE 19. MECHANICAL PROPERTIES OF FE 2421(32) 

I 
Temperature (° F) 

73 0 -20 -40 

Tensile Strength (p.s.i.) 

Yield Strenitth (p.s.i.) 

Elongation (^) 

Flexural Modulus (p.s. i.) 

8.320 

8.320 

250 

66.500 

14,820 

14,820 

23 

336.000 

16,570 

16,570 

15 

426.000 

17,990 

17,990 

14 

463,000 

Moisture: 0.19-0.23^ . ^ ,eft 
1 Jata obtained in accordance with ASTM D 759 

Figure 52. Maximum tensile strength 
of nylon llU6) 

Figure 53. Variation of 
modulus of rigidity in 
torsion (G) for two typ¬ 
ical grades of nylon 11 

(16) 

TconaaTuai, *c 

Figure 54. Yield point of nylon 6/6 (Zytel Figure 55. Modulus of elasticity of nylon 
lODversus temperature and moisture 6/6 (Zytel 101)versus temperature at 

contend31) various moisture contents!«51! 
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TIMM MT UW, •£ 

Figure 56. Modulus of elasticity of nylon 
6/6 (Zytel 31) versus temperature at 

various moisture contents(31) 

Figure 56a. Tensile stress versus strain 
of nylon copolymer (Zytel 109) at 

-680FÍ31! (ASTM D-639) 

Figure 56b. Tensile stress versus strain 
of nylon copolymer (Zytel 109) at 73°F 

(31) (ASTM D-638) 

Figure 56c. Tensile stress versus strain 
of nylon 6/6 (Zytel 101) at -68°F (31) 

(ASTM D-638) 

<4 
w 
X 
T 

X 
ttJ 

Figure 56d. Tensile stress versus strain 
of nylon 6/6 (Zytel 101) at 73°F (31) 

(ASTM D-638) 
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57. 
Data on the impact strength of nylon6/6and6/10are given in Table 20 and Figure 

TABLE 20. TENSILE IMPACT OF ZYTEL NYLON RESINS^^ 

Property 

ZYTEL 

101(1) 
WT07 31«) 37(2) 42(*) 

Tensile impact, ft lb sq in. 
Dry: at 73° F 

at 0° F 
at -40° F 

82 
93 
85 

74 
80 
88 

79 
73 
68 

103 
90 
94 

155 
105 
107 

Conditioned to 507 RH: 
at 73° F 
at 0° F 
at -40° F 

156 
113 

79 

164 
90 
71 

121 
73 
86 

135 
96 
88 

300 
118 
110 

(1) Nylon 66 

(2) Nylon 610 

Figure 57. Effect of temperature of 
nylon 6/6 (Zytel 101) on Izod impact 
strength at 0.3 percent moisture 

content(31) 

The mechanical properties of fiberglass reinforced nylon are listed in Table 
Reinforcements are 30 to 40 percent by weight. 

21. 

Tensile strength and rigidity improve with the reinforcement; percent elongation at 
break decreases. Unlike regular nylons, the impact strength of reinforced nylons 
improves from room temperature to -400 F. The improvement is attributed directly 
to the reinforcement. The best strength at both temperatures is obtained with the 
highest reinforced material, G-13/40. 

0 
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TABLE 21. PROPERTIES OF (NYLAFIL) FIBERGLASS REINFORCED NYLON ^ 

Property or 
C-l/30 

Type«-« 
0-2/30 

Type 6-10 
C-3/30 
Type» 

G-10/40 
Type 6-6 

C-13/40 
Type 8 

0-1/30/(4) 
MS/5 

Tenaile Strength, Kpei(l) 170 
73 

-40 

16.3 
20.0 
21.0 

16.2 
19.0 
20.0 

16.0 
21.0 
23.0 

23.4 
30.0 
36.6 

25.0 
30.0 
39.0 

18.0 
20.0 
21.8 

Elonfation. %0) 170 
73 

•40 

1.0 
1.5 
1.« 

2.1 
1.» 
1.8 

2.1 
2.0 
1.9 

2.2 
1.9 
6.4 

2.3 
2.0 
2.0 

1.9 
1.6 
3.3 

Flexural Modulus. Kpet^^ 170 
73 

•40 

740 
»85 

1023 

380 
880 
900 

570 
970 
980 

1400 
1800 
2000 

900 
1500 
1900 

790 
1190 
1260 

Impact Strength, ft lb/tn.O) 
(1/2 X 1/4" bars) 

73 
-40 

2.5 
3.0 

3.4 
3.7 

3.0 
3.5 

3.7 
4.2 

4.3 
4.5 

2.2 
2.5 

1. ASTMD638 
2. ASTM D 790 
2. ASTM 0 256 
4. High lubricity grade with molybdenum-disulllde. 

Figure 58 compares the impact strength of a 35 percent reinforced acrylic with 
30 and 40 percent reinforced nylons. Again, the highest reinforced material is 
superior. 

Figure 58. Izod impact strength of reinforced acrylic (Acrylafil and Nylafil) 
with variations in temperature (l?) 



D 

•¡P* 

Thermal Properties 

The coefficient of linear expansion of two nylons 6/6 and 6/10 are given in 
Table 22 over the temperature range -40° F to 170° F. 

TABLE 22. EFFECT OF TEMPERATURE ON LINEAR EXPANSION OF NYLON*31* 

Property °F Zytel 101 Zytel 31 

Coefficient of Linear 
Thermal Expansion 
(in./in./°F)x lO"5 170 

73 
32 

-40 

5 
4.5 

4 
3.5 

6 
5 

4.5 
4 

The reader is again reminded that the rates of thermal expansion of plastics are 5 to 
10 times that for most metals. This difference must be allowed for in many design 
applications. 

The brittleness temperature of unreinforced nylons (see Table 17 above) ranges 
from -85°F to -166°F depending on moisture content and resin formulation. 
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Figure 59. Tensile strength versus tem 
perature of polycarbonate molding 

material (Merlon) (34) 

Figure 60. Compression strength versus 
temperature of polycarbonate (Merlon) (34) 

Figure 61. Effect of tem¬ 
perature on modulus of 

elasticity of polycar¬ 
bonate resin ft) 
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H have ver>' »‘r*»««» over a wide temperature range. 
imTiTÜÜÍLi** Cai1 ^ ,een ln F1*“re 63, a tough-brittle tranaltion at notched 1/6" 

ataresT£Tí°íoT?,/m'teU,:25KF^ E?í"’ ** ‘“«»«'■"•ength at lo. temper- 

Cmoplítl« í^eSShSÏÏ. ^ "°,Ch range' hl*her “““ ooveinforced 

Figure 63. Izod impact strength versus temperature of (Merlon) polycarbonate 
(34)(ASTM 0-256) 

This transition in Izod strength is considered merely a change in response. In 
other words, it is a sudden and spectacular manifestation of a gradual change in 
properties and is not to be associated with fundamental trsuisitions such as the glass 

hr“°r Phaae chan«ephenomena.Vincent has explained 

Se iu* ^ fiÏÏ 8tr*Äh *** britUe •length. The brittle length is 
manner18 Which’ ^ ^ could *** VP11®*1* would cause the plastic to fail in a brittle 

n».oo"?0Üí yíld britJJe strength increase with decreasing temperature and in- 
creasing ioading rate with yield strength increasing more rapidly. If the stress con- 

the yield strength is less th2¡ the brittle streng 
thenyieiding wül occur and fracture will be ductile and tough. If the yield strength 
exceeds the brittle strength, then brittle fracture results before yielding can occur. 
A transition in the nature of the response is observed when changing test conditions* 

i£e%inS$? or temperature) cause the yield strength to exceed the brittle 

The impact strengths of polycarbonates are profoundly influenced by notch radius 
thickness. Impact strengths decrease with Increasing thickness. For 

Izod notched impact tests the critical thickness is reported to be approximately be¬ 
tween . 13 and . 17 inches at room temperature. (34) Below this thickness, ductile 
failure above this thickness brittle breaks occur. This means that a slight 
change in thickness results in a shift of the brittle fracture temperature from -25° F 
to above room temperature. 

•53- 



«Si 

Electrical Propertlee 

The ekctfic.il properties of polycarbonates are shown in Figures 84 to 68. 
r' 

Figure 65. Dissipation factor of poly¬ 
carbonate (Merlon) film versus tem¬ 

perature at 80 cycles/sec. 

-» 0 M 90 TS KX> US <!0 

UMKtUTuNE, *C 

Figure 88. Dielectric constant of (Lexan) Figure 67. Power factor of (Lexan) 
Dolvcarbonate film versus temperature polycarbonate film versus tem- 

at 60 cycles(37) perature at 60 cycles (37) 

4 u 

(37) 
Figure 68. Effect of temperature on volume resistivity of (Lexan) film 
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Thermal Properties 

The coefficient of linear thermal expansion of polycarbonate molding compounds 
is reported to be 3.75 x 10*5 in/in/Of from -30 to +30C. (37) 

Impact tests (ASTM D748) were conducted to determine the brittleness tempera- 
ture (rf four compression molded disks cooled to -55°C. (4) specimens re¬ 
mained tough and one exhibited brittle behavior. Other specimens of the brittle fail- 

ere te8ted t0 veriiy 0113 findinK a«* 80 percent of these failed at -55°C. 
Although brittle temperature of polycarbonates is reported to be -135° C. it is evident 
Uiat some polymers resist shock loads better than others. No explanation was 
offered for the behavior of the sample which failed at -550C. 

SECTION DC. POLYETHYLENE AND POLYETHYLENE COPOLYMERS 

Polyethylenes have a wide range of property values depending on their molecu¬ 
lar structure - i.e., crystallinity, molecular weight and molecular weight distribu¬ 
tion or any combination of these parameters. Density and melt index are methods 
used for indicating crystallinity and molecular weight: the higher the density the 
higher the percent crystallinity, the lower the melt index, the higher the molecular 
weight. Table 23 summarizes the effects of these parameters on the interested 
properties at low temperature. 

Polyethylenes are normally divided into two or three groupings, depending on 
their densities: less than 0.940 g | cu. cm. is considered low and Intermediate* 
over 0.940, high density. Typical nomenclature is given below: 

ASTM 
Type 

I 

n 

m 

Common Designations 

Low-density, regular, conventional, 
high pressure 

Medium-density 

High-density, linear, low pressure 

Density 

0.912 to 0.925 g/cu. cm. 

0.925 to 0.940 g/cu. cm. 

0.940 to 0.965 g/cu. cm. 

Data on polyethylene copolymers is included where available. The high ethylene- 
low copolymer resins are similar to polyethylenes, while the high copolymer-low 
ethy ene resins resemble gum rubber. The most prevalent copolymers are flexible 
ethylene vinyl acetate (EVA), ethylene acrylate (EEA) and ethylene-propylene; (See 
also Section XI for ethylene-propylene). Properties of these copolymers depend on 
percentage of comonomers, molecular weight and molecular weight distribution. 
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Flexible ethylene copolymers are distinct exceptions to one fundamental relation¬ 
ship oí ethylene homopolymers: with homopolymers stiffness increases with increas¬ 
ing density, and the stiffness modulus of any polyethylene can be approximated from 
the density value. This is definitely not true with ethylene alkyl-acrylates or ethy¬ 
lene vinyl acetate; in fact, as the density increases, stiffness decreases. 

Cross-linked polyethylenes and copolymers, although not thermoplastic, are 
also included in this section. In general, cross-linking lowers the degree of poly¬ 
ethylene crystallinity. 

Mechanical Properties 

Figures 69 and 70 give the tensile properties of three types of polyethylenes at 
various temperatures. This data is on compression molded specimens which, for 
specification purposes, are preferred since the density can be accurately controlled 
and the effects of molecular orientation are minimized. 

The mechanical properties of 20 and 40 percent fiberglass reinforced molding 
compounds are given in Table 24. Strength and modulus increases over the rein¬ 
forced material. The increase in strength is the greatest with the highest quantity 
of reinforcement as indicated by the impact values. 
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Figure 69. Strength of compression-molded polyethylene at various 
temperatures(38) 

The tensile strength of polyethylenes is not as high as many other plastics. The 
tensile yield strength becomes greater than the ultimate breaking strength at the low¬ 
er temperatures. In general, the tensile strengths and moduli Increase with decreas¬ 
ing temperature and increased density; elongation decreases. 

Tensile tests were conducted on low pressure (high density) polyethylene injected 
molded atl70°C along the longitudinal or workingpart of the dumbbell specimens.!*”) 
The stress-strain curves are shown in Figure 71. As expected, there is an Increase 
in the slope of the straight part of the elongation curve (elastic modulus in elongation) 
and in the height of the curves (tensile strength); a reduction in the deformation under 
tension, and a particularly sharp reduction in the breaking deformation with decreas¬ 
ing temperature. 
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Yield strength and elongations (by 
ASTM D-412) on compression 
moldings of polyethylenes having 
densities of 0.915, 0.930 and 0.960 
(and melt Indexes of 1.8, 2.1 and 
0.5, respectively) at strain rates 
of 100 percent/mln and 1000 per- 
cent/mln. 

Figure 70. Tensile properties (ASTM D-412) versus temperature 
for polyethylenes (39) 

Figure 71. Stress-strain curves at various temperatures 
of low pressure polyethylene (40) 
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Figure 73 shows the tensile and yield strength of ethylene vinyl acetate copoly¬ 
mer (Montothene G50) at low temperatures. The decrease in elongation is plotted in 
Figure 74. Elongation at -50°C is about 200 percent. 

Figure 73. Variation of yield and tensile 
strengths of ethylene vinyl acetate copo¬ 
lymer (Montothene G50) with tempera¬ 

ture (41) 

Figure 74. Elongation of the copolymer 
(Montothene G50) as a function of tem¬ 

perature (41) 

Figure 75 shows stress-strain curves for a graft copolymer over a range of 
temperatures between -20°C to +100°C. Tensile strength at yield varies from a 
high value of 6300 psi at -20°C to approximately 1000 psi at +100°C. Also, elon¬ 
gation behavior is quite good at low temperatures. 

The effect of low temperature on the flexibility and damping of different density 
polyethylenes are given in Figures 76 and 77. 

Figure 75. Stress-strain cur¬ 
ves at various temperatures 
for QX-4262.6 high density 
polyethylene - 8 percent a- 

cryllc acid graft copo¬ 
lymer (42) 

Figure 76. Effect of temperature on D-790 flex¬ 
ural modulus of polyethylenes of various den¬ 

sities (39) 
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Figure 77. Dynamic mechanical properties oí (Alathon 10) - (MI = 2.1; 
density = 0.923; point =0) free radical polyethylene and (Alathon 
7020) MI = 1.5; density = 0.954; point =□ ) linear polyethylene(39) 

TherelatWe twist moduli oí polyethy lenes over a range of temperatures are 
compared to several thermoplastics in Figure 78. («) The relative twist modulus 
refers to the ratio of the twist angle of a calibrated wire to the X aügîe S Äe 
sample. The modulus of rigidity or torsion modulus was calculated from this rela- 

D105?fii mT?ip1^«the *Jyen ^ Gehman Low Temperature Flex Test 
D1O53-01. The addition of a second protractor permitted operation with a total 
twist angle (sample + wire) of loss than 180 degrees. The sample twist angles wen 
kept to a maximum of about 20 degrees to minimize the creep effects from laree 
deformations. Measurements were made 10 seconds after the total twist wa?Soli, 
to keep the creep consistent. was ^P11 

It was stated that the relative twist modulus must be multiplied by about 11 00C 
to convert it to psi. Then this value would be approximately 1/3 as large as thé 
modulus of elasticity. The modulus coordinate uses a logarithm scale to cover a 

0f Value8 which^e modulus assumes as the plastic softens. A doubling 
of the stiffness occurs at about 3/4 of an inch on this scale. («) * 

0 
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Figure 78. Modulus versus temperature characteristics of several "plastics 

IDENTIFICATION OF MATERIALS 

„ (43) 

V II 

0 

Material 

X Polypropylene 

0 High Denaity Polyethylene 

A Low Denaity Polyethylene 

+ Polyethylene Copolymer 

O High Molecular Wt. Poly¬ 
ethylene 

I lonomer 

3 Nylon 11 

() Trana Polyiaoprene 

Supplier and 
Identification 

Eaatman Tenlte 4251A 

Phillips Marlex 6002 

Eaatman Tenlte 810 A 

Union Carbide DPBE 6169 

Molding 
Temperature (°F) 

439 

384 

373 

218 

Hercules 

duPont 

BCI (NY) 
(Current) 

Acushnet 

Hi Fax 1906 455 

SurlynA 326 
ER1552 307 

Rilsan Nylon 11 443 

Purified Natural 265 
Balata 

Molding 
Date 

12/11/61 

1/10/62 

1/5/82 

8/29/61 

1/16/62 

3/23/65 
10/29/65 

11/17/61 

10/28/64 
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The data in Figure 78 show that the polyolefins harden gradually over a wide 
temperature range while the nylon 11 and the trans polyisoprene exhibit a "plateau" 
between the softening associated with the glass transition and that associated with 
melting crystallites. 

At a relative twist modulus of about 10 or more the transition to a "rigid" mate¬ 
rial occurs and additional modulus increases are relatively minor with decreasing 
temperatures. This is clearly demonstrated by the data for the high density poly¬ 
ethylene and nylon 11 and it appears to be the general behavior of all polymers plot¬ 
ted. 

Many plastics are rigid at room temperature and below, so flexibility measure¬ 
ments over this temperature range must be more precise than those measured by 
this technique if they are to be very informative. 

A comparison of physical properties of ethylene copolymers; (namely, ethylene 
ethyl acrylate and ethylene vinyl acetate) with polyethylene and vinyl is given in 
Table 25. Again, it is pointed out that the copolymers differ from the ethylene 
homopolymers in that as the density of the copolymers increase, the stiffness modu¬ 
lus decreases. With homopolymers, stiffness increases with increasing density and 
the stiffness modulus can be approximated from the density value. 

TABLE 25. COMPARATIVE PHYSICAL PROPERTIES OF POLYETHYLENE 
COPOLYMERS, POLYETHYLENE AND VINYLU4) 

Property °C 

Copolymer Vinyl 

EVA 
DQD-1868 

Typical 
EEA 

PE 
Low Density 90 Durometer 

Tenaile Impact,^! 
ft lb 'cu in. 

23 
-30 

690 
260 

500 
390 

388 
175 

425 
25 

Brittleneaa Index, °C (2) 
20% failed 
50% failed -100 

> -105 
> -100 

>-105 
-100 

-95 
-80 

-15 
-15 

Stiffneaa. Kpai^) 70 
60 
50 
40 
25 

0 
-25 
-50 

1.2 
1.7 
2.4 
3.4 
5.1 

11.0 
64.0 

186.0 

.40 

.60 
1.0 
1.5 
4.5 
8.0 

23.0 
155.0 

3.0 
4.0 
6.5 

10.0 
18.0 
35.0 
70.0 

180.0 

.45 

.60 

.90 
1.80 
4.5 

45.0 
200.0 
400.0 

(1) ASTM D 1822 
(2) ASTM D 74« 
(3) Secant modulua at 1% elongation (Inatron) 

* 
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The effect of temperature upon the stiffness of the copolymers is also shown in 
Figure 79 by plotting the stiffness modulus data measured on a tensile test apparatus 
at one percent elongation. The data reveal the similarities between the copolymers 
and polyethylene and the basic difference in behavior of the vinyl. The copolymer 
curves are very similar to the homopolymer (polyethylene) except for starting lower 
on the stiffness scale. 

Figure 79. Stiffness modulus versus temperature of polyethylene, polyethylene 
copolymers and vinyl (44) 

In the intermediate temperature range, both the homopolymers and the copoly¬ 
mers show a more gradual response to increasing temperature than the vinyl. The 
sharp change in stiffness of the vinyl at these temperatures is attributed to a higher 
glass transition temperature than the copolymers or polyethylene. This figure shows 
the advantage of the copolymer materials where low temperature, flexibility and 
dimensional stability are required. 

The copolymers' higher polarity and initial low modulus also permit them to be 
highly filled with inorganic fillers without embrittlement or excessive loss of physi¬ 
cal properties. Mixing conventional polyethylenes with inorganic fillers usually re¬ 
sults in increased rigidity and lower elongation. Large quantities of carbon black, 
clays, calcium carbonate, asbestos, and similar materials can be mixed with EVA 
and EEA resins with little effects. 

Flexible copolymers reveal the following characteristics: 

• Flexibility over a wide temperature range, including good low temperature 
flexibility (better than comparable vinyls having the same room temperature stiff¬ 
ness modulus). 

• Flexibility without plasticization and their related problems, such as migra¬ 
tion. 

• Excellent impact strength even at low temperatures. 
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The modulus oí rigidity versus temperature of ethylene vinyl acetate copolymer 
(Monsanto's Montothene G50) and a plasticized PVC is shown in Figure 80. As can 
be seen, the copolymer shows a fairly gradual, almost linear Increase of rigidity 
from +80°C to -50°C. In the Interested temperature range -17° to -62°C the 
copolymer is more flexible than the plasticized PVC. 

Figure 80. Modulus of rigidity versus temperature for A, ethylene vinyl acetate 
copolymer (Montothene G50); and B, plasticized PVC to 74 parts of suspen¬ 

sion polymer (K-value 70) and 26 parts dioctyl phthalate (41) 

Figure 81 compares the secant modulus at a nigh density polyethylene with an 
ethylene acrylate copolymer at low temperature. 

The effect of cross-linking on modulus is shown in Figures 82 and 83. These 
crystalline products do not show a very sharp change in modulus in the interested 
temperature range. A gradual increase in stiffness is observed paralleling that of 
the uncross-linked parent down to -80°C. This behavior dominates even the rela¬ 
tively highly cross-linked products where 3 percent peroxide and 10 percent triallyl 
cyanurate were used. (46) 

The impact strength of polyethylenes is affected by molecular weight and mole¬ 
cular weight distribution in addition to the usual factors previously discussed for 
thermoplastics (thickness, notch sensitivity and density or crystallinity). Impact 
strength increases as molecular weight increases and molecular weight distribution 
narrows, the former being more dominant. This is illustrated in Table 26 which 
presents Izod impact data on du Pont polyethylenes of various melt indexes (molecu¬ 
lar weights), densities and molecular weight distributions at two temperatures. 
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Figure 81. Modulus of polyethylene and ethylene acrylate copolymer as a 
function of temperature (45) 

Figure 82. Modulus versus temperature - unfilled cross-linked low density 
PE (46) y 

DYNH - Cross-linked .919 density polyethylene 
DI CUP - Dicumyl peroxide 
TAC - Triallyl cyanurate 
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F teure 83. Modulus versus temperature - unfilled cross-linked acrylate 
copolymer DPD-6169 (46) 

TABLE 26. NOTCHED IZOD IMPACT STRENGTH OF POLYETHYLENES 
(39) 

Melt 
Index Density 

(ilOmtn) (G'ml) 

Molecular 
Weight 

Distribution 

Notched Izod Impact 
Strength 

(ft lb in. ) 
-40°C 23°C 

Free Radical Polyethylene»: 

1.3 

2.1 

0.5 

.914 

.923 

.936 

broad 

broad 

broad 

0.7 

0.8 

0.95 

>10 (NB) 

>10 (NB) 

>10 (NB) 

Linear Polyethy lene» : 

0.2 

0.5 

2.0 

5.0 

0.2 

2.0 

0.953 

0.954 

0.956 

0.959 

0.945 

0.962 

narrow 

narrow 

narrow 

narrow 

broad 

broad 

8 

2.1 

1.1 

0.8 

1.4 

0.6 

>10 (NB) 

>10 (NB) 

>10 (NB) 

>10 (NB) 

1.9 

0.7 

I A8T»I 0-154-36 
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Figure 84 plots the impact strengths of low density, high density, and high melt 
index (low molecular weight) polyethylene« over a wide temperature range. It is in¬ 
teresting to note that in the notched Izod impact test the high and low density poly- 
ethylenes react differently. Between 0 and 20° f low density polyethylene goes 
through a tough-brittle transition where impact strength goes from less than one ft. 
lb./in. of notch to 18 ft. lbs./in. notch. The impact-strength oí the high density 
polyethylene increases gradually with increase in temperature. As can be seen in 
Figure 84, the high density material is superior to the low density below 180F* above 
18° F the reverse is true. ’ 

TEMPERATURE, *F 

Figure 84. Effect of temperature on Izod 
impact strengths of (Marlex) 

polyethylene (47) 

Data on unnotched specimens is quite different as shown in Figure 85. There is 
no transition point for low density polyethylene and little difference exists between 
the different density specimens. Also, unlike many thermoplastics, the impact 
strength of unnotched polyethylenes increases with decreasing temperature. 

Figure 85. Effect of temperature on 
unnotched Izod impact strengths of 

(Marlex) polyethylene (4t) 
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Tensile impact data for various high and low density polyethylene blends with 
flexible ethylene acrylate copolymers is plotted in Figures 86 and 87. At low temp¬ 
erature, the higher percent of low-density copolymer blends are superior. As pre¬ 
viously stated, one of the outstanding properties of polyethylene copolymers is this 
improved impact strength. As an example, drop tests were made with a 5 lb. rod on 
a high density homopolymer and a 50/50 flexible ethylene acrylate copolymer blend 
injection molded dishpan. At room temperature the high density material withstood 
the rod dropping from a heigbt of 2 ft., while a 50/50 blend did not fail within the 
limits of the test (a drop of 5 ft. ). At low temperatures (-4° F) high density poly¬ 
ethylene withstood a drop of 1.5 ft., the 50/50 blend withstood a drop of 4 ft. At 
this same temperature, low density polyethylene homopolymer withstands a drop of 
2.5 ft. while the 50/50 blend does not fail within the test limits. 

•oc rs so a o 
POLYETHTLENC 

composition or aiENOs, moth 

100 75 50 25 0 
polyethylene 

COMPOSITION or SLENOS. «CT % 

Figure 86. Tensile impact of copolymer- Figure 87. Tensile impact of copolymer- 
high density blends (45) low density blends (45) 

General Mills studied the effect of low temperature on polyethylene films for 
high altitude balloon applications. Two critical properties for balloon film are 
toughness and low gas permeability or porosity over a wide range of temperatures.(48) 

Toughness was determined by measuring the cold brittleness temperature (the 
temperature at which the tear caused by a steel ball piercing the film changes from 
straight-lined tear to random shattering) and puncture resistance. The latter was 
determined by measuring the velocity of a steel ball dropped from a fixed height 
after breaking through a test sample by use of two photoelectric cells and a Berkley 
Time Interval Meter. The difference in velocity between free fall of the ball and 
after puncturing the film is considered to be the energy absorbed, although the rela¬ 
tionship between velocity and energy absorbed is not strictly linear. (Table 27) 

The authors report that the molecular weight of polyethylene resin had a decided 
effect on the brittleness and puncture resistance characteristics of the film. Al¬ 
though some exceptions were found, generally the higher molecular weight resulted 
in the lowest brittleness temperature and best puncture resistance. 
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TABLE 27. COLO BRITTLENESS TEMPERATURE AND PUNCTURE 
RESISTANCE OF POLYETHYLENE FILM(48) 

Polyethylene 
Manufacturer's 

Grade 
Melt Index 

Value 

Film 
Thickness 

(inches) 

Cold 
Brittleness 

Temperature 
(8C.) 

Puncture 
Resistance 

(in. lbs./mil. ) 
-20°C.) 

A 

B 

C 

D 

E 

0.41 

0.83 
0.98 

1.37 
2.17 

2.21 

2.93 

0.002 

0.0015 
0.001 

0.001 
0.0015 

0.0015 

0.0015 

•72 

-70 
-66 

-67 
-60 

-52 

-62 

16 

17 
11 

10 
9 

10 

10 

The deviations from perfect correlation are attributed to other factors besides 
molecular weight which influence low temperature toughness. Also, orientation 
seems an important factor in puncture strength but does not appear to influence cold 
brittleness temperature to any marked degree. (48) 

Blends of polyethylene and polyisobutylene film were found unsuitable since 
small quantities of polyisobutylene raised the brittleness temperature. (See Table 
28). However, they did improve the puncture resistance at low temperatures. 
Some other plastics film reportedly good at low temperature are listed in Table 29. 

TABLE 28. LOW-TEMPERATURE TOUGHNESS OF POLYETHYLENE- 
POLYISOBUTYLENE BLENDS (48) 

Per Cent 
Polyisobutylene 

Cold Brittleness 
Temperature 

Falling Ball Puncture 
Resistance 
at -20°C. 

(in. lbs./mil. ) 

0 
3 

15 
30 
50 

-71 °C. 
-63°C. 
-57°C. 
-46°C 
-40°C 

19 
21 
26 
29 
23 
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TABLE 29. LOW-TEMPERATURE TOUGHNESS OF MISCELLANEOUS 
PLASTIC FILMS (48) 

Film Thickness 
Cold Brittleness 

Temp. °C 

Puncture 
Resistance 

(in. lbs./mil. 
-30°C.) 

Vinyl Chloride Copolymer 
(plasticized) 

Polychlorotrifluorethylene 
(unplasticized) 

Polychlorotrifluorethylene 
(plasticized) 

Polyethylene 
Terepthalate 

(2 -way oriented) 
Polytetrafluoroethylene 

0.002 

0.002 

0.002 

0.0005 

0.001 

0 to -15 

+30 

-71 

-73 to -75 

below -74 

O 

4 

16 

10 

13 

Permeability tests were conducted as follows: The film sample was clamped 
between two steel flanges. The flanges were held together by means of a screw 
press. The film was supported on each side by porous stuinless steel discs which 
were inserted in the face of each steel flange to support the film and act as diffusers 
for the gas. A manometer or pressure gauge was used to measure the pressure dif¬ 
ference, and the temperature of the surrounding air was measured on a thermometer. 
The pressure on the inlet side was held constant by a gas pressure regulator. After 
dynamic equilibrium was reached, the rate of gas flow was determined by observing 
♦he rate at which a column of mercury traveled through a 1 mm calibrated 30” long 
glass capillary. A vibrator was used on the glass capillary to prevent sticking. 

Figure 88 plots the permeability versus temperature of polyethylene film for 
various gases. The permeability for helium at room temperature was 1,000 times 
that at -700 C. This decrease in permeability with decreasing temperature is so sub¬ 
stantial that the property is unimportant. In addition, the authors state that neither 
molecular weight or film orientation appear to affect the permeabiUty of polyethylene 
films to any significant degree. However, film thickness is very important. 

True porosity of any given film is very difficult to evaluate due to lack of uniform¬ 
ity over the film’s surface. Also, handling greatly increases the number and size of 
holes and affects porosity. This is especially serious at low temperature where flex¬ 
ing causes pinholes. 

Unlike permeability, porosity varies depending on hole size, shape and absolute 
pressure. Temperature has no affect on gas loss, only on pinholes. Hole sizes 0.1 
mm and greater are considered porosity whereas under . 1 mm they are in the per¬ 
meability range. (48) Porosity then is more serious at low temperatures than per¬ 
meability which normally decreases with temperature. 

Ö 
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Figure 88. Permeability for polyethylene filni^48^ 

Electrical Properties 

Polyethylenes have good electrical insulating properties. The power factor and 
dielectric constants are low over a wide range of temperatures and frequencies. Data 
are given in figures 89 and 90. 

Figure 89. Effect of temperature on power Figure 90. Effect of temperature on di¬ 
factor for ("Alathon" 5, NC-10, 0.923 electric constant for ("Alathon" 5, NC- 

density) polyethylene (49) 10, 0.923 density) polyethylene (49) 

Figure 91 shows the dissipation factor of different polyethylenes over a broad 
temperature range. Despite the significance of the absorption peaks, the maximum 
values of the dissipation factor shown in Figure 91 (in our temperature range) are 
generally too small to be of direct engineering significance, except possibly at the 
highest frequencies. At very high frequencies however, even a small increase in 
dissipation factor is considered important. (29) 
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Figure 91. Dissipation factor versus temperature at 1000 cps for different 
types of polyethylene(29) 

A contour map indicating the dissipation factor at low temperature for various 
frequencies for high density polyethylene is given in Figure 92. 

The electric strength of polyethylene versus temperature and frequencies is 
plotted in Figure 93. 

L00)0 FREQUENCY 

Figure 92. Tan « contour map for high- 
density polyethylene (29) 

TEMPERATURE. °C 

(d) 

Figure 93. Electric strength of 
polyethylene (29) 
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Thermal Properties 

coefficient of expîinsion of several polyethylenes, a 50/50 copolymer of 
?^1p0í¡HHÍLandnPO yethylene'propylene blend8> was determined. (50) The test pro_ 
hw«! h1« ^ a llntar vanable differential transformer. A least-square numerical 
differentiation procedure based on moving arcs was used to yield the coefficients of 
04 eXpanSi0n aS a function 01 temperature. The results are shown in Figures 

data above 0°C were erratic and inconsistent with the adjoining region The 
rrjT un8ucce®8f^ln eiiminâting these erratic results and therefore discounted 
SmnltS: H7ey®r. 016 literature reports the coefficient of Unear expansion at room 
inm'l>e/atUre t0 be/#W)roximately 9.5 X 10“5 for type I; 8 x 10-5 for type II- and 7 x 
10-5 for type HI. (^ ^ is higher ^ manyXrmoplastics. P ’ 

tnfrlÜlÍL66 P^y®^1606 8amPles tested appear to have three transitions in our 
interested temperature range: two between 0 and -40°C and one about -62° to-67°C 

° t(L '4° C range were attributed to branching. Bohn found that 
the transition temperature in polyethylene around 0°C was lowered as branching in- 
etrS8^0^rySUlllinity decreased)- Similar results were reported by Tanaka and Kline 

TThe lower transitions for samples L and M compared to J implies that they are 
more branched and therefore less crystalline than the 54 percent reported for sample J. 

-hÍWI!¡e50/5?Pr?Pyle!l!'ethylenertcopolymer gave erratic results above -40° C but 
u«^Hntfma ?r transitionat -61°C. Hie authors stated that Kontos and Slichter 
aÄo 1 Tf y’ rI?orteá a Tg value of -58° C for this composition, and Manaresi ’ 
and Giannella s results on other copolymer compositions predict a value of -53°C 
sample^0 reSUltS obtained above -40°c were attributed to trapped stresses in the 

A major transition occurs in polyethylene-polypropylene blends in the -9to-14°C 
port on of our interested temperature range. Also, the data for the 88 percent poly- 

60Ocne The h° Polyethylene suggesting transitions near -30 and 
iH C!i The magnitude oi the change in the linear expansion coefficient at the trans- 

sition decreases with increasing polyethylene content. 

Figure 94. Linear expansion coefficient as a function of temperature for poly¬ 
ethylene samples L and M (50) 
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95 ! inear expansion coeiñcient as a function of temperature for poly- 
t8Ure eülyime ^mple J (S4 percent crystaUinity, 0.929 density (50) 

Figure 96. Linear expansion coefficient as a function of temperature for ^ly 
ethylene (60 mole - percent) - polypropylene copolymer (non crystalline) 

density - 0.854 

Fleure 97. Linear expansion coefficient as a function of temperature for a 
polyethylene blends (64 moles percent - 0.897 density; 88 mole 
percent - 0.906 density 32 mole percent - 0.879 density) 15U) 
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Figure 98. Linear expansion coefficient as a function of temperature for a 
polyethylene (48 mole percent) - polypropylene blend (0.888 density) (50) 

The thermal conductivity as a function of temperature for various density poly- 
ethylenes is shown in Figure 99. As can be seen, the thermal conductivity changes 
var y little for low and medium density polyethylenes over a wide temperature range. 
The increase in thermal conductivity becomes significant at the lower temperatures 
with increasing densities. 

Figure 99. Effect of temperature on high and low-pressure polyethylenes of 
varying density(39) 
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As would be expected, density, melt index and molecular weight distribution 
also affect brittleness temperature. Figures 100 to 102 illustrate these factors. 
As can be seen, superior low temperature toughness would be found in a very dense 
polyethylene of extremely low melt index and the narrowest molecular weight 
distribution possible. 

Figure 100. Melt index versus brittle- Figure 101. Effects of variables on low 
ness temperature of polyethylene (47) temperature brittleness of polyethy- 

lenes (49) 

[feet of polymer parameters on brittleness temperature 
(ASTM D-7 46-57T) of polyethylene (39) 
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The term brittleness applied to polyethylene film means splitting along a crease 
when rapidly stressed. Figure 103 shows the effects of density and melt index on 
balanced film. 

Balanced film is oriented equally in both directions. Most films are oriented 
more in the machine direction than in the transverse or circumferential direction. 
As this orientation becomes more unbalanced, the film becomes more brittle when 
stressed in the direction perpendicular to the orientation. Figure 104 shows the ad¬ 
vantage of a narrow molecular weight distribution in the brittleness temperature of un¬ 
balanced films. Also, films made from a resin of narrow molecular weight distribu¬ 
tion are tougher than similar film made from a resin of the same melt index and den¬ 
sity bit broader molecular weight distribution. (49) 

— 'UNBALANCED' ORIENTATION 

_'BALANCED* ORIENTATION 

Figure 103. Effects of density and melt 
index on the brittleness of film having 

"balanced" orientation (49) 

Figure 104. Effects of density and melt 
index on the brittleness of film having 

"unbalanced" orientation (49) 

The brittleness temperatures for some typical polyethylenes are given in Table 
30. Average values for EVA and EEA copolymers and cross-linked polyethylenes 
are given below. 

TABLE 30. POLYETHYLENE BRITTLENESS TEMPERATURES*5* 

Guare resins M4RLEX RESfNS 

Ft ope rlies Properties 

Mill Inde* Density Brittleness 
N<* Isms 10 mm l” (gms re)'** Temperature, 

Melt Inde* Density Brittleness 
No firms 10 mm^i (gma cc^í*, Temperature. °F^ 

DOM 1 JO«1 
DOOO-IM«1 
DOtO-ltO«1 
DOOOMO«' 
MJ0 0I0«1 
MM-0»l«> 
AtJO-OJO«! 
MM-OMHl 
SM0-01)141 
SM0-0»<4l 
Sl00-0t0<4l 
RMO-OO4IJ1 
PMO-OOllSl 
PROO-OOTlJl 
PPtO-OOIIJl 
mi NMvrallOl 
mi 11110(0 
moo 
•poo-ooo,T> 
ifOO-OJOl’l 
P POO-001(41 
DOOO-001(01 

IS 0 
IS 0 
22 0 
30 0 

1 0 
IS 
• 0 
'1 0 
1 s 
IS 
• 0 
0 3 
0 3 
0 1 
0.1 
0 4 
0 3 
0 1 
« 0 
• 0 
0.3 
0 3 

0 9S 
0 M 
0 90 
J 9« 
0 95 
0 95 
0 95 
0 95 
0 N 
0.90 
0 H 
0 9S 
OH 
OH 
OH 

¡:ho<"> 
o.os 
OH 
OH 
OH 
OH 

< -100 
< 41 
< M 
S 00 
<- -ICO 
< -100 
< -100 

-10» 
< -100 
< -too 

-100 
< -100 
<100 
<-100 
<100 
<-10 
<-10 
<-10 
<100 
<100 
<I44 
<100 

1410(41 
IJI|(*I 
110X11 
1111(41 
IIM«I 
mod 
mi(4i 
modi 
a sod 
mod 
4110(11 
MBIOi 
mi<4i 
5000(4' 
0011(4) 
TR-lOO^d 
TR-004(4) 
TR-000(01 
TR-md 
TR-lltd 
TR-011(10) 
TR 411(14) 
1040(10)(111 
MOMIO) (II) 
1010(14)(111 
1000(14)1111 
mi(it)(iii 

7 • 
3 1 
0.1 
It 
10 
1 0 
3.1 
to 
»0 
1.1 
7.0 
O.t 
0.1 
o.s 
1.3 
0.4 
O.t 
0 1 
0.1 
0.0 
tt 
SI 

t 

2
i
2
i
Í
E

S
S

i
5
3
“
I
K

H
S

i
3
S

5
3
“
"

 

< 105 
< 105 
< -105 
< -105 
< -105 
< -105 
<100 
<•100 
<140 
<100 
<114 
<144 
<140 
<144 
<-140 
<-104 
<100 
<•141 
<-101 

-11 
•H 
•II 

•100 
-110 
-45 
-II 

<-100 

dl Atm ohm 101 aw«i 
(II Atrn DIMS (01 Pllm ato* Dio* moMD« 
(II Atm 0140 ( 101 MoMlat 
(41 DO KIM Mltlat (III Copolyiwra. Atm Tjfr B 
(1) Mb* moMIai nlrvaMM (III Atm Typt 1 
(«) RtoctrN trato III) Atm Typt D 



TABLE 31. BRITTLENESS TEMPERATURE OF COPOLYMERS AND CROSS 
LINKED POLYETHYLENE (5) CR0SS' 

Material 
Brittleness Index (°C)^ 

Copolymer EVA ”™~ 

Copolymer EEA 

Cross-linked, high density, unfilled 

Cross-linked, low density, 37 1/2% carbon black 

Cross-linked, low density, 70% carbon black 

-90 

-95 

<-65 

<-70 

<-15 

SECTION X. POLYPHENYLENE OXIDE 

Mechanical Properties 

and üÄ“ta ,M4) 

in F^res^S toToT Tei ÄÄ raa,erl111» »«•h™» 
thermoplastics and change little over the interes'tiLw6^8?* compared to other 
«-.optics, strength 

M 3 
-t 

Z n 
2 ó 
w « 
5t 
« 

I l I 
I 

Figure 105. Tensile strength versus tem¬ 
perature of several thermoplastics (52) Figure 106. Effect of temperature on 

modulus and strength of polyphenylene 
oxide (5) 
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rEMPEMTuHE ‘f 

Figure 107. Tensile modulus versus temperature of several thermoplastics^^ 

The notched impact strength of PPO is compared to some other thermoplastics 
and Noryl (a modified PPO) in Figure 108. As Figures 108 and 109 show, PPO's 
impact strength is stable over a wide temperature range. 

Figure 108. Izod impact strength versus Figure 109. Izod impact versus tern- 
temperature of several thermoplastics perature of PPO (53) 

(52) 

Electrical Properties 

Tables 32 and 33 list the dissipation factor and dielectric constant of PPO(C- 
1001 molding grade material) at high and low temperatures over various frequencies. 
From this data it can be seen that the dissipation factor and dielectric constant are 
relatively unaffected by variations in temperature or frequency. 
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TABLE 32. DISSIPATION FACTOR OF PPO VERSUS TEMPERATURE AND 
FREQUENCY (53) 

TEMPERATURE 
°C 

100CPS 1KC 10KC 1MC 

90 

23 

-6 

-71 

0.0003 

0.0003 

0.0003 

0.0006 

0.0003 

0.0003 

0.0003 

0.001 

0.0003 

0.0003 

0.0003 

0.001 

0.0003 

0.0006 

0.0009 

0.0009 

TABLE 33. DIELECTRIC CONSTANT VERSUS TEMPERATURE OF PPO*53* 

TEMPERATURE 
°C 

100CPS 1KC 10KC 1MC 

90 

23 

-6 

-71 

2.51 

2.53 

2.54 

2.55 

2.51 

2.53 

2.54 

2.55 

2.51 2.51 

2.53 2.53 

2.54 2.53 

2.54 2.54 

Another property which is relatively stable as temperature changes is volume 
resistivity. Data are given in Table 34. 

TABLE 34. VOLUME RESISTIVITY VERSUS TEMPERATURE^ 

TEMPERATURE 
°C 

90 

23 

-6 

-71 

i’hermal Property 

Polyphenylene oxide has a wide usable temperature range. The brittle temper¬ 
ature is reported to be -275° F.(5) 

8.0 X 1016 

1.3 X 1017 

2.8 X 1017 

6 X 1016 
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SECTION XI 

POLYPROPYLENE, BLENDED PROPYLENES AND 
PROPYLENE COPOLYMERS 

influenced by molecukrstiucture P0lypr0pylene and Propylene copolymers are 
weight, molecular weight distribut nn rHregUlarity’ cry8tal^ity, molecular 

meters as .empera.ur^rat '0 SUChP“»- 
erties are affected as shown in Table 35. ’ * Generally> interested prop- 

TABLE 35. HOW MOLECULAR PROPERTIES AFFECT PHYSICAT 
PROPERTIES OF POT.VDPonvr PHYSICAL 

Physical Properties As Density (Crystallinity) 
Increases... 

As Average Molecular Weight 
Inc reas s... 

As Molecular Weight 

Tensile Strength 
Yield 
Break 
Elongation 

Flexural Stiffness 
Flexibility 
Low Temperature Brittleness 
Electrical Properties 
Impact Strength 

Unnotched 
Notched_ 

Higher 
Lower 
Lower 
Higher 
Lower 
Lower 
Higher 

Lower i 
Lower 

Lower 
Lower 
Lower 
Lower 

Lower 

Higher 
_ Higher_ 

Higher 

Lower 

Higher 
_ Higher 

fabrication also affects the^nmerHpaiifnment or orientat.on induced during 
molded parts may possess °f P°. ypropyls'"es Because of orient 
example, strength ^d lmoac orÕ^TS*'* T1“68 in directions? I 
orientation than they are perp/ndic^tar foYhis^««!”"6't0 ^ <UreCUOn ° 

Mechanical Properties 

purposed a ¿’iXXbfe^TC811*/1?1'1,Strengths "'r 8 general 
creases with loweVtemplratu« ÄTheTS 8,' Tí* y‘eld stren^ in' 
polymer. F 4110 is the hiKhest ior the unmodified homo- 

Figures 111 andM2!ndAíseíaíab1ems^'ÍL1UStheíva^ue^fo^ffPr°Py|leneS are given in 
are quite different than the tensile moduli nXUra moduli of elastic 
with decreasing temperature with the^ímodín^“!1 0f all,compositions increas, 
the stufest. with the unmodified (general purpose) normally be 

ÄÄeb‘end (POlyblend8) USUally »i pol,isobutylene dispersed 
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TEMPERATURE.F 

( 

Figure 110. Tensile yield strength of Figure 111. Flexural modulus vs 
polypropylenes (54) temperature of polypropylenes (54) 

Figure 112. Flexural modulus vs 
temperature of polypropylenes (54) 

The apparent modulus of rigidity of 1/4 x 1/16 x 2” general purpose poly¬ 
propylene specimens was determined according to ASTM D1043 (4). It was stated 
that as the temperature was raised, the specimens bowed slightly between the 
clamp. Therefore, the values will be in error and should be taken with reserva¬ 
tions. A graph of the results is contained in Figure 113. 

As previously stated many factors alfect Ihc impact properties of thermo¬ 
plastics. The common factors affecting impact performance of polypropylenes are 
the base resin type, crystallinity, molecular weight, molecular weight distribution, 
part configuration, fabrication history, additives and pigments, rate of loading, 
and of course temperature. 

Impact tests were conducted to determine the effects of orientation and 
strength (4). Izod specimens were prepared from injected molded flex bars 
(5 x 1/2 x 1/8") which were cut in half and notched (ASTM D256) in both the gated 
and dead ends. Additional Izod specimens were prepared from the reduced sec¬ 
tions of Type 1 tensile bars. Tests were run at room temperature and at 0° C. 
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Figure 113. Modulus of rigidity for a typical general polypropylene 
ASTM D1043 (4) 

This was compared to similar unnotched impact specimens tested at -18°C. The 
results are listed in Table 36. 

TABLE 36. EFFECT OF ORIENTATION ON IZOD IMPACT STRENGTH (4) 

Simple 

Izud Impact Strength, ft-tb inch (ASTM D 2S6) 

Roum Temiierature. Mulched Specimens OC, Mulched Specimens -18C, Unnotched Specimens 

Gated End, 
Flex Bar 

Ot ad End, 
Flex Bar 

Reduced 
Section, 

Tensile Bar 
Gated End, 
Flex Bar 

Dead End, 
Flex Bar 

Reduced 
Section, 

Tensile Bar 
Gated End, 
Flex Bar 

Dead End, 
Flex Bar 

Reduced 
Section, 

Tensile Bar 

A(l) 
U(l) 
C(l) 
D(l) 
E(l) 

0.98 
0 Ha 
0.82 
0.75 
1.02 

0.93 
0 84 
0. 80 
0. 71 
0.92 

1.15 
0.96 
0.99 
0.88 
1 24 

0.78 
0.72 
0.70 
0.62 
0.74 

0.72 
0.70 
0.61 
0.61 
0.73 

0.83 
0.7b 
0.78 
0.72 
0.83 

3.55 
2.97 
3.15 
2.86 
3.23 

3.71 
3.08 
3.01 
2.69 
3.34 

4.28 
3.47 
3.85 
M3 
6.00 

F(2| 
U(2) 
H(2| 
1 (2) 

0.H4 
0.84 
0.75 
0.95 

0.80 
0.80 
0.72 
0.85 

0.92 
0.97 
0.87 
1.21 

0.70 
0.73 
0.61 
0.75 

0.67 
0 64 
0.60 
0.68 

0.72 
0.78 
0.72 
0.80 

3.19 
3.19 
2.98 
2.90 

2.88 
3.09 
2.73 
2.86 

3.86 
3.50 
3.45 
3.59 

•1 (3) 
K|3) 
L(3) 

0.85 
0.80 
1.63 

0.83 
0.81 
1.50 

1.00 
0.97 
1.83 

0.72 
0.70 
1.00 

0.69 
0.68 
0.97 

l. 75 
0 77 
1.07 

2.89 
2.97 
8.55 

2.94 
2.95 
8.28 

3.37 
3.37 
9.80 

M(4) 
N(4) 
0(4) 

1.12 
1.58 
3.56 

1 14 
1.46 
3.81 

1.30 
1.73 
3.46 

0.77 
0.88 
0.89 

0.77 
0.87 
0.82 

0.88 
0.89 
0.93 

8.02 
10.04 
9.86 

7.38 
8.89 
9.83 

10.77 
12.98 
13.83 

(1) Grncral PurpiMr 
(2) Hrat RrsinUnt 
(3) Light Resistant 
(4) Impact Resistant 
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As can be seen, the Izod values for notched specimens drop from tensile 
bars to gated end to dead end. The difference attributed to orientation is small 
but could increase with different molding conditions. (4) 

Two additional points are interesting to note. One, at 0°C the Izod notched 
values of the regular specimens are about the same as those at room temperature 
Also there is no significant improvement in the impact grades at 0°C over the 
regular grades. Secondly, the impact strengths of the unnotched impact grades 
are about three times those of the unmodified specimens at -18°C. Comparing the 
impact strengths of the notched and unnotched at 0° and -18°C indicates that the 
presence of a stress raiser (notch) apparently eliminates the advantages of the 
impact-resistant materials. b 

Figure 114 illustrates the notch sensitivity of a general-purpose poly¬ 
propylene at low temperatures. H H H y 

Figures 115 through 118 present impact data on extrusion and molding grades 
of various polypropylenes and copolymers. b b 

Z 

Figure 114. Effect of temperature on 
impact strength of general-purpose 

polypropylene for various 
test speciments. (55) 

Figure 115. Effect of temperature on 
notched Izod impact strength on three 

types of extrusion grades. (5) 



Figure 116. Effect of temperature on 
notched Izod impact strength of molding 
grades of polypropylene resins. (Pure 

resin has poorest strength.) (5) 

Figure 117. Effect of temperature on 
tensile impact of molding grades. 

(Modified types have better low 
temperature strength.) (5) 

T£MPERATUtt. (F| 

Figure 118. Effect of temperature on 
the tensile impact strength of 

extrusion grades. (Effect of Modifica¬ 
tion is similar to that in molding 

grades.) (5) 
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The number of additives, pigments and colors in plastics today is almost 
unlimited. These also have a significant effect on impact strength as illustrated 
in Figures 119 and 120 and must be considered in selecting materials for many 
applications. Figure 119 shows the effect of carbon black content on a polypropy¬ 
lene alloy at -18 C. The effect of the per cent loading and particle size of a 
metallic pigment is plotted in Figure 120. 

Figure 119. Effect of carbon black 
content on drop weight, 

-18°C (56) 

Figure 120. Effect of metallic 
pigment content on drop 

weight impact, -18°C. (56) 

An illustration of the impact strength advantages to be gained in going to 
higher molecular weights (lower melt flow rates) is shown in Figure 121. 

Z 3 4 

melt fLO* sate 
UjAT ?30,CI 

MOLECULA» AEiGhT 
NCREASE DECREASE 

Figure 121. Propylene copolymer, 
tensile impact resistance (56) 
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This data represents tensile impact values for polypropylene copolymers with melt 
flow rates from 4 to 0.4 at test temperatures from -40 to 73°F. If, for example, 
the performance temperature has been established as -22°F, a resin with a melt 
flow rate of 4 will have a tensile inpact strength of 45 ft. -lbs sq. in. However, 
if one were to go down to the 2 melt flow range, such a product would have a 70 ft. 
-Ib/sq. in. tensile impact, a very marked increase in resistance to impact failures. 

The data presented in Figure 121 also points up another interesting facet of 
the effect of polypropylene molecular weight on low temperature impact properties. 
Dropping stepwise from melt flow rates of 4 through 2 to -.8, which are commonly 
accepted melt flow types, equal impact performance can be obtained at about 
18°F lower temperatures. For this series of resins, the 4 melt flow type has a 
tensile impact of 100 ft. -lbs/sq. in. at +14°F, the 2 melt flow resin has 100 ft. 
-lbs./sq. in. at -4°F, and the 0.8 melt flow type is 100 at -22°F. (56) 

Thermal Properties (See also Section DC) 

Brittleness temperature tests (ASTM D746) were conducted on four types 
of polypropylenes. (4) Specimens were die cut from compression-molded disks 
and evaluated at -55°C, 0°C, +10°C and +20°C. At -55°C, all the polypropylenes 
failed, and at 0°C only an impact resistant type (sample O) showed any resistance. 
Even at +10°C most of the samples had brittle behavior as shown below, two 
materials (samples L & O) had no failures. 

Code 

A-E 

F-H 

I 

J, K 

L 

M 

N 

O 

Type 

General purpose 

Heat resistant 

Heat resistant 

Light resistant 

Light resistant 

Impact resistant 

Impact resistant 

Impact resistant 

Brittle Behavior at 10°C 
Percent Failure 

100 

100 

75 

100 

0 

13 

25 

0 

The authors report that polypropylene containing about 5 percent of hexane- 
soluble material has a brittle temperature of +20°C. This could be reduced to 
+10°Cif the hexane-soluble fraction was increased to around 17 percent. Even 
though the polypropylenes have relatively low Izod impact strength and high brittle¬ 
ness temperature, they are still used in certain low-temperature applications. 
In some areas, polypropylene has been found suitable at temperatures as low as 
-80°C. This points out the fallacy of relying on any single test. (4) 
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It is possible to improve the brittle temperature of polypropylenes by the 
addition of plasticizers. However, this will also significantly reduce its strength 
and elongation properties. Therefore, the plasticized polypropylenes were modi¬ 
fied by cross-linking agents during processing to produce a superior low-tempera- 
ture resistant material with the strength of the original polypropylenes. (57) 
Figure 122 shows the brittleness temperature of modified propylenes as a function 
of cross-linking agents. 

As can be seen, a 15 percent dioctyl sebacate plasticized propylene with 
4 percent cross-linking agent improves the brittle temperature from -18°C to 
-65°C. Also the tensile strength increases from 3,058 psi to 3, 556 psi. 

Figure 123 plots the coefficient of linear expansion of a general purpose 
polypropylene from -40 to 104°F. Values range from about 2.0 at -40° to 4 in/ 
in/6F X 10-5 at 100°F. 

'»OSSUNKING agent contenta 

Figure 122. Changes in the brittleness 
temperature of modified polypropylene 
as a function of the content of cross- 

linking agents. 1 - original poly¬ 
propylene; 2 - polypropylene +7% 
dioctyl sebacate; 3 - polypropy¬ 
lene +15% dioctyl sebacate. (57) 

Figure 123. Variation in coefficient of 
linear thermal expansion of a general 

purpose polypropylene. (54) 



SECTION xn. POLYSTYRENE POLYMERS AND COPOLYMERS 

Mechanical Properties 

The mechanical properties of general purpose and impact grades of com¬ 
pression molded polystyrenes are plotted in Figure 124. The shaded areas repre¬ 
sent the range of values and the solid line, typical values. 

mo L—I—I I I— 
-40 0 40 M 1*0 140 

TEMPCMATUftC IP) 

GENERAL PURPOSE 

GENERAL PURPOSE 

40 0 40 80 1*0 160 
TEMPERATURE IF) 

Figure 124. Temperature vs mechanical properties for typical general-purpose 
and impact grades of compress ion-molded polystyrenes (38) 
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Figure 125 shows the mechanical properties of two polystyrene copolymers. 

*00.000 

600.000 

500.000 

400,000 

S00.000 

0 

c 
-40 0 40 *0 120 160 

d TEMPCftATUffE, f 

40 0 40 60 120 160 
TEMPERATURE, r 

Figure 125. Mechanical properties of polystyrene copolymers as a function 
of temperature (19) 

Note: Tyril - acrylonitrile-styrene copolymer 
Zerlon - methyl methacrylate-styrene copolymer 

Tensile tests (18) were conducted on polystyrene and polystyrene copoly¬ 
mers at +77, +10, -40 and - 65° F. Tensile values were obtained on a Tinius- 
Olsen Plastiversal testing machine. Determinations were made using a constant 
rate of load increase of 2500 psi/min. Load-elongation graphs were automatically 
recorded to the point of fracture using Baldwin Models PS-6, PS-7 and PS-8 
Microformer-type plastics extensometers coupled to a Baldwin Microformer- 
type recorder. The results are given in Figure 126. 

The notch sensitivity of general purpose polystyrenes was determined (59). 
Specimens were cut from compress ion-molded sheets and machined into dumbbell 
test bars having cross sectional dimensions of 0.125" x 1.00" in the test area. 
Each bar was carefully drilled in the center of the test area or notched on both 
sides. The bars were tested in an Instron Model TTB universal testing machine 
at a crosshead speed of .05"/min. 
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Figure 126. Tensile properties of polystyrene and polystyrene copolymers at
-65, -40, +10 and +77° F. (18)

The notch sensitivity index in static tension was calculated as follows, 
based on the remaining cross sectional area;

q’
Kr - 1 
Kt - 1

where Kr = tensile strength at rupture of unnotched specimen 
tensile strength at rupture of notched specimen

Kt = theoretical stress - concentration factor.

Figure 127 shows the notch sensitivity of a general purpose polystyrene at 
-40 and +73° F. The sensitivity at the low temperature (-40° decreases at a 
greater rate with decreasing hole size, than at room temperature. In fact it crosses 
the 73 ° F curve at a hole radius of about 0.10 in. Since lowering the temperature 
tends to inhibit flow and cause brittle failure, this crossover was not expected.
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1.0 

STATIC TENSION NOTCH 

J_I_I-L 

AT -40*T 

08 .10 IS 20 28 
MOLE RADIUS, INCHES 

»0 35 

Figure 127. Notch sensitivity of 
general purpose polystyrene C at -40 

and +73° F. (59) 

The unexpected effect of temperature is again dramatically shown in Figure 
128 for a second general purpose polystyrene. The notch sensitivity was higher at 
the elevated temperature than at room temperature. This was attributed to local 
heating which resulted from the local high strain rate added to the already existing 
elevated temperature, causing a local hot spot at the discontinuity, and thus lower¬ 
ing the tensile strength of the notched specimen. Using this lowered value in the 
notch sensitivity calculation will result in a high strength-reduction factor, and 
consequently a high notch-sensitivity factor. As additional work is generated in 
this and related fields it is felt that this apparent contradiction will be resolved (59). 

The general-purpose material GP-P/S-C in Figure 129 was rep* ted to 

1.0 

0 8 - 

0 8- 

0.« — 

0.2 - 

STATIC TENSION NOTCH 
SENSITIVITY, FACTOR 

□ INOM MEFtRCNCC AT -«0*F 
atmtN SF-F/S-0 StF-F/l- 

■ SHOWS BIFFSRCNCI AT TS* F 
aCTWtlN OF-FVS-DOSF-IVS-C 

OS 10 is to ts 
MOLE RADIUS, INCHES 

SO 

Figure 128. Notch sensitivity of 
general purpose polystyrene D at -40, 

+73 and 125° F. (£9) 

Figure 129. Comparison of two 
general purpose polystyrenes at two 

temperatures (59) 

# 
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have a higher yield strength, higher ultimate strength, slightly higher modulus and 
about the same elongation as GP-P/S-D. However, the authors report that field 
experience with these two materials showed that material C would fall when a 
stress concentraiion was present before GP-P/S-D. Figure 129 verifies that the 
C-material is more notch sensitive. This difference in notch sensitivity eliminates 
the difference in tensile strength when a stress concentrator is present. 

The Impact strength of general purpose unmodified polystyrene is very low; 
however, strength is increased by modification and/or glass-reinforcement. Some 
representative data are given in Figures 130 and 131 and Tables 37-40. 

MO * POLYSTVRtNC 
MO- STVOCMf •ACJNlOMTItllf 

FT-LO/IH COPOtVMCft 

OP NOTCN M, . tTVRCNC -ACRYLONITRILE 

MO MO Ml Mt ON 

O M 
3 H 
1 9 

Figure 130. Izod impact strength (18) Figure 131. Izod impact strength/ 
notch radius/temperature relationship 

for a typical HI polystyrene (16) 

TABLE 37. POLYSTYRENE IZOD IMPACT STRENGTH - FT. LB./IN. NOTCH(60) 

Grade* Test Sample 73° F 0°F 

Y-14.1 med. Impact, closure grade 

Y-16.1 med. Impact 

315 med. Impact, high heat 

1/8" bar in]. mold 

1/4" bar inj. mold 

l/8"barlnj. mold 

1/4" bar inj. mold 

extruded sheet 

inj. molded 

1.5 1.1 

0.7 0.8 

1.3 0.65 

0.65 0.45 

0.77 0.63 

0.79 0.57 
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TABLE 37. POLYSTYRENE IZOD IMPACT STRENGTH - FT. LB/IN. 
NOTCH (60) (CONT) 

Grade* Test Sample 73° F o
 o 

•*)
 

324 high Impact, appl. grade 

Y-20.1 high Impact 

Y-28.1 high Impact 

extruded sheet 

inj. molded 

extruded sheet 0.115" 

extruded sheet 0.115" 

1.2 

1.1 

0.95 

1.5 

0.95 

0.8 

0.70 

1.1 

* Shell Chemical Co. 

TABLE 38. POLYSTYRENE FALLING WEIGHT IMPACT STRENGTH - FT. LB. / 
IN. OF THICKNESS (60) 

Grade* 73° F 0° F 

Y-20.1 high impact (0.011" sheet gauge extrusion) 

Y-28.1 high impact (0.115" sheet gauge) 

Y-28.1 high impact (0.011" sheet gauge) 

315 med. impact (extruded sheet) 

324 high impact (extruded sheet) 

500 

410 

690 

220 

380 

350 

380 

420 

140 

310 

* Shell Chemical Company compounds 

As shown in Table 39 adding 30 and 20 percent fiberglass to general purpose 
polystyrene increases strength, stiffness and impact resistance at low tempera¬ 
tures . 

Table 40 gives the low temperature properties of glass reinforced styrene 
acrylonitrile. The data are for two grades, 35 percent and 20 percent fiberglass 
reinforced. 
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TABLE 39. PROPERTIES OF FIBERGLASS REINFORCED POLYSTYRENE 
(STYRAFIL) (17) 

Property 0 F 
ASTM 
Test 

Styrafil 
G - 30/30 G - 32/30 G - 37/20 

Tensile Strength, K psi 

Elongation, % 

Modulus of Elasticity, Psi x 105 

Impact Strength, Izod, U/2 x 
1/4" bars), ft. Ib/in 

170 
73 

-40 

170 
73 

-40 

170 
73 

-40 

73 
-40 

D638 

D638 

D638 

D256 

12.8 
14.0 
14.3 

1.1 
1.1 
1.3 

10.6 
12.1 
13.2 

2.5 
3.2 

10.9 
11.0 
11.2 

1.1 
1.1 
1.0 

9.9 
11.6 
12.5 

1.4 
1.9 

7.5 
11.5 
14.0 

2.4 
3.5 
2.5 

6.5 
8.4 
9.0 

1.5 
1.6 

TABLE 40. PROPERTIES OF FIBERGLASS REINFORCED STYRENE - 
ACRYLONITRILE (ACRYLAFIL) (17) 

Property 
ASTM 
Test 

Acrylafil 
"Ô - 40/35 G - 47/20 

Tensile Strength, K psi 170 
73 

-40 

D638 17.5 
19.5 
20.0 

9.0 
13.0 
14.0 

Elongation, % 170 
73 

-40 

D638 1.4 
1.4 
1.2 

2.6 
2.2 
1.6 

Flexural Modulus, Psi x 105 170 
73 

-40 

D790 11.5 
14.5 
15.0 

8.8 
10.6 
10.9 

Impact Strength, Izod, (1/2 x 
1/4" bars), ft. Ib/in. 

73 
-40 

D256 3.0 
4.0 

1.2 
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Electrical Properties 

The dielectric constant of an NBS casting resin is shown in Figure 132. The 
data was obtained on a modified Schering bridge at frequencies from 10 2 to 10 5 
cps and a series resonance circuit at 108 and 10 ? cps. The specimen was approxi¬ 
mately 2.0" in diameter and 0.2" thick. 

2 0 

10 

O _ O'* 
ær 
i/>m 
HO 

Z9 

Figure 132. Dielectric constant of a modified 
polystyrene resin (NBS* casting resin) as a function 

of frequency and temperature (61) 

Parts by weight 

* Modified polystyrene 2,5-dichlorostyrene 33 
(NBS casting resin) Poly-2,5-dichlorostyrene 21.5 

Styrene 21 
Polystyrene 11 
Hydrogenated ter phenyl 13 
Divinylbenzene, 40% sol'n 0.5 
Cumene hydroperoxide 0.1 

) 
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SECTION xni. POLYSULFONES 

Polysulfone is a relatively new family of heat-resistant, high performance 
thermoplastics. Since they were only introduced in 1965 and interest lies mainly 
in high temperature applications, little low temperature data is available. How¬ 
ever, information is included to the extent available. 

Mechanical Properties 

Figures 133 - 135 plot yield stress, elongation and rupture energy versus 
temperature for a special Union Carbide extrusion grade polysulfone P-2300. 
Yield strength is good and it increases with decreasing temperature and in¬ 
creasing loading rate. Figures 134 and 135 show that the material is ductile at 
temperatures above -75° C. 

21,000 

10 IN ! MIN 

20 IN / MIN 

, ? IN . MIN 

-S IN / MIN 

"'I IN / MIN 

-150 -100 - 50 0 50 100 150 

TEMP£NATuR£ (Cl 

Figure 133. Yield stress vs temperatures for 
polysulfone at various loading rates (62) 

Polysulfones are notch-sensitive as most thermoplastics. Notched Izod 
Impact strength changes little with decreasing temperature, being 1.3 ft. lb. 
/in. for 1/8" bar at room temperature and 1.2 at -40° F. (63) 
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Figure 134. Percent elongation vs 
temperature for polysulfone (62) 

Figure 135. Rupture energy vs 
temperature for polysulfone (62) 

1 

.7 

Thermal Properties 

The coefficient of thermal expansion is 3.1 x 10 ^ in/in/°F over the 
temperature range -22 to +300° F. (63) 

SECTION XIV. VINYLS 

The vinyl family as generally considered by usage consists of: homo¬ 
polymers polyvinylchloride, polyvinyldichloride; copolymers of vinyl chloride 
with vinyl acetate, vinyl alcohol, vinylidene chloride, vinyl butyral, etc. ; and 
mixtures of polyvinylchloride or vinyl copolymers with other polymers. 
Because of its many variations and innumerable formulations within each variation, 
vinyls are available in many forms and have a wide range of properties. 

Mechanical Properties 

Tensile tests were conducted on the following PVC formulations (64): 
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PLASTICIZED PVC FORMULATIONS 

Ingredients 
Parts 

1 2 3 4 5 6 7 8 

GEON 101EP 

Ba/Cd Stabilizer 

Epoxy Stabilizer 

DOP* 

610P** 

100 100 100 100 100 100 100 100 

22222222 

44444444 

30 40 50 60 

30 40 50 60 

* di- 2- ethylhexano 1 
** n-hexanol, N-octanol, N-decanol; 20/45/35 ratio 

Tests were run in a temperature cabinet on an Instron tensile tester at a 
crosshead speed of 1, 10 and 20 inches per minute at +10, -5, -20 and -35° C. 
No extensometer was used and the jaw separation of 2 inches was assumed to be 
the gauge length. This is accurate at room temperature but at the lower tempera¬ 
ture, the per cent elongation and 100 per cent modulus are reported lower than 
they actually are. In addition, the authors point out that the more plasticizer in 
the formulation, the less effect the lowering of temperature will have on the accur¬ 
acy of the 2 inch gauge length. 

Table 41 gives the tensile data. From this data the following conclusions 
can be drawn: 

• Tensile break and 100 per cent modulus decrease as the plasticizer 
is raised from 30 to 60 phr, but the per cent elongation increases. 

• Tensile break and 100 per cent modulus increase as the temperature 
is lowered from 10° C to -35° C while the per cent elongation decreases. At the 
lower temperatures, a yield point appears in the stress-strain curve. (See also 
Figure 140.) 

• The tensile break and 100 per cent modulus increase, the per cent 
elongation decreases and the yield strength increases when the rate of loading is 
raised from 1 to 20 inches per minute. 

Figure 136 shows the per cent elongation versus rate of loading and temp¬ 
erature for 30 and 60 phr of DOP and 610P plasticized PVC. 
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TABLE 41. TENSILE TEST DATA ON PVC FORMULATIONS (64) 

Property 
Temp 
oC 

Rate of 
Loading 

DOP Plasticizer 6I0P Plasticizer 
SO 
Pfcr 

40 
phr 

50 
phr 

60 
Phr 

30 
phr 

40 
Phr 

50 
phr 

60 
phr 

Trau», (al 10 
•S 

•SO 
-SS 

10 
-s 

-so 
-SS 

10 
-s 

•so 
35 

1" min 
1" min 
1" min 
r min 

10“ min 
10“ min 
lOVmin 
10 /min 
20"'min 
20" min 
20" min 
20" min 

sits 
5140 
5052 
73Î0 
4007 
4414 
5126 
7263 
4260 
45SS 
4670 
6112 

3352 
4335 
5514 
6614 
3613 
4340 
4736 
4650 
3676 
4336 
4726 
5120 

3017 
3567 
566t 
5660 
3346 
3766 
4236 
4640 
3170 
3662 
4450 
47N 

2670 
3136 
3756 
5166 
2664 
3442 
3670 
4366 
2614 
3416 
3656 
4164 

4066 
4756 
4654 
6666 
4224 
4530 
4420 
5410 
4110 
4764 
5356 
5300 

3424 
4016 
4660 
6100 
3662 
4004 
4124 
5156 
3550 
4114 
4602 
5272 

2750 
3300 
4112 
5002 
32N 
3442 
4206 
4606 
3176 
3760 
4224 
4625 

2727 
3110 
3510 
4340 
2685 
3366 
3806 
4564 

Elongation. V 10 
•s 
20 

-35 
10 
-S 

•so 
.35 

10 
-S 

-so 
•35 

1" min 
1" min 
1" min 
1" min 

10 min 
10" min 
10 'min 
10" 'min 
20" 'min 
20" min 
20" min 
20 min 

163 
167 
143 
N 

206 
156 
77 
13 

232 
172 
70 
16 

220 
212 
162 
131 
332 
204 
!SS 
70 

277 
206 
134 
61 

264 
251 
272 
177 
306 
270 
205 
156 
266 
255 
203 
141 

364 
300 
270 
220 
366 
326 
236 
161 
362 
263 
235 
166 

220 
172 
152 
106 
223 
163 
132 
31 

231 
174 
101 
36 

264 
212 
166 
151 
271 
226 
IN 
140 
252 
222 
176 
120 

305 
244 
215 
IN 
312 
245 
213 
146 
317 
272 
215 
165 

345 
2N 
221 
203 
343 
263 
236 
162 

100 r Modulus, psi 10 
•5 
SO 

-35 
10 
•5 

-SO 
35 
10 
-5 
20 

-35 

1" min 
1" min 
1" min 
1" min 

10 min 
10 min 
10 min 
10" 'min 
20" min 
20" min 
20" min 
20" min 

2662 
4360 
5576 

3260 
4116 

3532 
4337 

2122 
3176 
4450 
6170 
2762 
3454 
4442 

2546 
3742 
4632 

1430 
2166 
4075 
4726 
1616 
25SS 
3602 
4542 
1664 
2656 
3662 
4766 

1114 
1566 
2300 
3764 
1362 
1620 
2602 
3626 
1354 
2162 
3212 
4142 

2622 
4014 
4366 
6650 
3242 
3624 
4352 

3264 
4360 
5325 

1634 
2650 
37M 
5414 
2312 
3016 
3564 
4672 
2430 
3376 
4416 
5162 

1310 
1666 
2620 
4156 
1730 
2320 
3252 
4236 
I7N 
2664 
3516 
4510 

1266 
17N 
2634 
3550 
1302 
2 IM 
2868 
4114 

Yield, psi -5 
20 

-35 
-5 
20 

-35 
5 

20 
•35 

l’Amin 
P'mln 
1" min 

10" min 
10" min 
10" min 
20" min 
20 ' min 
20" min 

2662 
5152 
6633 
3632 
7176 
6670 
4630 
6630 
6112 

2460 
5606 

4160 
6776 
S010 
4530 
6612 

3264 

4144 

5066 

6024 

2626 

2320 
3174 
7062 
3014 
4646 
5064 
3636 
5666 
7260 

1732 
3640 

UM 

5614 3452 

- 

Figure 136. Percent elongation of plasticized PVC resin (64) 
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The changée with rate o. rÄlaeTclfertJ greíu/elÃ" 
with 60 phr. The 30 phr graph shows the 610P plastic g 

is "high- 

The per cent elongation at two temperatures versus rate of loading and 

plasticizer content is shown in Figure 137. 

f* 20 JO Vs- 
*’X 

OOP AT '0* c — ' 
6ICPAT '0*C — 

/ soo 

ZovO ^ 

W/x 

OOP AT - 55* C — ' 
610 PAT -J5*C - 

Figure 137. Percent elongation of plasticized PVC resin 
at 10 and -35° C. (64) 

10° c. 
s vi »Kof »ho -in nhr eraoh in Figure 136 has the approximate 

shape the 
ÄÄe"d wÄ temperature , lowered as 1« does 

when the amount of plasticizer is decreased (64). 

Fitrure 138 plots the 100 per cent modulus as a function of loading rate and 
t oZnrf RO nhr of DOP and 610P plasticized vinyls. From this 

geÄe,r el"? isrthe more efficient 

relatively Mgh^level0^/60 phTof plasticizer, however, masks the difference be- 

tween the two. 
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- Ï5 - 35 

OOP AT JO PM* 
610 P AT SO PHR 

OOP AT 60 PMP — ■ 
6(0 P AT 60 PMP — 

Figure 138. Modulus of plasticized PVC resin (64) 

Note: The incomplete planes reflect a failure of the sample to elongate 100% 
before tensile failure. 

Figure 139 shows the modulus of DOP and 610P at 10 and -35°C as a 
function of plasticizer phr and loading rate. 

40 A 

*CV. 2060 

OOP AT 10* C —— — 
6I0P AT 10* C 

JO 

DOP AT -S5*C — — ' 
•(OP AT - J9*C ..— 

Figure 139. Modulus of plasticized PVC resin at 10 and -35°C (64) 
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As can be seen, the 10 0 C graph does not show the difference found in the -35 0 C 
plot. This illustrates the advantages of testing plasticizers at different tempera¬ 
tures. Like Figures 136 and 137 the same conclusions as for elongation can be 
drawn; namely, the 100 percent modulus of plasticized PVC behaves the same 
when temperature is lowered as when plasticizer content is decreased. This is 
evidenced by the similarity of 30 phr graph in Figure 138 witii the -35° C tempera¬ 
ture plot in Figure 139; and the 60 phr and 10° C as well. 

The stress-strain curves are shown in Figure 140 for a 40 phr plasticized 
composition at four temperatures and three loading rates. From this data the 
following observations were made. 

• Lowering temperature and increasing rate of loading have the same 
effect. The curve at -5° C and at a loading rate of 20 inches per minute is the same 
as that of -20° C at a loading rate of 1 inch per minute. Therefore, a 20 fold in¬ 
crease in loading rate is equivalent to a 15° C reduction in temperature on the ten¬ 
sile properties of this material. 

• Decreasing temperature and increasing the rate of loading changes the 
curves from soft and weak, to soft and tough, to hard and tough, to hard and strong, 
to hard and brittle. 

% ELONGATION % ELONGATION 

% ELONGATION 

OOP 

GlOP 

% ELONGATION 

Figure 140. Stress strain curve - 40 phr plasticized PVC resin (64) 
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610P is a more efficient plasticizer than DOP as evidenced hycompar- 
tng the DOP curve at -20° C and 10 inches per minute with the 610P at -35 C and 
1 inch per minute loading rate. 

The area under the stress-strain curve (a measure of toughness) was de¬ 
termined from the weight of the chart paper encompassed by the 'u"e rela‘lve 
the weight of a known area of the same paper. Results are given in Table 4Z. 

TABLE 42. AREA UNDER STRESS-STRAIN CURVE (IN SQUARE INCHES) (64) 

Temp Rate of 30 
phr 

DOP PI 

40 
phr 

aatlcUer 

50 
phr 

60 
phr 

30 
phr 

610P Plan 

40 
phr 

tlcl/rr 

50 
phr 

60 
phr 

10 
-5 

-20 
-35 

10 
-5 

-20 
-35 

10 
-5 

-20 
-35 

r'/mln 
r'/mtn 
r'/mln 
l"/mln 

10"/mln 
lO’Vmln 
10"'min 
10” 'min 
20"/min 
20"/mtn 
20"''min 
20''/mln 

10.8» 
13.64 
13.93 
13.68 
12.86 
13.39 
9.09 
1.84 

11.74 
14.42 
7.29 
2.24 

9.74 
13.06 
14.44 
14.38 
13.07 
13.42 
13.66 
7.88 
8.95 

15.13 
15.44 
8.10 

10.02 
11.17 
13.91 
15 18 
13.38 
13.52 
13.82 
14.36 
11.94 
14.64 
15.38 
13.21 

11.16 
11.25 
13.40 
15.91 
13.45 
14.05 
13.07 
13.31 
12.72 
13.70 
13.86 
14.81 

13.08 
12.10 
12.82 
13.59 
13.94 
13.69 
11.71 
4.51 

12.91 
13.93 
11. 10 
5.39 

11.80 
11.58 
14.41 
14.35 
13.42 
13. 19 
13.92 
14.09 
10.80 
14 81 
14.50 
12.63 

9 89 
9 72 

11.28 
11.79 
12 69 
11.31 
Il 11 
11.83 
13.07 
15 1? 
14.8" 
16 65 

9 27 
9 82 

11.42 
12 22 
11 33 
It 59 
13.80 
14.05 
11.74 
13.53 
12.99 
14.31 

) 

There is little change in toughness at: 1 in. /min. and 30 phr plasticizer at 
all temperatures; 10°C over the different loading rates; and at various temperar 
tures and loading rates for 60 phr. However, there is a sharp decrease in tough¬ 
ness as the loading rate is raised from 1 to 20 in. /min. and at temperatures 

below -5°C. 

From the above data it Is obvious that the difference In tensile pro^rtles 
>f plasticized compositions are greater at lowf temperatures and plasticizer 
evels and that 610P is a more efficient plasticizer than DOP. 

Figure 141 plots the tensile and flexural properties of a vinyl chloride 

molding copolymer. 

Figure 142 plots the flexural stiffness of an elastomeric electrical grade 
polyvinyl chloride compound at various low temperatures. 

Table 43 shows the effect of various low temperature plasticizers on 

lolyvinyl chloride stiffness. 

The effectiveness of low temperature plasticizers «“ determined by tl« 
"lash-Bere and brittleness temperature tests (65). Two points - T4, the temP® 
lire in °C at which stiffness in flexure is 10,000 psi and Tf, the te^P«r^ure 
>C at which stiffness in torsion is 135,000 psi - were reported in the Clash-Berg 
est. Results are given in Table 44. 

Tests were also conducted on blends of plasticizers to determine any syner- 

gistic effects. Table 45 lists these results. 
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0 TEMPERATURE rf b TEMPERATURE.*F 

) 

Figure 14Î. Tensile and flexural properties of (Saran 909) vinyl chloride 
copolymer (19) 

TABLE 43. COMPARATIVE PERFORMANCE OF PLASTOLEIN LOW 
TEMPERATURE AND EPOXY PLASTICIZERS IN PVC (5) 

"H" "H" "nr ib" "T yr "p" 
---— LT Ep"HV E|inxv THPO 

PUsllt-UtT Cunrontrslbm, phi 

Clash A Bi t« T 10.000 "c 

Clash A Brrc T «S.OOO. " C 

Clash* Brr« T 135.000. "c 

45 45 “ « « « SI* 45 50 

8 5 5 -• 5 -a 2 .2 -4 ., 

“ ” ” S1 11 22 20 I, 22 IS 

4* 45 » « « «■ 2« 23 43 2, 

• As j SC S') bli nd with TOP 
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Figure 142. Flexural stiffness vs 
temperature for elastomeric vinyl 

compound (38) 

TABLE 44. EFFECTIVENESS OF LOW TEMPERATURE PLASTICIZERS (65) 

D’-2-ethylhexyl phthalate ) „ 
Low temperature plasticizer) 
Epoxy stabilizer - 3 

„ , Ba-Cd-Zn stabilizer - 3 
Code: 
A = di-2-ethylhexyl adipate 
B = diisodecyl adipate 
C = di-2-ethylhexyl azelate 
D = tri-2-ethylhexyl phosphate 
E = 2-ethylhsxyl epoxytallate 
F = epoxy ester 
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1 AoLicJ 45 
c.* füUTIVENESS OF BLENDS OF LOW 

TEMPERATURE PLASTICIZERS (65) 

n " Ui o ív ,PeXyl adlPate/difsodecyl adipate 
C :d 1'ÂeXyí adiPate^tri"2-ethylhex^ phosphate 
C di-2-ethylhexyl adipate/di-2-ethylhexvl azelatP 
D = diisodecyl adipate/tri-2-ethylhexyl pholphat 
F : ^ S2defCyl ®dip^te/di-2-ethylhexyl azelate 

tri-2-ethylhexyl phosphate/di-2-ethylhexyl azelate 

au raTh^:^t'r '‘"T*™ 
efficiency, volatility, oil extraction, procéSsabií»v Such as 
range, fungus resistance or flame retarHan^a 7’. emperature performance 
plasticized compound. 3nCy mUSt determine the selection of the 

ent low temperature plasticiz^rs^^ua^pm °f Vln^iif”nPounds made with differ 
compared to a compound ÄÄha^ess) 

ing low temperature1 flexibi 1 ity^of p”asticize^nof ^°11 .p1^®1 icizers used for improv 
Formulations were prepared us" Wfre StUdied (66)' 
DOP. The aromatic plasticizer ÍCoHpTuTc f 25 Percent replacements for 
range of compatibility Results of thp in t eva uated throughout its complete 
D736-54T) are sholm in Table 47 temperatu^ flexibility test (Asm 
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TABLE 46. PHYSICAL PROPERTIES OF VARIOUS PLASTICIZED 
VINYL COMPOUNDS AT ”80A” HARDNESS (65) 

Dl-2-ethylhexyl Dl-2-Hhylhexyl DiLaodtcyl Dl-2-ethylhexyl TrI-2-fthylhexTl n-Ortyl, n-deryl 2-Ethylh«*xyl Epnxy 
Phlhalat«*_ Adipate_Adipate Aze|atc_Phoaphate PhthaUte Eptixy tallate Eater 

PHR 
"A" 

B 
Volatility. 
24 hr« 70“ C. 20 mil 

Oil extrartion K 50 C* 

48 
80 
• 9 
20 
22 

10 

I 6 

106 

40 52 46 
80 80 80 
«2 0 -4 
37 -48 -48 
48 -50 -48 

2 4 0 6 0 8 

4 8 9 9 14 0 

120 148 141 

47 
80 
-4 

-44 
-55 

1.6 

7 0 

110 

52 50 40 
80 80 80 
♦3 -6 »2 
36 37 -36 

-35 -42 37 

0 5 0 6 1 2 

5 6 6 9 5 7 

110 125 114 

• K Wt Los« 

An-' ‘ 

•• Minimum fluxin# temperature 

TABLE 47. LOW-TEMPERATURE FLEXIBILITY WITH SECONDARY 
HYDROCARBON PLASTICIZERS (50 PHR TOTAL PLASTICIZER)(66) 

OOP Primary 
Plasticizer, r 

Secondary 
Plasticizer Ratinp at *• 

Code* O F. -20° F. -40° F. 

100 
75 
75 
75 
75 
75 
75 
75 
75 
75 
50 
25 

0 
75 

P 
25 A P 
25 B F 
25 C F 
25 D P 
25 E P 
25 F P 
25 G P 
25 H P 
25 I P 
20 I P 
75 I F 

100 I F 
25 J P 

P 
P 

F 
P 
P 
P 
F 
F 
F 

P 

P 
F 

F 
F 
P 

P 

** P Pass: F Fail 
* Code: Typical secondary hydrocarbon plasticize rs for vinyl reams : 

Chemical Type 
Letter Specific 
Code Gravity 

Spe> ial petroleum fraction 
Aromatic hydrocarbon 
Aromatic hydrocarbon 
Alkvl-aryl hydrocarbon 
Partially hydrogenated alkvl-aryl 
Partially hydrogenated terphenyl 
Alkylated naphthalene 
Aromatic hydrocarbon extender 
Very ar"matic hydrocarbon** 
Chlor'nated paraffin 

A 0.8899 
B 0.9786 
C 1.0140 
D 0.878 

hydrocarbon E 0.970 
F 1.0C1 
G 0.944 
H 1.02 
I 1.09 
J 1.15 

• At 77° F. 
*• Experimental at present. 

Viscosity, CPS 

100° F. 210° F. 

8.89 2.33 
20.7 

143 6.8 
17.9 3.33 
9,38 ---- 

70* 
49.7 4.20 
92.6 5.74 
11.85 2.31 

17.4-21.6* 

Approx. 
Molecular 

Weight 

267 
5-8 

270 avg. 
280 
200 
237 
240 
275 
235 
570 
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The low temperature i js stance of plasticized film was determined by bending 
a film specimen cooled from -20 to -60° C through 180°. (67) 

Four specimens 150 x 100 mm were cut from each type of film in the horizon¬ 
tal and transverse directions. The film and a Kg weight used for stressing (bend¬ 
ing through 180°) were cooled for 10 minutes. If a crack appeared at the point of 
bending, the specimen was not considered low temperature resistant. 

The results in Table 48 show that transverse specimens break at higher temp¬ 
eratures. This is due to the orientation of molecular chains during processing in 
the longitudinal direction. As a result, it is necessary to break many more chemi¬ 
cal bonds in the longitudinal direction than in the transverse. 

TABLE 48. LOW TEMPERATURE RESISTANCE OF 
PLASTICIZED PVC FILM (67) 

Plasticizer 
Per Cent 

Plasticizer 
Orientation 

Direction 
Failure 

Temperature 

Dibutyl phthalate 

Dibutyl phthalate 
Phthalic esters 

Dibutyl phthalate 
Phthalic esters 

Dibutyl phthalate 
Phthalic esters 

45 

12.5 1 
12.5 / 

22.5 ) 
22.5 Í 

27.5 \ 
27.5 f 

transverse 

transverse 
longitudinal 

transverse 
longitudinal 

transverse 
longitudinal 

-42° C 

-20° C 
-30° C 

-30° C 
-50° C 

-40° C 
-50° C 

Like the polycarbonates, rigid polyvinyl chlorides have a sharp transition 
from tough to brittle fracture in notched impact tests as the temperature is lowered. 
This change in fracture, as illustrated in Figure 143, is accompanied by a near 
ten-fold decrease in Izod value. 

TEMPERATURE —• 

Figure 143. Notched izod response of 
rigid polyvinyl chloride (35) 
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Below a certain temperature (the brittle temperature) all specimens fail 
in a brittle manner with no yielding. ïzod strengths range from 0 to about 5 lbs/in. 
Above this temperature fractures are ductile with yielding, and Izod values are 
from 15 - 30 Ib/in. In other words, specimens fail in a tough or brittle manner; no 
intermediate types are observed. (35) 

This transition in Izod response cf polyvinyl chloride is simply a change in 
response. It is a sudden manifestation of a gradual change in properties and is not 
associated with fundamental transitions such as the glass transition or crystalliza¬ 
tion or phase change phenomena. 

The impact strength of vinyls, as with other thermoplastics, are influenced 
by many factors in addition to temperature as previously stated. These have been 
discussed in previous sections and will only be mentioned here. Such factors are: 

• Composition - effects of plasticizers, stabilizers, pigments, copoly¬ 
mers, alloys, etc. 

• Processing - time, temperature, work history, method of formulating, 
orientation, etc. 

• Thickness of specimen - notched impact strength decreases with in¬ 
creased thickness. 

• Increasing loading rate. 

The impact strengths of an acrylic-polyvinyl chloride alloy (Kydex 100) are 
given in Table 49 and a rigid polyvinyl chloride molding material m Table 50. 

TABLE 49. IMPACT STRENGTH OF AN ACRYLIC-PVC 
ALLOY (KYDEX 100) (68) 

Impact Test Test Method 
Impact Strength 

ft/lbs 

Charpy Unnotched (ft. lbs./1 '2" x 1" section) 

73° F. 
32° F. 
0° F. 

-20° F. 
-40° F. 
-65° F. 

ASTM D-256-56 
(Modified to 2" span) 

118 
80 
35 
26 
23 
14 

Falling Dart (ft. lbs.) • 
2 lb. dart with 1/8" radius 

73° F. 
48° F. 
25° F. 

0 F. 
-20° F. 
-40° F. 
-65° F. 

R & H P-24 F 

s 36 (Indented - no break) 
^ 36 (Indented - no break) 
^ 30 (Indented - no break) 

12.0 
4.4 
4.0 
3.2 

* Sample . 125" thick. 
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TABLE 50. IZOD IMPACT OF RIGID PVC MOLDING 
COMPOUNDS (ASTM 256) (69) 

Gcon Vinyl 
ASTM Typo ! 

Grado I 
Normal 
Impart 

Goon Vinyl 
ASTM Typo n 

Grado I 
Normal 
Impact 

Goon Vinyl 
ASTM Tvpo n 

Grado 1 
Hl|th Impart 

Trans 

Goon Vinyl 
ASTM Typo 1 

Grado II 
Normal Impact 

Trans 

Hi-!rmp 
Goon 
V invl 
88876 

Ht-teni|) 
Gron 
Vinvl 
88861 

fcod Impact, ft. lb. notch 
at 7J0 F 
at 32° F 
at -10'» F 
at -40° F 

80 
70 
55 

15 0 
1.7 
1.0 

13.0 
5 0 

90 

70 
65 
55 

J 5 

0. 5 

14 

0 5 

Electrical Properties 

The effect of plasticizer content and temperature on dielectric constant is 
shown in Figure 144. The power factor versus temperature for a plasticized PVC 
at 1000 c/s is plotted in Figure 145. 

TEMPERATURE ,*C 

Figure 144. Effect of 
temperature and plasticizer 

content on the dielectric 
constant of PVC at 60 c/s 
(16) 

TEMPERATURE X 

Figure 145. Power factor 
vs temperature for PVC 
compound containing 50 
parts Bisoflex 791 per 
100 parts polymer. Fre¬ 
quency = 1000 c/s (16) 

Thermal Properties 

Tables 51, 52 and 53 give some representative brittle temperatures of 
various plasticized compounds. 
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) 
TABLE 51. COMPARATIVE PERFORMANCE OF (PLASTOLEIN) 

POLYMERIC PLASTICIZERS IN PVC (5) 

Plastolein No. Concentration 
(phr) 

Brittle Point, 
ASTM D 746 

(° C) 

Masland Impact 
20 Mil Sheet 

(°C) 

9717 
9720 
9722 
9730 
9750 
9765 
9789 
9051 (DNHZ) 
9055 (DGP) 
9057 (DIOZ) 
9058 (DOZ) 
9066 (LT) 
9078 (LT) 
9214 (Epoxy) 
9232 (Epoxy) 
9250 (THPO) 
- (DOP) 

56 
56 
60 
70 
65 
68 
68 
45 
45 
50 
45 
45 
45 
51* 
54* 
45 
50 

-32 
-27 
-23 
-16 
-23 
-17 
-22 
-60 
-60 
-60 
-60 
-60 
-57 
-47 
-37 
-52 
-29 

-25 
-25 
-20 
-10 
-15 
-10 
-15 
-55 
-50 
-50 
-55 
-55 
-50 
-35 
-25 
-40 
-30 

* Di-2-ethylhexyl phthalate used as control. 

TABLE 52. BRITTLENESS 
TEMPERATURE OF (GEON) 

COMPOUNDS (5) 

Geon Vinyl 
Spécifié Gravity 

Brittle Temperature 
(ASTM D 746) 

(° f) 

1.19 
1.27 
1.32 
1.34 
1.39 
1.48 
1.56 

_L5fi_ 

-50 
-20 
-10 

0 
15 

-20 (Methud A) 
0 (Method A) 

>20 (Method A) 

TABLE 53. BRITTLENESS TEMPERA¬ 
TURE OF (BAKELITE) VINYLS FOR 

CONTOUR EXTRUSION (70) 

Vinyl 
^Brittleness Temperature 

50 p Non-failure (ASTM D 746) 

VFD-9914, 
VFD-9918. 
V FD-9411, 
V FDA-9932 
VFD-9410, 
VFD-9960, 
VFD-9970, 
VFD-9020. 
QFDA-9021 
VFD-9980, 
VFD-9990, 
V FD-9953. 
VFD-9962, 
VFD-9963, 
Q FDA-9121 
V FDA-9973 
VFD-9532. 
QFDB-9983 

Clear 111 
Clear 221 
Clear 181 Nat. 

, Clear 111, Nat. 
Clear 111 
Nat. 
Nat. 
Nat. and Colors 

, Nat. and Colors 
Nat. 
Nat. 
Nat. 
Nat. 
Nat. 

. Nat. 
, Nat. and Colors 
Nat. and Colors 

. Nat. and Colors 

and Colors 
and Colors 
and Colors 

TTcT 

-44 
-26 
-20 
-16 
-30 
-39 
-32 
-12 
-16 
-22 
-15 
-36 
-36 
-32 
-44 
-28 
-23 
-10 
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PART H. THERMOSETS 

SECTION XV. EPOXY COMPOUNDS 

Properties of epoxies at low temperature are influenced by many factors: 
the epoxy resin, addition of reactive diluents (flexibilizers), hardeners and curing 
temperature and time as well as reinforcements and fillers. 

Mechanical Properties 

Table 54 gives tensile property data for various epoxy resin cast systems 
at -25° C. 

TABLE 54. TENSILE STRENGTH PROPERTIES OF (EPON) EPOXY 
RESIN CAST SYSTEMS AT -25° C. (71) 

EPON 828/ 
EPON 871 

Ratio 

Curing Agent 
phr - baaed on 

re« In blend 

Tensile Properties at -25° C (Ultimate) 

Unaged Aged 3 days at 180°F 
Loading Rate 

"/min K psi Elong. ^ K psi Elong. % 

0/100 
20/80 
40/60 
60/40 
80/20 
100/0 

AEP - 10.8(1) 
AEP - 13.2(1) 
AEP - 15.5(1) 
AEP • 18.0(1) 
AEP - 20.2(1) 
AEP - 22.6(1) 

4.9 
7.1 
6.1 

13.1 
10.8 
14.2 

50 
13 

3 
6 
3 
8 

3.3 
7.8 

11.0 
11.7 
11.7 
12.3 

62 
24 

8 
4 
4 
4 

2 
2 
.05 
.05 
.05 
.05 

0/100 
20/80 
40/60 
60/40 
80/20 
100/0 

DTA - 5.2 (1) 
DTA - 6.3 (1) 
DTA - 7.4 (1) 
DTA - 8.4 (1) 
DTA - 9.7 (1) 
DTA - 10.8(1) 

3.3 
7.0 
3.8 
4.9 

12.6 
13.6 

62 
7 
4 
1 
4 
4 

3.5 
6.3 
2.8 
7.0 
7.3 

12.2 

52 
3 
1 
2 
2 
3 

2 
2 
2 
.05 
.05 
.05 

0/100 
20/80 
40/60 
60/40 
80/20 
100/0 

Agent Z - 10.0 (2) 
Agent Z - 12.3 (2) 
Agent Z - 14.5 (2) 
Agent Z - 16.3 (2) 
Agent Z - 18.9(2) 
Agent Z - 21.1 (2) 

5.3 
8.0 

10.6 
9.2 
9.9 

14.0 

41 
9 
6 
2 
2 
5 

5.2 
8.6 

10.7 
6.0 

12.1 
12.2 

27 
10 

5 
1 
3 
3 

2 
2 
.05 
.05 
.05 
.05 

0/100 
20/80 
40/90 
60/40 
80/20 
100/0 

NMA (3) -44.8(4) 
NMA - 54.6(4) 
NMA - 64.3 (4) 
NMA - 72.5 (4) 
NMA - 84.0(4) 
NMA - 93.8(4) 

7.5 
7.3 

10.8 
10.8 
11.1 
7.1 

11 
3 
4 
3 
3 
1 

7.1 

10.5 
8.4 

10.4 
9.6 

10 

3 
2 
2 
2 

2 
.05 
.05 
.05 
.05 
.05 

(1) Cure, 4 hr« at 125° C. 
(2) Cure, 2 hr« at 100° C + 3 hr« at 150° C. 
(3) Nadle methyl anhydride; 1% wt. Benzyl dlmethylamlne used as accelerator In all case«. 
(4) Cure, 4 hrs at 120° C * 4 hr« at 200° C. 

Note: 
AEP > N-aminoethylplperazlne 
DTA * Diethylene triamine 
Agent Z * Aromatic amine 
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D 
Tables 55 and 56 present the mechanical properties of an epoxy-glass 

reinforced molding compound over our interested temperature range. 

TABLE 55. MECHANICAL PROPERTIES VERSUS TEMPERATURE OF 
(SCOTCHPLY TYPE 1100) EPOXY MOLDING COMPOUND 

(EPOXY-FIBERGLASS 1/2" FIBER LENGTH) (72) 

Property Units 

Temperature 0 F. 

-65 70 200 

Tensile Strength 

Flexural Strength 

Flexural Modulus 

psi X 10^ 

psi X 10^ 

psi X 10® 

31 

80 

3.4 

30 

62 

3.3 

18 

42 

2.3 

TABLE 56. MECHANICAL PROPERTIES OF EPOXY LAMINATES 
(SCOTCHPLY NONWOVEN E GLASS) (ASTM LP-4066, SPECIMEN 

CONDITIONED 1/2 HR. AT TEST TEMPERATURES)(73,74,75) 

Scotchply 

#1000 

#1002 

#1007 (4) 

Temp 
0 F. 

-67 
70 

160 

-60 
70 

160 

-60 
70 (5) 
70 (6) 

300 

Flexural 
Strength 
(Kpsi) 

U(l) C (2) 1(3) 

154 
113 
90 

192 
165 
128 

179 
150 
140 
110 

112 
90 
75 

137 
120 
104 

129 
107 
87 
70 

85 
66 
55 

104 
80 
70 

Modulus In 
Flexure 

(psi X 106) 

U I 

4.8 3.5 
4.7 3.0 
3.6 2.6 

5.4 
5.3 
5.0 

6.7 
5.0 
4.9 
4.7 

3.6 
3.5 
3.3 

3.4 
3.2 
3.1 
2.9 

2 7 
r.3 

2.8 
3.0 
2.7 

Tensile 
Strength 

(K psi) 

U 

105 
98 

172 
160 
139 

85 
57 
52 

92 
75 
62 

63 
50 
37 

69 
57 
51 

Compression 
Strength Edge 

(K psi) 

U I 

80 
73 
58 

115 
90 
70 

85 
80 
67 
55 

62 
54 
43 

82 
75 
66 

78 
73 
63 
50 

67 
45 
30 

70 
60 
52 

(1) U = Unidirectional; stress angle 0° 
(2) C = Crossplied; stress angle 0° - 90° 
(3) I = Isotropic; stress angle 0«, 60° or 120° 
(#) High temperature epoxy/E glass laminate; cured as follows: 

Thickness Press Time at 400° F Oven Post Cure at 400° F 

1/8" 

1/4" 
1/2" 

1" 

30 min. 
35 min. 
40 min. 
50 min. 

16 hrs. 
16 hrs. 
16 hrs. 
16 hrs. 

(5) Dry 
(6) 2-hr. boil 
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Table 57 shows the strain of eooxv reí? in« M i 
various temperatures. From this it can resin"C0PPer laminates at 
occur under low-temperaïure conduS rath'rfh! the highe8t stra^ 
conditions. Therefore, to prevent crackii^fh»^ the high temPerature 
elongation to withstand these strains Tn th feSin must 1)088688 sufficient 
the lowest and highest service temperature^Hp^ neHthe^maXimum strain all(>wable, 
efficient of ,herraa, expansé‘n ^ 

^rjTHMSS OF EPOXY RESINS ,N RESIN-COPPER LAMINATES (76, 

Dimensional Changes of a 
Copper Bar, mil/inch 

Dimensional Changes of an 
Epoxy Resin Bar, mil/inch 

Strain of an Epoxy Resin in 
a Resin-Copper Laminate 
per thousand 

*0 

±0 

-1.7 

-5.0 

-3.3 

-7.5 

■5.0 

+5.0 

+3.3 

the effect that"the^xyTesinT^lexfbmzers1 and COmpounds to determine 

lent elasticity at room Untare Md ‘«o'c, e*' 

Formulai ion 

Heal Dial 
Trmperaiurr 
(ASTM D Ml) 

°C 
WelfM Lnaa 

r 
100 ERL 2256 
112 HHPA(I) 

0 4 BDMA (2) 
an ,M « « After agina 150 hra at 200 "C 

- neural Proprniee T,., 

at Room Temperature 
Jl -«“c 

lion- Fleaural Modulua of 
gallon Strength Elastlrlty 

% N pel K pel 

ïl'w- neural Modulw of 
OIKm Sirens'll IlutlrH, 

^ » I»' K mi 

2 7 
420 
360 

13 0 6 6 0 
4 0 

100 ERL 2256 
34 MDA (3) 

410 

an # 7 After aging 150 hra at 200° C 

100 ERL 2256 
17 MPDA (4) 

'3 5 
I 4 

13 6 5 420 

an 157 10 ' After agin,, 150 hra at 200° C 

2 2 I 5 10 0 
TO 

3 5 
I I 

100 ED 1025 
75 HHPA 

I BDMA 

>15 5 5 5 460 

an 11 ** 
After afliif 165 hra at 200 "C 

2 I 0 7 
>3 5 
•3 5 

II 0 
3 6 310 

12 5 
12 J 

370 
360 

3 0 
•3 5 

14 5 
13 3 

100 Fpon 672 
SI 5 HHPA 

BDMA 
an M 19 After aging 60 hra at 200° C 
After aging 265 hra at 200° C 

100 Epon 672 
3 76 MPDA 

'3 5 
3 6 
3 0 

'7 5 
7 5 
6 5 

240 
230 
220 

'3 5 •10 3 

an ” 99 
After aging 60 hra at 200° C 
After aging 263 hra at 200u C 

»3.3 2 2 
I 7 

"*4 0 

3 0 2 3 
120 
130 
160 

>3 5 300 

jl HeaahydropMhallr anhvdridr 
Bennvldlmethylamlne 

(31 Methylene dian.Üne 
(6) m phenvlene diamine 
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this drops off rapidly. The very low viscosity resin. ERL-2256 
at -40° C and deteriorates on aginp. Of the formulations tested' 
cured with HHPA is superior. It remains elastic at -40° C even 
heat aginp. 

is very fragile 
Epotuf ED-1025 
after extended 

Table 59 summarizes the effects of different epoxy resins on flexibility. 

TABLE 59. EFFECT ON FLEXIBILITY OF CURED EPOXY RESINS \VHFN THF 

BIS-PHENOL A DIEPOXIDE RESIN IS SUBSTITUTED BY OTHER EPOXIDES (76) 

Flexible resins 

Very low viscosity resins 

Novolac epoxide resins 

Resorcinol epoxide resins 

Cyclohexene epoxide resins 
and epoxidized polyolefins 

Better at RT and -40° C. but thermally 
less stable 

More brittle at -40° c. Thermally less 
stable 

Higher rigidity. Thermally more stable 

Better at RT and at -40 C. Thermally 
more stable 

Less flexible at RT and -40° C. Thermal¬ 
ly less stable 

fin Th Tn6 tin? °f,n™bAliZerS °n low_temPerature flexibility is shown in Table 
At' 40O “y 0t °P-4Í7 and DP-125 »ors is limited to room temperature. 
X 2fi7°t 0e, hHY ÎL!, /‘fw hfn conventional bis-phenol A epoxide resins. Modifiers 
t o« n ÍX‘2674 fai t0 lncrease elongation at -40° C. It was reported that 
initially the dimer or tnmer acid-cured resins have satisfactory low-temperature 
properties. However, after prolonged aging, embrittlement takes place resulting 
in surface cracking when tested. h 

Table 61 compares the flexibility of epoxy compounds cured with polysebac- 
ic anhydride and aliphatic dicarboxylic acids. As can be seen, use of the polyse- 
acic anhydride curing agent results in better low temperature flexibility and 

S;fb.il‘t1y ^ter beat aeine- Good results are also obtained with the less expensive 
aliphatic dicarboxylic acids. As a result of its performance, availability and low 
melting point (108° C), azelaic acid is preferred. (76) 

It was also found that good flexibility could be obtained when the amount of 
dicarboxylic acid was reduced and caprolactam was added. Caprolactam acts as 
an accelerator and lowers the freezing point and the viscosity of the resin mixture 
Results are given in Table 62. * 

Stresses in casting resins were evaluated at various temperatures by means 
of strain gauges (77) Three gauges were mounted in a stainless steel sensing 
element tube both circumferentially and axially. Two of the gauges were mounted 
around the circumference 180 o apart in the center of the tube and the other gauge 
was positioned between these two in the direction of the tube axis. The tube was 
mniHraTeK ;emperature a"d Pressure and placed in a specially prepared Teflon 

The casting resins were poured in around the sensing element and up to the 
top level of the stainless steel tube. Two thermocouples were embedded in the 
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TABLE 60. FLEXURAL PROPERTIES OF RESIN COMPOUNDS 
CONTAINING "FLEXIBILIZINGM ADDITIVES (76) 

Formulation 

50 Epnn MS 
50 OP-437 
13 DP-125 

Heat Dlat. 
Temperatura 
(AÍTTI O-Ml) Weight Loa* 

°C % 

Flaxural Propertlea of Taat Bara ™ 

at Room Temperatura at -40°C 

lion- Flexural Modulim of 
ntlon Strength Elaetlclty 

% Kpal K pel 

Elon- Flexural Modulue of 
gatlon Strength Elaetlclty 
^ Kpal K pel 

Î5 decompoeed >3.5 >2.1 100 2 1 10.0 500 

not recommended for high tempera.are appllcatlona 

25 Epon 128 
75 DP-137 
11 DP-125 

100 DEN 438 
27.2 MDA 

<RT decompoeed - flexible — 1.3 go 450 
not recommended for high temperature appllcatlona 

177 5.8 
After aging 80 hra. at 200° C 

2.7 
2.3 

15 
8.0 

350 
375 

28 10.5 380 

70 DEN 438 
30 X-2873.2 
23 4 MDA 

100 DEN 438 
88 MNA (1) 

1.5 DMP-30 

70 DEN 438 
30 X-2874 

1.5 DMP-30 

100 Epon 828 
100 Leecure A 
44 MNA 
0.7 DMP-30 

100 Epon 828 
100 Empol 3162 
25 MNA 

I BDMA 

108 12.3 
After aging 80 hra. at 200° C 

2.5 
1.3 

7.5 
5.0 

350 
380 

1.5 8.0 

174 1.3 
After aging 80 hra. at 200° C 

1.9 
1.7 

8.0 
7.0 

400 
400 

2.2 9.0 

120 2.7 
After aging 80 hra at 200°C 

2.3 
3.5 

9.0 
12.0 

380 
370 

1.7 7.0 

33 4.8 
After aging 80 hra. at 200° C 
After aging for 420 hra. at 200°C 

»3.5 »2.0 
3.4 8.0 
3.4 8.5 

70 
280 
260 

»35 >10.5 

40 3.9 
D After aging for 80 hra at 200°C 

After aging for 420 hra. at 200¾ 

»3.5 >8.5 
2.3 4.5 
1.7 3.5 

190 
190 
200 

»35 >9.0 

100 Unox 201 
145 Empol 3162 

38 5.9 
D After aging for 80 hra. at 200°C 

After aging for 420 hra at 200°C 

»3.5 »4.0 
»3.5 >1.0 
>3.5 » .8 

150 
50 

»3.5 >7.5 

j0 ( aurface cracking 

100 OxIron 2000 'FT 2.2 
100 Empol 1014 After aging for 80 hra. at 200°C 

— flexible 
'3.5 > .5 -12 

»3 5 »7.0 
2.0 4.0 

(1) Methylnadic anhydride 

410 

400 

400 

300 

280 

220 

210 
195 

8ilde °f the senslng element “d the other one inch from the 
^fth® sensing element. These thermocouples established the temoeraturp 

tog/«« taZih the re8in and ,ndlcated ,he temperature at which the strata read- 

with C«mp^e8 the 8tre8ses oi rigtd polyester (Selectron 5003 filled 
spin r afn and two flexible casting resins at various temperatures. As can be 

3 ^ 8traigít Hne relation8hiP between stress and 

rlgT”ÍTlo«MempeÂ er’ ° 9tre8S U”m 
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.1 

Heat Dial. 
Temperature 

Formulation (AfTM D-Mt) Weleht Loae 
-_®C % 

100 ED-1025 
161 Harcure A 

•■•»T is 
After afin* (or ISO hra * 

Flexural Proprrtlca of Trat Bara 

at Room Temperature at -40° C 
Elon- Flexural Modulua of 
Cation Strenfth Elaatlclty 
^ K|»l K pel 

Elon- Flexural Modulua ol 
cation Strenfth ElaatlcHy 

• KP»! K pal 
— flexible 

>3.» >1.2 40 
100 Epon 121 
116 Harcure A 

'HT to.S __ 
After a(ln| (or 10 hra. >35 
After açlnç (or 420 hra. >j's 

flexible 
>S.S 
>s.s 

too DEN 436 
103 Harcure A *1 4.5 

After afine for 60 hra. 
After aflnf for 420 hra. 

>3.5 

>3.5 
2.2 

>6.0 
>5.5 
3.5 

100 Unox 201 
106 Harcure A » 25.2 >3 3 

After aflnf for 60 hra. »33 
After aflnf for 420 hra. 3' 1 

>3.0 
>6.5 
5.0 

100 Unox 201 
33.4 Adipic Acid 
(1:0.75) 

31 6.1 13 
After aflnf for 60 hra. 3 3 
After aflnf (or 260 hra. 3.3 

5.0 
7.5 
7.5 

100 Unox 201 
34.5 Plmellc 
Acid (1:0.75) 

, 10 >0» >3.5 
After aflnf (or 60 hra ,35 
After açlnç (or 260 hra 31 

>12.5 
>11.0 

7.5 
100 Unox 201 
36.2 Axelalc 
Add (1:0.7) 

W 15.0 
After aflnf lor 60 hra. 
After aflnf (or 260 hra. 

>3.5 
>3 5 
2.0 

>11.5 
>10.5 

6 0 
100 Unox 201 
55.5 Axelalc 
Acid (1:1) 

« 15.6 >3.j 
After aflnf (or 60 hra. >33 
After aflnf for 260 hra. 3 3 

>10.3 
>6.5 
6.5 

100 Epon 626 
50 Axelalc 
Acid (1:1) 

'■T 4.2 
After aflnf (or 60 hra. 

>3.5 
>3.5 

>4.5 
>6.0 

100 Unox 201 
43.5 Sebaclc 
Add (1:0.7) 

.. *® >5 5 
After aflnf lor 60 hra. 
After aflnf for 260 hra. 

>3.5 
>3.5 
2.4 

>11.0 
>10.0 

7.0 
•all beat afine at 200°C 

165 
160 

165 
160 
160 

60 
165 
170 

360 
350 
330 

360 
340 
no 

330 
310 
260 

>260 
260 
no 

330 (plaellr) 
245 

320 
300 
300 

>3.3 

3 5 
-6 0 
-8 0 

3 5 
3.5 

■7 5 
7 0 

3 5 
-3.5 

-7 5 
-7 0 

-35 -80 
>3.5 >6.0 

2.3 • 0 

3.1 
3.3 

12.0 
1.1 

3.5 
3.5 

3.5 
3.5 

-3 5 
-3.5 

-3 5 
2.6 

12.0 
10.5 

12.0 
10 0 

10 0 
6.0 

12 0 
6.5 

255 
230 

225 
210 

220 
200 

240 
220 

365 

365 
330 

330 
325 

350 
2itt 

300 
275 

350 
320 

STftCSt RSI 
3000) 

2000 - 

1000 - 

SEUCTftON 

5C0TCMCAST 235M 

-lOOO -1-I-1_1.1 
,l° «0 »0 60 40 20 O -20 -40 -60 -60 

TCMRCftATURC *C 

J—I_L 

Figure Hg, Comparison of flexible and 
rigid resins (77) 
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TABLE 62. FLEXURAL PROPERTIES OF RESIN COMPOUNDS CURED WITH 
ALIPHATIC DICARBOXYLIC ACIDS AND CAPROLACTAM (76) 

FtoraMlatloa 
Tempt rature 

(Al TM 0 MO 
°C 

WelfM 
Loe* 
% 

Plcxural Pro partie* ol Trat Bar* 

at Room Temperatur* 
Elon- Flexural Mmhiluc of 

gat loa Mreagth Elasticity 
% K pal K pal 

at -40° C 
Eton- Flexural Modulu* of 
gallon Strength Elaatldty 

Ti K pal K p*l 

100 Kpoa HI 
M Harcure A 
I Caprolactam 

<irr Cured at 1M*C 
Cured at 100‘C 
Aged tor M hrt.** 
Aged tor 1M hr*. 

I.« 
»S.5 
»J.8 
3.4 

>10. S 
>10.0 

1.0 

300 
300 
300 

>3.5 
»3.5 

>11.5 
>11.0 

330 
335 

100 Bpoa Ml 
13 Harcure A 
10 Caprolactam 

Cured at ISS'C 
Cured at 300*C 
Aged (or M hr*. 
Aged tor 3M hr*. 

5.3 
>3.5 
>3.5 
3.1 

>10.5 
>11.0 

10.0 

305 
335 
350 

>3.5 
>3.5 

>13.0 
>11.5 

350 
340 

lOOlpoaUI 
33.0 Alélale 
Add 
5 Caprolactam 

31 Cured at 1SS*C 
Aged tor 10 hr*. 
Aged tor 310 hr*. 

S.l >3.3 
>3.5 
>3.7 

>11.0 
>10.5 
>11.0 

335 
315 
330 

>3.5 
»3.5 

>11.0 
>11.0 

330 
335 

100 Ipoa III 
31 Made Add 
3.5 Caprolactam 

55 Cured at 1SS*C 
Ag*d tor 10 hr*. 

4.1 >3.5 
>3.3 

>10.5 
>10.0 

335 
300 

>3.5 
>3.5 

>10.3 
>11.0 

300 
300 

100 Bpoa III 
30 McartoqrUc 
Adda* 

«HT Cured at 135*C 
41 Cured at 300*C 

Aged tor 150 hr*. 

3.3 
>3.5 
I.S 

nearly (leatole 
>11.0 

7.0 
330 
»to 

1.7 
3.6 

.5 
11.5 

335 
330 

100 loon 131 
35 Dicartraxyltc 
Ac I to* 

<KT Cured at 1S3*C 
44 Cured at 300‘C 

Aged tor ISO hr*. 

4.3 >3.5 
>3.5 
3.5 

>3.5 
>11.0 

1.0 

63 
330 
360 

3.6 
3.6 

6.0 
11.5 

335 
330 

100 Bpoa III 
30 Dtcarboxyllc 
Add»» 

_3 Caprolactam 

41 
33 

Cured at 155*C 
Cured at 300*C 
Aged (or ISO hr*. 

3.3 »3.5 
»3.5 
>3.5 

>10.0 
>11.0 
>10.0 

310 
330 
360 

>3.5 

>3.5 

>13.0 

II.0 

340 

320 

* Mixture ol 2 pbv Harcure A, 2 pbe Axelatc Add and 1 pbw Sebaclc Add. 
»• all Mat aging at 30O°C 

Figure 147 shows the changes in stress at various temperatures when an 
epoxy is modified by styrene oxide and glycidyl phenyl ether. The styrene oxide 
modified epoxy is superior at the lower temperatures. 

STRESS PSI 
3000 

2000 - 

1000 

RHCNYLOLYCIOTL ETHER 
MODIFIED EPOXY 

0 - 

UNMODIFIED EPOXY 

STYRENE OXIDE 
MODIFIED EPOXY 

-1000 i I I 1 I I I I I 
I» ¡00 60 60 40 20 0 -20 -40 -10 -10 

TEMPERATURE *C 

Figure 147. Effect of reactive 
diluents (77) 
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The effect of hardeners on stress of casting resin Epl-Reg 507 is shown in 
Mgure 148. The importance of hardener selection is illustrated by the difference 

\ to the «tress of the two curing agents. For example, the stress of curina agent 
/ D" is half that of "Z" at 0 0 C. 

Figure 149 illustrates the difference in stresses of an epoxy system cured 
for two hours at 65 C followed by two hours at 98°C with the same system 
cured for four hours at 65°C. As can be seen, the system cured at the lower 
temperature has the lowest stresses. 

STRESS RSI STRESS RSI 

Figure 148. Effect of hardener (77) Figure 149. Effect of curing 
temperature (77) 

Figures 150 and 151 show the effect of fillers and curing agents on the 
cracking of casting resins at low temperatures. These data again support the 
previous statement that the stresses from all factors (resin, fillers, flexibilizers. 
curing agent, cure cycle, etc.) are greater at the lower temperatures. 

K 

* 
K 
U 

TEMRERATURE, *C 

OM-icA.m« O Tâte, 4T.i% 
B C«CO,,m% a ■OUMTORITt.M« 

Figure 150. Effect of filler on 
cracking index of epoxy resin 
using the Black Test (hardener, 

10.5 phr Shell D) (78) 

TEMRCRATURC *C 

filler ses-mesh silica «ts weight % 

□ SHELL • Q (RI-CURE EMQ VCWSMMD 140 
I0.S RHR It AHA 41RNA 

CURE t HOUR», I HOUR!, I HOUR 
M*C4 M *C * M *C 4 
t HOURS, t HOURS, I HOUR, 
ltt*C ltt*C ss*c 

Figure 151. Effect of curing 
agent on cracking index of 
epoxy resins using the Black 

Test (78) 
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Low temperature creep properties of epoxy-glass laminates were deter 
mined by the adoption of a lever-load machine. (79) Table 63 summarizes the 
data obtained on four representative samples at F. 

TABLE 83. CREEP-RUPTURE DATA, R5 LAMINATE AT -20° F (79) 

Specimen 
Number 

Stress, 
Psi. 

Rupture Life, 
Hours 

Min. Creep 
Rate, % Hour 

R5-6 

R5-8 

R5-13 

R5-20 

41,000 

40,000 

43,000 

36,000 

2.9 

13.1 

0.7 

229.5 

0.02885 

0.00850 

0.138 

0.00095 

Tables 64 through 67 present data on compressive, bearing, burst and 
shear strengths of epoxy filament wound composites as a function of temperature. 
The data (with the exception of compressive modulus) is consistent with the gener¬ 
al observation that the mechanical properties increase with decreasing temperature. 

TABLE 64. COMPRESSIVE PROPERTIES OF SPIRALLOY AS A FUNCTION OF 
TEMPERATURE (RINGS - 2.6 in. x 1.5 in. x 3/16 in.) (80) 

Composition °F 

(3) 
Compressive 
Strength, Kpsi 

(3) 
Compressive « 

Modulus, psi x 10° 

E/114 Chrome-8 end + 828/A^ 

E/114 Chrome-8 end + 828/CL® 

E/7.2 Garan-12 end + 828/A® 

E/7.2 Garan-12 end 828/CL® 

165 
76 

-60 

165 
76 

-60 

165 
76 

-60 

165 
76 

-60 

15.08 
21.86 
28.50 

21.37 
27.33 
36.22 

15.00 
22.93 
27.85 

16.20 
21.74 
26.40 

0.89 
1.52 
1.20 

1.05 
1.69 
1.49 

0.85 
1.66 
1.52 

0.85 
1.67 
1.71 

(1) Cure schedule: 250F/1.5hrs. 
(2) Cure schedule: 400F/1.5 hrs. 
(3) Data is average of 2 or more specimens. 
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D 

D 

D 

TABLE 65. BEARING STRENGTH PROPERTIES OF SPIRALLOY AS A 
FUNCTION OF TEMPERATURE (RING - 2.6” x 1.5" x 3/16”; 

80% LEVELS, 20% 15°HELICAU3) (80) 

Composition 

E 114 chromo - 8 end • 828 / A 

E 114 chrome - 8 ond » 828/CL 

E/7.2 Garan - 12 ond ♦ 828/A 

£ ^.2 Garan - 12 end ♦ 828/CL 

E 120 PX - 10 end » 828/A 

E, 120 PX - 10 end ♦ 828/CL 

Temp. F 

165 

76 

-60 

165 

76 

•60 

165 

76 

-60 

165 

76 

-60 

165 

76 

•60 

165 

76 

-60 

Bearing Strength (1) 
UlUmate, Kpat 

35.00 

33.40 

41.50 

31.80 

38.76 

53.45 

22.75 

29.70 

37.50 

29.10 

33.30 

38.80 

21.60 

25.25 

30.80 

24.60 

27.70 

32.70 

Cure 
Schedule 

UF hr. 

250 1.5 

280 1 

280/1 

400 1 

400 1.25 

400/1 

280 1.5 

250 1.5 

280 1.5 

400 1 

400 1 

400/1 

280 1.5 

250 1.5 

280/1.5 

400 1 

300 1.5 ♦ 400 1.5 

300 1.5 +400 1.5 

(1) Constont load rate of 0.050 Inch per minute on bearing area of 0.775 aq. in. 

TABLE 66. BURSTING STRENGTH OF SPIRALLOY AS A FUNCTION OF 
TEMPERATURE (6” DIAMETER BOTTLES, 54 - 3/4° HEUCALS) (80) 

Composition Temp °F 
Ultimate Girth 
Stress (1) Kpsi 

Burst 
Strength Kpsi 

E/114 chrome - 8 end + 828/CL 
(No liner) 

E/114 chrome - 8 end + 828/A 

E/120PX - 10 end + 828/A 
(Nylon Liner) 

165 

-60 

165 

-60 

-60 

50.10 

67.70 

57.50 

83.00 

77.77 

26.40 

35.65 

30.65 

44.30 

40.53 

(1) Cylinders at -60F contained ethylene glycol. 
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Figure 152. Dissipation factor of 
a modified epoxy resin (100 parts 
epoxy - 100 parts polysulfide rub¬ 
ber) as a function of frequency and 

temperature (61) 

Figure 153. Dissipation factor of 
a modified epoxy resin (100 parts 
epoxy - 40 parts polysulfide rub¬ 
ber) as a function of frequency and 

temperature (61) 
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TABLE 87. SHEAR STRENGTH OF SPIRALLOY AS A FUNCTION OF 
TEMPERATURE (RINGS - 2.6" x 0.5" x S/ie’*) (80) 

Composition Tsmp °F 

IntsrUmlnar (1) 
Shear Strength 

(Kpst) 

Cure 
Schedule 

r/hrs. 

E 114 chrome - 8 ends + 828/A 

E 114 chrome • 8 ends * 828/CL 

E '7.2 Garan • 12 ends * 828/A 

E 7.2 Goran • 12 encto ♦ 828/CL 

E 120PX - 10 ends * 828/A 

E 120PX ♦ 828/CL 

185 

78 

•80 

185 

76 

-80 

165 

76 

•60 

76 

•60 

165 

76 

-80 

165 

76 

-80 

4.01 

5.25 

6.24 

5.02 

6.69 

8.09 

2.56 

2.98 

5.79 

3.87 

7.08 

2.79 

3.93 

5.36 

2.83 

3.87 

5.59 

280/2.5 

250/ 2 *280/1 

280/1 

300/1 *400 0.5 

400/2.5 

300/1 *400/1 

250/1.5 

200/1.5 

250/1 

400/0.5 

300/1 ♦ 400/1 

250/1.5 

250/1.5 

280/1.5 

400 0. 5 

400^1.5 

300 1 * 400 1 

(1) Specimen» were conditioned at respective temperature», and wrapped in insulation during test. 

It should be noted that most of the data in these tables are on resin and 
glass combinations which are not used today. For example, Epon 828/CL was 
used with E glass bearing the 801 finish or EPS-4, which was the forerunner of 
HTS. No data were given on S994 glass. Also, the data on interUminar shear and 
compressive strengths were determined on 2.6" diameter rings. These specimens 
were obtained by the ring punch-out method which is considered inferior today. 
Therefore, there is some skepticism concerning the data because of poor repro¬ 
ducibility. (80) r 

Electrical Properties 

Illustrations of three-dimensional plastic model field diagrams of the di¬ 
electric constant and dissipation factor of several epoxy casting compounds are 

to NP11*6« 152 through 161. (61) Data were measured by a modified Schering 
bridge at frequencies from 10* to 106 cps and a series resonance circuit at 10 6 
and 10 cps. Samples were approximately 2.0 inches in diameter and 0.2 inches 
thick. 

-125- 



Figure 154. Dissipation factor of 
epoxy-polysulfide resins at 1000 
cps as a function of temperature 

and resin composition (61) 

Figure 156. Dielectric constant of a 
modified epoxy resin (100 parts cpoxy- 
40 parts polysulfide rubber) as a func¬ 
tion of frequency and temperature (61) 

50 ñ 

30 

20 

100 

30 

Figure 155. Dielectric constant of a 
modified epoxy resin (100 parts epoxy- 
100 parts polysulfide rubber) as a func¬ 
tion of frequency and temperature (61) 

Figure 157. Dielectric constant of 
epoxy-polysulfide resins at 1000 cps 
as a function of temperature and 

resin composition (61) 
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Figure 158. Dissipation factor of 
an epoxidized polybutadiene resin 
as a function of frequency and tem¬ 

perature (61) 

Figure 160. Dissipation factor of an 
epoxy resin (cured with diethylene tri¬ 
amine) as a function of frequency and 

temperature (61) 

Figure 159. Dielectric constant of an 
epoxidized polybutadiene resin as a 
function of frequency and temperature 

(61) 

Figure 161. Dielectric constant of an 
epoxy resin (cured with diethylene tri- 
amine) as a function of frequency and 

temperature (61) 
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Tj1® dielectric constant and dissipation factor of an epoxy castine system 
at three frequencies is plotted in Figures 182 and 163. y 

Figure 162. Dielectric constant for TOA-Epon 828 System (81) 

Figure 163. Dissipation factor for TOA-Epon 828 System (81) 

Note: TOA = Tung oil trimaleate adduct 

) 

I 
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The volume resistivity of various epoxy encapsulants was determined, (82) 
Measurements were made at -85° F, 73.5° F and 160° F in accordance with 
ASTM D-257 and LP 406B, method 4041 using a Teraohmmeter. The results are 
given below: 

TABLE 68. VOLUME RESISTIVITY OF ENCAPSULATING MATERIALS 
AT VARIOUS TEMPERATURES (82) 

Material (1) at -«5°F 

Volame Reaiattvlty, ohm-cm (2) 

at 73.50F at 160UF 

Epoxy mixture 
Epon 828, epoxy, 100 
Microballoom phenolic, 25 
Piperidine hardener, 5 (5) 
HB 40, (lexibiUzer, 10 (7) 

Stycaat 2662, epoxy, 100 
Hardensr 14, 25 (6) 

Stycaat 2651, epoxy, 92 
Hardener 11, 8 (6) 

Epon 828, epoxy, 100 
Hardener D, 10.5 (4) 

Stycaat 1095, loam-filled epoxy, 100 
Hardener 17, 25 (6) 

Stycaat 2850 GT, highly filled epoxy, 96 
Hardener 11, 4 (6) 

Epoxy resin mixture: 
Epon 825, epoxy, 100 
HB 40, llexibilizer, 10 (7) 
Piperidine, hardener. 5 (5) 

6x10 
15 

5x10 IS 

4x 10 15 

8x 10 15 

4x 10 14 

4x10 15 

4x10 16 

9 X 10 13 

1 X 10 
15 

1 X 10 
15 

6 X 10 
15 

6x 10 
13 

3 X 10 15 

7 X 10 
15 

3 X 10 12 

5 X 10 
13 

1 X 10 
14 

2 X 10 14 

6 X 10 
12 

1 X 10 14 

9 X 10 
13 (3) 

1. Parta by weight 

S. Teat data taken in accordance with 
ASTM D-257 on 1/8" thick speci¬ 
men at 600 volta on all materials. 
Reading taken 1 minute alter 
applied voltage 

3. Teat apecimena undercured. 

4. Shell Chem. Corp. 

5. Oltn Mathleaon Chem. Co. 

6. Emerson t Cuming, Inc. 

7. Monatanto Chem Co. 

Thermal Properties 

The total expansion of piastic materials and composites must be known to 
design components and systems properly. Otherwise, as previously stated, fail¬ 
ure will occur by cracking at joints, bonded surfaces, etc. 

The average coefficient of linear thermal expansion from -65 to +160° F 
of various commercial epoxy encapsulating materials is given in Table 69. (82) 

-129- 



TABLE 69. COEFFICIENT OF LINEAR THERMAL EXPANSION OF 
ENCAPSULATING MATERIALS (82) 

Material (D 

Epoxy resin mixture: 
Epon828, epoxy, 100 
Microballoons, phenolic, 25 
Piperidine hardener, 5 
HB 40, flexibilizer, 10 

Stycast 2662, epoxy, 100 
Hardener 14, 25 

Stycast 2651, epoxy, 92 
Hardener 11, 8 

Epon 828, epoxy, 100 
Hardener D, 10.5 

Stycast 1095, foam-filled epoxy, 100 
Hardener 17, 25 

Stycast 2850 GT, highly filled epoxy, 96 
Hardener 11, 4 

Epoxy resin mixture: 
Epon 825, epoxy, 100 
HB 40, flexibilizer, 10 
Piperidine hardener, 5 

Coefficient of Linear 
Thermal Expansion 

(-65°F to 160°F)c 
in./in./°F. X 10 

4.2 

4.2 

2.5 

4.8 

3.1 

1.6 

4.5 

(1) Parts by weight 

Note: See table 68 for suppliers. 

The total linear thermal expansion of five molded (filled) epoxy panels and 
two glass reinforced laminates was determined on a Leitz dilatometer. (30) The 
material description and codes are given in Table 70. 

Generally, the total linear expansion of composites can be explained as fol¬ 
lows: ” In a laminate composed of alternate layers of reinforcement and resin, the 
expansion in the thickness direction approaches the condition obtained by stacking 
blocks of dissimilar materials. The expansion approaches the sum of the expansions 
of each layer, and results in a value between that of the two materials. In the dir¬ 
ections normal to the thickness, the bonded layers try to expand at different rates 

1 

Ü 

'J 
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TABLE 70. MATERIAL DESCRIPTION OF MOLDED EPOXY-FILLED PANELS 
AND GLASS REINFORCED LAMINATES (30) 

..i iiiÉMnür 

Identification 

Manufacturer: CTL (1) 
Raytheon 

Resin source: Shell Chemical 
Dow Chemical 

Prepreg source: Owens Corning 
Fiberglass 

Resin Content, % 

Resin, Epoxy: 

Curing Agents: 

EPON 82B 
DER-332 
DTA 
NMA (2) & DMP 

30 

Reinforcement: 
Perlite granules (LM-30) 
Pot. tltanate fibers 

(Tlpersul) 
Phenolic microballoons 

(BJ 00930) 
Glass microballoons 

(Eccospheres R) 
Glass roving (YM-31-A-Glass) 

Lay-up: Random 
Pjxallel 
Crossplied (57° and 303 ) 

Number of plies 

Orientation: Unidirectional 
Crossplied (90°) 

SI, S2 

25 

X 

X 

T-l 

30 

U-l 

53-55 

V-l 

25 

W-l 

35 

X 

X 

D-l 

X 

X 

X 
40 

D-2 

X 

X 

X 
40 

80 

X 

20 

X 

E-l 

X 

X 

X 
40 

X 

80 

E-2 

X 

X 

X 
40 

X 

20 

Cure Cycle: 
Press to stops 
Press to 1/2" stops (200 psi) 
Press to 1/8" stops (200 psi) 
Temperature, °F 
History: Raise to 200°F and 

hold 1 hr: cool 
B-stage 30 min at 150 r: 

cure at 200°F for 2 hrs: 
250°F for 2 hrs; 300°F for 
2 hrs: cool to 150°F. 

200 
X 

200 
X 

200 
X 

200 200 
X X 

X 

300 
X 
300 

X 

300 
X 
300 

Post-Cure Cycle; 350°F for 
12 hrs. 

(1) Division of Studebaker Corp. 
(2) Nadie methyl anhydride 

m 
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because of the difference in expansion coefficients between the cloth and the resin. 

trniC!hthe reS n and C 0th are bondeu’ the higher modulus material will tend to con¬ 
trol the overall expansion in the directions normal to the thickness. The overall 
fhi^1Si0n of‘be1C0rnP°slte in this case will be a value closer to the expansion of 
the higher modulus material than to the lower modulus material. This only remains 
true if the resin-to-cloth bond can withstand the thermal stress. " (30) 

and E wS^riin4 the llnear ^P»118100 of epoxy laminates D 
far i s reinforced with a unidirectional glass roving is simi¬ 
lar (see insert) in both the thickness and perpendicular to roving direction. The 
di^rHnn0 "the thlckness direction is approximately four times that in the roving 
ír® I The expansion of Material E, crossplied at 57° to one edge of the panel 
d repti^h!8 the above statemcnt- The expansion was greater in the thickness 
direction than in the other two directions. 

“100 0 +100 
TEMPERATURE,*? 

O MATERIAL D 
• MATERIAL E 

TEMPERATURE,*F 
O PARALLEL TO 

REINFORCEMENT* VIRGIN 

Figure 164. Total linear thermal 
expansion of material D and E 

(thickness) (30) 
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Figure 165. Total linear thermal 
expansion of material D (parallel 

to reinforcement (30) 



TEMPERATURE.*F 

0 PARALLEL TO "I" DIPECTION-VIRGIN 

• parallel to "a" DIRECTION-VIRGIN 

Figure 166. Total linear thermal 
expansion of material E (normal 

to thickness) (30) 

O THICKNESS 
• NORMAL TO THICKNESS 

0 VIRGIN • 2nd CYCLES 

O THICKNESS-VIRGIN 
• PARALLEL TO 10- INCH 

DIRECTION 
0 A 14 INCH DIRECTION 

TEMPERATURE, *F 

0 THICKNESS 
C. • NORMAL TO THICKNESS 0 

TEMPERmTUPE,*F 
O THICKNESS 
• NORMAL TO THICKNESS 

TEMPERATURE, •F 
O THICKNESS 

S. • NORMAL TO THICKNESS 

Figure 167. Total linear thermal expansion of epoxy molding panels (30) 
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Figure 167 plots the total linear expansion of epoxy molding compounds 
with random filler in two directions (normal to thickness and thickness). The 
little differences observed were attributed to variations in the resin contents. In 
fact, one material (V) had almost identical curves in both directions. 

Measurements of sample T were made in three directions because it was 
felt that the potassium titanate filler would become orientated during molding. The 
data show the values in the thickness direction were approximately twice those in 
the other two directions. This indicates that there was more fiber orientation 
parallel to the panel surface. Also, the length of material T was assumed to be 
affected by the shrinking of the potassium titanate fibers when exposed to the dry 
helium atmosphere in the Leitz dilatomer. 

Thermal conductivities are influenced by temperature, environment, type 
of reinforcement, reinforcement orientation, type of resin, density, void content 
and fabrication history. 

Thermal conductivities were determined on glass reinforced epoxy panels 
and a casting compound. (83) Tests were run on a guarded hot plate slightly mod¬ 
ified from standard ASTM C 177-45 to permit a range to 10 BTU/hr/ft TF/in. 
For determinations between -50 o F and 150 ° F a gum rubber filler was used. 
Below room temperatures were obtained by pumping cold trichloroethylene through 
the cooling section. Accuracy was reported to be within +5 percent up to 10 BTU/ 

ft2/hr/®F/in. 

A description of the materials tested is given in Table 71. 

Photomicrographs of the epoxy materials indicated excessive voids. 
Therefore, no well defined correlation of conductivity between resin percentage 
and material composition could be determined. However, some general conclu¬ 
sions were drawn from the data in Table 72, regarding the influence of direction 
on thermal conductivities. 

• In the unidirectional parallel fiber materials, the conductivity was 
higher in the direction parallel to reinforcement than in the other two directions 
tested. The conductivities in the direction perpendicular to reinforcement and 
the thickness direction were almost identical. 

• In the cross-plied panels, the directions parallel to and perpendicular 
to reinforcement had almost identical conductivities and were higher than the 
thickness direction. 

• The thermal conductivities in the thickness direction of the two DER 
332 epoxy YM 31 A glass fiber materials (c-1 and c-3 with unidirectional and 
cross-plied fibers, respectively) did not compare well with those for the parallel 
fibers (c-1). This was attributed to a variation in the fiber structure. The rein¬ 
forcement fibers in the c-3 material were found to be grouped into separate bun¬ 
dles, whereas the fibers in the c-1 material were more evenly spaced, allowing 
for greater wettability by the resin and resulting in higher conductivity. 

9 The thermal conductivity of both glass flake materials were greater 
in the direction parallel to reinforcement than in the thickness direction. 
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A description of the materials tested is given below. 

TABLE 71. DESCRIPTION OF EPOXY MATERIALS. (83) 

UmiUlcalton 

Comporte System 
Dsaslty (sptcUte cravtty) 
Rs.ln contení (bsiors cure). 1 
Rente content (alter complete labrtcallon) t 
Void content (volume), 

C-l 

Reate System: 
Tradename DIR Mi 

NRC Ilid i 
DKN 4M 

Curtes asente NMA ■ SO paru 100 (ms ream 
DMP, S parte 100 sms ream 
DMP - 30, JO parte 100 pma 

reste 
Molded Irom epuay povdrr al 150UF, 

10 pal, 3 minutes 

Retelorcemenl System 
Trade name Hipti Modulus YM3IA Claas 

(Fiberglass w beryllia. 
routes) 

"I" Glass Roving 
(Fiberglass) 

O-C Comp E Glass Flake. 
(3 microns thick, 200-3000 
microns diameter I0-3S 
mesh) 

Finish (NTS) 
Lay-up: parallel lo sur lace 
Orientation, number ol piles 

Unidirectional parallel 
Parallel. 40 layers 
Crosaplied. 40 layers 
Crossplied. parallel and 44° Irom 

horuunul axis, 40 layer. 
Random 

I.F1 
40 
M.37 
3-10 

C-i 

I IS 
30 
34.33 
3 

Cure Cycle Pressure. p.i 
Temperature. UF 

Time 3 hr. al 200UF. 2 hr. 
at JSY’F 
130 minute. 
I hour 

Post-Cure Cycle Time Temperature 
2 hrs at JO0°F. 13 hra al J30UF 
3 hra at 300°F 12 hra at 250“F 
3 hrs at J00°F. 34 hrs at 3 ST F 

200 
200- 

250 

C-J 

1.44 
« 
32.15 
3-10 

300 
300- 
230 

C-4 

3.10 
30 
17.14 
5 

C-S 

2.00 
30 
21.04 
3 

200 
200- 

230 

200 
200- 

230 

D-l 

1.41 
30 
27.7 
Nil 

D-i 

1.41 
23 
34.3 
Nil 

F-J 

200 
200- 

:3o 

400 
330 

1300 
330 230 

TABLE 72. THERMAL CONDUCTIVITY OF EPOXY MATERIALS (83) 

_ThermalConducUvUy of Epoxy Laminat. «Ith Unidirectional Parallel Okas Reinforcements- 

Material 

Temperatura F 

C-l 

C-i 

C-l 

Parallel to Reinforcement 

-30 

J.I 

3.4 

4 4 

0 .70 

3.3 3.4 

4.0 4.2 

5.0 4.4 

>130 

4.0 

4.7 

3.4 

Perpendicular to Reinforcement 

-SO 

2.4 

2.4 

3.3 

0 

3.4 

3.2 

3.1 

70 

2.4 

3.3 

3.4 

130 

3 1 

J. I 

3.1 

Thermal Conductivity ol Epoxy laminate site Cr 
Glass Reinforcements 

C-4 

C-J 

D-l 

D-2 

F-J 

1> 3.4 3.4 4.0 

»•« »4 3.4 J.3 

3.2 

2.4 

3.4 

3.0 

■ Ply 

3.1 

J.J 

Thickness Direction 

-10 

2.4 

2.4 

2.7 

0 

2.4 

3 0 

2.4 

70 

3 0 

J. I 

3.1 

130 

3.2 

J.t 

3.1 

i.c 

3.4 

Thermal Conducuvlty ol [posy Glass Flake Laminates 

11 >4 J.7 4.1 I . 

, * 4.0 4.0 4.1 I . 

Thermal Cunductlvlly ol Epuay Caallra 

3.7 

II 

3.1 

1.4 

3.2 

1.4 

3.3 

It 

3.3 

2.3 

2 4 

3 4 

2 3 

2.1 

2 4 

2.4 

10 1.14 

I 

1 

# 



pared to the reinforced raaterials^1''1^ 0Í 016 CaSting material was very low com- 

orientations of e^yís gías^l^ii^tes.16"18 0Í 1Ínear expan8ion for various fiber 

Method - ASTM 0696-42T 

Fiber 
Orientation 

Direction of 
Measurement 

Coefficient of Lin 

Scotchply 1000 
ear Expansion Per °F 

Srofrhnltr 1 Ano 

Inotropic 

Croesplied 

CroMpUed 

Unidirectional 

Unidirectional 

Parallel to one array of filaments 

Parallel to lengthwise fllaments 

Parallel to crosswise filaments 

Parallel to all filaments 

Perpendicular to all filaments 

8.8 X10‘8 

12.8 X 10‘6 

12.8 X10'6 

8.4 xl0‘6 

21.9 X 10‘8 

8.4 X 10‘6 

7.1 X 10'6 

7.1 X 10'8 

4.8 X 10-6 

12.3 X 10‘8 

m»l expSston.^A^can^seen6 'expiu^^nl1 ^eln,orcement orientation on ther- 
mlnlmum at 0° to the mafor axle oftoe nhl^ ^ If?6 ^61 tacreaeed (rom a 
maximum ol 90» to the ™jor We 'l the ^ r^rceamt, to . 

«Är611 ,or co~ “<• 

i 
_ *• "t tlMce- ,4 

Hm« wm Re,,, 

lH4lr»r 
•►mil 
Uminai* 

tp*«» 
>Mlh ITt 

Mn«* 
«••ei IMIP iti 

tîîS? C«ÜI« 

»•- «ne m ^,.^miair 
r-MI Mme I. prnt tO », 

-enMili Me 
i*m§ Ut" f 

T'** •• mmtnrt I« M 

T, ”n,m m , 
r«el um» M er. 4« M •* 

*»•»•»• •••# «.»• r 
Vi«e tm MWiui || ttr 

Figure 168. Influence of reinforce- 
ment orientation on expansion of 
60N roving epoxy laminates (84) 
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The authors point out that this data was on a roving reinforcement material 
and probably had greater difference in expansion at different orientations than 
would have been found for a woven reinforcement. 

Forest Products Laboratory measured the thermal conductivity of six epoxy 
laminates by means of a heat flow meter in conformance with ASTM C 518-63 T. 
Values were obtained at six mean temperatures and the data plotted. Data in this 
report’s temperature range must be "picked off" the smooth curves drawn through 
the plotted points -100° to 200° F. From Figure 169 the following is demon¬ 
strated: 

Note: 

DEN-S-L Rosin. Dow DEN 438; reinforcement. S-ftiass 181 fabric, 
parallel laminated, low density 

DEN-S-R Resin. Dow DEN 438; reinforcement. S-plass 181 fabric, 
parallel laminated, regular density 

SC-E Resin. Smtrhply 1002; epoxv reinforcement, unwoven E-glass 
fiber with alternate plies oriented at *5° to the principal axis 

SC-S Resin. Scotchply 1002; epoxy reinforcement, unwoven S-glass 
fibers with alternate plies oriented at -1¾0 to the principal axis 

EP-E Resin, epoxy ERSB-0111: reinforcement, E-glass 131 fabric, 
parallel laminated 

EP-S Resin, epoxy ERSB-0111; reinforcement. S-glass 181 fabric, 
parallel laminated 

Figure 169. Thernnl conductivity - mean temperature 
curves for aircraft plastics.(Values in parentheses are 

specific gravities) (85) 
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. _ ® Conductivity is a function of density and formulation as well as temnpr 

ÄT' lncre“e wlth ‘“creased temperature ancAensity. (Den S-L 

,•U1se10, htf|»r conductivity reinforcements will result tn Kiither con- 
ductiyity laminate. SC-E and SC-S were essentially the same materiafexcept for 
the difference tn reinforcement (E-glass and S-glass resoectivelv) tho 

f ParKÆm^'tur«* “"we«, 
toweSrCcuríímlnate (wltt lower «<»<l«ctivlty reinforcement factor) gave the 

SECTION XVI. MELAMINE 

Mechanical Properties 

Table 74 presents 
two molded melamines at 

tensile and impact data for two melamine 
-65 o -400, +10° and +77° F. (9) 

laminates and 

Testin,T^^.detherminat.i0n8 obtained °n the Tinius-Olsen Piastiversal 

Ä^rmm'tV^crÄ^5“ ^^nntr^X,Cee,< 
was controlled to within +20 f i n cna.«! mlnute- The temperature 
before testtng. Impact tests were ,ml a “ÆÆlrtÂÂ 

TABLE 74. 
0F FILLED AND LAMINATED 

JÜ g —...e»r ne«>a ••urn wse. 

La mi ruled melanime asbeatoa paper bate. 
3) Meiamine-formaldehyde, relluloae filler, elerlrlcal fn.de. 

(4) Me la mine-formaldehyde, alpha relluloae filler 
Ü) Ave rape values 

Property <J) 
Temp 

“P 
Melamine 41) 

Glaaa 
Melamme/O) 

Aabeatoa 

Material 
Melamine Formaldehyde ()) 

Electric 
Melamine Foniukleliydc (4) 

Alfiha 

Tenatlr Strenttlh, Kpei 11 
10 
40 
•« 

)1.4 
)1.( 
Ml 
)7.) 

1).4 
14.4 
14.4 
14.1 

4.4 
0.7 
4.7 
4.« 

7.11 
6.9 
6.9 
6 7 

Modulus ul EUatimy. 
put a 10* 

77 
10 

-40 
•OS 

).1)0 
).)(0 
1.00 
1.400 

2.146 
) 040 
3.)(0 
).040 

1 040 
1 610 
1 440 
1 )(0 

1.270 
1 640 
1.730 
1 660 

Elongation al Bnak, i, 77 
10 

-40 
-«» 

).14 
).17 
).)( 
).74 

0.(2 
0 (4 
0.60 
0. 44 

0.44 
0.40 
0. 40 
0.1) 

0.62 
0 44 
0 ]( 
0.37 

Work to Prudut I Failure, 
ft In. ^ 

77 
10 

•40 
-OS 

)1.0 
M.7 
44.) 
4).) 

- 
1.)2 
1 40 
1.02 
0.(7 

2 06 
1 33 
0.66 
1.13 

Proportional Linui, Kpai 

10 
-40 
•3 

14.( 
7.1 
4.4 
7.( 

14.4 
(.4 
6.7 
(.( 

3).3 
10.4 
4.7 
6( 

25 9 
9 5 
!* 6 
6 7 

1 lod Imparl Strength, 
fl lb in notch. 
(ASTM DIM-4IT) 

77 
10 
40 
«4 

II.1) 
1).(4 
1).4) 
14.M 

0 (( 
0.(0 
0. (( 
0.0 

0.)) 
0.)7 
0. )3 
0. 21 

0 31 
0 26 
0 26 
0 29 
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impact machine conforming to ASTM D 256-41 T. 

« tensile strength, modulus of elasticity and proportional limit 
increased with decreasing temperature. With the exception of the glass-laminate 
elongation at break, work-to-produce failure and impact strength decreased with* 

fion !!¡dÍi,mM¡íPe'í¡!tUre; The gl!f8 reiniorcement had a decided effect on elonga- 
Ainnifn Th*®e increased With decreasing temperature. The increase in 

longation was small but the influence of the reinforcement on impact strength 
was significant. The increase in impact strength with decreasing temperature is 
an outstanding property of the glass reinforced materials. 

i- £ .Impftct 8^ren6th of molded melamine was low and both these and the naoer 
laminate were virtually unaffected by decreasing temperatures. 

Electrical Properties 

, ef,ec.tB °! [fluency and temperature on the dielectric constant and 
meitfllr1088 ? plaBti0cl?®d melamine moldings were determined. (86) Measure- 
ments were made on a Schering bridge at four temperatures ranging from approx- 

^ly^m tkmFefatUre t0 "40° C* The temPerature was controlled by circula- 
íwr^diL0^ î T í1,0“8*1 the doubIe-walled Jacket of a thermostat 
surrounding the sample cell. To prevent condensation on the cell leads at low 
“'T,' a CUr,re"t°î nitrogen was passed through the space about the 

cell. The data are plotted in Figure 170. 

SECTION XVn. PHENOLICS 

Mechanical Properties 

Tables 75 through 80 and Figures 171 through 173 present data on the 
effect of temperature on phenolic materials. 

TABLE 75. EFFECT OF TEMPERATURE ON GLASS-FILLED PHENOLICS*(87) 

Propprtv Temp’F Value 

Tfitkilp Strentilh. |>»i 160 
72 

-50 

5.600 
7,000 
V. 150 

npxur.il SirmiiUi. |)»i luO 
/2 

-50 

1». 000 
20.000 
30.000 

Comprrssivf Strcntith. |isi 160 
72 

-50 

13.500 
16.500 
18.500 

Ini|Mrl Slmiuth 
Fl. Ills inch notch. l/,,d 1 4" bar 

72 
-50 

15.0 
17.0 

•Std ASTM mplhodK, S|><-nmpns rondltluned 2 hr» al ipst trni|>. 

-140- 



TABLE 78. EFFECT OF TEMPERATURE ON STRENGTH PROPERTIES OF 
PHENOLIC MATERIALS (87) UF 

100°F 0°F -100°F 

Tensile Strength, pst - ASTM D638 

General-Purpose Phenolic Wood-Fiber Filled 
Shock-Resistant Phenolic Cotton-Fiber Filled 
Heat-Resistant Phenolic Asbestos-Fiber Filled 
Glass Fiber-Filled Phenolic 

5,450 
5,650 
5,400 
6,500 

6,050 
6,200 
6,000 
6,700 

6,250 
6,400 
6,900 
7,500 

Flexural Strength, psi 

General-Purpose Phenolic 
Shock-Resistant Phenolic 
Heat-Resistant Phenolic 

9,800 
13,200 
9,800 

11,900 
15,300 
11,200 

13,700 
16,000 
14,000 

Property Temp°F 16771-r' 16771-1/2" 16221-1" 21288-1/2" 

Tensile Strength psi, 0638 160 
72 

__-50 

5,600 
7,000 
9,750 

5,600 
5,000 

8,600 
11,000 
12,750 

5,1001 
5,260. 
6,200* 

Tensile Modulus psi, 10® 200 
72 

-40 
- - 

1.7 
2.0 
2.47 

Flexural Strength psi, 
D790 

160 
72 

-50 

19,000 
20,000 
30.000 

13,200 
20,000 

24,000 
25,000 
37,000 

14,6001 
17,000. 
21,500* 

Flexural Modulus psi, 10® 200 
72 

-40 

m 

m 

1.6 
1.9 
2.2 

Compressive Strength psi 
D895 

160 
72 

-50 

13.500 
16.500 
18.500 

- 
12,000 
25,000 
26,000 

Impact Strength D256 
ft. lb/inch 

160 
72 

-50 
15.0 
17.0 

7.2 
11.2 

- 
• 

m 

♦glass-filled, one stage compounds, 1" and 1/2" rovings 
Specimens conditioned 2 hrs at test temperature 

1 - 200°F 
2 ./.o_ 
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TABLE 78. PROPERTIES OF (FIBERITE)PHENOLIC MOLDING MATERIALS 
AT LOW TEMPERATURE (89) 

Material41 
Conditioned and 

Tested At 
Tensile Strength 

P.S.I. 
Flexural Strength 

P.S.I. 
Impact Strength 
Ft. Lbs./Inch 

FM-1303 

FM-3510 

FM-4030 

FM-4035 

+170°F 
+ 70°F 
- 60°F 

+ 70°F 
- 20° F 
- 40°F 

+ 70°F 
- 20°F 
- 40°F 

+ 70®F 
- 20° F 
- 40°F 

(1540 
9220 
8460 

6750 
7590 
7200 

8770 
10000 
9040 

8650 
9670 
9060 

10200 
12380 
12980 

13830 
13930 
13680 

20350 
22560 
22390 

28700 
28780 
29570 

0.51 
0.51 
0.48 

2.08 
1.50 
1.45 

20.4 
22.5 
26.3 

27.5 
30.5 
31.7 

* Fiberite FM-1303 - a nylon reinforced phenolic compound of improved impact 
strength 

Fiberite FM-3510 - fabric reinforced phenolic. MIL-M-14F, Type CFI-20. 
Fiberite FM-4030 - fiber glass reinforced 2 - stage phenolic. MIL-M-14F, 

type GPI-100. 
Fiberite FM-4035 - similar to FM-4030 except one - stage resin. 

TABLE 79. EFFECT OF TEMPERATURE AND POST-BAKE OPERATION 
ON FLEXURAL PROPERTIES OF GLASS-FILLED PHENOLICS (90) 

Phenolic Glass-Filled Flexural Strength Flexure in Modulus 

As Molded 

-40°F 21,500 2.2x 10® 
72°F 17,000 1.9x 10; 

200°F 14,500 1.6x 10 

Post-Baked 24 Hrs. at 390°F in Tempering Oil 

-40°F 15,000 2.1 x 10® 
72°F 14,400 2.0x 10; 

200°F 14,100 2.0x 10 

Note: 2 inch rovings 
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TABLE 80. TENSILE PROPERTIES OF COMPRESSION AND TRANSFER 
PHRMnT.TP \Mr\j TwikTooA «m ___ * 

Temperature 

Compre »ssion Transfer 

Tensile, p.s.i. Modulus X 10® Tensile, p.s.i. Modulus X 10® 
-35°F 
25°F 
75°F 

350°F 

6,200 
5,600 
5,300 
3,800 

2.47 
2.09 
2.11 
1.81 

6,300 
6,000 
5,000 
4,500 

2.49 
2.08 
1.75 
1.53 

♦glass-filled phenolic; 2” rovings; data on "as molded" specimens 

TENSILE STRENGTH 

I0S RS I 

10* RS I 

% 
I SO 

ELONGATION at break 

221- WOODFLOUR FILLER (GP) 
222- COTTON FLOCK FILLER 

(2 STEP) 
227-COTTON FLOCK FILLER 
223- COTTON FABRIC FILLER 
224- CORD FILLER 
220-MINERAL FILLER 
234- NYLON FILLER 
235- RUBBER MODIFIED 

Figure 171. Mechanical properties of phenolic molding materials (18) 

0 
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»•ni 
40 

10® Hl 
4 

\ rr-Li/iN5 i 
90 W04K TO PRODUCE FAILURE 

FT-Ll/IN OFROTCR 

328- Phenolic- Glass 
320- Phenolic- Paper 
321- Phenolic- Paper 

325- Phenolic- Paper 
322- Phenolic- Paper 

323- Phenolic-Fabric (L) 
324- Phenolic-Fabric (C) 

Figure 172. Mechanical properties of phenolic laminate materials (18) 

DESCRIPTION OF PLASTIC MATERIALS TESTED 

Caá* ClMaUtcatton 
He. Malarial Ml'.- P-1 MISA DMcrlptlw 

a. Cleat Fabric Beat 

1M Laminated pbaaollc, glaaa NI MA 0-1 Repra«iauil»a. madluni (laaa lakrlc lamínala, heal 
labrle baa* raalauni 

b. Paper Baa* 

KB LaailaaMd pkaasllc, papar 
baa* 

211 LamlMisd pfesnollCt alpMi- 
wlfcilaaa papar baa* 

PBC Rapraaantaiive papar baa* lam Mala* aKaai. «% 
pbaaallc reala 

FBI AlpLa-caUuloaa papar baa* la mínala, maatmum mala- 
tura raaMaaea, minimum cold (km, »0% reata 

PBC- P Alpba-*aUuk>aa paper baaa lamínala, traala* wltb 
penetral ta« aad hualaatlai reata, punch in« alack 

e. Canoa Fabrl* Baaa 

282 IdiMttttlsë 2Mvlc 
2tM 

Kl I aaiMaiad pb«a»ll«. fabric 

FM Hap recia laine fabric baaa lamiaal*; «-**. fabric 
■PMA L baaa, M lo MS reala 

FBI Bapr«aaalatlva alactrlc gradai 4-«*. fabric baaa, 
MIMA LI Mfii reala tea malt fabric dmra^dp dried, bl# mal* 

FBM Bapraamlatlaa bl# impact alraaglb lamlnua, ll-oa. 
NIMAC fabric baaa, Mraatn 
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«o 

DEGREES CENTWMOC 

Figure 173. Effect of temperature and direction on compression and impact 
properties of a phenolic (Micarta 262) laminate (NEMA grade-C-reinforced 

with coarse cotton weave fabric; MIL*P-15035 FBM) (91) 

The above data indicate that the mechanical properties of filled molded 
phenolics behave as do other plastics with decreasing temperature. Hie influence 
of the reinforcement on impact strength, however, is noteworthy. As previously 
stated, glass-filled materials have the highest impact strength and the strength 
increases with decreasing temperature. The impact strengths of other filled 
materials are low (with the exception of cord and cotton fabric fillers) and are 
little influenced by temperature. Those with the cotton fabric and cord filler 
perform as expected, i.e., the strength decreases with decreasing temperature. 

The laminate results are as expected. Tensile strength and modulus of 
elasticity increase with decreasing temperature; laminates with glass reinforce¬ 
ment had the highest strengths; and work-to-produce failure, elongation and 
impact strengths increased with glass reinforced laminates at lower temperatures 
but decreased for all others. Again this substantial increase in impact strength 
at low temperatures is one of the outstanding properties of glass reinforced 
laminates. 

The effect of load direction and temperature on laminates is illustrated 
in Figure 173. Impact strength below room temperature is greater parallel to the 
laminations (edgewise) than perpendicular to the laminations. The reverse is 
true at temperatures above 23UC. Compression strength at low temperatures is 
higher perpendicular to the laminations (flatwise) than parallel to the laminations. 
At above room temperatures the compression strength is greater in the edgewise 
direction. 

I! ) 
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Electrical Properties 

Figure 174 plots the electric strength of 
versus temperature and frequency. 

a mica-filled phenolic molding 

Figure 174. Electrical strength of mica-filled phenolic molding (29) 

Thermal Properties 

aH/tiHn T.hef11141 “Pansion and conductivity are influenced by many factors in 
oifresin 6 * At ^ Same temPerature these will vary depending 

P®81 cures» reinforcements, orientations, etc. Theromplete 
history will determine its thermal properties. " 

/m . tot41 linear thermal expansion of various reinforced phenolics 
K« 1 are 175* The total expansion was meiured in two 
sínfa roff* normai-to-thickness and thickness by a Leitz dilatometer. The re- 
sults reflect the effect of orientation as previously discussed in the Epoxv Sec 
«on. The expansion in the thickness direction approaches thesumof^sTons 
of each layer and is usually a value between the t£o materials.TieZSS- 

pxnïna^1688^!1^41?’ ^ higher modulu8 material will tend to control the overall 
expansion. This is demonstrated in specimen B where microscopic examination 
sSrtt^hpnnliîî The expansion was almost identical to that of a 

aight phenolic resin (the higher modulus component of the material) This 

Aaltered oi co"se by 0,6 ^js: 

i 
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TABLE 81. MATERIALS DESCRIPTION OF REINFORCED PHENOLICS (30) 

Identification A-l B-l C-l N-l 0-1 P-l 

Composite System: 

Manufacturer: 

Resin source: 

Prepreg source: 

Resin content, % 

Resin System: 

Trade name: 

Raytheon Company 
Flberite Corp 
Cincinnati T & R Labs 
Monsanto Chem Co. 
U.S. Polymeric Co. 
National Carbon Co. 

CTL-91-LD 
SC-1008 

X 

X 

X 

25-27 

X 

X 

X 

42-44 
X 
30 

Reinforcement System: 

Material: Glass cloth ("E" glass) 
Nylon cloth (SN-19) 
Graphite cloth 
Asbestos fibers 

Fabric style: 

X 

181 

X 

YN-25 

X 

WCB 

Form: 

Finish: 

Lay-up: 

Number of plies: 
Orientation: 

Fabric 
Chopped fabric (1/2'' x 1, 2") 
Fibers filled with phenolic 

microballoons 
Volan "A" 
Heat set and scoured 
Parallel laminate 
Molded 

Random 
Warp in 10'' dia. 
Machine direction corresponds 
to 10" dia. 

X 

X 

X 

54 

X 

X 

X 

X 

X 

X 

X 

52 

X 

Cure Cycle: 

Pressure: 2000 pel to 1/2" stops 
25 psi 
200 psi 

Temperature, F 
Temperature/time history: 

Preheat to 200°F; raise to 325°F in 1 hr: 
cure for 1 hr; cool to 300°F 

Preheat to 200°F: raise to 300°F in 1 hr: 
Increase to 325°F and cure for 2 hrs; cool 
to 200°F. 

B-stage at 220°F tor 15 min; preheat to 200°F: 
raise temp to 325°F in 1 hr; cure for 1 hr; 
cool to 20q°F. 

Preheat 300°F; hold for 30 min; cool to 80°F. 

X 

325 

X 

Poet-Cure Cycle: 

Ttme/Temperature: 24 hrs at 350°F in hot air 
oven X 

X 

325 

X 

X 



E
X

P
A

N
S

IO
N

, 
IN

/I
N
 

X
 I

O
 

1 - Warp - vrigin 
2 - Weave - virgin 
3 - Warp - virgin 
4 - Warp - virgin 
5 - Warp - virgin 
6 - Weave - virgin 
7 - Weave - virgin 
8 - Thickness - virgin 
9 - Thickness - virgin 

10 - Thickness - virgin 
11 - Thickness - virgin 
12 - Normal to thickness - 

virgin 
13 - Normal to thickness - 

virgin 
14 - Thickness - virgin 
15- Thickness - virgin 

Figure 175. Total linear thermal expansion of reinforced phenolics in the 
thickness and nor mal-to-thickness directions. 
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Cloth reinforcements usually have more threads per inch in the warp than 
in the weave direction. Therefore, the expansion should be greatest in the weave 
direction (see specimen C). However, this was not always the case. In fact, 
differences of 10 to 15 percent were observed between specimens cut in the same 
direction from the same material. As a result, it is understandable why the 
small difference due to cloth construction was not always apparent. The specimens 
are small, and the distance between threads in the reinforcement is very small. 
For example, there are 57 threads per inch in the warp direction and 54 threads 
per inch in the fill direction in 181 style glass cloth. Therefore, the difference 
between expansion in the warp and weave directions was attributed to the cutting 
of the threads on the edges of the specimen during the machining operation. 

Specimen B-l is reinforced with 1/2" x 1/2" chopped nylon laid parallel to 
the surface with random orientation in the other direction. Therefore, the ex¬ 
pansion should be equal in all directions normal to the thickness. 

The thermal expansion of a phenolic casting material was determined by a 
quartz tube dilatometer of Bureau of Standards design (92). The total expansion 
in the thickness and longitudinal directions are plotted in Figures 176 and 177. 
In our interested temperature range the total expansion agreed fairly well. 

Note: 

Density j 
Resin Percent 
Void Content 

Cure Cycle 

Pressure 
Temp. 
Tims 

Post-Cure Cycle 

Time-Temp. 

- 200 0 200 
TEMPERATURE .•F 

1.21 Specific Gravity 
100% Monsanto SC1008 
Nil 

2000 psi 
325°F i 5°F 
60+10 Minutes 

140°F - 48 Hours 
200°F - 72 Hours 

Figure 176. Thermal expansion in the thickness and longitudinal directions of 
material f-1 (SC1008 phenolic casting) (92) 

9 

-149- 



TEMPERATURE#F 

Specimen No. 1 

0 Heating 

'O Cooling 

Specimen No. 2 

□ Heating 

Ú Cooling 

Figure 177. Thermal expansion 
in the longitudinal direction of 
material f-1 (SCI 008 phenolic 

casting) (92) 

3 
o 
l 
o 
-J 
« a 

TEMPERATURE,°F 

Thickness.c Direction 
Parallel -a Direction 

-b Direction 

Figure 178. Thermal conductivity in the 
thickness and parallel to the reinforce¬ 

ment direction of "B" materials 
(phenolic - silica fabric) (83) 

Figure 178 plots the conductivity of phenolic-silica reinforced laminates 
(see Table 82). Average values in the thickness direction ranged from 1.5 at 
-50°F to 2.3 at 150 F. The values parallel to the reinforcement and 45° layup 
were twice as high (approximately 3.4 at -50°F to 4.2 at 150°F) as the thickness 
direction. 

# 
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TABLE 82. MATERIAL DESCRIPTION OF PHENOLIC/SILICA 
LAMINATES (83) 

Identification 

Composite System: 

Density (sp gr) 
Resin content (before cure), 7 
Resin content (after complete fabrication), 
Void content, rr 

Restn System: 

Trade Name: 

Processing: 

Monsanto SC 1006 
CTL-91LD 
Molding temperature,°F 
Lay-up temperature, °F 

Reinforcement System (Fabric): 

Trade Name: General Electric Silica (quart*) 
Fabric designation:!;.S. Polymeric - 

561-A1100 Quartz SC 1006 
Finish: A1100 
Lay-up: Parallel 

45 to the surface 
Number of plies and orientation: 

26 plies, 181 style 
161 style 

Cure Cycle: 

Pressure, psi 
Temperature, °F 
Ttme, hour 

Post-Cure Cycle: 

Time temperature:24 hrs at 350°F 

(1) By volume. 

U-l 

1.80 
30 
27 

17(1) 

X 

275 

X 
X 

X 
X 

2000 
325 
1 2 

U-2 

1.41 
20.6 
19.2 
28(1) 

X 

275 

X 
X 

X 
X 

2000 
325 

1 

n-3 

1.73 
29.9 
26.0 
17 

X 
275 

X 
X 

2000 
325 

1 

11-4 

1.41 
19.0 
19.6 
25 

X 
275 

X 
X 

2000 
325 

1 

B-5 

1.70 
30 

22.9 
12(1) 

200 

X 

X 

200 
325 

1 

m fh* (M?uh0UldÍe n°íed ** sPecimen B1 and B3 had higher conductivities 
to fhiSier voto SntTh ^°81^ t0 what would 06 expected. This is attributed 
minrnlo K ido te 1 ^ sPecimen B"2 ^ A as determined by photo- 
^rnn^nnhS' ^86 0Í ^ was suspected. Even with the 

ÜÍíluenCe of 016 vold structure, the CTL-91 LD phenolic laminates had a 
ãíÂh^erHC0,í?UítiVtty ^ 11,6 SC 1008 Pfcoolt«. Allhough the condumvtty 

thew fe * wlthj!ecreasta* «»i". « was the opinion of the 
autnors that there is a minimum below which the resin does not orovide a con- 

^«^^“esta*6 Thíe ret?i0HCem„enU Wá ““■‘“'«''«y decreases with turther decreases in resin. This was believed to be at about 25 percent. However it u,3e 

ton>te.Íned that 9001 b0nding ^ volds 'vould have the same effect as resin con- 

50 DorJ„1fr'7,liUrrka,t,eS,U’e,e“eCt 0i UP “>c conductivity ol 
ÖU percent phenolic-graphite laminates. The conductivity Increased from aern«« 
the reinforcement (thickness direction), to 45° to 

oaraileHn ’ The diiierence between the conductivities of A-7P and A-3 
parallel to the reinforcement was attributed to the greater void content of A-7. 
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A-3 Heat Flow with Lamina 

A-7 Heat Flow with Lamina 

A-7 Heat Flow 45° with the Lamina 

A-3 Heat Flow across Lamina 

Figure 179. Effect of fabric lay-up on thermal conductivitv for a 50 percent 
SC1008 phenolic-WCB graphite fabric (92) 

Figure 180 also illustrates the influence of fabric orientation on the 
thermal conductivity of phenolic laminates. The conductivity of the laminates, 
with regular layup, increased as the orientation of the heat flow direction to the 
fabric was varied from normal to the panel, to 45° to normal, to 90° to normal 
to the panel (edgewise). 

SRI No. 8-2 Edgewise 

SRI No. 8-3 45° From Warp 

SRI No. 8-1 Normal To Panel 

Figure 180. Influence of fabric orientation on conductivity (CTL 37-9X phenolic- 
glass) (84) 
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The thermal conductivities of phenolic laminates were obtained on a guarded 
hot plate with a slightly modified ASTM C177-45 method (See Epoxy Section). 
Figures 181 and 182 compare the thermal conductivities of phenolic laminates re¬ 
inforced with continuous graphite fabric and graphite squares. (See Table 83.) 
Data was obtained in both the thickness direction and parallel-to-reinforce ment 
direction. 

TABLE 83. MATERIAL DESCRIPTION OF PHENOLIC/GRAPHITE PANELS (83) 

_IdenlUtcatton 

Composite System: 

A-l A 2 

Density (sp gr) 
Resin content (before cure), ï 
Resin content (alter complete labrtraiionl 7 
Void content 

Resin System (Phenolic) : 

Trade Name: Monsanto SC 1008 

1.44 
30 
29 

Nil 

1.43 
40 

38.2 
Nil 

X X 

Reinforcement System (Graphite): 

Trade Name: National Carbon Co.. WCB 
Graphite 

Fabric designation 
Form: Fabric 

Fabric squares (1/2" x 1/2") 
Lay-up: Parallel to surface 

Random 
Number of pligs and orientation: 

9 plies, 90o to molding pressure 
8 plies, 90 to molding pressure 
Random 

X 
WCB 
X 

X 

X 

X 
WCB 
X 

X 

X 

Cure Cycle: 

A-3 

1.38 
SO 
52 

Nil 

X 

X 
WCB 
X 

X 

X 

A-4 

1.44 
30 

29.1 
Nil 

X 

X 
WCB 

X 

X 

X 

A-S 

1.41 
40 

38.1 
Nil 

X 

X 
WCB 

X 

X 

X 

A-e 

1.3» 
so 

41.1 
NU 

X 

X 

X 

X 

X 

Pressure, psi 
Temperature, UF 
Time hour 

Post-Cure Cycle: 

1700 
300 
1 2 

None 

1950 
300 
1/2 

None 

1700 
300 
1 2 

None 

2000 
300 
11 

None 

1700 
310 
1/1 

None 

800 
300 
1/2 

None 

The greatest increase in thermal conductivity was between -50°F and 
room temperature. Comparing the conductivities of the chopped fabric reinforced 
laminate with the continuous fabric, the chopped fabric panels had higher conduc¬ 
tivities across the ply than the other laminates with the same amount of resin. This 
was attributed to a better conductive heat path as a result of the overlapping fabric. 
Photomicrographs of the continous fabric laminate showed good resin-to-graphite 
bonding, virtually void free. Conductivity, therefore, increased with percentage 
of graphite fabric. 

Figure 183 charts the conductivities of uncoated and coated carbonized 
phenolic-graphite composites. The coated carbonized laminate was higher in 
both directions. These higher values resulted from the dispersion of the im¬ 
pregnation and silicon-silicon arbide coating in the material. (92) 



40 

-Parallel to Reinforcement 
Direction 

-Thtcknese or Across Lamina 
Direction 

4-4 (30%) 

TEMPCR4TU4E, °F 

-Parallel to Reinforcement 
Direction 

-Thickness or Across Lamina 
Direction 

Figure 18i. Thermal conductivities 
in both the thickness and parallel 
to the reinforcement directions 
of materials A-l through A-3 

(SCI008 phenolic-WCB con¬ 
tinuous graphite fabric) 

(92) 

Figure 182. Thermal conductivities 
in both the thickness and parallel 
to the reinforcement directions 
of materials A-4 through A-6 

(SC1008 phenolic-WCB 
graphite fabric squares 

1/2" X 1/2") (92) 

Thermal conductivities of carbon and graphite-phenolic laminates parallel 
to the reinforcement are compared in Figure 184. ($ee Table 84.) Specimen 1-1 
compared well to A-2, a similar material previously discussed. The values for 
1-2 and 1-3 were considerably lower than 1-1 due to the differences in thermal 
conductivity between carbon and graphite. 
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Direction (with Lamina) 
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Lamina) 

TEMPERATURE-°F 

Material 1-1 (40%SC1008 Phenolic 
HITCO G Graphite Fabric) 

Material 1-2 (30% SC1008 Phenolic 
CCA-1 Carbon Fabric). 

Material 1-3 (30% SC1008 Phenolic 
Pluton B-l Carbon Fabric). 

NOTE Matinal G-2 is a comiiusttc oí 
phriioltc (R-120) and graphite < loih 
(National Carbon - WCA). square weave 
fabric, in lav-up parallel to surface. 66 
plies, < rossplied. Cure was 2 hours 
under 400 pm, 325“F. |>ost-cured at 500° 
F during 40 hours inlerval. DciikiIv is 
nominal - 74 Ib/cu fl av^. ed^e-itrain - 
75 Ib/cu It av^. Resin content is 56 V* 
void content is 27^ by volume. 

Material G-3 is a comimsile identical to 
G-2. bul Si-SiC coated. rV nsily of th«' 
uncoatcd laminate was nominal -75.5 
lb cu ft avK. cdfte-irratn - 68 Ib/cu ft av|i; 
Density of the coaled laminate is nominal 
• 122 Ib/cu ft avK. ed^e-^rain - 123 lb/ 
cu ft avi;. Resin content is 56'.". Void 
content is not applicable. 

Comparative Rod Apparatus 
Py roce ram Reference 
O Specimen 1 

Figure 184. Thermal conductivity 
in the parallel to the reinforce¬ 
ment direction of material 1-1, 

1-2 and 1-3 (92) 

Figure 183. Thermal conductivity 
in the thickness and parallel-to- 
reinforcement directions of ma¬ 
terial G-2 (uncoated carbonized 

phenolic composite) G-3 (Si- 
S-C coated carbonized 
phenolic composite) (92) 
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TABLE 84. MATERIAL DESCRIPTION OF CARBON AND GRAPHITE/PHENOLIC 
LAMINATES 

Identification 

Composite System: 

Density: Ib/cu ft 
Specific gravity 

Resin content (before cure), % 
Resin content (after fabrication), % 
Void content, % 

1-1 

84.9 

40 
43.5 
Nil 

1-2 

88.2 

30-35 
-(1) 
NU 

1-3 

1.437 
38 
30 
Nil 

Resin System (Phenolic): 

Trade Name: Monsanto SC 1008 

Reinforcement System: 

Trade Name: HIT Company-G-Graphite 
CCA-1 Carbon 
3M Company - Pluton B-l 

Carbon) 
Fabric designation 
Lay-up: Parallel to surface 
Number of plies, and orientation: 

30 plies, warp aligned 
18 plies, warp aligned 
110 plies/inch, warp aligned 

Cure Cycle: 

Pressure, psi (2) 
Time at pressure, minutes (2) 

Pressure, psi (3) 
Time at pressure, minutes (3) 

Temperature, °F 
Time at temperature, minutes 

X X X 

None 
240 
500 

50 
325 
290 

None 
240 
500 

50 
325 
290 

X 
B-l 
X 

X 

1000 

325 
45 

Post-Cure Cycle: None None None 

(1) Not determinable 
(2) and (3) Consecutive operations 

Two carbon reinforced laminates, measured in the thickness direction, 
are coupared in Figure 185. The conductivities were very similar. 

The thermal conductivities of reinforced phenolics (see Table 81) using the 
guarded hot-plate method at one atmosphere nitrogen and helium gas are plotted in 
Figures 186 through 189. Figure 190 shows the difference in conductivities between 
air and helium for a phenolic-glass laminate. 
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TEMPERATURE * F 

Material 1-2 (30% SC 1008 Phenolic- 
CCA-1 Carbon Fabric) 

Material 1-3 (30% SC 1008 Phenolic- 
Pluton B-l Carbon Fabric) 

3-Inch Apparatus 

□ Gum Rubber Filler 

O Fiberfrax Filler 

Figure 185. Thermal conductivity in the thickness direction of materials 
1-2 and 1-3 (83) 

Figure 186. Thermal conductivity of Figure 187. Thermal conductivity of 
phenolic panels, thickness direction phenolic panels, perpendicular to 

(30) thickness direction (30) 
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Figure 188. Thermal conductivity of 
phenolic laminates (C-l and P-1 

materials )in thickness 
direction (30) 

TEMPERATURE #F 

Figure 189. Thermal conductivity of 
phenolic laminates (A-l and C-l 

materials) in warp direction 
(30) 

The influence of environment on thermal conductivity is well demonstrated. 
The difference in the K factor between the nitrogen and helium atmospheres is the 
result of two factors: (1) the reduction of contact resistance with helium and (2) 
the presence of the relatively high conductivity helium gas within the voids of the 
material. 

It was pointed out that there is presently no analytical model available which 
can approximate the relative magnitude of these two factors. Also, separating 
these factors is complicated since contact resistance varies with each set-up. 

The thermal conductivities varied normally with direction. The high 
conductivity of C-l is the result of the higher K factor of the reinforcement. 
Graphite fiber has a conductivity 100 times greater than "E" glass. (30) 

X* #<■ 



Figure 190. Thermal conductivity of phenolic laminate (A-l material) in 
thickness direction (30) 

The N and 0 materials are similar with the exception of fabrication pressure. 
The higher pressure material (0) resulted in higher density and consequently higher 
conductivity. The lower density material (N) had greater variations in conduc¬ 
tivities between the helium and nitrogen. This was expected since helium would 
have a greater influence in a more porous material. 

As a means of comparing thermal conductivities Figure 191 presents the 
thermal conductivity of a phenolic casting material. Values ranged from 1.35 
Btu/hr/ft^F/tn at -50°F to about 1.6 at 130°F. 

14-inch ASTM C177 Apparatus 

□ Gum Rubber Filler 

O Fiberfrax Filler 

TEMPERATURE *F 

Figure 191. Thermal conductivity in the thickness direction of phenolic casting 
(Material F-l, SC1008) (92) 

) 
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SECTION xvm. POLYBENZIMIDAZOLES 

Polybenzimidazoles are a new family of resins and are now commercially 
available for laminates and adhesives. They are also known for their high 
temperature attributes which make data additionally scarce for this report. 

Mechanical Properties 

The tensile, compressive, flexural and interlaminar shear properties of 
polybenzimidazoie laminates reinforced with 1581-994S glass fabric were studied. 
I»3) Tests were run in accordance with ASTM procedures with the following 
exceptions: the size of the tensile specimen was 6-1/2" x 1/2" with a 1/4" test 
width and the interlaminar parallel shear specimens were of a Sandia Corp. design. 
The data in Table 85 are the average of five test specimens after 1/2 hr. temp¬ 
erature conditioning. 

TABLE 85. MECHANICAL PROPERTIES OF POLYBENZIMIDAZOLE 
1581/994S GLASS LAMINATES (93)* 

Property 

Tension 
Yield, 10 3 psi 
Ultimate, Kpsi 
Retention, 
Modulus, 10° psi 
Modulus retention, % 

-65°F 

Temperature 

75°F 

53.9 
100.8 
115 

5.08 
107 

53.5 
87.0 
100 
4.74 

100 

Compression „ 
Ultimate, 10á psi 
Retention, % 
Modulus, 10° psi 
Modulus retention, % 

70.9 
101 

5.40 
100 

70.1 
100 
5.40 

100 

Flexure . 
Ultimate, 10^ psi 
Retention, % 
Modulus, 10® psi 
Modulus retention, % 

121.0 
108 

4.66 
97 

111.8 
100 

4.82 
100 

Interlaminar shear 
Ultimate, psi 6810 6275 

250°F 

44.9 
77.1 
88 

4.64 
92 

68.9 
97 

4.88 
90 

103.2 
93 

4.60 
96 

6290 

♦approximately 80% glass content 

-160- 



Table 86 gives the compressive and flexural properties of 181-994 glass 
cloth laminate. 

TABLE 86. MECHANICAL PROPERTIES OF POLYBENZIMIDAZOLE 
181 - 994 GLASS CLOTH LAMINATES* (122) 

(Short-Time Exposure at Test Temperatures) 

Test Condition, °F 
Compression Strength 

psi 
Compression Modulus, 

psiX 10® 

-65 
Room Temperature (77) 

250 

71,000 
70,000 
69,000 

5.4 
5.4 
4.9 

(Long-Time Aging Strength at Test Temperatures) 

Test Condition, °F 
Compression Strength, 

psi 
Compression Modulus, 

psiX 10° 

-65 
Room Temperature (77) 
RT after 2 hr water boil 

78,000 
77,000 
50,000 

6.1 
6.0 
5.5 

(Short-Time Exposure at Test Temperatures) 

Test Condition, °F Flexural Strength, 
psi 

Flexural Modulus, 
psiX 106 

-65 
77 

77 after 2-hr water boil 
250 

140,000 
135,000 
90,000 

112,000 

6.0 
5.5 
4.0 
4.8 

♦Prepreg Formulation: 

Resin System 
Reinforcement 
Impregnation Procedure 
Cure Cycle 

Post Cure Cycle 

Laminate Size 
Specific Gravity 
Resin Content 

AF-R-100 
181-style AF-994 glass Cloth with HTS finish 
Hot-melt coated 
3-minute contact @ 700°F, then 30 hr @ 700°F 
under 200 psi pressure in air, cooled under 
pressure to approximately 150°F 
24 hr each @ 600°F, 650°F and 700°F, then 
6 hr each @ 750°F, 800°F and 850°F, all in 
nitrogen 
14 plies, 12 inches by 12 inches 
Approximately 1.80 
Approximately 22 ± 2% 

0 
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From Tables 85 and 86 it can be seen that mechanical properties follow 
those of other plastics, i.e., strength and modulus increase with decreasing 
temperature. 

Thermal Properties 

The coefficient of thermal expansion on a polybenzimidazole 1581-994S 

laminate^was determined to be 2.3810 in/in/°F from -100 to +200 (heating) and 

2.45 ^ in/in/°F from +200 to -100 (cooling) in the warp direction. Tests were 
made on a quartz dilatometer in accordance with ASTM D696-44. (93) 

SECTION XIX. POLYESTERS 

Mechanical Properties 

The flexural strength of a polyester(modified Solectron 400) molding 
material was determined in accordance with method 1031 of Federal Test Method 
Standard No. 406, modified to four-point loading. (94) Tests were conducted on 
1/4" thick notched and unnotched specimens. The notched specimens were pre¬ 
pared with a nominal 0.005-inch-deep scratch normal to the specimen length, 
in the center of the span, and to within 0.050 inch of either edge. The point ol 
the scribe had a radius of less than 0.002 inch. The specimens were loaded so 
that the notch was in tension. The average strength is plotted in Figure 192. 

Figure 192. Flexural Strength of Modified Solectron 400 (94) 
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Table 87 gives low temperature tensile and flexural properties of various 
polyester laminates. Specimens were prepared in accordance with Federal 
Specification L-P-406a and conditioned as follows: 24 hours in dry-ice box at 
-65°F; immersed in distilled water for 14 days, then 24 hours in dry-ice box at 
-65 F. All were tested within 30 seconds from conditioning. 

TABLE 87. EFFECT OF LOW TEMPERATURE ON STRUCTURAL POLYESTER 
LAMINATES (95) 

Material Moisture 
Absorption 

Tensile, Ulti mate, K psi Flexure, Ultimate, K psi 

Room Temp 
-65°F 
Frozen Room Temp 

-65°F 
Frozen 

Dry Wet Dry Wet Dry Wet Dry Wet 

A 

B 

C 

D 

G 

K 

L 

.25% 

.11% 

.35% 

.35% 

.28% 

2.6 % 

52.9 

34.0 

50.0 

56.5 

52.3 

13.0 

5.5 

48.7 

25.4 

46.1 

46.6 

50.2 

11.8 

6.0 

64.7 

52.7 

67.2 

65.3 

65.0 

16.2 

5.9 

62.8 

39.8 

59.6 

59.2 

59.2 

13.3 

7.2 

64.8 

31.3 

65.2 

75.9 

58.6 

31.1 

13.2 

47.7 

22.1 

55.8 

45.9 

45.7 

23.1 

72.9 

39.6 

62.4 

86.0 

65.5 

31.9 

12.8 

69.4 

46.0 

59.8 

69.0 

64.4 

29.4 

MATERIAL 

Polyester 

A Selectron 5041 Glass, 

B Selectron 5041 Glass, 

C Vibrin 140 Glass, 

D Selectron 5003 Glass, 

G Laminae 4143 Glass, 

K Selectron 5041 Glass, 

L Selectron 5041 Cotton 

Reinforcement Ply 

181-114 11 

181, untreated 11 

181-114 11 

181-114 11 

181-114 11 

T36 Mat, (60% resin) 

Duck, 8 oz 3 

The tensile properties of a 181 glass-polyester laminate were measured 
over a temperature range of -60°C to 80°C at the conventional static rate 
(approximately 6 x 104 milliseconds to failure) and at a higher rate (10 milli¬ 
seconds to failure). The results are presented in Table 88. (96) It is pointed 
out that the results reported are averages for equal numbers of samples tested 
in both the parallel and perpendicular direction since the differences in direction 
were not appreciable. 
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1 

MATERIAL * 
MATERIAL c 

Material A: Modified polyester resin 
(70 parts highly unsaturated polyester 
alkyd - 30 parts styrene) 

Material B: Modified polyester resin 
(50 parts highly unsaturated polyester 

alkyd - 50 parts styrene) 

Material C: Modified polyester resin 
(50 parts unsaturated polyester alkyd • 
50 parts styrene) 

Ftsure 193. Dielectric constant oí modified polyester resin as a function of 
^ frequency and temperature (61) 
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Material A: Modified polyester resin 
(70 parts highly unsaturated polyester 
alkyd - 30 parts styrene) 

Material B: Modified polyester resin 
(50 parts highly unsaturated polyester 
alkyd - 50 parts sytrene) 

Material C: Modified polyester resin 
(50 parts unsaturated polyester alkyd - 
50 parts sytrene) 

Figure 194. Dissipation factor of modified polyester resin as a function of 
frequency and temperature (61) 
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Thermal Properties 

The thermal expansion of polyester modified molding material (Selectron 
400) was measured by method 2032, Federal Test Method Standard 406. The 
results on 1/8", 1/4" and 1/2" thick sheet material is shown below in Table 89. 

TABLE 89. COEFFICIENT OF THERMAL EXPANSION OF POLYESTER 
(MODIFIED SELECTRON 400) MOLDING MATERIAL (94) 

Temperature °F 
Thermal Expansion (in./in. x 104) ^ 

1/8" Material 1/4" Material 1/2" Material 

-55 

32 

72 

85 

105 

120 

140 

175 

-38 

-16 

0 

0.63 

5.6 

10.0 

20 

39 

-36 

-16 

0 

1.3 

5.0 

10.6 

18 

35 

-41 

-12 

0 

0.3 

5.5 

13 

23 

40 

(1) Average of values for 5 samples 

Figures 195 and 196 contain the total thermal expansion of a polyester 
laminate and a film. (30) Data was obtained from a modified Leitz dilatomater. 
Measurements in the thickness direction of the film were made by cutting 40 
disks, 0.168" in diameter and stacking them together to form a 1/2 inch Ions 
specimen. h 

The data for the laminate is as expected. (See Section on phenolics.) 
The expansion in the thickness direction is significantly greater than in the 
parallel to reinforcement direction. 

Although the authors do not account for the difference in expansion in the 
two directions of the film, one factor was undoubtedly the influence of film 
orientation. 

The thermal conductivity in one atmosphere of nitrogen and helium gas 
po|ye®ter laminate (see Figure 195 for description) is shown in Figure 197 

(30). Again, the results follow the pattern previously discussed for glass- 
reinforced laminates (see Phenolics). 
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TEMPERATURE,F 

O Thickness - virgin 

□ Warp - virgin, normal to thickness 

• Weave - virgin, normal to thickness 

Figure 195. Total linear thermal expansion of material H, 
normal to thickness directions (30) 

Composite System 
Manufacturer : 
Resin source: 
Pre-Preg source: 

Resin content: 

Resin System 
Trade name: 
Chemical name: 
Curing agent: 
Additives: 

Reinforcement System 
Trade name: 
Generic name: 
Fabric designation: 
Finish: 
Lay-up 
No. of plies: 

Raytheon Co. 
Rohm & Haas Co. 
Hess Goldsmith 
United Merchants 
38^ 

Pa raí lex P-43 
Polyester 
Benzoyl 
Peroxide, styrene 

E glass 
glass cloth 
Style 181 
Volan "A" 
Parallel laminate 
48 

Orientation: 

Cure Cycle 
Pressure: 

Temperature: 
Temperature - 

time history: 

Post-Cure Cycle 
Time- temperature : 

thickness and 

Warp in 10" 
dimension 

1000 psi to 1/2" 
stops 
250°F 

Impregnate cloth 
and put in ore-heated 
mold (200°F, app'y 
pressure. Heat to 
250°F in 15 min. 
Cure 2 hrs. Ccol 
to 180°F. 

Cure for 4 hrs 
at 280° F in hot 
air oven 
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Figure 197. Thermal conductivity of 
H-1 material in thickness and warp 

directions (30) 

Figure 196. Total linear thermal 
expansion of polyester (Mylar) 
film in thickness and normal 
to thickness directions (30) 



SECTION XX. POLYIMIDES

Mechanical Properties

This family of materials is relatively new and was tested primarily for 
high temperature and cryogenic applications. Therefore, little daU was found 
in the low temperature region.

Figure 198 plots the tensile strength of a filled and unfilled Polymer SP 
and Table 90 contains data on the tensile properties of the film material.

)

Figure 198. Tensile strength vs. 
temperature of polyimldes 

(Vespel) (97)

TABLE 90. TENSILE PROPERTIES OF 
POLYIMIDE FILM (1 MIL THICK, AT 

100% PER MINUTE ELONGATION) 
(98)

Property Temperature Valu.'

Tensile strength, Kpst
°C
100 22.0

(ASTM 0 882) 20 25.0
-20 32.0

Yield point stress, Kpsi 100 12.0
20 14.0

-20 16.0

Tensile modulus, Kpsi too 320.0
(ASTM D 882) 20 430.0

-20 480. U

Elongation, 1 100 87.0
(ASTM D 882) 25 70.0

-20 65.0

O

The mechanical properties of polyimide-glass reinforced laminates are 
shown in Figures 199, 200 and Table 91.

Mechanical properties are as expected except for the dry compressive 
laminate strength (Fig. 199 which decreases slightly from room temperatures to 
-100°F.)
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60 

A - Westinghouse 1-8 resin, 
E - 181/Al 100 reinforcement, 
35% resin content, 0.125 - 
in.nominal panel thickness. 

B - Westinghouse -1-8 resin, 
E-181/A-1100 reinforcement, 
35% resin content, 0.125 
in .nominal panel thickness. 

C - Westinghouse 1-8 resin, 
E-lSl/XllOO reinforcement, 
34.6% resin content, 0.500- 
in. nominal panel thickness. 

Figure 199. Tensile, flexural and 
compressive strength of polyi- 
mide-fiberglass laminate as a 

function of temperature (98) 

-400 - 500 - 200 -100 0 100 

TEMPERATURE,°F 

A - Westinghouse 1-8 resin, E-181/ 
A-1100 reinforcement, 34.6% 
resin content, 0.500-in.nominal 
panel thickness (Compressive) 

B - Westinghouse 1-8 resin, E-181/ 
A-1100 reinforcement, 35% 
resin content, 0.125-in. nominal 
panel thickness (F)exural) 

C - Westinghouse 1-3 resin, E-181/ 
A1100 reinforcement, 35% resin 
content, 0.125-in.nominal panel 
thickness (Tensile) 

Figure 200. Modulus of elasticity, flexural 
and compressive modulus of polyimide- 

fiberglass laminate (98) 

TABLE 91. MECHANICAL PROPERTIES OF POLYIMIDE 181 A-1100 GLASS 
CLOTH LAMINATES (BRUNSWICK) (98) 

Test 
Temperature Exposure Conditions 

Tensile 
Strength 

Compressive 
Strength 

Flexural 
Strength 

77°F 

-65°F 

1/2 hr. soak @ 77°F 

1/2 hr. soak @ -65°F 

psi 

39,000 

58,000 

psi 

38,000 

45,000 

psi 

52,500 

64,000 
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Electrical Properties 

The dissipation factor versus temperature and frequencies for 1 mil H 
film is given in Figures 201 to 203. The loss peaks occur at the lower tempera¬ 
tures and the effects of frequency becomes more significant. 

Figure 201. Dissipation factor of H film (1-mil thick) vs. temperature (38) 

Figure 202. Dissipation factors vs 
frequency of H film (1 mil) (¡)9) 

Figure 203. Dissipation factor at 1 Kc 
as a function of temperature. "Wet" 
H- Film (as above plus 2 days in water 

at 80°C) "Dry" H-Film (heated 2 
days at 200°C) (98) 

# 
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Polyimide film has a moderately high dielectric constant at low tempera¬ 
tures but is relatively unaffected by frequency as indicated in Figures 204 to 206. 

Figure 205. Dielectric constant vs. 
Figure 204. Dielectric Constant vs. frequency of H film (1 mil) (99) 

temperature of H film (1 mil) (99) 

Figure 206. Dielectric constant as a function of temperatures for a dry 
(heated 2 days at 200°C) and wet H-film (heated 2 days at 200°C plus 

2 days in water at 80°C) (98) 

The dissipation factor and dielectric constant for "Polymer SP" at 1 Kc 
is given in Figures 207 and 208. These are essentially unaffected by change in 
temperature from +20 to -60°C. 

4 » 
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Figure 207. Variation of dissipation factor with temperature for SP* at 1 Kc 
'98) 

*A moldable polyimide product. 

M 
Z o u 

u 
i 
K 
u w 
_/ 
w 

-100 -140 -ISO 

TEMPE RATURE, *C 

-220 -240 

Figure 208. Variatioi of a dielectric constant with temperature for SP at 1 Kc 
(98) 

Thermal Properties 

, /, /oJh(e aver^g coefficient of linear expansion for 1 mil film is 2.0 x 10’5 
in/in/ C from -14 C to 38 C by ASTM D-6S '»-44. (100) 

4 /i /0^lyl“ide®P oi expansion is reported at 28.4 x 10‘6 
in/in/ F in the -300 to +500°F range. (98) 
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SECTION XXI. SILICONES 

Mechanical Properties 

! « 92 016 average tensile and impact properties oí a elass-re- 
inforced sUicone laminate. Tensile determinations were made using a constant 

loaííng of 80®° Psi Per minute on a Tinius-Olsen Plastiversal Testing 

T LT ?peci™enS C0Ii0rmed t0 Typ^ 1, Federal Specification L-P 406a 
" :011* Load-elongation graphs were recorded to the point of specimen failure 
using Baldwin Model PS 6-PS-7 and PS8 Microformer Type Plastics Extenso- 
meters, coupled to a Baldwin Microformer type recorder. 

TABLE 92. TENSILE AND IMPACT PROPERTIES OF A SILICONE LAMINATE (9) 

Modulus of Elasticity (psi) 

-65°F -40°F +10°F +7 7° F 

Laminated Silicone Glass 
Fabric Base 

2,130,000 2,060,000 2,102,000 2,360,000 

Tensile Strength (in psi) 

Laminated Silicone Glass 
Fabric Base 

34300 33500 29600 29200 

Work to Product Failure (Ft.-Lbs per Cubic Inch) 

Laminated Silicone Glass 
Fabric Base 

21.6 23.0 17.7 16.4 

Elongation-at-Break (Percent) 

Laminated Silicone Glass 
Fabric Base 

1.63 1.60 1.41 1.32 

Zod Impact Strength (Ft-Lbs Per Inch of Notch) 

Laminated Silicone Glass 
Fabric Base 

11.42 10.74 9.94 8.20 

impact tests were conducted on a Baldwin-Southmark pendulum imoact 
machine ^Federal Specifications L-P-406 and ASTM D 256-41T). AU samóles 
were conditioned two hours before testing. P 

«ir.n ,Jhe r<if^tS arc,as e,xpected tor 81x88 reinforced laminates: tensile 
strength, work-to-product failure, elongation at break and Impact strength in- 

waiev^n? (tee'ÄteT™1“”' 0i ebst,clt>r varled and "» ‘«nd 
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Electrical Properties 

constant °f * 

OHO? < z Wl ;g 
I* ° 40 J_ 

40 80 120 

TEMKRATMItE *C 

180 200 

Figure 209. Effect of temperature on the power factor (at 100 cps) of 
(bilastic 250) silicone rubber. (101) 

) 

Figure 2.0. Delectrlcconetant^of ~ ^et.tcone rubber an a functto„ 

temper^ure^cUr^uemT^chárted^F^gOTe 21^ SUÍCOne ^ 

820 VPM 

(b) 

Figure 211. Electric strength vs. temperature and frequency of silicone 
laminate (29) 
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Thermal Properties 

Figure 212 shows the total thermal expansion of a silicone casting 
material. The determinations were made on a quartz tube dilatometer. (92) 
The thermal expansion was the highest of all casting materials tested. This was 
attributed to the fabrication history. The casting was not fully cured during its 
fabrication due to cracking problems. 

TEMPERATURE °P 

Figure 212. Thermal expansion in the longitudinal direction of a DC2106 silicone 
molding resin with Dow Corning Catalyst 15 (92) 

The total linear expansion of a glass-reinforced silicone laminate measured 
in the thickness and normal to thickness direction is shown in Figure 213. Again 
the effect of orientation is evident as discussed in previous sections. 

The thermal conductivity in two directions for the same material in a 
helium and nitrogen environment is given in Figure 214. This also agrees with 
data for other glass-laminates. 

-178- 



% / 

0 Thickness - virgin 

• Normal to Thickness - virgin 

TEMPERATURE,F 

Figure 213. Total linear thermal expansion of silicone molding material 
thickness and normal to thickness directions (30) 

Composite System 
Manufacturer: 
Resin Source: 
Pre-preg Source: 

Resin Content: 

Resin System 
Tradename: 
Chemical Type: 
Catalyst: 
Curing Agents, 

Additives, Etc. : 

Raytheon Company 
Dow Corning 
Owens-Corning 
Fiberglas Co. 
34% 

DC-2106 
Silicone 
XY-15 

Reinforcement System 
Tradename: "E" Glass 
Generic Name: Glass roving 
Fabric Designation: 20 end roving 
Form of Reinforce¬ 

ment: Roving 
Finish: 140 HTS 

Lay-up: 

Number of plies: 
Reinforcement 

Orientation: 

Cure Cycle 
Pressure: 

Temperature: 
Temperature- 

Time History: 

Alternate layers Q 
cross-plied at 90 
80 

Cross-plied at 90° 

300 psi to 1/2" 
stopr 
35C°F 

Preheat platens to 
250°F. Cure at 
250°F for 2 hrs. 
Raise temp to 
350°F and hold for 
3 hrs., lower temp, 
to 150°F & remove. 

Post-Cure Cycle 
Time-Temperature: 
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O Helium Gas, 1 ATM, Thickness Direction 

A Nitrogen Gas, 1 ATM., Thickness Direction 

• Helium Gas, 1 ATM., Perpendicular to Thickness Direction 

▲ Nitrogen G;>s, 1 ATM., Perpendicular to Thickness Direction 

Figure 214. Thermal conductivity of silicone casting material in the thickness 
and perpendicular to thickness direction (30) 

SECTION XXII. URETHANES 

Mechanical Properties 

Various polyether urethane elastome formulations were investigated for 
^WT‘ehï'PQoat!ure 1fienxibility fld °11 resistance (102). Of the isocyanates evaluated 
in Table 93, the 100 percent 2, 4-toluene diisocyanate had slightly better low 
temperature properties. Although the DMMDI elastomer had a slightly higher low 
temperature modulus, it had higher tensile strength and lower oil absorption. 
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TABLE 93. EFFECT OF VARIOUS DIISOCYANATES ON PROPERTIES OF A 
ONE-SHOT CASTING ELASTOMER (102) 

Polyol Blend 

7000 M.W. Diol: 1 mole 
Trimethylulpropane: 2 moles 
Ave. Equiv. wt. of Polyols: 900 
Diamine: DCB 
NH2 OH Ratio: 0.62 
Excess NCO, Equiv. 10,000 g: 1.4 

Catalyst 

Stannous Octoate 0.025 

Cure 

2 Hrs. § 100°C 
22 Hrs. 0 100°C Postcure 

Code 

Diisocyanate 

Young's Modulus, 

-60°C. 

-55UC. 

-50°C. 

-45°C. 

1668-B 

60 20 TDI 
(1) 

31,600 

14,100 

7,900 

5,950 

1668-C 1668-E 

2, 4 TDI MDI 

31,600 

13,800 

7.300 

4.300 

90,200 

16,100 

13,400 

3,860 

69,400 

30.600 

20.600 

16,900 

1668-F 

(3) 

137,000 

84,800 

50,100 

21,200 

1668-G 

(4) 

31,000 

18,500 

11,000 

8,400 

1668-H 

(5) 

11,500 

3,200 

1,300 

Tensile Strength, psi 1220 1010 1270 1400 1860 1460 380 

(1) 80 20 ratio 2, 4 and 2, 6 isomers of Toluene diisocyanate 
(2) 65 35 ratio 
(3) Polyarylene polyisocyanate (crude) 
(4) 3, 3' - Dimethyl Diphenyl Methane-4, 4' • Diisocyanate 
(5) Hexamethylene Diisocyanate 

The effect of various diamines as a substitute for dichlorobenzidine (DCB) 
are shown in Table 94. The blends of N, N'-dicyclohexyl-g-phenylenediamine 
had the best low temperature flexibility. They also have tensile properties com¬ 
parable to the DCB elastomers but are softer and are lower in modulus; oil 
resistance was poorer than the DCB elastomer. No improvements were gained 
by using 4,4’-sulfonyl dianiline or lauroguanamine. 

The low temperature flexibility of DCB samples compared with 2,6- 
dichloro-p-phenylene diamine are shown in Table 95. The phenylene diamine 
blends were more flexible at low temperatures; however, they had reduced oil 
resistance. 

The effect of polyol chain extender type was studied from elastomers pre¬ 
pared from a 7000 M.W. experimental polyether diol blended with various lower 
equivalent weight polyols (Table 96). 

In an attempt to obtain improved oil resistance various low molecular 
weight diols containing chlorine or an aromatic ring were blended with a 7,000 
M.W. diol and DCB to the same average equivalent weight and NHg/OH ratio. 

Although they had slightly improved oil resistance, Table 97, indicates they had 
reduced flexibility at -55°C. 
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TABLE 94. EFFECT OF VARIOUS DIAMINES ON PROPERTIES OF 
POLYETHER-DIAMINE-TDI ELASTOMERS (102) 

Polyol Blend 

7000 M.W. Diol: 1 mole 
Trimethylolpropane: 2 moles 
Ave. Equiv. wt. of Polyols: 900 
NH2 OH Ratio: 0.62 

Excess NCO. Equiv./10,000 g. : 1.4 

J 

Code 

Diamine 

Catalyst PPH 

Voung's Modulus, E 

-60°C. 

-55°C. 

-50°C. 

-45°C. 

Tensile Strength, psi 

1661-C 

DCB 

0.025 

7,900 

3.500 

3,200 

890 

1667-B 

(1) 

0.025 

14,900 

5.400 

3.200 

1,800 

890 

1667-C 

(l) 

0.05 

7,000 

2.100 

1,400 

880 

1671 -B 

(2) 

0.025 

63.300 

12.300 

6,600 

3,700 

660 

1672-B 

13) 

0.025 

17,400 

6.300 

3,900 

4.200 

670 

(1) N. N' - dicyclohexyl-p-phenylenediamine 
(2) 4', 4'-sullonyl dianihne 
(3) Lauorguanamine 

TABLE 95. COMPARISON OF PROPERTIES OF ELASTOMERS PREPARED 
WITH DCB OR 2,6-DICHLORO-P-PHENYLENE DIAMINE (102) 

14,000 M.W. Triol, moles: 
2,900M.W. Polytetramethylene glycol, moles: 
Excess NCO, Equiv./10,000 g. : .43 

Code 

Polyol Blend 

Trimethylolpropane, moles 

Ave. Equiv. wt. of Polyols 

Dtamlne 

NH2 OH Ratio 

Young's Modulus, psi 

-55°C. 

-50°C. 

-45°C. 

Tensile Strength, psi 

1684-C 

1 

1905 

DCB 

1.0 

6100 

5000 

3100 

1130 

1684-0 

1 

1905 

(1) 

1.0 

2550 

1780 

^1700 

530 

1684-U 

1 

1905 

(1) 

1.33 

2500 

1800 

^1800 

1040 

1684-0 

1 

1905 

(1) 

1.5 

2900 

1900 

1400 

1100 

1684-R 

1 

1905 

(1) 

2.0 

4700 

4650 

3200 

1400 

1684-S 

2 

1520 

(1) 

1.0 

3500 

1500 

1500 

550 

1684-T 

3 

1280 

(1) 

1.0 

4000 

2200 

2000 

880 

(1) 2,6-dlchloro-p-phenvlene diamine 4 * 
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TABLE 97. A COMPARISON OF ELASTOMERS PREPARED FROM BLENDS 
OF A 7,000 M.W. DIOL WITH VARIOUS SHORT CHAIN GLYCOLS (102) 

Dttsucyanale: TDI; Diamine: DCB, NHj/OH Ratio (1 DUmtne) 0.63 (7.0); 

Ave. Equiv. Wt. oí Polyols: 900 

Excess NCO, Equiv. /10,000 g. : 1.4 

Code 1661-E 1661-AA 1661-AB 1661-AC 166NAO 1661-AE 

Polyol Blend 

7,000 M.W. Diol. moles 

Other Dtol, moles 

'1 Cl in Elastomer 

Young's Modulus. E 

-60"C. 

-55°C. 

- 50°C. 

-45°C. 

1 
3.0(1) 

0 

14. 200 

3.800 

7,200 

1 
3.0 (2) 

0 

13.900 

5. 700 

4, 900 

3.900 

1 
3.1 (3) 

3.5 

127,000 

25, 500 

12,400 

1 
3.46 (4) 

7.1 

101.000 

327,000 

20,800 

1 
3.2 (5) 

4.7 

51,900 

17,400 

8,100 

1 
3.1 (6) 

0 

13,800 

11,000 

6,300 

(1) Propylene Glycol 
(2) Ethylene Glycol 
(3) Trichloropropylenc Glycol 

(4) HET Dtol 
(5) 2,2, 3, 3-Telrachlorobulane Diol 
(6) p-Xylylene Dtol 

Table 98. compares the use of ethylene glycol, 1, 4-butanediol, and 
trimethylolpropane in Triol 14,000-Polytetramethylene glycol 2, 900-DCB 
elastomers. Those containing ethylene glycol and butanediol (on the average) 
had slightly better tensile strength, oil resistance and low temperature flexibility. 

TABLE 98. PROPERTIES OF ELASTOMERS PREPARED FROM TRIOL 14,000 
BLENDED WITH LOW MOLECULAR WEIGHT POLYOLS, TDI AND DCB (102) 

Excess NCO, Equiv./10,000 g. : 1.4 

Code 1M5-AD 1M5-AF IMS-AG 1665-W 107»-B 1654-0 1654-AH 

Polyol Blend 

14,000 M.W. Triol, moles 

Trimethylolpropane. moles 

Ethylene glycol, moles 

1,4-Butanediol,mo les 

2,900 M.W. Polyte tram ethylene 
glycol, moles 

Ave. E.W. ol polyols 

NH2/OH Rano 

Tenalte Strength, psl 

Young's Modulus, E 

-45 C. 

3 

1530 

0.6 

1090 

5,900 

3,300 

2,600 

1 
I 

I.S 

3 

1530 

0.8 

1020 

5.600 

4,500 

3.600 

1 

1 

1.5 

1530 

0.6 

1330 

4.200 

3,300 

3,600 

4 

1640 

1.3 

1970 

10,500 

8,600 

6,900 

6,600 

1.5 

4 

1640 

1.3 

2420 

5,300 

7,100 

7,000 

1600 

1.3 

1070 

10,500 

7,500 

4,400 

1 
2 

1.5 

1240 

1.0 

1410 

9,900 

7.600 

6.600 
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Tables 99 amd 100 list the moduli of elastomers prepared from a 7,000 
M.W. polyether diol and a 14,000 M.W. triol, each blended with varying 
amounts of trimethylolpropane and dichlorobenzidine and cured with toluene 
diisocyanate. By increasing the percent of diamine, the tensile strength and 
oil resistance improved, but the low temperature moduli increased. No clear 
trends were evident due to varying the trimethylolpropane. 

TABLE 99. ELASTOMERS PREPARED FROM A 7,000 M.W. DIOL BLENDED 
WITH TRIMETHYLOLPROPANE AND DCB (102) 

Code 

Dtol/Trtol Molar Ratio 

NHj/OH Ratio 

% Diamine 

Young's Modulus, E 

-65°C. 

-60°C. 

-55°C. 

-50°C. 

-45°C. 

Tensile Strength, psi 

1652-G 

1:1 

1.0 

7.33 

43,800 

13,500 

10,900 

6,640 

1080 

1652-1 

1:2 

0.5 

5.77 

19,200 

6,230 

2,480 

1,830 

1,290 

680 

1652-L 

1:2 

0.625 

7.02 

6,700 

6,240 

3,010 

970 

1652-F 

1:2 

0.75 

8.22 

68,900 

15,300 

7,530 

5,510 

1770 

1652-E 

1:2 

1.0 

10.45 

16,950 

15,900 

12,400 

1970 

1652-R 

1:2.5 

0.526 

6.87 

5,360 

3,620 

3,000 

1130 

1652-P 

1:3 

0.455 

6.77 

10,400 

4,770 

4,590 

880 

1652-N 

1:3.3 

0.526 

6.94 

19,200 

6.380 

6,460 

1130 

TABLE 100. ELASTOMERS FROM 14,000 MOLECULAR WEIGHT TRIOL 
BLENDED WITH TRIMETHYLOLPROPANE AND DCB (102) 

Code 1654-G 1654-Y 1654-K 1654-M 1654-0 1654-Q 1654-S 1654-U 16S4-W 

Triol TMP Molar Ratio 

NH2 OH Ratio 

ri Diamine 

Young's Modulus, E 

-67°C. 

-60°C. 

-55°C. 

- 50°C. 

-45°C. 

Tensile Strength, psi 

1:1 

1.0 

4.67 

30,700 

3,080 

1:1 

1.5 

7.00 

450 

3,640 

2.570 

2,180 

720 

1:1 

2.0 

8.66 

24,100 

9,360 

5,610 

4,020 

3,330 

980 

1:2 

1.0 

6.58 

9,660 

5.960 

3.960 

3,690 

1010 

1:2 

1.33 

8.47 

10,500 

7,460 

4, 440 

4. 520 

1070 

1:2.5 

0.75 

5.79 

5,080 

4,600 

3.075 

2,550 

920 

1:2.5 

1.0 

7.46 

10,600 

7,610 

6,090 

5,960 

1030 

1:3 

0.5 

4.47 

5,240 

3,150 

2,350 

090 

1:3 

0.75 

6.43 

8,450 

5,520 

3,910 

1010 

Table 101 compares the flexibility of various elastomers prepared from 
blends of high molecular weight polyether diol or triol, dichlorobenzidine, and 
poly tetrame thy lene glycols reacted with TDI. As can be seen, the low temperature 
flexibility is little affected by using polytetramethylene glycol in the polyether 
blend, and in addition room temperature properties are improved. 
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Tables 102 and 103 show the effect of the molecular weight of polyether on 
low temperature flexibility. In Table 102 an 11,000 M.W. triol, 14,000 M.W. 
triol, 7,000 M.W. diol and a 4,700 M.W. diol each blended with trimethylolpro- 
pane to the same equivalent weight and identical amounts of TDI and DCB were 
compared. As can be noted, the modulus of the 4,700 M.W. diol was con¬ 
siderably higher than the other formulations. 

TABLE 102. A COMPARISON OF ELASTOMERS FROM 11,000 M.W. TRIOL 
AND OTHER HIGH EQUIVALENT WEIGHT POLYOLS (102) 

Diamine: DCB 
NHg/OH Ratio: 0.62 (7.0% Diamine) 

Excess NCO, Equiv./10,000 g. : 1.4 
Ave. Equiv. Wt. of Polyol Blend: 900 

Table 103 compares the properties of castings prepared from triols of 
varying molecular weights blended with a 2, 900 M.W. polytetramethylene glycol. 
Again, it was noted that low temperature properties of elastomers derived from 
the highest equivalent weight polyols were slightly better. 
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ANDM6«AM'w”p^YTETIWME«nfLEKi?ZR0M 11,000 M,W- TRI0L 
SIMILAR BLÄSS ÄÄrH 

NH2/0H Ratio: 1.0 

Excess NCO. Equiv. /10,000 . 1.4 

Polyol Blend 

6, 500 M.W. Triol, moles 

11,000 M.W. Triol, moles 

14,000 M.W. Triol, moles 

Trimethylolpropane, moles 

Polytetramethyler.e Glycol, moles 

Ave. Equiv. Wt. of Polyol Blend 

Polytetramethylene Glycol in 
Polyol Blend 

Diamine (DCB) 

Young's Modulus, E 

-60°C. 

-55°c. 
-50°C. 

- 45°C. 

2 
1670 

44.8 

6.4 

8,600 

8,200 

6,400 

6.700 

1 
3 

1500 

43.7 

3,400 

4, 300 

3,000 

1 
2 

3 

1530 

37.5 

6.8 

7.700 

8,000 

5.700 

5,400 

0.30 

3 

1912 

44.2 

5.7 

10,200 

5,400 

5,100 

1665-S 

1 
1 
4 

1840 

44.5 

5.0 

7,300 

4,200 

1665-0 

1 
1 
3 

1005 

37.5 

5.7 

6,200 

3.700 

2.700 

The effect of ester linkages as shown in T^blp 104 híítk 1 1 
polyols were prepared by couoline available 1 * ^ ^ molecular weight 
P-2010 was reacted with sebacyl chloride at a°2^? ^ eSt6r linka&es* Pluracol 
4,236 average molecular wei¿V^ nioarratio to give a diol of 
P-2010 reacted with sebacyl dilorid^at^1-2^mcdarVaH^^68* Als°’ Pluraco1 
two moles of Pluracol TP-5640 triol Thi« r ^ ratl° was used to couple with 
lour ester linkages per lfe^ weight S is, m" ^ d * ^°1 CCntaining 

low temperature modliîT are'shown InTSe^Oi ’"STeta 01686 P0170*5' The 
higher temperatures than were oreviouslv fmmH L elas1tomers hardened at 
molecular weight containing no ester linkage dA<îr 0ÜÎÜr elastomers similar 
incorporated into the polvether nolvni« * Also,1 these ester linkages when 
excessively high modulus at -55¾ hut off*0 ^ V6ry l0Wi concentrations) caused 
temperatures. C’ but oiiered essentially no advantages at room 



TABLE 104. ELASTOMERS FROM POLYOU3 CONTAINING ESTER LINKAGES 
(102) 

Diisocyanate: TDI 
Diamine: DCB 

(a) 2 Moles Pluracol P-2010 coupled with Sebacyl Chloride. 

(b) Trimer of 1 Mole Pluracol P-2010 + 2 Moles Sebacyl Chloride + 2 Moles 
TP-5640 Polypropylene ether triol. 

Table 105 shows the effect of substituting a polytrimethylene oxide diol for 
the polytetramethylene glycol used in sample 1665-0. As can be seen, these have 
higher moduli than the 1665-0 sample. 

TABLE 105. USE OF POLYTRIMETHYLENE GLYCOL (1, 450 M.W.) IN A 
STANDARD FORMULATION (102) 

14,000 M.W. Triol, mnlcv I 

Code 1665-0 1685-D lût) 5-F 

Polyol Blend 

Trimi'lhy lu [propane, moles 

1.500 M.W. Trtmcthylenc ether itlycol, moles 

Ave. Equiv. Wt. o( Polyols 

NH2 OH Ratio 

'■ Dumme 

Polytrtmrthylene ether ulycol in elastomer 

1 

3 

IM0 

1.0 

5.7 

37.5 

1 

1.2 

1900 

1.0 

5.7 

9 

4.2 

1U00 

0.9 

5.7 

25 

Young's Modulus. E 

-55°C. 

-50°C. 

-45°C. 

3.700 

2.700 

7. 400 

j 800 

4.100 

6.800 

4.000 

3.200 
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Table 106 compares elastomers containing tetrahydrofuran-ethvlene oxide 

elvcoi^Thé trfo?« d ^DI r on® c°ntaininS a 2*900 M. w. polytetramethylene 
The Ífio1 samPles have good low temperature flexibility and excellent oil 

116 ValUeS W,'re The samples^ 

TABLE 106. ELASTOMERS CONTAINING TETRAHYDROFURAN-ETHYLENE 
OXIDE COPOLYMERS, DCB AND TDI (102) 

Excess NCO, Equiv. '0.000 k.: 1.43 

Tetrahydrofuran-ethylene oxide copolymers. 

Table 107 shows the modulus of elastomers prepared from a 3 900 M W 
EO-TBF triol and a 5.900 M.W. triol ble. ded with trtmeftylolpropane tü the sme 
yjroxyl number. Each of these e las tomeis also had equal amounts of DCB and 

TDI. The 5,900 M.W. triol and trimethylolpropane had slightly better flexibility. 

TABLE 107. COMPARISON OF ELASTOMERS PREPARED FROM EO-THF 
POLYETHERS (102) 

Ave. Equiv. Wt. of Polyols: 1300 
DCB, moles: 1.35 
NiyOH Ratio: 0.9 

Excess NCO, Equiv./10,000 K.: 1.4 

Code 

Polyol Blend 

3.900 M.W. Triol, moles 

5.900 M.W. Triol, mules 

TMP, moles 

Young's Modulus, E 

-55°C. 

-50°C. 

-45°C. 

1689-P 

6,500 

5,200 

4,700 

1689-W 

1 

0.5 

5.500 

4,400 

3.500 
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Electrical and Thermal Properties 

The volume resistivity of a urethane casting material at interested temp¬ 
eratures is given below. 

Casting Material Parts of Weight Volume Resistivity, ohm-cm (82) 

Solithane 113 Polyurethan 

Catalyst 320 

100 

26.5 

-65°F 73.5°F. 160°F 

7 X 1015 3 X 1014 lx 1013 

*ASTM D-257; 1/8 " thick specimen at 600 volts, reading taken 1 minute after 
applied voltage. 

The average coefficient of linear expansion on the same material is given 
-5 o 

as 7 X 10 in/in/ F over the temperature range -65° to 160°F. 



1 

PART in - FOAMS 

The properties of foams are a function of base plastic resin, the density, 
type of cells (open or closed), blowing agent and cell size in addition to tempera¬ 
ture. Density, cell wall size and orientation primarily influence the mechanical 
properties. The lype of cells, density and gas within the cells affect the thermal 
conductivity. Density and blowing agents also influence electrical properties. 

SECTION XXm. EPOXY 

Figure 215 plots the thermal conductivity of an epoxy foam. (83) Values 
were low, ranging from 0.18 Btu/hr/ft2/0 F/ in at -30° F to 0.37 Btu/hr/ft V 
0 F/ in at 150 F. It should also be noted that the specimen began to collapse at 
about 1500 F. 

14 inch Apparatus 
□ Gum Rubber Filler 
O Fiberfrax Filler 

7 inch Apparatus 
X Gum Rubber Filler 

Figure 215. Thermal conductivity in the 
thickness direction of 10 Ib/ft 3 epoxy 

foam (Scotchcast) (83) 
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SECTION XXIV. PHENOLICS 

Thermal Properties 

* u j.w*16 t,iermal expansion of a rigid phenolic foam was measured in a quartz 
tube dilatometer of Bureau of Standards Design. (92) The results in Figure 216 
show that the specimen permanently deformed upon cooling from room temperature 
to -50 F. That is, it did not return to its original length upon reheating to room 
temperature. The material also began to collapse at 180° F. The total expansion 
and coefficient of the phenolic foams were significantly smaller than other foams 

The thermal conductivity of the same material is given in Figure 217 The 
value ranged from . 2 Btu/hr/ft2/0 F/ in at -50° F to .32 Btu/hr/ft2/ o F/in 
at 2000 F. The values were as expected due to the low densities. That is the void 
content has a greater effect on conductivity than the resin. 

TEMPCRATUNE, 

Figure 216. Thermal expansion 
in the longitudinal direction of 

rigid (9.8 lb/ft3 density) phenolic 
foam (92) 

>• 

14 inch ASTM C177 Apparatus 
□ Gum Rubber Filler 
O Fiberfrax Filler 

Figure 217. Thermal conductivity in 
the thickness direction of rigid (9.8 

lb/ft3) phenolic foam (92) 
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SECTION XXV. POLYETHYLENE 

0 
Mechanical Properties 

Figure 218 is a typical stress-strain curve for a low-density (2 lb. per cu. 
ft.) polyethylene foam. The strength increases with decreasing temperatures as 
with other polyethylene materials (molding, film, etc.). 

Figure 219 plots typical deceleration-load data for low-density polyethylene 
foam from 30 inch drops on 2,3,4 and 5 inch thick materials at two temperatures, 
-65° F. and 155° F. The reduction in cushioning with decreasing temperatures is 
expected due to the stiffening of the foam. 

An item suspended on a foam cushioning material has a natural frequency of 
vibration. When an item is vibrated at that frequency it will vibrate many times 
harder than at a frequency just above or below that frequency. This movement can 
cause the item tobe damaged or the vibrational force may break down the foam. 

Figure 220 gives the relationship between natural frequency and static 
stress for four thicknesses of polyethylene foams at three temperatures. These 
data were obtained by empirical calculation and should be regarded as only first 
approximations. They do, however, clearly demonstrate the increase in frequency 
with decreasing temperatures. 

Figure 218. Compressive 
stress-strain of low density 

polyethylene foam at various 
temperatures (103) v 

! I 
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Figure 219. Dynamic cushioning of low-density polyethylene foam from a 30" drop 
height at 155° F. and -65° F. (103) 

0 -AO*F 
STATIC stress PSI 

b 7S*F 
STATIC STRESS PSi 

t l«S*F 

A - 1" Thickness C - 3" Thickness 
B - 2 Thickness D . 4" Thickness 

Figure 220. Natural frequency vs static stress of polyethylene (Ethafoam) foam at 
-400, 73°, and 165° F. (104) 
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SECTION XXVI. POLYSTYRENE 

Mechanical Properties 

Table 108 shows some average values for mechanical properties of various 
density molded expandable polystyrene in our interested temperature range. As 
can be seen, properties are more affected by density than temperature. The strength 
increases with both density and decreasing temperature. 

TABLE 108. TYPICAL PROPERTIES OF MOLDED EXPANDABLE 
POLYSTYRENE (103) 

Density, lb. per cu. ft. 

1.0 2.0 3.0 4.0 5.0 

Tensile strength, psi 
(speed - 0.05 in./min.) 

-25° F. 
73° F. 

160° F. 

30 
33 
30 

60 
49 
50 

81 
67 
68 

128 

Ultimate elongation, 4 5 3 2 

Compressive strength, psi 
(speed -0.05 in./min.) 

-25° F. 
73° F. 

160° F. 

18 
19 
12 

41 
29 
26 

46 
45 
38 

92 

Flexural strength, psi 
(speed - 0.10 in./min.) 

-25° F. 
73° F. 

160° F. 

41 
45 
36 

73 
72 
69 

107 
100 
100 

260 

An investigation is reported which involved the static testing of resilient 
expanded polystyrene foams (Resilo-Pak) at low temperature (-80° F.), room 
temperature (70° F.) and 165° F. (105) The stress-strain curves in Figure 221 
show the increase in strength with decreasing temperatures and increasing density. 
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60 

Figure 221. Static stress vs strain curves for resilient expanded polystyrene foam 
(Resilo-Pak) at temperature extremes (0.5,0.75 and 1.3 lb. /cu. ft. densities) (105) 

Electrical and Thermal Properties 

The volume resistivity iohm-cm) of self-expanding polystyrene foam (Styro¬ 
foam) is reported as: >4 x 10 lo at -65o F, 73.5° F, and 160° F. 

The thermal conductivity of two polystyrene foams, Styrofoam 22 and fire- 
retardant Styrofoam 33 were measured by the hot plate method using ice water, dry 
ice and alcohol as constant temperature baths to maintain a fixed outside wall temp¬ 
erature of the test samples. (106) Specimens were 8” x 8" x 1/2" thick. Figure 222 
shows that the fire-retardant Styrofoam 33 was a poorer insulator than Styrofoam 22. 

Figure 223 plots the thermal conductivity of extruded polystyrene foam ver¬ 
sus temperature. At relatively low densities, the conductivity is a function of cell 
size and mean temperature. 

Figure 224 illustrates the effect of density and temperature on thermal 
conductivity of molded polystyrene foam. 
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Figure 222. Thermal conductivity of polystyrene 
foam vs mean temperature (106) 

Figure 224. Thermal conductivity of molded polystyrene foam vs density (left) 
and temperature (right) (5) 
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SECTION XXVIL POLYURETHANES 

Mechanical Properties 

Load-compression, resiliency, and hardness tests were conducted on diff¬ 
erent resilient polyurethane foams in the density range of 2 to 3 lbs. per cubic 
foot.( 107) The material was stored at 74 ±2° F and 50 ±3 percent R.H. prior to low 
temperature conditioning for 5 ±1/4 hours at -20, -40 and -67ÒF. before testing. 

The specimens for all load -compression tests were 1-5/8 in. in diameter by 
about 1 in. They were cut with a knife blade held at proper radius in a drill press 
using the procedure described in Method 12141 of Fed. Test Method Std. No. 601, 
except that they were not lubricated or frozen. 

The specimens were compressed twice to 25 ± 5 percent of their "as received" 
height, rested for 10 ± 5 minutes and then measured with a dial gage micrometer 
equipped with a 1/4 in. diameter cylindrical foot without the 3 ounce weight. An 
aluminum shim, having a diameter of 1-5/8 in., a thickness of 0.124 in., and a 
weight of 11.3 grams, was centrally positioned on the specimen to prevent indenta¬ 
tion of the micrometer foot into the specimen. The height of the specimens follow¬ 
ing low temperature conditioning was measured as described above except that the 
specimens were not compressed prior to this measurement. 

The Yerzley Oscillograph was used to measure the load compression in both 
the initial and low temperature conditions. The data is given in Table 109. 

The percent compression values in the table are those at -20, -40 and -67° 
F at the loading rate required to obtain a 25 percent compression at room tempera¬ 
ture. 

The data show that the compression of the polyurethane foam materials at 
low temperatures was very small when subjected to the same load which produced 
25 percent compression at room temperature. Onlv two materials exhibited more 
than 7.5 percent compression after 5 hours at -20<iF. At -40°F and -67°F, it 
produced about 2 percent and 1 percent compression, respectively. In general, the 
polyester foams were affected more by low temperature than the polyether foams. 

A Pandux hardness cage was used to measure the relative resistance to in¬ 
dentation of specimens 1-5/8" in diameter, 1" thick in the initial condition and at 
-20 F, -40° F and -67° F. The Pandux gage was placed on top of the specimen 
with no external load and the hardness was measured after a contact period of 15 
seconds. The average of two readings, one from each side of the specimen, was 
taken as the Pandux hardness. The results are shown in Table 110. 

The Pandux hardness readings are approximately proportional to the com¬ 
pression resistance values of the foam materials. It was pointed out that once the 
relationship between Pandux hardness and compression resistance of a material is 
known, it may be possible to substitute Pandux reading?,, which take less than one 
minute to obtain, for Yerzley compression resistance values which take about one 
hour to obtain. 
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TABLE 109. COMPRESSION AND CHANGE IN COMPRESSION AT LOW 
TEMPERATURES OF POLYURETHANE FOAM MATERIALS (107) 

Material 

After 2 houra at -20 > 2 F After 2 houra at -40 >2F After 5 houra at -VI <2F 

Compression 
% 

Change in 
Compreaalon 
at -20F. T> 

Compreaalon 
n 

Change In 
Compreaalon 
at -40 F. 1> 

Compreaalon 
% 

Change In 
Compreaalon 
at -47 F. % 

Suprether Uniform (I) 

MS Flexible Stafoam (2) 

MH Flexible Stafoam (1) 

Polyeater SRP-C-1M (1) 

Polyeater SRP-U04P-C106 (2) 

Noprofoam S 20-2 (2) 

Nopcofoam SC 20-2 (2) 

Noprofoam TX 20-1 (1) 

High Grade (2) 

Hewttex H2002 (1) 

Hewttex A221S (2! 

LD 214 (1) 

Polyfoam Type 1211 (I) 

Cueh-N-Foam 0.04 (2) 

Cuah-N-Foam 0.02 (2) 

Cuah-N-Foam 0.04 (2) 

IS2-A- 124 (1) 

Vlbrafoam (2) 

SR-100 (2) 

7.20 

4.12 

4.20 

4.40 

5.42 

2.40 

2.14 

2.20 

2.22 

4 00 

2.22 

2.47 

7.20 

1.44 

ITS 

2.40 

4.42 

2.22 

24.2 

71.2 

82.2 

74.4 

74.4 

78.2 

44.4 

• 1.4 

«f.2 

•1.0 

•4.0 

•0.7 

•4.2 

70.2 

•4.1 

•2.1 

•0 0 

40.7 

•7.0 

•4.2 

4.20 

1.10 

2.22 

4.10 

2.20 

1.57 

1.40 

2.20 

0.47 

4.14 

1.42 

2.22 

2.21 

0.42 

0.47 

0.27 

2.74 

O.tS 

1.74 

•2.2 

»2.4 

4(.8 

42.4 

«0.4 

»2.7 

•2.4 

90.0 

•4.2 

•2.2 

•4.2 

•1.1 

•0.0 

•4.7 

•4.2 

»7.7 

44.( 

•4.2 

•2.* 

1.42 

0.44 

1.40 

1.22 

1.20 

1.40 

0.94 

0.89 

0.44 

1.74 

0.44 

1.14 

0.82 

0.47 

0.70 

0.42 

2.12 

0.24 

0.2« 

»2.7 

»7.2 

94 4 

»J.8 

»4.8 

•4.4 

•4 2 

•4.1 

»7.4 

•2.0 

•7.2 

»2.2 

•4.2 

•4.1 

•7.2 

»4.2 

•1.2 

•7.4 

•7.4 

(I) • Polyrthrr Urcttam 
(D - Poljrcfter UrtthMW 
Note: Compren Ion - Percenl Compren km al loadlnp rate required lu obtain ZS% compreeelon at room temperelure. 

Chaire In Comprenlon • Percentage change In compreeelon when eobjected to the load required to obtain !S% 
comprnelon at room temperature. 

The Bashore resilience was measured on the specimens immediately follow¬ 
ing the Pandux hardness determinations. In this tfst, the specimen (1-5/8 in. dia¬ 
meter) was placed on the anvil and the hammer vas allowed to fall freely to strike 
and rebound from the center of the specimen. The height of rebound on the third 
consecutive fall was taken as the Bashore resilience. (See Table 111.) 

The data indicates that these foams are not very resilient. The increase in 
resiliency of the materials at low temperatures is probably due to hardening of the 
specimens. 

Table 112 gives compression-deflection data for polyester-type urethane 
foam over our interested temperature range. Data was obtained on an Instron tester 
after 2 hours' conditioning at the test temperature. 
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TABLE 110. PANDUX HARDNESS OF THE POLYURETHANE FOAM MATERIALS 
IN THE INITIAL CONDITION AND AFTER CONDITIONING AT LOW 

TEMPERATURES (107) 

Pandux Kardneaa, Pointa 

After ConcUttonlnc 3 Houra At 
Material Initial -20° F. -40 0 F. -87 0 F. 

Suprether Uniform (I) 

Ml Flexible Hafoarn (I) 

MH Flexible Stafoam (1) 

Polyeater SltP-C-114 (1) 

Polyeder 8RP-IIM-C106 (1) 

Nopcofoam 820-J (2) 

Noprofoam SC 20-2 (2) 

Nopcofoam TX 20-1 (1) 

Hlph Grade (2) 

Hewttex H2002 (1) 

Hewttex A2SII (2) 

LD 314 (1) 

Polyfoam Type 1211 (1) 

Cuah-N-Foam 0.04 (2) 

Cueh -N-Foam 0.02 (2) 

Cuah-N-Foam 0.04 (2) 

IS2-A-826 (1) 

Vibra foam (2) 

SR-100 (2) 

24 

47 

43 

41 

1» 

41 

41 

11 

73 

21 

71 

43 

32 

30 

32 

42 

43 

42 

43 

34 

93 

74 

44 

94 

93 

91 

92 

93 

57 

95 

92 

41 

95 

93 

95 

85 

94 

88 

78 

98 

88 

78 

98 

97 

97 

82 

98 

77 

97 

92 

88 

98 

98 

98 

92 

98 

97 

94 

97 

94 

98 

98 

98 

97 

93 

98 

94 

98 

98 

94 

99 

98 

97 

92 

98 

99 

(1) • PnlyMhrr Polyurethan» 
(I) - Pnlyeiter Polyurethane 

As can be seen, low-temperature flexibility of this material is poor. Also, 
these tests were conducted down to only -40° F, not to the specified military re¬ 
quirement of -65 0 F. 

Figure 225 plots the stress versus deflection (d/T: deflection of specimen, 
in inches, divided by specimen thickness, in inches) for a 3” thick polyurethane 
foam at -65° F and 165° F. The effect of density at low temperatures is apparent. 

Figure 226 illustrates the effect of low temperature on the accelerations of 
a typical flexible polyurethane foam of a specific thickness and density. As expected, 
the accelerations will generally be highei* for a drop test at -65 o f. than at 70° F. 

A test program on urethane foams was conducted to: (1) determine the effects 
of moisture at low temperature on cushioning; (2) evaluate changes in load-bearing 

-201- 



TABLE 111. BASHORE RESILIENCE OF THE POLYURETHANE FOAM 
MATERIELS IN THE INITIAL CONDITION AND AT LOW TEMPERATURES (107) 

Baahore Reelllence, Height of Rebound, Unite 

After Conditioning 3 Hour» At 

Material Initial -20° F. -40° F. -«7° F. 

Suprether Uniform (1) 

Mi Flexible Stafoam (2) 

MH Flexible Stafoam (1) 

Polyeater SR P-C-114 (1) 

Polyeeter SRP-I104-C1M (2) 

Noprofoam S 20-2 (2) 

Noprofoam SC 20-3 (t) 

Noprofoam TX 20-1 (1) 

Hl«h Grade (2) 

Hewltex H2002 (1) 

Hewltex A2S14 (2) 

LD 314 (1) 

Polyfoam Type 1211 (1) 

Cuah-N-Foam 0.04 (2) 

Cuah-N-Foam 0.03 (2) 

Cuah-N-Foam 0 0« (2) 

1J2-A-S2« (1) 

Vlbrafoam (2) 

SR-100 (2) 

1 

3 

3 

1 

T 

3 

4 

1 

11 

0 

4 

1 

1 

1 

2 

3 

0 

2 

2 

4 

• 

7 

7 

1« 

14 

• 

5 

5 

i 

6 

• 

5 

5 

• 

4 

II 

3 

5 

2 

a 

7 

« 

13 

1 

5 

6 

4 

3 

1 

5 

S 

• 

s 

1 

11 

2 

3 

2 

S 

• 

0 

IS 

1 

1 

« 

1 

3 

1 

4 

4 

5 

1 

1 

13 

2 

1 

(1) • Polyether Polyurethane 
(2) • Polyeater Pilyurrthane 

TABLE 112. COMPARISON OF COMPRESSION-DEFLECTION DATA FOR A 
POLYESTER-TYPE URETHANE-FOAM FLEXED AT VARIOUS 

TEMPERATURES (105) 

Teat Temperature -40° F. 0° F. *40° F. ♦SO0 F. ♦ 100° F. ♦ 130° F. *140° F. ♦ l«0° F. 

Compreaalon-deflertlon at 2S%. pal 

Compreaalon-deflectlon at $0%, pal 

Compreaalon-deflectIon at 7S%. pal 

7.4 

7.« 

16.0 

2.1 

2.5 

5.5 

1.7 

2.0 

4.« 

0.0 

l.l 

2.8 

1.0 

1.2 

2.7 

1.0 

1.2 

2.7 

1.0 

1.2 

2.7 

1.0 

1.2 

2.7 
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O .10 20 30 40 SO 

DEFLECTION (y-) 

Figure 226. Acceleration vs time 
traces for a typical flexible polyurethane 
cushioning material dynamically loaded 

at 70° F. and -65° F. (105) 
Figure 225. Static load-deflection 
curves for polyurethane foams at 

temperature extremes (105) 

capacity by the static load-deflection and dynamic drop test versus temperature; 
(3) determine if a correlation exists between static compression and dynamic drop 
tests data; (4) and to evaluate the dynamic cushioning properties of other foam 
materials at-65 0 F. (108) 

The material selected for the low temperature comparison of static and 
dynamic testing was a polyurethane foam of 4.1 *0.4 pounds per cubic foot, an 
ultimate strength of 30 *3.0 psi with approximately 210 percent elongation. 

Figure 227 shows the results of static tests compressed at a constant rate 
of 2 inches per minute. These load deflection curves show a yield point* and the 
hysteresis effect (energy absorbed by the foam material during compression). 
The authors explain that this method of testing is considered static because the 
compression is relatively slow, allowing the foam to nearly reach equilibrium 
condition of load for a given deflection during the progress of the tests. R is pointed 
out that the rate of compression of the foam changes the load-deflection curve ob¬ 
tained. Rapid compression raises the curve slightly; however, within the compres¬ 
sion rates of 0.2 to 4.0" per min., the flow curve can be considered as constant 
and the test static. The test pads were 4.5" x 4.5" x 3" thick. 

Consideration was given to the possible effect of moisture from laboratory 
air (40 - 70 percent R. H.) on the flow curve of the urethane foam during low temp¬ 
erature compression tests. R was felt that fine layers of ice in the foam matrix 
could significantly affect the load versus deflection curve. 

* The yield point is defined as the maximum load obtained prior to elastic break¬ 
down of the foam, resulting in ;i rapid deflection for a slight increase in load. 
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Figure 227. Urethane foam static compression curves at -20° -50°and -80°F.(108) 

Compression curves were run on samples containing the moist laboratory 
air and on dried pads (equilibrated In atmosphere of dry nitrogen, dew point -60°F 
and dry argon, dew point -130° 1} at temperatures of -65 o, -50° and -35° F. The 
flow curves obtained with moisture laden foams were identical to the dried foam 
curves. From this it was concluded that moisture had a negligible effect on the 
flow curve of the foams measured at temperatures below zero. 

Although not stated in the original work, this author believes these samples 
were of the closed cell construction which could account for this result. 

The spring rate (psi per inch of deflection) shown in Figure 227 was obtained 
from the initial linear portion of the load deflection curve. These become more 
difficult to measure at low temperature since the slopes become so steep that small 
errors are greatly magnified. This function was plotted against temperature in 
Figure 228. It should be noted that at -10° F the curve begins to rise rapidly with 
decreasing temperature, showing increase in resistance to deformation of the foam 
samples. 

The yield point, another function of the load deflection curve, is plotted in 
Figure 229. This curve is similar to the spring rate curve in that it begins to in¬ 
crease sharply at -10° F. 

The last measure of increase in hardness of foams versus temperature is 
the measure of energy absorbed during the compression of the foam. Figure 230 
shows a plot of absorbed energy versus temperature. Again, a rapid increase in 
total energy absorbed during a compression cycle is obtained as temperature is 
lowered below -10° F. 

As can be seen, at -10° F, all three functions rise with decreasing temper¬ 
ature, until at -55° F to -65° F they flatten out and tend to remain constant with 
decreasing temperature. Based on the above it would be expected that at -10° F, 
the cushioning ability of urethane would begin to degrade. Dynamic drop tests were 
conducted to verify this assumption. 
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Figure 228. Urethane foam spring 
rate versus temperature (108) 

Figure 229. Urethane foam yield 
point versus temperature (108) 

Figure 230. Urethane foam absorbed 
energy versus temperature (108) 

Urethane foam pads 6” x 10” x 3” were positioned in a Hughes Aircraft 
Company's drop test jig with a 0.5 psi load and a 15 percent pre compress ion. This 
was to approximate a missile dead weight loading on the bottom of the pad and the 
additional precompression when the container lid was closed. Three drops were 
made from 8, 12 and 16 inches at eight temperatures from +75° F to -85° F The 
total time elapse (removal from cold box to end of test) was approximated three 
minutes. J 
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The initial 8" drop was chosen since Hughes' missile specifications fre¬ 
quently limit the shock load to the 30 g's in the temperature range +160° F to -65° 
F and it was found that the 8" drop resulted in an average of 24 g's. It was pointed 
out that the g values at the other heights may contain slight errors as a result of 
softening of the pads due to the energy input from the previous drop; and softening 
from the slight warm up of the fixture. 

Figures 231 and 232 show peak acceleration versus temperature for 8, 12 
and 16" drops. 

Figure 231. Peak acceleration versus 
temperature for 8, 12 and 16-inch 

drop (108) 

Figure 232. Peak acceleration versus 
drop height (108) 

The curves are very similar to the static test functions of spring rate, 
yield point and absorbed energy versus temperature. Both the static and dynamic 
functions increase as the temperature is lowered (sharply around -10° F) to values 
of -55° F to -65° F; the functions remain constant to -85° F and 110° F respec¬ 
tively. 

Figure 232 shows the effect of increased drop height on the peak shock of 
the cushioned simulated missile section. As the temperature is lowered, the 
curve for each series of drops moves to higher values of shock. 

Based upon the above data, static compression tests were conducted on the 
below listed materials. (108) Only two classes were found to have superior low 
temperature properties: the silicones and a fiberglass flexible pad material. All 
others showed a large increase in yield point at -65° F. It was stated that some of 
these may have better cushioning at some intermediate temperature, but tests were 
only run at -65 0 F. 
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Material Class 

Polyethylene 

PVC 

Polyurethane 

Acrylonitrile rubber 

Neoprene rubber 

Silicone 

Fiberglass flexible material 

material were found to be IdenUcaUt^eS^^6and+756°^ H6 fibergl^ss flexible 
erials have other limitations. F> However- ho^ mat- 

foam rub^r^^terms^^C^h-Be^rg tor^iona/stif^nlBss^t WÍth ^ 

î0lutïoa"oï: j»^“oanr Cnrto“ SSS,, 

degrees lower than the adip!c add LVtStL* ab°Ut 15‘20 
additional 10° advantage It reaehS in anro T' Tbe polyether f°am showed an 
pared to -30° for dimefacid and -WO for^H.n," 0Í 2000 P8i at -40°2 cor 
foam reached this modulus at -53 o c. P d P0^68461*foam- The iatex 

ÂïïSSSSSS-r-“- 

TT^atK^MÍra‘'sThemS 

overee MUre"tatefesbtedatr^raUtu;ebUt decrlases ^"*««11«tempS,re',e 

250° F. comPreS8'^d^^dt^^tiy1 affected b'y temperaturebin theTrange^-100*° to 

ln|th°frPreSSio”hr"°lt°*'°,^l^c™P^se^e dr^t’h cun-e clMeW Theydítam0dUlU8 with decreasing temperature. ^ closely. They all Increase 
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Figure 233. Torsional stiff¬ 
ness properties of flexible 
foam (Clash-Berg) (103) 

A - Adipic acid polyester 
urethane foam 

B - Latex foam rubber 
C - Dimer acid polyester 

urethane foam 
D - Polyether urethane foam 

TEMPERATURE, *F 

Figure 235. Effect of 
temperature on tensile 

strength and elongation of 
rigid urethane foam. Density: 
1.8 lb per cu ft. High cross¬ 
link density (calculated aver¬ 
age distance between cross¬ 

links = 350) (103) 

Figure 234. Clash-Berg 
torsional curves, showing 
variations of flexibility in 

function of temperature, for 
various molecular weight 

formulations (103) 

TEMPERATURE, *F 

Figure 236. Effect of 
temperature on compressive 

strength of rigid urethane 
loam (103) 
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As previously stated, the foam density has ar. effect on the rate and extent 
of change of a physical property with temperature. The higher density foams are 
influenced less by temperature than low density foams. Tensile strength is not af¬ 
fected by temperature as much as compressive strength. The effect of temperature 
on shear strength and flexural strength is about intermediate between tensile and 
compressive strengths. Elastic modulus in compression or tension shows about 
the same change with density. 

The ability of rigid urethane foam to maintain dimensional stability under 
various conditions is influenced to a large extent by the base polyol used. The aver¬ 
age crosslink density is determined by the polyol and the NCO/OH* ratio used. 
Usually, foams having low crosslink density have poor dimensional stability at both 
low and high temperatures. (Figure 237.) Those having high crosslink density have 
good dimensional stability. However, if the crosslink density is too high, the foams 
may become brittle. 

The dimensional stability of foams formulated to an NCO/OH ratio of 1.05 
to 1.10 was found better than those made with NCO/OH ratios of 0.95 to 1.00, 
under all exposure conditions studied. (103) (See Figures 237 and 238.) 

*NCO/OH ratio refers to the isocyanate hydroxyl ratio. 

Cure: 7 days at 75 0 F. 
Exposure: 48 hours under 

indicated conditions 

Figure 237. Effect of NCO/OH ratio on dimensional 
stability (103) 
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EXPOSURE PEPK» 

Figure 238. Dimensional stability of rigid urethane foam under 
various exposure conditions (103) 

Poor dimensional stability is also caused by excessive shrinkage at low 
temperatures (below 75° F). Shrinkage occurs when the blowing agent condenses, 
leaving a partial vacuum in the foam cells, and the foam structure is not rigid 
enough to withstand the external pressure. This phenomenon was observed in the 
non-frothed foam formulated to an NCO/OH ratio of 0.95, when it was exposed at 
-65° F. (103) 

Electrical Properties 

Urethanes are widely used for foaming-in-place As previously stated, their 
electrical properties vary with density and density can range from 2 to 20 lb. per 
cu. ft. Either polyester- or polyether-based urethane foam is used. Hovever, 
polyethers are generally preferred since they have a smoother compression load 
resistance curve, have better low-temperature flexibility (at a few degrees below 
zero) and a better resistance to humidity and to solvents. 

The effect of temperature on both dielectric constant and loss tangent is 
shown in Figure 239. The dielectric constant changes very little with temperature, 
whereas the loss tangent changes rapidly. 



Figure 239. Effect of temperature on di¬ 
electric constant and loss tangent of rigid 
urethane foam (halogenated foam) (103) 

«mwmmIMHHÍ 

The volume resistivity of a rigid 
polyurethane foam (49 parts Lockfoam BH 
610-R resin; 51 parts Lockfoam BH 610-T 
foaming agent and catalyst) is 

Volume resistivity ohm-cm (82) 

-65° F 73.5° F 160° F 

1 X 10 16 1 X 10 16 3 X 1015 

Thermal Properties 

The coefficient of thermal expansion of Polycel 420 (a 1.84/ft3 Freon-blown 
polyurethane) was measured. (109) The foam was rigid having approximately 96 
percent closed cells. 3 

Measurements were made using a Leitz Dilatometer which was modified for 
low temperature by replacing the furnace with a liquid nitrogen jacket. Measure¬ 
ments were taken under the fo’lowing conditions: evacuated and purged with dry ni¬ 
trogen; dry helium atmosphere at atmospheric pressure; atmospheric pressure - 
air; and vacuum (10-micron). The data is plotted in Figures 240 and 241. Two 
samples were measured in Figure 241 to give some idea of variation between speci¬ 
mens. These samples were both cut from the same block of material. 

-too -90 0 SO 
TEMPERATURE*F 

1. Dry helium atmosphere- 
atmospheric pressure 

2. Vacuum 
3. Atmospheric pressure 

Figure 240. Expansion of poly¬ 
urethane foam (Polycel 420) in 

various environments (109) 

Figure 241. Expansion of Polycel 
420, atmospheric pressure - air 

(two samples) (109) 
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A hot plate method was designed to measure the thermal conductivities of 
polyurethane foam insulation materials at low temperatures. (106) Ice water, dry 
ice and alcohol were used as constant temperature baths to maintain a fixed outside 
wall temperature of the material being tested. The thickness of all materials was 
1/2" and the test panel was 8" square. 

Figure 242 comparen five Freon-blown polyurethane foams. All except Sta- 
foam AA-3102 are polyether-base foams. The lower thermal values for Stafoam 
AA-1602 than Stafoam AÁ-402 is attributed to better molding characteristics and 
cell structure due to its slower reaction time 

O Stafoam AA-1602, 2.0 lbs/ft3 □ Stafoam AA-3102 
+ Stafoam AA-402, 2.0 lbs/ft 3 Q Apeo 1414 
A Polycel 440, 4.0 lbs/ft 3 

Figure 242. Thermal conductivity of freon-blown 
polyurethane foams vs mean temperature (106) 

Although higher densities usually result in higher thermal conductivities, the 
values obtained with the 4.0 lb/ft3 Polycel 440 were lower than those obtained with 
Stafoam AA-402 (2.0 lb/ft3). A comparison of the effects of density on thermal 
conductivity is shown in Figure 243. PAPI-1008 foam, (2.2 lb/ft3 density) resulted 
in a k-factor versus mean temperature curve which was slightly lower and parallel 
to the curve obtained with the 3.0 lb/ft 3 PAPI-1008 foam. The thermal conductivities 
of the carbon dioxide (CO2) blown, high temperature resistant polyurethane foams 
(Figure 244) and the Freon-blown polyurethane foams were fairly approximate at 
-100° F, but at 50° F the CO 2 blown foams were about 50 percent higher than the 
Freon-blown foams. A composite insulation consisting of one-inch fiberglass honey¬ 
comb core cells filled with a CO2 blown foam resulted in a curve similar to those 
obtained with the PAPI-CO2 blown foams. 

Figure 245 shows the data obtained with two fire-retardant polyurethane 
foams. The k-factors of both foams at -100° F were close, but the polyester-based 
casting formulation resulted in a k-factor almost 25 percent higher than the poly- 
ether-based spray formulation at 50° F. This is attributed to the finer cell structure 
of the spray foam. 
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-100 -50 0 30 

MEAN TEMPERATURE °F 

0 Density - 2.2 lbs/ft3 A Density - 3.0 lbs/ft3 

Figure 243. Thermal conductivity of (PAPI foam 1008) 
polyurethane foam vs mean temperature (110) 

O 
□ 
A 
X 

X-226-32A, 2.0 lbs/ft3 
PAPI-1008, 2.2 lbs/ft3 ► 
PAPI-1008, 3.0 lbs/ft3^ 

(CO g blown) 

Laboratory Sample (Composite 
insulation) 3.05 lbs/ft3 

Production sample (Composite 
insulation) 2.92 lbs/ft3* 

Figure 244. Thermal conductivity of high temperature 
insulations vs mean temperature (106) 
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Figure 246 plots the thermal conductivity versus mean temperature of 
various polyurethane foam insulations, investigated for the Centaur vehicle. (110) 
Again, the effect of density and blowing agent on thermal conductivity is evident. 

2 Figure 247 plots the thermal conductivity versus temperature for a 10 lb/ 
ft rigid polyurethane foam. Values range from 0.16 Btu/hr/ft2/0 F/in at -50° 
F to 0.32 at 170° F. 

ñ 

□ Stafoam AA-1802 (Polyester base) 
1.80 Ib/ft 3 

O Stafoam AA-2802 (Polyether base) 
1.99 lb/ft3 

Figure 245. Thermal conductivity 
of rigid fire retardant freon-blown 
polyurethane foams vs mean temp¬ 

erature (106) 

A = CO2-blown, polyether (2.0 
density) 

B = Freon-blown, fire retardant 
polyester (1.8 density) 

C = Freon-blown (1.4 density) 

Figure 246. Thermal conductivity of 
rigid polyurethane foams vs tempera¬ 
ture (X-226-32A, APCC 1414, Sta¬ 

foam AA-1802) (110) 

TEMPCSATUSE #F 

14 inch Apparatus 
□ Gum Rubber Filler 
O Fiberfrax Filler 

Figure 247. Thermal conductivity in the 
thickness direction of 10 lb/ft3 rigid 

polyurethane foam (Nopcofoam G510)(83) 4 ► I 
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SECTION xxvm. VINYLS 

1) 
Mechanical Properties 

Figures 248 and 249 are static load-deflection curves for various density 
flexible vinyl foams at two temperature extremes. The effect of density and speci¬ 
men thickness are much more significant at low temperatures than at high tempera¬ 
tures. 

O 10 20 30 40 SO 

DEFLECTION l-f I 

Foam: Flexible Polyvinyl 
Chloride (Modified) 

0-0 Density = 10.8 Ib/cu ft. 
X-X Density = 5.84 Ib/cu ft. 
V-7 Density = 5.01 Ib/cu ft. 

Figure 248. Static load 
deflection curves for 3” flexible 

polyvinyl chloride (modified) 
foams (105) 

Foam: Flexible Vinyl 
0-0 Density = 7.97 Ib/cu it. 
X-X Density = 7.93 Ib/cu ft. (1 in.) 
X-X Density = 7.93 Ib/cu ft. (3 in.) 

Figure 249. Static load-deflection 
curves for flexible vinyl foams, at 

temperature extremes (105) 

I 
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