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ABSTRACT

Experimental results are presented for the elasti: and strength
properties of T300/5208 graphite-epoxy at room temperature, 116K
{(~250°F ), and 394K (+250°F). Results are presented for unidirectional
0°, 90°, and 45° laminates, and +30°, 145°, and tGO“ ang!e;p?y lami~
nates, 1t is shown that the stress-strain behavior of the 0° and 30°
laminates is essentially linear for all three temperatures and that the
stress-strain behavior of all othe‘f laminates §s linear at 116K, A
second~order curve provides the best fit for the temperature dependence
of the elastic modulus of all lJaminates and for the principal shear
modulus. Poisson's ratio appears to vary linearly with temperature.
ANl modull decrease with increasing temperature except for Ep which
_exhibits a small fmcrease. The strength temperature dependente is alsc
quadratic for a!i Yaminates except the 0°-laminate which exhibits Vinear
temperature dependence. In many cases the temperature dependence of

propertics is nearly linear,
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1.0 INTRODUCTION

The use of fiber-rainforced composite materfals in the aerospace
industry has gqreatly increased in receat years, The greét advantage of
these materials being thelr superior strength to weight and stiffness to
weight ratics. This makes composite materials fdeal for use in space
applications. In order to efficiently desiyn Qtructures for use in
space, 1t 1s necessary to determine the effect of the space-environment
on these materfals. The cold of space coupled with radiant solar heat-
ing effects can lead to a wide range of operating temperatures. Because
of this, it is necessary to understand how tempzrature affects the basic
material properties of composite materials.

Obviously, strength and stiffness are twe basic material sroperties
which are of fundamental importance, Many proposed applications of
fiber-reinforced materials for use in spaca-environments involve graph-
ite-epoxy composites. This paper prosents data on the strength and
stiffness properties of T309/5208 graphite-epoxy composite over the
temperature range of 116X to 394K (-250°F to +250°F}. :ne designation

F360/5208 indicates that the graphite fibars are Thornel (Union Carbide)

TIUD fibers in & matrix consisting of Narmco 5208 epoxy resin., The

temperature range of 116K to 394K represents the temparature extrames
that may be encountered in a space-environment [1]. Data, generated
from this study, arc presented in graphical form. {stiffness, strength
versus temperature and stress-strain curves) as well as in tabular
form, Test procedures are discussed and comments regarding material

behavior are injected as warranted.
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2.0 PROCEDURE

Test specimens were cut from panels of T300/5208 graphiie-époxy
that -had been ultrasonicly C-scanned to.insure their integrity., The
test specimens measured 1,27 centimeters by 25,40 centimetefs (0.5
fnches by 10.0 inches) and were 1.02 millimeters thick (0.040 fnches).
This thickness corresponds to 8 lamina layers, Six different laminate
lay~-up configurations were tested: >C038, [45]8, and [90]1g (all of which
are unidirectional matsrial) as well as [+302/-302]Sp [+452/-4523§, and
[+602/-602]S. Tabs were not used for load introduciion, After allowing
for the gripping region, the aspect ratio (length/width) of the test
spacimens was twelve. Once the specimens had been cut to size, they
were placed in a drying oven set at 373X (2125F) for a period of two
weeks. |

Prior to testing, each composite specimen was fitted with a rec
tangular (4%°) strain-gage rosette.  WK~00-120WR-350 (Micro-Measure-
ments, !nc.) strain-gages were used. These gages were choosgﬁ becsuse
they are designed to w thstand large tempeuature-ranges. Tha gages were
mounted using M-Bond 600 adhesive (Micro-ﬁea5ufements), following the
suggested mounting procedure. This procedure includes Tightly sending
the composite surface to produce a smooth area were the strain-gage is
to he Iocated; ?ina![y wide-temperature range lead wirés were attached
to the strain-gage rosette (326-GJF, Micro-Measurements).

A1l tests were performed in an ATS environmental chamber that uses
resistance elements fer heating and liquid nitrogen for cooling., The
heat from the resisﬁante elements is ¢ircuiated by an internal fan., The

liquid ritrogen evaporates as it enters the chamber and is circulated by
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a slight overpressure from the nitrogen source. Temperature is moni-
tored throughout the chamber by thermocoupies placed at var1dus loca-
tions within the chambor, jncluding one thermocouple attached directly
to the test specimen, Tests were conducted at three different tempera-
tures: 116K, 301K (room temperature), and 394K. Soak times of four to
six hours were required to attain stable éonditions at the Tow test
temperture. Two to four hours were required at the high test tempera-
ture,

The environmental chamber was mounted on an MTS hydralic tensile
testing machine., The tensile machine was fitted with special “moment-
free” grips which fit entirely within the chamber [2]. This fixture was
designed to provide accurate axial alignment and rotational freedom.
Load was measured by a resistance load cell located outside of the
chamber. During a test, stress and strain data were automatically and
periocdically sampled and recorded by a computerized data acquisition
- system that 1s tied directly into the testing equipment.  After each
test had been performed, all test data is graphed, tabulated, and ana-

lyzed by computer.

3.0 RESULTS
Sample stress-strain curves produced for this work are shown in
Fig. 1} through 6. Results of the testg performed are presented in
Tables 1 to 4. Data is catagorized by stiffness (Table 1), streagth
(Table 2}, Poisson's ratio (Table 3), and shear modulus (Table 4). Each
fable is then sub-divided according to laminate Tay-up and test tempera-

ture. The data is plotted as a function of temperature in Figs. 7
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through 21, and the‘coefficients of a least-sguares fit of the data are

presented in Tables 5 and 6.

3.1 Stress-Strain Curves

The data presented in Figs. 1 and 2 shows that stress-strain behav-
for is nearly linear for both the 0° and 90°-materjal at all test
temperatures, The principal moduli increase at both 116K (-250°) and
394K (+250°F), with the larger increase occurring at the lower test
temperature. In all cases, very 1ittle nonlincar behavior is roted
prior to failure. The 0°-material does exhibit a stiffening behavior at
high strains for room and elevated temperature (3],

Significant nonlinear behavior is exhibited in the stressestrain
curves at room and elevated temperatures for the other laminates tested
{Figs. 3-6). A1l four sets of stress-strain hehavior ([45]g, [+30,/-
30,1, [+459/-45,]c, and [+609/-60,3 ) show similar trends. At 116K
(-250°F) the stress-strain curve is essentially linear. As the test
temperature is increased, the elastic modulus decreases and the degree
of nonlinearity increases. In all cases, the larges. degree cf.non}in;
earity is exhibited at the high test temperature. This behavior is as
expected in view of the known influence of temperature on the response

of the epoxy matrix material. The noniinearity is more pronounced in

the laminates whose behavior is more dominated by matrix properties.

The nonlinearity is not evident in the [9038 laminate because of the low

failure strain,
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3.2 Elastic Properties

0°-laminate: Ey. The experimental results for the elastic modulus,

€y, are plotted as a function of temperature fn Fig. 7. HModuli values
are presented in Tadle 1 and the coefficlients of a}secand-order Curve
fit are given in Table 5. The modulus 1% 6'to 7 percent higher at hoth
elevated and low temperatures, a5 compared to that measured st room

temperature., Since fiber properties are independent of temperature

——

(over this range}, the temperature dependence obsarved here is a func-

tion of the changing wmatrix proparties, flber waviness, and residusl

_EESSEEEE——LQIL“~»The higher modulus at the elevated temperature 1s

believed to be due primarily to reduced residual stresses which result

in lower matrix stresses. Lower stresses in the matrix and stiraigbter

fibers should result in a higher modulus of the compusite due Lo the

absence of nonlinear mabrin behavior [5-9].  The higher sodulus at 4he
i Highel TOUKILe oL R

lower temperaturs Is & result of an {ncraase in the stiffness of the

matrix material. Apparentiy, the matrix s so stiff at low temperaiures

that its effect on the modulus of the composite overrides the effect of

—
residual stroesses,
—_

90%-1aminate: Ep.  The results fTor the transverse modulus Ko,

(Fig. B8, Tables 1 and 5) indicate that there 15 a 30 percent increase in
the transverse wmodulus ot the low temperature compared to the reem

temperature value. This indicates that the epoxy matriz-mybertet—is—

much stiffer at the lower ftemperature, Epoxies are known teo exhibit

this type af behavier at low temperatures. In contrast to the low

temperature results, increaving the temperature above room temperaturs

has such less influence on the transverse wmoadulus. Since increasing the

test temperature acts to reliave residual stresses, we may conclude Shat
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residual stresses do not play as large a role in affecting transverse

modulus as compared to their influence in the fiber direction, This is

consistent with the ruch lower influence of fiber waviness on the trans-

verse stiffness.

45°-1aminate: Gjz- This laminate was chosen as the bast specimen

for determination of the shear modulus, 612. based upon the findings ]
reference [2).. Averaje results for the shear modulus, Gyz, are plotted
in Fig. 9 and values for modulus and a second-order fit are glven in

Tables 1, 4, and 5. The res&its were obtained using a 4%-unidirectional

of f-axis specimen and the following standard relationship [10].

where E, 1s the measured axial modulus of the 45°-specinen and the other
quantities correspond to preperties in the material principal clordinate
system. The results indicate thet & second-order curve fit provides an

excelient correlation of the temperature dependence of Gyo. The nigher

value at the low temperature is consistent with the teamperature depen~

dent response of matrix dominated properties.

The variation of the axial modulus, F of the 45%°-laminate with

x!’
temperature 1is shown in Fig. 10 and values are given in Tables 1 and
6. - Comparison between eXperimentaI and theoretical values (Table 1)
indicates excellent ayreement at room and eicvated temperatures, but

less than stisfactory agreement at the low temperature,

' Poisson's ratio: Vige The temperature dependence of Vige (Fig.

11) 13 essentially linear, decreasing with increasing temperature. The
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higher Poisson's ratio at the low temperature is somoewhat surprising in
view of the elastisc symmetry condition:
£y

=

Y = V. =

The modulus ratio, £9/€p, is smaller at the low temperature compared to
the room temperature ratfo., Thus a higher Vi2 at the low temperature
should be accompanied by a significantiy higher Vol at the lYow tempere-
ture. While this trend was evident from the experimental results, the
values did not correspond to satisfaction to the E.v relationship., In

fact, the measured vaiuve of oy was mich too high. Accurate measurement

of the small strains involved is very difficult due to errors introduced

by the transverse sencitivity of the strain gages. 1n the case of 90°-

ﬁaterial. transverse sensitivity became prehibitively large compared to
the small strains that were measured.

Angle-ply laminates. Results for the effect of temperature on the

modulus of the angle-ply laminates tested are shown in Figs. 12-14, and
Tables 1 and 6. As the temperature increases, the modulus decreases for

all Tlaminatec. The decrease in mcdulus with temperature increase is

also {llustrated in the stress-strain curves for these laminates (Figs.

3 to 6§). As discussed in previous sections, at low temperatures the

epoxy matrix becomes stiffer resulting in increased laminate stiff-

ness. The stress-strain curves exhibit increcsed nonlinearity with
increasing temperature. This results in decreased overall stiffpess in

the laminate. It should be noted here that reduced ‘esidual stresses

{at higher temperature) are not expected to influence the stiffness of

thesa laminates nearly as much as it influences the stiffness of unidi-
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rectional material 1in the fiber direction. As with the'45-1aminate,

comparison between experimental and theoretical values (Table 1) indi-
cates excellent agreement at room and .elevated temperatures, but less

than satisfactory agreement at the low tomperaturé.

3.3 Strength Properties

0°-laminate: _Xy. Results for the temperature dependence of 0°-

laminate strength, including the type of failure mode noted, are shown
in Figs. 15 and 16. It is observed that the strehgfh increases nearty
1inearly with increasing temperature. These results are apparently due

to changing matiix properties and residual stresses. At the Tower

temperature, the matrix is brittle and stiff, resulting in higher resid-

ual stresses and less efficient load transfer .in regions of stress

concentration such as at fiber breaks. The reverse is true at elevated

temperatures.

The type of failure mode observed after the tensile tests of [0l
laminates is indicated ih Fig. 12. Tha room temperature and high tem-
perature tests both exhibit a “shatter-type" failure méden When the
composite test specimen fails in this mode, the specimen splits parallel
to the fibers into many small pieces. Very little of the original
specimen is left intact. This phenomenom appears to be more severe with

increasing temperature. On the other hand, low temperature tests

-

exhibit a "transverse-break" failure mode, Instead of splitting, the

composite speciman fails by a single jagged break across its width,

This is further evidence that the matrix material becomes more britile

at low test temperatures, These results may be an indicaticn that the

fiber/matrix bond is stronger at the low temperature. This could be the
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resuit of a much tighter “shrink-fit"™ due to the higher residual
stresses in the brittle matrix material,

90°-1aminate: Yr. The results in Fig. 17 indicate that the trans-

verse strength 15 not influenced strongly by temperafure. AS indicated

in the figure, there is considerable scatter in the dats at all three

test temperatures. Yhis is typical of tests on 90°-material.

45°-Yaminate. The temperature dependence of the strength of this
laminate is shown in Fig. 18, Clearly, there is significant variation
in strength depending upon the temperature. This laminate fails in &
mixed mode of 1inplane shear and transverse tensfon. Thus it {s not a
good specimen for determinaticn of fundamental properties, but rather
useful for correlation of theory and experiment for failure under biax-

tal Yoading. Such comparison will not be made here. The resulls are

5

2%

presentad for completeness. As mentioned previously, the specimen »

chosen for measurerent of shea modulus, not chear strength.

Angle-ply laminates. Temperature dependent streagth resulis for

the angle-ply iaminates are presented in Figs. 19-21 and Tables 2 and

6. The data shows that laminate strength does not follow & consistent

trend as a function of temperature. Jbvivusly, these lawinates are

affected in different ways and to differaent degrees by the changes in

the composite induced by temperature, A complex interaction occurs

hetween the increasing stiffness of the matrix (with decreasing tesperse

ture), the increase in fiber-direction strength (with increasing tewper-

ature), and the effect of residual stresses that may or wmay not be

ralieved by combipations of the above preopervies. A1l these intersc-

tioas make precise strenyth predictions difficult for laminates,
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TABLE 1

Stiffness (€,) Versus Temperature Data

* 3 . . .
Classizal lemination theory

Lay-up 116K (-250°F) 301K _(R.T.) 394K (+250°F)
[0]g:E3 157.9GPa (22.90msi) . 147.7 (21.42) 166.0 (22.62)
[453g 28.2 (4.089) 16.9 (2.452) 15.2 (2.211)
CTHEORETICAL>®  20.3 (2.950) 16.9 (2.450) 15.2 (2.210)
[90]g 14.5 (2.100) 11.1 (1.614) 11.7 (1.695)
[+30,/-30,] 70.4 (10.217) 52.2 (7.578) 50.3 (7.291)
<THEORETICAL>®  62.2 (9.160) 70.9 (8.420) §5.3 (8.090)
[+855/~455] 31.2 (4.523) 20.7 (2.997) 18.2 (2.638)
CTHECRETICAL>*  27.0 (3.910) 23.8 (3.450) 20.3 (2.950)
[+605/ 6051 27.6 (4.000) 12.5 (1.814) 14.6 (2.116)
<THEGRETICAL>" 17.0 (2.470) 14,1 {2.050) 12.8 (1.860)
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TABLE 2

Strength (cu]t) Versus Temperature Data

116K {-250°F) - 301K _(R.T.)
1,210MPa (175.7 ksi) 1,450 (209.7)
82.9 (12.02) 120.9 (17.54)
33.2 (4.815) 28.3 (4.107)
294.1 (42.66) 276.5 (40.10)
101.9 (14.78) 112.5 (16.32)
45.2 (6.56) 74.3 (10.77)

394K_(+250°F )
1,570 {228.0)

78.9 (11.45)
32.6 {4.729)
227.9 (33.05)
104.4 (15.14)

59,0 (8.55)

SO
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TASLE 3

Poisson's Ratis (“12) versus Temperature Data

Lay-up 116K _(-250°F ) 301K_(R.T.) 393K _(+250°F )

[03g:vy, 0.4922 0.2979 0.2098
TABLE 4

Shear Modulus (Gjg) Versus Temperature Date

Lay-up 116K (-250%F) 301K (R.T.) 398K (+250°F)

[45]g:61p 7.85GPa (1.138msi) 6.94(1.007) . 5.78 (0.8329)
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TABLE 5

Coefficients for Elastic and Strength Temperature Dependence

P=Cy+Cp ToCy T

2

where P is the property of interest and T is in kelvin.

Property
El (GPa)

El (msi)

Es (GPa)

Ez(mSi)

Y12

612’(Gpa)

612 (msi)

XT (MPa)
XT (?Si)

YT (MP&)
YT (kSi)

Lo

0.1824
0.2645

0.1961
0.2844

0.£092

0.7495
0.1087

0.1060
0.1538

0.4537
0.6580

X

C;

—

-0.2713 x 100
-0.3935 x 10-1

-0.5429 x 10-1
-0.7874 x 102

-0,1021 x 1072

10.6599 x 162
0.9671 x 103

0.1293 » 10}
0.1875 x 109

-0.1351 x 10Y
-0.1960 x 101

L2

0.5184 x 10°%

0.7519 x 10-%

0.8674 x 10°%
0.1258 x 107*

-0.2753 x 1074
-0.3993 x 1075

0.2608 x 1073
0.3782 x 1074
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TABLE 6
Property Cn , Cy [
E,, [457g (6Pa) 0.4069 x 102 -0.1257 x 100 0.1552 x 1073
E,, [45]g (msi) 0.5901 x 101 -0.1823 x 10"l 0.2251 x 107
Eys [+305/-30,]¢ (6Pa) 0.9143 x 10% -0.2140 % 100 0.2773 % 1073
Eyo [+30p/-30p)¢ (msi) 0.1326 x 10¢ -0.3103 x 10°1  0.4021 x 1074
Ey, [+455/-45,1; (GPa) 0.4158 x 102 ~0.1023 x 109 0.1089 x 1073
By, [+45p/-452] (msi) 0.6031 x 101 -0.1483 x 10-1  0.1579 x 107
By, [+605/-607)5 (GPa) " 0.5008 x 102 -0.2373 x 100 0.3734 x 103
Ey» [+605/-60p]¢ (msi)  ~ 0.7263 x 10! -.3041 x 1071 0.5416 x 107
Syqps [451g. (itPa) -0.2353 x 10° 0.1191 x 10! -0.2364 x 1072
o qgs [451g, (ksi) -0.3413 x 10> - 0.1728 x 10 -0.3425 x 1073
Caypye [¥30p7-30p]g (MPa) 6.2320 x 103 0.5455 x 10° ~0.1537 x 1072
aype [#302/-30,3¢ (ksi) 0.3648 x 102 0.7912 x 071 -0.2229 x 103
o,qp [*452/-455]5 (MPa) 0.7709 x 102 0.2747 x 100 -p.5211 x 1073
cyppr [+452/-43,0 (ksi) 0.1118 x 102 0.3984 x 107! -0.7558 x 1074
o qp [¥60,/-602]5 (MPa) -0.1335 x 102 0.6392 » 10V -0.1156 x 102
o, 10> [+602/-6057¢ (ksi) ~6.1936 x 10} 0.9270 x 10~ -0.1677 x 10-3
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4,0 SUMMARY ;

The résults»presentédléhow that the'eléstic‘and strength properties
of T300/5208 graphite-epoxy composite vary either linearly'or quadfam
tically with temperature. The important pfoperties of longitudinal and
" transverse modulus (El and Ez) show slight increases at both high and
Tow temperaturés. The femain{ng elastic properties exhibit a decrease
with increasihg iemperature. ,Stréngth in the ffber?diéectidn is linear
with an increase in strength accompanied by an. increase in tempera-
- ture. A1l other strength measurements exhibit é second-order curve fit.

At elevated temperaturas, reduced residual stresses result in Yower
matrix stresses - and- straightér fibers. Straighter fibers tend to
improve the properties of the composite in the fiber direction, but have
Tittle effect in other directions. 'Thefefore,'the IOﬁgit&dina1‘modulus,
€y, and iongitudinal strength, Xy, are increased while all other proper-
ties are affected very littie.

At low temperatures, the epoxy matrfx material becomes stiff aﬁd
brittle. A stiffer matrix gives rise fo increases in stiffness in all
orientations of the <amposite. Strengtf is also increased in all cases
except the 0°-material. A brittle and stiff matrix results in higher
residual stresses and less efficient load transfer invregions of stress
concentration, such as at fiber breaks, leading to decreased strength in
the fiber direction.

Comparison between'expeéimentil and theoretical values for laminate
modulus, for the °-laminate and the angie-ply Taminates, .indécétes
excellent agreement ét ‘room and elevated temperatures, but less than
satischtory agreemant. at the 1low temperature. This disagreement

becomes worse with {ncreasing fiber-angle. Possibly, the increase in

- At mmares R
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modulus and brittleness in the matrix material at Tower temperatures has
an affect on angle-ply laminates that is not taken into consideration
with the classical Tamination theory. More work will have to be done in

this area to resolve this question.
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