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ABSTRACT

A testing program to determine the time-temperature response of
unidirectional T300/934 graphite/epoxy materials is described. Short-term
(15 min. duration) creep test results of strip tensile specimen with the
load at various angles to the fiber direction and at various temperature
levels are reported. It is shown that the material s elastic at all
temperature levels when the fiber is in the load direction. On the other
hand, when the load is transverse to the fibers the viscoelastic response
s shown to vary from small amounts.at room temperature to large amounts
for temperatures in excess of the Tg (180°C). For other fiber angles,
i.e.. 10°, 30°, 60°, the response is similar to the latter.

The time temperature superposition principle or the method of reduced
variables is used to determine compliance master curves vor each fiber
angle tested. The 10° results are used to obtain the mastar curve for the
in-plane viscoelastic shear modulus. The viscoelastic equivalent to the
elastic orthotropic transfermation equation is used incrementally to pre-
dict the master curves for the tensile compliance of the off-axis specimen.
The incremental procedure by which the predictions are made are described
in detail. The predicted master curves are compared to the ones detemmined
experimentalty. Further, 25 hour creep test results for T = 180°C are
compared to predictions. Agreement between theory and experiment in all

cases is reasonable.
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INTRODUCTION e e

Advanced composite laminatés have enormous potential for wide use
as primary and secondary. structural components in aérospace applications
due to their high strength to weight ratios. At present a number. of fac-
tors inhibit the ready. acceptance of these materials by air frame manu- .
facturers. One such factor is. the current lack of understanding of the
mechanical behavior of polymer based laminates under certain long-term
environmental exposure conditions. It is well known that the epoxy resins
which are now used as the polymer matrix component of a composite exhibit
viscoelastic or time effects which are significantly affected by exposure
to both temperature and humidity. Epoxies soften as temperatures are in-
creased with resulting loss of both moduli and strength [1-4]. In addi-
tion, they absorb moisture and swell giving rise to residual stresses.
[5-8].

Qbviously, polyme: hased composite laminates will be similarly
affected by moisture and temperature under certain circumstances. Fiber-
dominated composites are not likely to suffer large reductions of either
moduii or strength in the fiber direction. In other directions, proper-
ties will be affected by losses of both strength and modulus. Perhaps
more importantly, drastic interply effects will occur. That is, delamina-
tions due to internal residual stresses caused by both temperature and
humidity are 1ikely to occur together with a deneral loss of interply
shear transfer capacity.

Because of these effects of environment, there is concern that time-

dependent properties such as creep, relaxation, delayed failures, creep
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Fuptures, etc., may be important Jong-term design consicerations for the
temperature arnd moisture levels anticipated in current structural appli-
cations. In fact, it has been shown that a delayed or viscoelastic
fracture response was encounteréed during a relaxation test of a [+45°1as
tensile strip containing a circular-hole at stress levels near ultimate
[9]. That is, a creep to failure.response occurred for individual plies
even though the applied load. to the laminate was relaxing in a fined grip
situation. Obviouslv, should the same phenomena ppqqﬁuip“prqtotype struc-
teres, unsafe premature failures would occur. o

"To be able to predict the lifetime of a structure under known load-
ing conditions requires eithe. 1ong-term testing or d model upon which
long-tern results can bé predicted from shiort-term tests. Obviously. long-
term testing equivalent to the duration of the lifetime of a structure is
undesirable. The alternative is to develop analytical or experimental
models which can be successfully used for extrapolation. For metals and
potymers a variety of techniques are availabte such as linear elastic
stress analysis, empirical extrapolative equations such as the Larson-
Miller parameter method, Minor's rule and frequency independence. the time-
temperature superpositdon.princip\e, etc.

Orie objective of this investigation was to study and measure the
thermomechanical viscoelastic response of a lamina that is required for the
analytical characterization of a laminate. This was td be accomplished by
the usual methed of ascertaining the appropriate properties of a uni-
directional laminate and assuming that the results would be applicable to

a single lamina. further, another objective was to determine if the time-

et e

temperature superposition principle could be app\ied to unidirectional

car T~
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properties and to use the master curves SO generated together with the .
orthotropic transformation equation to predict the off-axis compliance of :

a unidirectional laminate.

MATERIAL PROPERTIES
When a.untdirectional continuous fiber composite lamina is elastically
deformed under a state of plane siress, only four elastic constants are
required to completely characterize the material behavior. In terms of
engineering constants, these quantities are the principal Young's moduli,
Poisson's ratios, and the in-plane shear modulus. The Young's moduli are

usually written as Eyy and Egp, where E1y is the modulus when the applied

B O M

load is parallel to the fibers, and E22 is the modulus whén the fibers are

= ol

perpendicular to the applied load. The Poisson's ratios are expressed as

v]2 Or w21, Or simply as vijs where vij is the-ratio of transverse strain k a
in the j-direction to the longitudinal strain in the j-direction for a : i
stress in the j-direction. And finally, the shear modulus is normally
written as Gyp. which is the intralamina shear modulus. Thus, it would |
appear that five elastic constants are necessary to characterize ortho-
tropic behavior. However, the reciprocal relatiof vi2 Ep2 = v21 E7y must % i

be satisfied, leaving only four elastic constants.

Experimentally, only three laminate orientations are required to ob-

tain the four elastic constants. Three of the constants, Eyqs Eage and vqo \
can be easily determined [10], and the intralamina stoar modulus can be |
found using the 10° off-axis tensile test proposed by Daniel and Liber (M
and Chamis and sinclair [12]. A recent comparative study by Yeow and :
grinson [13] on the shear response of T300/934 graphite/epoxy laminates i

|

concluded that the 10° off-axis test gave better results for the shear

P i o
[
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ensile test method of the [0°/790"]g sym-

modulus than either the [+45%]g ¢

ic rail sheav test méthod, ... . .

mett _
lastic. the material par

If the matevial is viscoe ameters provious\y

discussed will pe a function of time, temperature, velative humidity.
stress level, etc. [14]. However. the present study will address only the
effects of time and temperature on the material rOSPONSe. The stroess 1oved

jal response is linear. The viscoelastic

will be such that the mater

response will be detormined using e\perimontal methods similar to those

o materials [15]: howevers cons id

for elaskic eration must be given to the

time. temperature and stress level.

EXPERIMENTAL CONSIDERATIONS

The particu]ar composite materials studied in this jnvestigation weve
manufactured From T300/934 graphite/epoxy pre-prea tapes by Lockheed-
A1l test specimens were cut from & single large panel of

sunnyvale, CA.
on, all gpecimens were uni-

a diamond wheel., In additi

the material using
and fiber orientations with respect

directional laminates whose qeometvy
to load direction weve [0“]85. [90“]85. and [10“]8S. Load was transferred
to the 1.27 X 26,40 x 0.23 em (0.5 x 10X 0.00 in.) specimens throuah

such that the distance between ond

fiberglass iabs bonded to the laminate.

tabs was 15.24 cm (6 in.).

ons weve instrumentod with three-element roctanqular

Tensile specim
CEA-OG-\CbUR-SBO. from Micro-Moasurvmonts.

age s -75°C to 208°C (-100°F to VB

strain gage vosettes, type

The temperature range of this 4

which is adequate for the temperatuve range Lo
program. Strain qaue rosettes were bonded {0 specimens with M-Bond o0

nsideved in the oxporimonta\
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th
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Mechanical conditioning was accomplished by first subjecting speci-
menis to creep loads of approximately 50% of the room temperature ultimate
strength, After 16 minutes the 1nad was removed, the specimen was allowed
to recover to approximately zero strain, and the process was repeated five
times. The same specimens were then subjected to fifty low frequency
cyclic loads. Mechanical properties measured after the cyclic loading
were essentially the same as those meas' -ed after the first thermal cycle.
Thus, conditioning of the specimers was unnécessary, and it was established

that the same specimen could be used repeatedly.

DATA REDUCTION AND DISCUSSION OF RESULTS

The glass transition temperature was determined by placing specimens
instrumented with three-element rectangular strain gage rosettes ina -
thermal chamber and measuring thermal expansions as a function of tempera-
ture. Each measurement was made after an equilibrium temperature was
reached. The results, shown in Figure 1, indicate two transition tempera-
tures. A secondary trahsition temperature, TgS occurred at 60°C, whereas
the primary glass transition temperature, Tg, was at 180°C. Theérmal
cycling did not appreciably affect the results.

Figure 1 also reveals three distinct values of the coefficient of
thermal expansion in the 90° (perpendicular to fibers) and 45° directions.
The coefficient of thermal expansion in the 90° direction-was twice that
in the 45° direction, as it should be if the tensor transformation equa-
tions hold. Thermal expansion along the fibers was very small.

A typical creep and recovery curve is shown in Figure 2. In order ..

to consider the material as linear viscoelastic, the instantaneous creep




and creep recovery strains, 1q. should be the same [18]. In o1 isothermal
tests such a response was noted.

Another linearity check is shown in Figure 3, where creep stress is
plotted against 15 min. creep strain, for two temperatures. This figure
shows that there was an upper bound below which the axial stress - axial
strain (15 min.) relationship was 1inear, and that the upper bound tended
to decrease for increasing temperatures. In all subsequent calculations
the applied load was such that the axial stress - 15 min. axial strain
relationship was in the linear range.

Figure 3 also shows a linearity check for shear stress - shear strain.
This behavior was obtained from a [IO“]SS tensile test, similar to “hit
used by Chamis and Sinclair [12] and Yeow and Brinson My = Sra-
lamina shear stress, tqo, Was determined froir the trans.ormation ecuation

for stress as

1y, = %—ox sin 20 (1)

where x denotes *the load direction, and ¢ is the angle between the load
direction and the fiber (or 1) direction. For the [10"]85 specimen,
o = 10°.

Using the strain transformation equations, the shearing strain.» 12°

was calculated from the equation

ro
—

o = -(cx - sy) sin 20 + Yay cos 2u (
where
= 2 -y ey
\xy Ll45.\ tx Ly
In these equations tys Oy and tqgo Are the axial, transverse, and 45°

strains, respectively, obtained from the three-element rectangular rosettes.
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Five material parameters were measured in each isothermal creep test.
These weré the compliances and_the Poisson's ratios represented by 511’
522, 566’ Y2 and Vot Two parameters, Sn and V1o weré found to be time
and temperature independent while the remaining three were found to be time
and temperature dependent for the range of temperatures considered. The
reduced viscoelastic compliances and Poisson's ratio were determined from

the equations,

ept) ¢
sptt) « 2= | (3)
(t)
vy (t) = 2 0T (4)
_n2{t) g
Sﬁﬁ(t) = —TTZ——T(; (5)

respectively where t represents time, T was the absolute test temperature

and To was the absolute reference temperature (taken as the primary Tg of

453°K). The reduced properties Szz(t) and v21(t) were obtained from creep

test of [90°]8s tensile specimens where o, was the applied stress. The

reduced compliance Ssﬁ(t) was obtained from creep test of [10°]85 tensile

specimens and Y12(t) and Ty, were determined from equations (1) and (2).
1t should be noted that the method of reduced variables normally

used for polymers [1] was used to write equations (3), (4), and (5), that

is
= £l
whére
gt = Jt g..t..
o 2T

B K T e e e - s
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poand p, are densities at temperatures T and Ty, respectively, and ay is
the shift factor. For most solids the variation of densities with tempera-
ture is small and is often neglected.  The same has been.done herein,
Boefore discussing results, 1t might.be appropriate to note that
while creop tests were performed and compliances were calceulated, we have
elected to plot reciprocity of compliance in all cases. This was done such.
that properties could veadily be intérpreted qualitatively as the modulus
variations one might expect in & relaxation test. Of course, no reciprocity
between modulus and compliance is implied by our data or its representation.
Figure 4 illustrates the time-temperature behavior of the reduced
reciprocal of Szg(t). for short-time (16 min.) creep at various tempera-
ture levels. The reduced compliance was calculated using equation (3).
Figure .4. shows the.effect of time and temperature on 1{822. and indicates
that the effect of tomperature.is greatest for T ~ Tg (= 180°C).. A portion
of the master curve is shown in Figure 4, while the complete master curve
is shown in Figure 5, where the reference temperature was taken as the
primary transition temperature.

Figures 6 and 7 show, respectively, the master curve for the recip-

rocal of the reduced shear compliance, and the master curve for the reduced -

Poisson's ratin. For all magter curves, the change in creep properties is
most pronounced after the primavy transition temperature,

Figure 8 shows the unreduced one minute reciprocal of compliance vs.
temperature vosults for temperatures from T - 20°C to T = 210°C for the
[90“]RS laminate. The vesults shown in Fiqure 8 are as expected and are

guite stmilar to the results one would obtain for a neat epoxy resin (107,

5 — v m——
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Fach master curve (refer to Figures b, 6, 7) was obtained by
araphically shifting the reduced short-time curves, such as those shown
in Figwre 4. In some cases. the curves at various temperatures did not
overlap, and thus the shifting procedure required interpolation betweer
constant temperature curves. The interpolative procedure is 11lustrated
by veferring to Figure 8, The constant time curve was fitted by a poly-
nomial equation relating reciprocal of compliance to temperature,  This
procedure. was. repeated for other constant time curves, 1t should be noted
that the-polynomial equations were written in tews of reduced reciprocal
of compliance, instead of veciprocal of compliance as shown in Figure 8.
The resulting polynomial equations were then used to interpolate between
short-time test vesults, such as those shown inFigure 4, to produce a
complete master curve,

The values uf the shift factow. ay, as a function of temperature
were obtained by yraphically shifting reduced. short-time curves (such as
shown in Figure 4) along the log time axis until one continuous curve was
obtained. This corvesponds to multiplying évery value of the absicca of
a particular constant temperature curve by a constant factor. fn all
cases the curves were brought inte alignment ‘with the cuvve corresponding
to the primary transition temperature. The vesults are Shown in Figure 9,
The shitt factors for I/S23 and ‘/SGG are ossentially the same,  This
result together with vesults for othor fiber directions not included
horein las ostablishod that.. - » shift factor is tndependent -of fibor
orientatiofi. A similar vesult was obtained by Moehlenpah, Ishat, and

Dikenedetto [19].

e e o .
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The discrepancy between the reduced v21(t) shift factor and the
other. two components, as shown in Figure 9, might be the vasult of scatter
in the transverse strain data of the [90“]85 specimens. For these speci-
mens the. .axial (load direction) strain changed appreciably. whereas the
transverse (fiber direction) strain showed small (approximately 5w strain)
random changes. Thus, it was difficult to draw smooth curves through the
reduced Voy ~ log time data (i.e., turves similar to Figure 4), which
resulted in error in graphical shifting to find the shift _factor.

Several analytical equations have been proposed for the shift factor

behavior of polymers. An Arrhenius type equation is often observed when

T < Tgs 1.0,
Toa a1 = . J0m H‘ - H (7)
where AH is the activation enerqy. R is the universal ges constant, and .
To is an arbitrary refevence temperature. 1f the activation eneray is
constant, a plot of log ay versus %Ashou1d be linear. Thus, it is easy to
calculate the shift factor at any temperature less than Tg. However,
Figure 10 reveals a nonlinear relationship between log ay and } . There-
fore, no further attempt was.made at using an Arrhenius type equation.
Above the Tq 4 WLF type equation [V]. is often used to predict the
shift factor behavior of polymers. The results, depicted in Figure 9, show
reasonable agreenent between experinental data and the WLF type equation.
The constants in the WLF equation were obtained by a best fit to the data
and are different than those tormally used for neat resins [1,2]. Below
the Tqgs the shift furction di ffers markedly from the WLF equation, as

would be expected. {n addition, an inflection point in the shift fuiiction
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curve is observed at the Tg.

In subsequent calculations, feither the Arvhenius or WLF type equa-

tions were used. _Instead, polynomial equations were fitted to the shift
function vs. temperature vesults. the use of such equations will he

apparent later. 4

PREDICTION OF OFF-AXIS LAMINA COMPLIANCE
when using lamination theory it is necessavy to calculate the trans-
formed reduced compliances for a lamina arbitrarily oriented with respect
to a laminate or global axis. system [10]. For an elastic lamina this can
be accomplished using the four orthotropic properties (51‘. 522. Vi2®

366) and the orthotropic transformation equation. In the present case, two

properties..s22 and 566' are time dependent and two properties, Sn and Vip
are time indepéndent. Thus, the orthotropic transformation equation can

be written as,

Sxx(t) * Sy cos4 o+ [Sﬁﬁ(t) - 29 511] sin2 \ cos2 A
+ SZ?(t) sin4 P (8)

where (t) denotes.a function of time and Sxx vepresents thé compliance of
the lamina at the angle ® with respect to the fiber dirvection. Equation
(8) is the viscoelastic analogue to the orthotropic elastic constitutive
equation only for the case. that Sn or Vyg {s in fact time independent.
often, under cértain circumstances, the elastic version of equation
(8) is used to. predict S, or Eyx of a tensile specimen with the fibers at
an darbitravy angle to the 1oad (x} divection. [10]. In order to assess the
applicability of using the method of rodiced variables and master curves

in a viscoelastic version of lamination theory. equation (8) was used to
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predict the off-axis master curves for Sxx(t) of [30"]8s and [60“]88
laminates.

As may be understood from.an éxamination of Figure 4, a certain amount
of experimental scatter was unavoidable. This was minimized by theé smooth-
ing operation used in obtaining the master curvé for a particular function.
Similar comments can be made relative to the shift function ay. In addi-
tion, temperatures for each short-term test (16 min.) were difficult to
repeat exactly. Therefore, it was desirable to work with the smoothed
curves rather than discrete data points and to produce the entire Sxx mas ter
curve from a computer program written for that purpose which could be
eventually used in conjunction with a lamination stress analysis program.
Toward this end, data was taken from the master curves of Figures 5 and 6
for a generic point in time. This data was unreduced and by using the
shift factor from the polynomial relation for ap as a function of tempera-
ture for. the appropriate point on the master curves of 522 and 566’ the
master curve for Sxx was produced. As stated earlier the results are
shown in Figures 11 and 12 for two different fiber orientations.

Also shown in Figures 11 and 12 are the master curves which were
determined experimentally using the procedures described previously. As may
be observed good agreement between experiment and our numerical.solution
of equation (8) was obtained.

In an effort to quantify the experimental error of short-term test-
ing for the master curves and the calculation procedures used to detérmine
off-axis master curves, twenty five hour creep tests were run for the-
[IO“]BS. [30“]85. [60"]BS and [90"]85 geometries at the reference témpera-

ture of T = Tg = 180°C. These results are shown superimposed on the
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master curves of Figures 5, 6, 11, and 12,

It is interesting to note that deviations between the twenty five
tour (1.5 X 103 min) data and the master curves (1.0, S?C and 855) pro-
du. ed from sixteen minute (.6 x 10‘ min) tests were encountered.  Obvious-
1y, such deviations could be due to either the experiments or the method
of producing the master curves. We believe that the veason i 1ikely the
former and represents usual statisticdl variations encountered {n composite
materials.

Correlation between the three vresults, i.e.. short-term tests, pre-
dictions, and twenty five hour tests, for the [3&“]8$ laminate is quite
good. On the other hand, for the [6(“]88 laminate, correlations among the
three vesults are only veasonable. Again, it is felt that the explanation
for these comparisons can be attributed to statistical variations normally
found in composite materials and for that redson we feel the comparisons

in all cases are quite goud.

SUMMARY AND CONCLUSTONS

The results presented herein indicate that a particular graphite/
epoxy material,.T§00/934. has properties which are both temperature and
time dependent. [t is 1ikely that the results found are representative of
other graphite/epoxy materials and, in fact, other polymer-based fiber ve-
inforced materials.

specifically, it has been shown that a gfass-transition tomperature
of graphite/époxy can be established by standard methods, i.e.4 measurenent
of thermal expansions. It might be noted that efforts werd made to measure

expansions using an extonsometer but that significant eeror was produced

i
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due to the thermal expansion of the base metal of the ontonsometer,  For
example, negative oapans fons were somet fmes indicated, Obwiously, care
must be exercised_in interproeting posults so produced and it is felt that
electrical strain gages roprosent. the better procodure,

The T300/934 graphite/epony matorial studied has two apparent transi-
tion temperatures, a small secondary transition at Tow temperature and a
primagy transition near the cure toemperature (v 180°C o IHOCF) for the
material. Further, these vosults Vikely arve solely attributable to the
resin,

A program of mechanical and thermal conditioning was pevformed and

the results indicated that numevous cveling of either varfable produced

insignificant changes in mechanical propervties, This fact was. extremely

—-important as time and temperature tvends for the material could be ostab-

lished with a single specimen for each fiber ovrientation. Obviously, if
reliable master curves fora material are to be produced then many tosts

will be noeded to establish the statistical vaviation of propartics with

time and temperature. That was not the purpose of the prosent investigation.

It was showt that the compl fance in the fiber direction, S“. and
Potsson's ratio, Ve wore time independent.  The former rosults were
expected and.simply vorify that araphite fibers are jnsonsitive to time
and temperatuve.  The latter vesults of time independence of'v‘s can.only
bo considored tontative at this time as the strain levels in the trdnsverse
divection wore quite- low with stunificant anounts of scatter,

The two compliances veprosented by S?C and Saa woere shown to be time
and tenperatuve depondent especially at temperatures neay and above the

primvy Tg. Further, #t was shown that' the data coudd be used to praduce
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mastor curves for these two functions. Shift functions were obtained and
it was shown that an Avrhenius type equation did not model the data well,
However, reasonable agreement between d WLF type equation (1] and the shift
factor for temperatures above the.Tg was obtained.

The master curves and shift functions were used in conjunction with
a viscoelastic orthotropic transformation equation and additional master
curves for two off-axis tensile geometries were predicted. In addition,
twenty five hour creep tests were peformed and the results compared to pre-
dictions. In all cases the correlation between predictions and experiment
were reasonable. peviations were encountered and could be attributable to
either the experiments (short- ov 1ong-tenn) or to the analytical methods
used to make the predictions.

The fundamental conclusions to. draw from this jnvestigation are:

+ Fiber dominated properties are time and temperature insensitive.

. Matrix dominated properties ave time and tempevature sensitive.

. Master curves of matrix dominated properties can be produced.

. Predictions of trans formed veduced stiffness master curves can

be made by usual procedures.

The latter two items essentially mean that a lamination theovy compu-
tational procedure including viscoelastic properties is feasible.

Probably the most jmportant significance of the data included herein
is that composite structural components should not be allowed to encounter
temperatures in excess of the Tq. If such were to happen significant

matrix and interply viscoelastic offects should be expected.
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