Linear Viscoelastic Properties of HFPE-II-52 Polyimide
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ABSTRACT: The polyimide HFPE-II-52 was developed at
NASA Glenn Research Center for use as a matrix in high
temperature composite materials. The unique properties of
such composites stem largely from the performance of the
matrix at high temperature. Thus, as part of a larger effort to
study high temperature composite materials, the linear vis-
coelastic properties of HFPE are measured and a mathemat-
ical model of the properties is developed. In particular,
storage, loss, and stress relaxation moduli were obtained
from cyclic and transient loading experiments. A Prony
series was fit to the relaxation modulus data. As a cross

check, the fit to the relaxation modulus was converted to
storage and loss moduli and compared with those measured
directly. Effects of postcuring and of moisture on the prop-
erties are investigated as well. These results provide re-
searchers with a constitutive model for HFPE-II-52 and pro-
vide some insight into the performance of HFPE matrix
composites at high temperatures. © 2006 Wiley Periodicals, Inc.
] Appl Polym Sci 100: 3255-3263, 2006

Key words: high temperature materials; mechanical proper-
ties; polyimides; viscoelastic properties; Prony series

INTRODUCTION

Polymer matrix composites (PMCs) have found a
broad range of applications due to their low density
and high specific strength. They are applied in many
weight critical systems such as automotive, aerospace,
marine, and civil structures as well as in sporting
goods such as skis and tennis rackets. In these appli-
cations, the material is rarely subjected to tempera-
tures beyond 100 °C. However if new PMCs that
maintain a significant fraction of their strength and
stiffness at high temperatures can be developed, then
the benefits of PMCs can be extended to a large range
of new applications such as aircraft engines, airframes
for high speed aircraft, missiles, rocket motor backup
structures, and reentry vehicles.

Graphite fiber—polyimide composites are a promis-
ing class of high temperature PMCs. Such materials
typically have T, of 350-400 °C with operating tem-
peratures of 315-370 °C.! In addition to high temper-
ature capabilities, their low dielectric constants and
low coefficients of thermal expansion have made poly-
imides suitable for electronic packaging applications.?

Polyimide chemistry is thought to have started at
DuPont in the 1950s and 1960s,> with the development
of Pyralin™ soluble polyimides for use as wire coat-
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ings and Kapton-H™ polyimide films. These types of
polyimides, referred to as condensation polyimides,
have found applications as thin films in electronics
packaging, wire insulation, and gas separator mem-
branes. In addition, condensation polyimides have
been used as composite matrix resins. An example of
a polyimide used in carbon fiber composites is Du-
Pont’s Avimid N®,' which although thermally stable,
imposes difficulties in processing due to voids gener-
ated from the removal of the high boiling solvent,
N-methyl-2-pyrrolidinone, during composite fabrica-
tion.

In the early 1970s, addition-curing polyimides were
developed to improve the processability of condensa-
tion polyimides while retaining the desirable proper-
ties of stability and high temperature performance.
From these efforts the polymerization of monomer
reactant (PMR) family of polyimides emerged.* An
example is PMR-15, which has a T, of 350 °C.>® Due to
its good high temperature performance and process-
ability, PMR-15 composites are widely used as light-
weight components for aircraft engines for long-term
(290 °C) applications.”

In an effort to develop a polyimide with better high
temperature performance than the PMR-15, a second
generation of PMR resins emerged, namely PMR-
113719 Although PMR-II is inherently more thermally
stable and has a higher servicing temperature of 315
°C, it is more difficult to process PMR-II than PMR-15.

These deficiencies have prompted the search for
new PMR resins, with HFPE-II-52 being one of them.
HFPE-II-52 replaces the norbornyl endcaps used in
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PMR-15 and PMR-II with 4-phenylethynylphthalic
acid, methyl ester (PEPE)'" endcaps. Since the phenyl-
ethynyl endcap displays a wider processing window '
and cures without the evolution of volatile cyclopen-
tadiene as in the case of the nadic endcap, the process-
ability of HFPE-type resins is better than that of the
corresponding PMR-II-50.

At elevated temperatures, polyimide composites
will behave in a time-dependent manner because of
the viscoelastic nature of the polymer matrix, changes
in the chemical characteristic of the polymer (chemical
aging), evolution towards an equilibrium state (phys-
ical aging), moisture absorption (hydrothermal ef-
fects), and evolving material defects due to loading
and environment (damage)."> Experimental ap-
proaches to understand the viscoelastic response and
long-term behavior, coupled with damage of polyim-
ide matrix composites are not easily developed be-
cause the large number of variables involved. There-
fore, in addition to experimental methods, computa-
tional approaches based on finite element methods
(FEM) are being developed and applied to understand
the physical response of polyimide composites to high
temperature loadings.'* To apply these computational
methods, constitutive models of all component mate-
rials, including the matrix are required. The present
work aims at investigating the material properties of
the polyimide HFPE-II-52. Specifically, the linear vis-
coelastic properties are measured over a range of —35
to 385 °C, using dynamic modulus and stress relax-
ation approaches. A mathematical model suitable for
computational simulations is developed based on the
stress relaxation modulus and cross checked against
the dynamic modulus data.

THEORY

A brief review of the theory of linear viscoelasticity is
given here to set the stage for the experiments and
data reduction to follow. It is assumed that the mate-
rial behaves in a linearly viscoelastic manner and that
it follows the time-temperature superposition (TTS)
principle.”® Thus, given a uniaxial strain history &(t),
the stress o(t) is

o(t) =f E(r — 7")&(t")dt’,

where E(7) is the relaxation modulus, 7 is time, scaled
according to the TTS principle,

[t oar
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where 6 is temperature and a(6) is the scaling function.
To characterize the tensile response of a linear vis-
coelastic material E(t) and a(6) can be determined
through a series of stress relaxation experiments in
which a step strain is applied to a test sample and the
stress relaxation histories are measured over a wide
temperature range.

An alternative is to characterize the material by its
complex modulus. If at fixed temperature the strain, ¢,
is cycled at frequency w and amplitude ¢,

e(t) = Im[ge'] = g,sinwt,
then the stress will be related to strain by

o(t) = Im[E*(w,0)e,''] = &o(E' (w,0)sinwt

+ E"(w,0)coswt),
where
E*=E’ +iE"

is the complex modulus. The real part of E is the
storage modulus, a measure of the energy retained
during a loading cycle. The imaginary part of E” is the
loss modulus, a measure of the energy dissipated dur-
ing a loading cycle. If the material was purely elastic
the loss modulus would be zero.

Let E' = E cosd and E” = E sind, where E  is the
magnitude of E". Using trigonometric identities the
stress can be written as

o(t) = &y|E*| sin (ot + 8) = oysin(wt + §).

Hence E° = 0,/&, and the complex modulus can be
calculated based on the measured stress amplitude,
0y, and phase §, as

, 0o , 0o .
E’ = — cos§, E"=—sin é.
€o €o

The complex modulus is related to the stress relax-
ation modulus by

E*(w,0) = E(x) + iwf“ [E(7") = E()]e ™dt'. (1)
0

HFPE-II-52 SYNTHESIS AND PROCESSING

HFPE-II-52 is a polyimide prepared from a monomer
solution of 4, 4’-(hexafluoroisopropylidene)diphthalic
acid, methyl ester (HFDE) and p-phenylenediamine
(p-PDA) with 4-phenylethynylphthalic acid, methyl
ester (PEPE) in 50% methanol. Monomer reactants in
methanol are commonly used to produce oligomers
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terminated with reactive endcaps.'® The aromatic end-
cap 4-phenylethynylphthalic acid, methyl ester
(PEPE), which is used in HFPE-II-52, is known to cure
at 330-395 °C without the evolution of volatiles."” As
a result, the HFPE resin can be processed to high
quality composites with a low void content. A more
detailed account on how to synthesize HFPE-II-52 is
provided in refs. 18 and 19.

After the HFPE-II-52 has been synthesized, it is
ground into fine powder and compression molded
into 100 X 100 X 3.5 mm? rectangular tiles. The com-
pression molding press is first preheated to 367 °C.
Then a mold is charged with 45 g of HFPE powder
and placed into the press. The powder melts as the
mold temperature reaches 360 °C (in about 10 min),
after which a part pressure of 17.2 MPa is applied
while the temperature is ramped up to 377 °C. This
temperature and pressure are held for 2 h. After com-
pletion of this cycle, the pressure is removed and the
part is cooled to 200 °C before removing it from the
mold.

EXPERIMENTAL

Both complex modulus and stress relaxation experi-
ments were performed. The complex modulus exper-
iments were performed between frequencies of 0.1-
100 Hz and temperature range of 25-385 °C. The stress
relaxation experiments were performed at constant
strain of 0.3% from —35 to 355 °C. These experiments
were performed using a TA Instruments Dynamic
Mechanical Analyzer DMA 2980 in three-point bend-
ing with 60 X 9%2.2 mm? samples. The span between
support pins was 50 mm. Samples were cut with a
diamond wire saw and polished to the desired thick-
ness to a tolerance of +0.025 mm. Samples were tested
in both “dry” and “wet” conditions. The dry samples
were conditioned by placing them in a vacuum oven
at 70 °C for 72 h. The wet samples were conditioned by
soaking in 70 °C distilled water for 72 h. Equilibrium
moisture absorption is 3.2%, as measured by first dry-
ing the samples, weighing them, allowing them to
saturate with moisture, and then reweighing the sam-
ples.®

To select the strain range for the measurements, a
preliminary experiment was performed to measure
the dynamic modulus as a function of strain. This
experiment showed that the storage modulus at 1 Hz
was independent of strain up to at least 0.5% strain.
Based on these results a strain range of 0.3% was
selected for all measurements.

Dynamic modulus experiments were performed at 1
Hz, using four wet and four dry samples, while a fifth
pair of samples was tested over the entire temperature
range at frequencies from 0.1 to 100 Hz. Each pair was
taken from a different plate of HFPE-II-52. All plates
were prepared from the same batch of powder. Steps
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Figure 1 Average storage modulus vs. temperature of all
dry and wet samples tested at 1 Hz. Each bar is 1 standard
deviation. Modulus of postcured sample is plotted as well.

of 20 °C were taken with a 5 min hold between steps
to allow the sample temperature to equilibrate.

Stress relaxation modulus experiments were per-
formed on two dry samples, taken from different
plates. In both experiments, steps of 30 °C were taken.
For the first sample, a step strain was applied and held
for 20 min, while the load relaxed. Next the load was
removed and the sample was allowed to recover or
creep back to its initial state for 10 min. In the second
sample, the relaxation and recovery times were in-
creased to 25 and 15 min.

In addition to the above measurements, the static
Poisson’s ratio of the material at room temperature
was measured using axial and transverse strain
gauges bonded to a 100 X 13 X 2.2 mm?’ straight
sample. The sample was loaded monotonically and
the transverse and axial strains recorded.

RESULTS
Complex modulus

The average 1 Hz storage modulus with *1 standard
deviation error bars is plotted in Figure 1 for both dry
and wet samples. The average value for the storage
modulus of dry HFPE-II-52 at 25 °C is 3.91 = 0.18 GPa.
The corresponding value of storage modulus for the
wet samples is 3.88 = 0.13 GPa. The results indicate
that within a standard deviation storage modulus for
wet and dry samples are identical.

Note that the wet sample data are given only up to
100 °C. The samples are relatively thin and thus as
they are being heated for the different temperature
steps of the dynamic modulus experiment they are at
the same time drying out. In a separate experiment it
was found that in the ~30 min it takes to reach 100 °C
during a single frequency test, the sample lost 20% of
its initial moisture. In the multifrequency experiments
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Figure 2 Average loss modulus vs. temperature of all dry
and wet samples tested at 1 Hz. Each bar is 1 standard
deviation. Modulus of postcured sample is plotted as well.

it takes 150 min to reach 100 °C; in that time the
sample lost 50% of its moisture. Beyond 100 °C the rate
of moisture loss increases further and by the time the
sample reaches 200 °C it is essentially dry. Thus we are
unable to report accurate wet sample data beyond 100
°C. Attempts to measure wet properties above 100 °C
by rapidly heating a wet sample at 6 °C/min. failed
because the sample blistered. Such behavior has been
seen in earlier studies as well.*!

The average loss modulus and error bars are plotted
in Figure 2 for both the dry and wet samples. It is seen
that the wet and dry samples have essentially the
same loss modulus, 0.14 *+ 0.03 GPa at 25 °C.

Storage modulus is a monotonically decreasing
function of temperature, while loss modulus has two
peaks, a beta (B) loss peak at around 135 °C and an
alpha (@) loss peak at about 365 °C. The alpha loss
peak is associated with the glass transition tempera-
ture (T,) of the material. A more accurate measure of
T, was obtained using a thermomechanical analyzer,
TA Instruments Q-Series 400. The glass transition tem-
perature was determined to be 351 °C.

The effect of frequency of loading was assessed
through the multifrequency experiments. The storage
and loss moduli are plotted in Figures 3 and 4 for a
single dry and single wet sample. As expected the
storage modulus increases with frequency, although
this effect is weaker at the higher temperatures. Sim-
ilarly the loss modulus decreases with increasing fre-
quency, although the decrease is relatively small.

Effect of postcuring

When fabricating PMCs, it is a standard practice to
postcure the part to optimize its mechanical proper-
ties. It has been shown for HFPE that postcuring at
temperatures higher than 350-370 °C, the T, of the
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Figure 3 Storage modulus as a function of temperature for
a dry and a wet sample tested at multiple frequencies.
Results for 100, 10, 1, and 0.1 Hz are shown.

resin, advances the T, of the composite. However,
postcuring at temperatures higher than 371 °C for
more than 40 h resulted in degradation of the neat
resin”? To evaluate the mechanical properties of
HFPE-II-52 after a typical postcure cycle, a rectangular
sample of the same dimensions as the ones used for
dynamic testing was heated from RT to 371 °C (700 °F)
in 2 h and held at that temperature for 16 h. The
postcured sample was tested for dynamic modulus at
1 Hz.

Figure 1 compares the storage modulus of the post-
cured sample to the average storage modulus of all
dry samples. The postcured sample has a slightly
lower storage modulus than average for temperatures
up to about 100 °C but remains within one standard
deviation, while for temperatures higher than 300 °C,
its storage modulus is considerably higher. On the
other hand, since Figure 2 shows that the peak of the
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Figure 4 Loss modulus as a function of temperature for a
dry and a wet sample tested at multiple frequencies. Results
for 100, 10, 1, and 0.1 Hz are shown.
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Figure 5 Relaxation modulus vs. time for sample 2.

loss modulus is approximately the same for the cured
and postcured samples, it appears that there is no
considerable increase in the T, of the polyimide.

The effect of postcuring becomes important and
desirable when the composite is intended to function
in environments where the temperature is close to or
beyond the glass transition temperature of the resin.
For example, at 365 °C the postcured sample has a
storage modulus that is 50% larger than that of the
nonpostcured sample. On the other hand, postcuring
may not be desirable when the operating temperature
of the material is considerably below its T, as post-
curing may result in delamination of the composite
and adds considerably to the fabrication time.

Stress relaxation modulus

Stress relaxation experiments were performed for two
samples. The data from the second of the two exper-
iments are plotted in Figure 5. As expected the mate-
rial relaxes much faster at high temperatures. Using
the TTS principle in which time is rescaled by = = t/
a(0) where t is time, 6 is temperature, and a(6) the
temperature-dependent scaling factor, the data can all
be collected onto a single master curve by plotting the
relaxation modulus versus log;, time and shifting the
individual curves until a single smooth curve is ob-
tained. The values of log;y(a()) needed to shift the
curves are given in Figure 6 for both samples. Shifting
both data sets to 25 °C (i.e., a(25) = 1), the relaxation
modulus is plotted against scaled time, 7, in Figure 7.
Note that at the higher temperatures there is a notice-
able difference between the relaxation modulus for the
samples, cut from two different plates, but from the
same batch of HFPE-II-52 powder. Sample 1 relaxes to
a lower modulus in a shorter time, or equivalently, at
a lower temperature. This is in contrast to the obser-
vation that samples made from this same plate and
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Figure 6 Shift factors, log,y(a( 6* )) vs. 6* for two samples.
A polynomial and a WLF function are fit to the combined
shift factors for samples 1 and 2.

tested for complex modulus had higher storage mod-
uli at every temperature.

It is interesting to note that the relaxation modulus
decreases at a constant rate over a large time period
and after about 10'° s it starts to decrease dramatically.
If the material were to be used at 300 °C where a(0) is
approximately 10™'%, to reach 7 = 10 s would re-
quire + = a(f) X 7 = 10 s, or just 17 min. This
implies that high temperature creep rupture of com-
posites could become an issue for relatively short du-
rations of loading.

MATHEMATICAL MODEL
Time-temperature shift

The purpose of performing the relaxation experiment
was to understand the material’s properties at differ-

4500
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L i
10" 10’
Tirme{zec)

Figure 7 Relaxation modulus versus scaled time. Data
from samples 1 and 2 (open circles) were individually
shifted to 25°C. Nonlinear 20-term Prony series was fit (solid
line) to the combined shifted data.
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TABLE 1
Seventh-Order Polynomial and WLF Fit Function
Coefficients for Both Samples

i 7th-order polynomial fit (a;) WLF fit (C))
0 3.893

1 —0.2634 66.25
2 6.144 E -3 1076

3 —8.456 E -5

4 5935 E =7

5 —2.194 E -9

6 4093 E—12 0,.,=25°C
7 —3.047 E-15

ent time scales. TTS makes it possible to characterize
the viscoelastic properties of a material over long time
scales by obtaining data at various temperatures over
an experimentally convenient time range.'” The curve
shifting procedure uses this data to create a master
curve that represents the time response of a material
over a wide range of times at a particular reference
temperature.

The amount of shifting along the horizontal axis in
a typical TTS plot required to align the individual
experimental data points onto a master curve is gen-
erally described using one of two common theoretical
models. The first of these models is the Williams—
Landel-Ferry (WLF) equation

o - C1(0 - 6ref)
logloa(e) B CZ + (6 - eref)

where C,; and C, are constants, 6, is the reference
temperature, 0 is the measurement temperature (°C),
and «(6) is the shift factor. The WLF equation is typ-
ically used to describe the time/temperature behavior
of polymers in and below the glass transition region.
The other model commonly used is the Arrhenius
equation, which describes the behavior of a material
above the glass transition temperature. However, it
was found that neither the WLF nor the Arrhenius
equation described the shift highly accurately, thus a
7th-order polynomial was used,

log,a(6) = a, + a0" + 6 + a36® + a;6*

+ait® + af® + ajo  (2)
To provide two alternative approaches for «(6), the
best fits to the WLF and polynomial equations are

shown in Figure 6. Their coefficients are given in
Table 1.

Prony series for relaxation modulus

The generalized Maxwell model of the nth order of
viscoelasticity for stress relaxation was used to fit the
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experimental data. For the relaxation modulus, E(t,0),
this takes the form?

M
E(t,0) = X, + 2, Xieatoy, (3)

i=1

where E(t,0) is the relaxation modulus in shifted time
domain, t/a(0) is the shifted time, X, and X, are con-
stants to be determined, «; are the relaxation time
constants also to be determined, and M is the number
of terms used.

The parameters X, X;, and «; are chosen such that
the best fit to the experimental data can be achieved
while remaining always positive so that basic physical
and thermodynamic principles are satisfied. In phys-
ical terms the ratio of the viscosity of the dash pot to
the spring rate of a Maxwell element is the relaxation
time constant.

The fitting procedure follows closely that described
in ref. 23, with the principal modification that the fit is
fully nonlinear, i.e. X,, X; and «; are determined si-
multaneously rather than selecting the values of o,
ahead of time to be equally spaced in log time. It was
found that the fully nonlinear approach provides a
better fit for the same number of parameters, or equiv-
alently allows one to obtain the same quality fit with
fewer parameters.”” The second change is that the
Trust-Region Reflective Newton algorithm was
used.?* This algorithm, which is an improvement over
the popular Levenberg-Marquardt algorithm,* al-
lows a restriction on the coefficients to be imposed. In
our case the coefficients X, X;, and «; are all restricted
to being positive as negative stiffness and relaxation
time are physically unrealistic.

As is the case in any iterative solution method, a
good initial guess for the parameters to be determined
is required. Following,* as an initial guess, the relax-
ation time constants are assumed to be spaced equally
in log time. The constants X, and X; are chosen so that
the short and long behavior of the material is ade-
quately represented. The initial guess adopted for
these constants is*

XO = E(Tﬁoo)/

_ E(t—0) — E(7t > )
: z?lzl(Tj)C

(Ti)c; l S [1/N]

When E(7—0) and E(7 — =) are both of similar order
of magnitude, C = 0 can be used. When they vary by
several orders of magnitude (as with our data) a good
choice for C is

E(TQO))’.

C =10.05 ‘ 1Og<M
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TABLE 11
Parameters X,, X;, and «; of the 20-Term Nonlinear
Prony Series

Term X; (Pa) a; (571

0 1.035 E +07

1 1.185 E +08 2978 E +02
2 8.632 E +07 1.638 E +01
3 1473 E +08 1.937 E +00
4 1.348 E +08 1.188 E —01
5 1.890 E +08 8.335 E —03
6 2.001 E +08 8.931 E —04
7 2244 E +08 7927 E —05
8 2244 E +08 7.011 E —06
9 2.849 E +08 2.665 E —07
10 2.181 E +08 1411 E —08
11 1.836 E +08 1573 E —09
12 1.675 E +08 1510 E —10
13 1.091 E +08 1011 E —11
14 9.777 E +07 6.190 E —13
15 1.038 E +08 3.704 E —14
16 1.898 E +08 1.825 E —15
17 4915 E +08 3277 E —17
18 4.462 E +08 1.639 E —18
19 3.449 E +08 3275 E —19
20 1.651 E +08 1498 E —20

The results of this fitting process are summarized in
Table II and shown in Figure 7. It was found that the
R? value, a measure of the goodness of the fit, did not
improve significantly after 13 terms. However, when
using the Prony series fit to calculate loss modulus, it
was found that a 20-term fit yielded substantially bet-
ter agreement and thus is used in what follows.

Cross check against dynamic modulus

To test the validity of the Prony series, the dynamic
modulus was calculated based on the model equations
and plotted against the experimental data. To convert
from the Prony series to dynamic modulus, eq. (1) is
evaluated using the Prony series for E(t,0), eq. (3),
which upon evaluation yields

N 2 2 N
X.0a*(0) Xiwa(0) e,
* - i
BH(0,0) = X0+ 2 ey T 2 s wra(0)

(4)

i

Thus, if the Prony Series representation of the materi-
al’s relaxation modulus is known, then the complex
modulus is also known. The real part of the above
expression corresponds to the storage modulus, and
the imaginary part to the loss modulus.

The storage and loss moduli calculated from the
above expression using eq. (2) for «(6) are plotted in
Figures 8 and 9 along with those obtained directly
from DMA dynamic experiments at 1 Hz. It is seen
that the Prony series parameters fit yields a storage
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Figure 8 Storage modulus calculated from eq. (4), using
the Prony series fit to the relaxation modulus along with the
storage modulus obtained directly from dynamic experi-
ments at 1 Hz.

modulus which agrees closely with the experimentally
obtained one. The calculated storage and loss moduli
are plotted in Figures 10 and 11 along with those
obtained directly from DMA dynamic experiments for
multiple frequencies. Again there is excellent agree-
ment between the two with the exception of the higher
frequencies at temperatures above 150 °C.

Estimating shear modulus and Poisson’s ratio

A complete viscoelastic characterization of an isotro-
pic material requires the measurement of two proper-
ties, tensile modulus, and Poisson’s ratio, for example,
or shear modulus and bulk modulus as another exam-
ple. Typically, the bulk modulus varies much less than
the tensile and shear moduli and if one assumes that

500,
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Figure 9 Loss modulus calculated from eq. (4), using the
Prony series fit to the relaxation modulus along with loss
modulus obtained directly from dynamic experiments at 1
Hz.
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Figure 10 Storage modulus calculated from relaxation
modulus fit and storage modulus obtained directly from
dynamic experiments at multiple frequencies.

the bulk modulus is constant, then the Poisson’s ratio
and shear modulus can be determined based on the
tensile relaxation modulus.

To estimate the bulk modulus a tensile experiment
was performed in which axial and transverse strain
gauges bonded to a tensile sample were used to mea-
sure the tensile modulus, E, and Poisson’s ratio, v. At
25 °C and a strain rate of approximately 107 s™*, E
= 3.70 = 0.04 GPa, and v =0.32 * 0.01 were obtained.
Thus the bulk modulus is estimated to be

_E_ 367GPa
T 3(1-20) 3(1-2:0.32)

K =3.38 £0.07 GPa.

In this case the dynamic Poisson’s ratio can be calcu-
lated as®

1 E*(w,0)
M

and the dynamic shear modulus as

o 3Eqw,0)
GH@,9) = g Fx(w,0) /K

The real part of the Poisson’s ratio varies from approx-
imately 0.3 at room temperature (1 Hz) to 0.45 at 350
°C. Note that better estimates of G and v can be ob-
tained if the bulk modulus is measured indepen-
dently.”” Note also that such interconversions are
known to be error sensitive.”® Further details associ-
ated with Poisson’s ratio and interconversions of
properties can be found in refs. 26-30.

SUMMARY AND CONCLUSIONS

The polyimide HFPE-II-52 was developed for use as
the matrix material of high temperature graphite fiber
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reinforced composites. As potential uses of the mate-
rial may be close or to even above its T, knowledge of
the high temperature properties of HFPE-1I-52 is very
important to potential users of the material. In addi-
tion, since potential polyimide composite structures
may be exposed to high humidity, the impact of mois-
ture on the properties is studied. Thus a series of
measurements intended to characterize the linear vis-
coelastic properties of the material and to assess the
impact of moisture and postcuring on the material
were carried out.

A total of five dry and five wet samples were tested
at a frequency of 1 Hz, with one of these pairs tested
at multiple frequencies ranging from 0.1 to 100 Hz,
from room temperature up to 385 °C. Therefore, sam-
ples were preconditioned either as completely dry, or
wet. Storage and loss moduli were obtained from
these dynamic experiments. It was found that wet
samples, defined as more than 95% moisture satu-
rated, would loose as much as 50% of their moisture
content by the time the temperature reached 100 °C for
the heating rates used (0.5-2.5 °C/min). Thus, wet
results are given for temperatures only up to 100 °C.

The average value for the storage modulus of dry
HFPE-II-52 at 25 °C, 1 Hz, was found to be 3.91 = 0.18
GPa. The corresponding value of storage modulus for
the wet samples is 3.88 = 0.13 GPa. It was observed
that dry and wet samples have approximately the
same value of storage modulus. From multifrequency
tests it was observed that higher frequencies resulted
in higher values of storage modulus regardless of
moisture content in the material.

The average value for the loss modulus of dry
HFPE-II-52 at 25 °C is 0.14 = 0.03 GPa. The corre-
sponding value of loss modulus for the wet samples is
0.14 = 0.03 GPa. Therefore, from the experimental
data collected at room temperature, both dry and wet
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* LM computed from Prory Series af 10 Hz
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Figure 11 Loss modulus calculated from relaxation modu-

lus fit and loss modulus obtained directly from dynamic
experiments at multiple frequencies.
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samples on average have the same value of loss mod-
ulus. The multifrequency tests showed that the loss
modulus decreases with increasing frequency. On a
molecular basis this may correspond to the absence of
any molecular or atomic adjustments capable of dissi-
pating energy within the period of deformation.

Polyimide composite materials may be loaded for
long periods of time at elevated temperatures. Thus, to
understand the matrix’s response under such condi-
tions, stress relaxation experiments were performed
on two samples and the principle of TTS was used to
obtain the relaxation modulus as a function of time. A
Prony series was then fit to the relaxation versus time
data. Results of the fit are tabulated in Tables I and II.
As a cross check between the results obtained from
dynamic and transient experiments, the result of the
Prony series fit was used to convert from relaxation
modulus to storage and loss moduli. The later were
plotted against the experimental values of storage and
loss moduli obtained directly from experiments. There
was good agreement between the two.

Postcured samples had essentially the same proper-
ties as normally cured samples, the important excep-
tion being that at 365 °C the storage modulus of the
postcured sample was twice that of the normally
cured samples. This shows that postcuring can pro-
vide an additional margin of operating temperature.

The results presented here provide researchers with
a constitutive model for HFPE-II-52, which can be
used in FEA simulations that complement experimen-
tal approaches to understanding the viscoelastic re-
sponse and long-term behavior of polyimide matrix
composite materials.

The authors are grateful to Mr. Drew Eisenberg for perform-
ing the Poisson’s ratio measurements.
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