Moisture Diffusion Properties of HFPE-II-52 Polyimide

Peeyush Bhargava,' Kathy C. Chuang,> Kenway Chen,® Alan Zehnder'

"Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, New York
°Materials Division, NASA Glenn Research Center, Cleveland, Ohio
Department of Mechanical Engineering, University of California, Berkeley, California

Received 9 August 2005; accepted 27 March 2006
DOI 10.1002/app.24549

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Moisture diffusion properties of the poly-
imide HFPE-II-52 were determined using weight gain, weight
loss, and swelling experiments over a temperature range
of 25-200°C. Below 100°C, diffusivity was measured using
standard weight loss and weight gain methods. Above 100°C,
diffusivity is found by weight loss experiments performed by
placing moisture saturated samples in an oven and recording
weight loss dynamically. The diffusivity of the polyimide was
found to obey the Arrhenius relation over the entire range of

temperature. Weight gain experiments were performed to
determine the equilibrium level of moisture absorbed by the
polyimide as a function of relative humidity. Swelling experi-
ments were performed to measure swelling strain as a func-
tion of moisture absorption. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 102: 3471-3479, 2006
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INTRODUCTION

Polyimides are an important class of polymers due to
their high glass transition temperatures and outstand-
ing thermal stability. These properties make them ideal
for use in high temperature applications, either as a
pure polymer or as the matrix in high temperature
polymer matrix composites (PMC). Proposed applica-
tions of high temperature PMCs include components
of rocket engines'~® and advanced turbine engines.”®
For modeling and design of polyimide-based parts, it
is important to know the moisture diffusion properties,
since absorbed moisture can affect mechanical proper-
ties, cause swelling, and lead to popcorning®!® or
delamination' under conditions of rapid heating.
Diffusivity and equilibrium weight gain as a func-
tion of temperature and relative humidity are mea-
sured for the polyimide HFPE-II-52, a material devel-
oped at NASA Glenn Research Center for high tem-
perature PMCs."" HFPE-II-52 has a glass transition
temperature of ~ 350°C.'?> The moisture diffusion
properties were found by performing weight gain and
weight loss experiments over a wide range of temper-
ature and relative humidity conditions. Diffusivity
below 100°C was found by performing weight gain
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and weight loss experiments using standard meth-
ods."*'* Above 100°C, diffusivity is found using weight
loss experiments performed by placing moisture satu-
rated samples in an oven and recording weight loss
dynamically. In this manner, diffusivity was deter-
mined over the temperature range of 25-200°C and an
Arrhenius relation was obtained by fitting In D versus
T~!, as is typical for polymers."'>!® Weight gain as a
function of relative humidity was found by performing
equilibrium weight gain experiments at different rela-
tive humidities. The Guggenheim-Anderson-de-Boer
(GAB) equation was used to model the relation weight
gain and relative humidity.

Swelling experiments were performed to deter-
mine swelling strain as a function of water absorp-
tion. Swelling due to moisture absorption in the ma-
trix of a composite can lead to detrimental residual
stresses'”'® and to bending and twisting of lami-
nates.'” Swelling strain was found to be linear with
mass gain. The percentage change in the polymer
volume because of swelling was plotted against the
volume of moisture absorbed and an estimate of the
free volume was obtained.

THEORY AND DATA REDUCTION

Diffusivity, D is generally measured by exposing a
dry sample to a humid environment and measuring
the mass of water absorbed, i.e., the weight gain, as
a function of time. The measured weight gain is then
fit to the solution to the diffusion equation (Fick’s
law) to determine D. One can also start with a sam-
ple that has already been saturated with moisture
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and allow it to dry out, measuring the weight loss as
a function of time.

In either case, for an isotropic, homogenous mate-
rial with a concentration independent diffusivity, the
three dimensional Fick’s law takes the form:*

oy SRR A
ot _D[ax2+6y2+622] @
where x, y, and z are rectangular spatial coordinates,
t is the time, and Y(x, y, z, t) is the concentration of
water inside the polymer.

The standard method'* for determining D is based
on the solution to the one-dimensional diffusion prob-
lem. This solution is applicable only when the test
sample is very thin; the ASTM standard requires that
the in-plane dimension to thickness ratio be 100 : 1.
The sample size required by the ASTM standard to
determine D is not always possible because of mate-
rial cost and production issues. In addition, the stand-
ard bases the determination of D only on the initial
slope of the weight gain or weight loss measurements.

These requirements can be relaxed if one inter-
prets the data in the context of the fully 3D solution
to eq. (1). The 3D solution presented here is available
in standard texts®*** and mentioned here for review
purposes only.

For the initial conditions,

U=1yp at

t=0 for 0<x<[0<y<w,0<z<h

()
and the boundary conditions,

Y=V, at t>0 for x=0,y=0,w;z=0,h

©)

where [ and w are in-plane dimensions, and # is the
thickness as shown in Figure 1, the solution to eq. (1)
can be written as,?"??
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Integration of eq. (4) over the plate volume gives
weight gain in the form,
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Figure 1 Sketch of 3D moisture diffusion problem for a
plane sheet. For weight gain and weight loss experiments,
[ =20 mm, w =20 mm, and h = 1 mm.

M(t) = Mo + G(t) (Mo — Mo) 5)
where
_ M(t) = My
G(t) = M. — Mo
8§ X 1 —Dn?n?t
n=13
8 X1 —Dn?r%t
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In the case that (h/l) and (h/w) are less than ~ 0.25,
eq. (6) can be approximated by

*1,2 * 2
G(t):1—82[1—4 ”1]8[1—4 th]
TU

nl? | n? nw?
n=o00 1
ﬁexp[nznzt*] (7)
n=13

where t* = Dt/h?>. A nonlinear least squares fit of
eq. (7) using six terms in the summation was fit to the
experimentally measured G(f) to determine D. The dif-
fusivity obtained by using more than six terms in
eq. (7) does not show any significant change.

EXPERIMENTAL SETUP AND PROCEDURE

The test samples were cut from HFPE-II-52 polyimide
resin plates fabricated by compression molding for 2 h
at 172 atm part pressure and 377°C. Details of the fabri-
cation can be found in Refs. 23 and 24. Five plates were
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prepared with the exact same procedure and are la-
beled as Plate 1-Plate 5 in this text. The test samples
used for the weight gain and weight loss experiments
have dimensions 20 mm x 20 mm x 1 mm.

Weight gain and weight loss experiments
below 100°C

For the weight gain experiments, samples were first
dried in a vacuum chamber at 25°C until an equilib-
rium weight was reached. The dry specimens were
then placed in a temperature and relative humidity
controlled environmental chamber. Specimens were
removed at intervals of 20-360 min and weighed
using a Mettler-Toledo, AG-280, 10 pg resolution
microbalance.

For the weight loss experiments, samples were
first saturated at 25°C and 95% RH using an envi-
ronmental chamber. The saturated samples were
then placed in a vacuum oven for drying. Specimens
were removed at intervals of 20-360 min to measure
weight using the microbalance.

Weight loss at temperatures above 100°C

For weight loss at higher temperatures, the samples
were first saturated at 25°C; 95% RH using an envi-
ronmental chamber. The saturated specimens were
then placed in an oven and weight loss was recorded
dynamically using the microbalance. The experimen-
tal set up is shown in Figure 2. Three fin-type air heat-
ers in the oven ensure that the sample, placed in the
center in a sample basket (Fig. 2), is heated uniformly.
The dimensions and shape of the sample basket are

' - =

— \licrobalance

Platform for
microbalance

Sample
basket
Fin-type
air heater

Figure 2 Experimental setup for measuring weight loss at
higher temperatures.

such that only the corners of the sample touch the
sample basket. This ensures that the sample loses
weight evenly from all the sides during the experi-
ment. A steel wire connecting the sample basket to the
microbalance passes through a small hole on the top
of the oven. The microbalance is interfaced with a
computer to acquire data at rates up to 1 datapoint/s.
Hot air escaping from the hole at the top of the oven
pushes up against the sample basket and causes buoy-
ancy effects such that the sample appears to weigh
less at higher temperatures. To account for buoyancy,
the oven was brought up to the test temperature
and the reading of the microbalance was zeroed just
before the sample was installed for weight loss mea-
surements. Although placing the sample inside the
basket changes the surface area over which buoyancy
is acting and thus changes the buoyant force, this dif-
ference was measured to be less than 0.1% of the sam-
ple weight. The escaping hot air also creates currents
inside the oven causing fluctuations in the microba-
lance readings. These were smoothed using a simple,
20-point moving average algorithm.

Swelling measurements

For the swelling experiments, six 65 mm x 2.5 mm
x 4.0 mm samples were cut from the same plate to pro-
vide data on the variability on swelling within the
plate. Samples were first dried in a vacuum oven at
70°C and their dry lengths at room temperature were
recorded. The samples were then saturated at different
relative humidities and the change in length was mea-
sured along the maximum dimension. A digital indica-
tor with a resolution of 2 x 10> mm was used to mea-
sure the dry and moist sample lengths. Five different
relative humidities of RH (20, 40, 60, 80, 100%) were
selected to perform the experiment. The temperature
of conditioning at RH of 20, 40, 60, and 80% was 85°C
and was 65°C at RH of 100%. Samples were allowed to
cool down to room temperature before measuring the
swelling strain. Since it was found through weight gain
experiments that equilibrium weight gain was not a
function of temperature, it is expected that the temper-
ature at which the samples are conditioned is not sig-
nificant in contrast to systems where temperature of
conditioning can be important.*>*°

RESULTS
Weight gain experiments

Effect of removing sample from environmental
chamber on results

We first investigate whether the periodic interruption
in moisture absorption caused by removing the sam-
ples from the environmental chamber for weighing
affects the results to a measurable degree. To do so,
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TABLE I
Percentage Weight Gained by Samples
for Given Number of Hours
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TABLE II
Diffusivity Values for Different Temperatures
Determined by Weight Gain Experiments

Sample Weight gain (in %) T D (mm?/s)

number 2 (h) 6 (h) 20 (h) 24 (h) 50 (h) (°C) Plate1 Plate2 Plate3 Plate4 Average SD
la 0.49 0.92 1.27 1.31 1.39 25 255e—6 2.70e—6 2.46e—6 236e—5 2.5le—6 1.44e-7
1b - 0.88 1.26 1.28 1.36 50 7.8le—6 7.46e—6 7.22e—6 8.0le—6 7.62e—6 3.53e—7
1c - - 1.27 1.36 1.41 75 2.33e-5 1.89e—5 1.98e—5 2.00e—5 2.05e—5 1.96e—6
1d - - - 1.35 1.41 85 2.88e—5 298e—5 2.86e—5 3.13e—5 2.96e-5 1.2le—6

Data shows that the effect of removing samples from
environmental chamber is negligible.

four samples were saturated at 25°C, 50% RH, and
were removed for weighing at various intervals. The
results are tabulated in Table I. While samples 1a, 1b,
and 1c were taken out at different intervals of time for
weight measurement, sample 1d was not disturbed at
all. Comparing percentage weight gain at 24 and 50 h
shows that the effect of removing the samples 1a, 1b,
and 1c from the environmental chamber is negligible.

This is reasonable since the total duration of re-
moval is small, ~ 1 min per measurement, compared
to the time taken by the sample to saturate, ~ 34
days at 25°C and 1/2 day at 85°C. The number of
readings taken during the entire saturation period is
about 20. Similar observations have been made in
previous experiments.'®

Diffusivity versus temperature

Diffusivity was measured at four temperatures (25, 50,
75, and 85°C). Data from four weight gain experiments
performed at T =25°C, RH = 95% are shown in Figure 3
where normalized weight gain, G(t), is plotted against
t'/2/h. Diffusivity for each sample was determined by
fitting the data to eq. (7). Also shown in Figure 3 is the
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Figure 3 Weight gain data for four different plates at T
= 25°C, RH = 95%. Fick’s law is a good fit to experimental
data.

Fick’s law fit to the data with D = 2.55 x 10~ ° mm?*/s.
Good agreement is found between the experimental
and theoretical (Fick’s law) results.

To estimate the variability in diffusivity, tests were
performed with samples cut from four different plates.
Table II shows the diffusivity values obtained from
each experiment along with the average values and
standard deviations. The data can be collapsed to a sin-
gle curve, or master plot, by plotting G () versus

\/Dt/h? as in Figure 4. That the experimental data col-
lapse to a single curve shows that Fick’s law is a good
model for diffusion over the 25-85°C temperature
range.

Equilibrium weight gain versus temperature

The dependence of equilibrium weight gain on tem-
perature was investigated using the data from the
diffusivity experiments. Table III shows the data for

1r Wﬁﬁﬁ*w‘*—'— Ode == oy = =
ou¥s?
4
0.8t 5 .
va“ * 25 C,RH=95%
N *+ 50 C,RH=95%
> 0.6 o3 v 75 C, RH=95%
o * 85 C,RH=95%
0.4} d?' © 25 C, RH=0%
q;?‘ 4 50° C, RH=0%
02 ¢ v 75 C,RH=0%
g © 85 C, RH=0%
/) - - -Ficks law
(] 0.2 0.4 0.6 0.8 1 1.2

(Dt/h2)1/2

Figure 4 Master plot for weight gain and weight loss
experiments. For weight gain experiments, closed symbols,
G(t) = normalized weight gain = (M(t) — My)/Ms — My
where M(t) = weight at time t, My = weight when sample
is fully dry, M., = weight when sample is fully saturated.
For weight loss experiments, open symbols, G(f) = normal-
ized weight loss = (My— M(t))/My — My where M(t)
= weight at time t, My = weight when sample is fully sat-
urated, M, = weight when sample is fully dry.
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TABLE III
Percentage Weight Gain and Temperature at RH = 95%

T (°C) Platel Plate2 Plate3 Plate4 Average SD
25 3.03 3.09 2.99 3.04 3.04 0.039
50 3.13 3.05 3.05 3.11 3.08 0.045
75 3.07 2.96 2.99 3.07 3.02 0.059
85 3.05 3.05 3.03 3.05 3.05 0.008

Results show that equilibrium weight gain is independ-
ent of temperature.

percentage weight gain at RH = 95% at different tem-
peratures. The results show that equilibrium weight
gain is independent of temperature.

Equilibrium weight gain versus relative humidity

The sorption behavior of the polyimide was investi-
gated at 25°C, under different relative humidities.
Six RH conditions (20, 40, 60, 80, 95, and 100%) were
selected and equilibrium weight gain was obtained
as a function of RH. To estimate the variability, the
tests were performed with samples cut from four
different plates. The equilibrium weight gain of the
samples versus relative humidity is plotted in Fig-
ure 5. Note that the maximum weight gain is 3.2%
and the curve is concave upwards. Several models
were investigated to interpret the data.

If the absorption of water in the polymer followed
Henry’s law,?” a behavior that some authors argue
must occur,”® then equilibrium weight gain and rela-
tive humidity would be related linearly though the
equation:

RH
My =a [—] 8
o 100 8)
0.035
—GAB fit .
0.03f " FloryHuggins fit ‘ o
0.025
£
S 0.02"
‘© 0.015- ~
; /"‘
0.01f
0.005
0 g L L L L 1
0 0.2 0.4 0.6 0.8 1

a = (RH/100)

Figure 5 Weight gain and relative humidity, for GAB fit:
M,, = 0.352 (kg water)/ (kg dry basis), A = 0.28 and C = 0.18.
For Flory-Huggins fit: x = 2.36.

where M., is the weight gain and « is a constant. Since
the weight gain was found to be independent of tem-
perature, the constant o would be independent of
temperature. However, it is clear from Figure 5 that a
simple linear relation between equilibrium weight
gain and RH, as predicted by Henry’s law is insuffi-
cient to model the data. Deviation from Henry’s law
indicates a concentration dependent interaction of
water molecules with the polymer chains potentially
leading to a concentration dependent diffusivity.*

The sorption isotherm of small molecules in many
glassy polymers including various polyimides® is
concave down at low RH and is generally described
by the dual absorption model.3*-32 The upward cur-
vature seen in Figure 5 for HFPE-II-52 indicates that
the water sorption did not go through a distinguish-
able Langmuir or Henry’s sorption phase. Such up-
ward curvature is sometimes attributed to swelling
of the polymer which may cause exposure of more
sites for increased water sorption® or cluster forma-
tion of water molecules inside the polymer.>**

The Flory-Huggins equation®® was also investi-
gated to model the isotherm at 25°C:

Ina, =Ind, +(1-d,) +x1-d,)° 9

where a,, and ¢, are the water activity and volume
fraction of water in the polymer, respectively, and y is
the polymer-solvent interaction parameter. In calculat-
ing ¢, the additivity of the volumes is assumed. A best
fit to the data based on eq. (9) with y = 2.36 is shown in
Figure 5. It is clear that the Flory-Huggins model does
not fit the data well. It is based on the assumption of
random mixing and does not take into account the
presence of specific interactions between the sorbate
(water) and the sorbant (polymer).

The sorption isotherm of water is also modeled
using the GAB equation,”

M, ACay,
(1 - Aay,) (1 — Aay, + ACay)

M, = (10)

where M, is the weight gain, a,, is the water activity,
M,, is the monolayer moisture content, and A and C

TABLE IV
Diffusivity and Relative Humidity at T = 25°C
D (mm?/s)
RH Plate1l Plate2 Plate3 Plate4 Average SD
35 2.88e—6 294e—6 252e—6 2.44e—6 2.69e—6 2.18e—7
50 2.66e—6 2.54e—6 2.79e—6 2.55e—6 2.64e—6 1.0le—7
75 2.88e—6 294e—6 252e—6 2.44e—6 2.69%e—6 2.18e—7
85 2.75e—6 243e—6 292e—6 2.69e—6 2.69e—6 1.75e—7
95 255e—6 2.70e—6 2.46e—6 236e—6 25le—6 1.25e—7

Results show that diffusivity is independent of relative
humidity.
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TABLE V
Diffusivity Values for Different Temperatures
Determined by Weight Loss Experiments
at Lower Temperatures

T D (mm?/s)
(°C) Plate1 Plate2 Plate3 Plate4 Average SD
25 2.86e—6 2.6le—6 2.83e—6 2.75e—5 2.76e—6 1.10e—7
50 8.26e—6 7.87e—6 8.73e—6 9.7le—6 8.64e—6 7.93e—7
75 2.17e-5 2.04e-5 2.0le—5 1.96e—5 2.05e—5 8.89e—7
85 23le-5 2.34e-5 2.57e—5 296e—5 2.55e—5 2.29e—6

are constants related to heat of sorption.” Since the
weight gain was found to be independent of tempera-
ture, the constants A and C are independent of tem-
perature. Fitting the data to eq. (10), the coefficients
were found to be M,, = 0.352 (kg water)/(kg dry ba-
sis), A = 0.28 and C = 0.18. The GAB equation, as seen
in Figure 5, fits the data well.

Diffusivity versus relative humidity

Because of the non-Henrian behavior shown by
HFPE-II-52 in water sorption, the dependence of the
diffusivity on relative humidity was also investi-
gated. Dry samples were moisture saturated at con-
stant temperature and different relative humidities.
Table IV shows the data for diffusivity at T = 25°C
at different relative humidities. The results show that
the diffusivity is independent of RH.

Weight loss below 100°C

To check that diffusivity from weight loss and
weight gain are the same, weight loss measurements
were performed at 25, 50, 75, and 85°C. To estimate
variability, the tests were performed with samples
cut from four different plates. Diffusivity was deter-
mined by fitting the solution given by eq. (7) to the
experimental data. Table V shows the diffusivity val-
ues obtained from experiments along with the aver-
age values and standard deviations. As with the
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Figure 6 Typical data for weight loss experiment using the
oven. Normalized weight loss versus t'/? at T = 200°C.

weight gain results, the data can be collapsed onto a
single curve by plotting G (t) versus \/Dt/h?* (Fig. 4).
Good agreement is seen between the experimental
data and Fick’s law.

Equivalence of weight gain and
weight loss experiments

The diffusivities obtained from weight gain (Table II)
and weight loss experiments (Table IV) for the same
temperatures are close to each other. In addition, Fig-
ure 4 shows that both experiments show good agree-
ment with each other and with Fick’s law. Hence
weight gain and weight loss experiments were consid-
ered to be equivalent. Similar observations have been
made for several other polymer systems where diffu-
sivity obtained through weight gain and weight loss
experiments were found to be same.'® Deviations
from Fick’s law are observed in hydrophllic polymers
during sorption of water and in most polymers during
sorption of organic vapors.®®*’

TABLE VI
Diffusivity Values for Different Temperatures Obtained by Performing Weight
Loss Experiments Using the Oven

D (mm?/s)
T (°C) Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Average SD

95 - 7.78e—05  6.10e—05 7.13e—05 - 7.00e—05  8.50e—06
100 - 7.83e—05 - 7.26e—05 9.85e—06 5.36e—05  3.80e—05
105 1.09e—04  9.84e—05 8.72e—05 - - 9.81e—05  1.07e—05
110 - 1.55e—04 - 1.46e—04 1.63e—04 1.55e—04 8.78e—06
125 1.25e—04 1.15e—04 1.37e—04 1.49e—04 - 1.32e—04  1.50e—05
150 1.94e—-04 197e—04 2.20e—04 2.11le—04 - 2.06e—04 1.19e—05
175 3.52e—04 2.99e—04 3.50e—04 3.30e—04 3.56e—04 3.37e—04 2.35e—05
200 4.60e—04 7.02e—04 4.40e—04 592e—04 595e—04 558¢—04 1.08e—04
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Weight loss at temperatures near and above 100°C

As discussed earlier, over the temperature range of
95-200°C, diffusivity was measured by drying sam-
ples in an oven and recording the weight loss dy-
namically. When the sample is first placed in the
preheated oven, during the time it takes the sample
to equilibrate to the oven temperature, D is varying.
Hence to determine D for a fixed temperature, the
data from the first 30 s were discarded. The remain-
ing data are initially linear with respect to t'/2. The
linear portion of the data was extrapolated back to
zero weight loss and then all the data were shifted
in time so that the extrapolated curve starts at t = 0.
An example is shown in Figure 6 where normalized
weight loss is plotted against shifted time, t'/% As
discussed previously, the resulting G(t) data were fit
to eq. (7) to determine D. Table VI shows the diffu-
sivity values obtained using the oven along with the
average values and standard deviations.

Diffusivity over 25-200°C

The entire set of diffusivity values, determined from
weight gain and weight loss experiments below
100°C and from dynamic weight loss experiments
above 100°C, were used to determine D(T). Diffusiv-
ity follows the Arrhenius equation,

D = Dyel Ee/RT] (11)

where E, is the activation energy, R is the Universal
gas constant, and Dy is a constant. Plotting all of the
data as In D versus T ' in Figure 7 and fitting a
straight line, the parameters Dy = 9.0 = 2.4 mm~/s
and E, = 37.0 = 2.8 kJ/mol were found.

T(° C)

T T

7 227 162 112 72 40 13

In(D(mmZ2/s))
2 3 o

1

—y

N
T

-13 : : :
2 2.3 2.6 2.9 3.2 3.5

TK™) x10°

Figure 7 In D versus T ' from weight loss experiments.
Dy =9.0 + 2.4 mm?/s, E, = 37.0 + 2.8 kJ/mol.
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TABLE VII
Results for Swelling Experiments

Percentage swelling
RH (%) 1 2 3 4 5 6 Average SD
20 0.028 0.047 0.054 0.028 0.042 0.047 0.041 0.011
40  0.075 0.108 0.111 0.090 0.099 0.088 0.095 0.014
60 0.147 0.181 0.164 0.158 0.175 0.166 0.165 0.012
80 0.221 0.229 0.231 0.249 0.225 0.229 0.231 0.010
100 0.334 0.341 0.317 0.333 0.324 0.325 0.329 0.008

Numbers 1-6 indicate sample number.

Swelling experiments

The equilibrium swelling strains for six different
samples exposed to relative humidities of RH (20,
40, 60, 80, and 100%) are given in Table VIIL. Plotting
all of the data in Figure 8, the figure shows that the
swelling strain is linear with respect to moisture gain
and hence can be expressed as € = cM, with swelling
strain coefficient ¢ = 0.0935 + 0.0037.

To place this swelling in context, Figure 9 plots
the percent change in polymer volume AV/V,
(where V), is the polymer volume) as a function of
Viu/Vo = (Am/p)/Vy, where V,, is the volume of
absorbed water, p is the density of water, and Am is
the mass of water absorbed calculated from the change
in specimen weight. The dashed line (unity slope) rep-
resents the swelling that would be expected if the vol-
umes of the dry polymer and absorbed moisture were
additive, referred to as free swelling in polymers. The
actual data has a slope of 0.60. This deviation results
from a combination of water occupying free volume in
the polymer, and modification of the polymer chain
conformation resulting from hydrogen bonding be-
tween water molecules and polymer chains. An esti-

04r
—Linear fit

0.351

0.25-

% €
o
N

0.1

0.05F

G i L 1 ]
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Figure 8 Percentage swelling strain and percentage mass
gain. For linear fit, ¢ = cM, where ¢ = 0.0935 * 0.0037.
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- - -Free swelling efficiency =1
—— Experiment data -

Figure 9 Swelling efficiency of polyimide HFPE-II-52,
slope for linear fit is 0.604.

mate for the free volume occupied by water at 100%
RH is given by the final deviation of 2.19% from the
free swelling curve, consistent with measurements in
other resin systems®>?® and theoretical predictions for
polymers. 264041

CONCLUSIONS

Motivated by potential applications of the polyimide
HFPE-II-52 to high temperature composite materials,
the moisture diffusivity, equilibrium moisture
absorption and swelling strains, were measured for
this polymer. To cover a wide range of temperatures
and to minimize sample size requirements, novel ex-
perimental and data reduction methods were devel-
oped. Diffusivity was determined by fitting weight
gain or loss data to the 3D solution to the diffusion
equation. This nonlinear least squares fitting method
eliminates the need for very large aspect ratio sam-
ples as allows weight gain to be fit over the entire
experiment, rather than just for short times as with
the standard method. A small oven in which sam-
ples hang from a microbalance and hence can be
weighed dynamically was developed and used to
determine D above 100°C.

The results show that diffusivity, D, is well repre-
sented by the Arrhenius law, D = Dgel=5/RTl with D,
=90 + 2.4 mm?/s and E, = 37.0 = 2.8 kJ/mol over
a wide range of temperatures. Diffusivity was found
to be independent of relative humidity. Equilibrium
moisture absorption is nonlinear with respect to rela-
tive humidity and can be modeled using the GAB
equation, M, = M,,ACay /(1 — Aay,) (1 — Aay, + ACay),
with M,, = 0.352 (kg water)/(kg dry basis), A = 0.28
and C = 0.18. Equilibrium moisture absorption was
independent of temperature. Swelling was found to

BHARGAVA ET AL.

be linear with moisture absorption and can be
expressed as € = cM with ¢ = 0.0935 = 0.0037.
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