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ABSTRACT: The temperature-dependent moisture diffu-
sion behavior of high-temperature polyimide resin, PMR-
15, is presented. Adsorption and high temperature desorp-
tion tests are used to experimentally determine moisture
diffusivity at several temperatures. Diffusivity is deter-
mined from the weight change based on the initial slope
and using a nonlinear regression technique with Fickian
diffusion assumption. The basic test procedures and diffu-
sivity values are presented in this study. The results also
include the relative humidity (RH) dependent equilibrium
moisture concentration and a relationship between the RH

and equilibrium moisture concentration. As direct measure-
ment at typical operating temperature may be precluded by
blistering, an Arrhenius-type temperature-diffusivity rela-
tionship is used to estimate the temperature-dependent
moisture diffusivity for the PMR-15 resin. The moisture dif-
fusivity of PMR-15 tested is estimated to be 6.64 E —10 m?/s
at 288°C. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
1281-1290, 2007

Key words: PMR-15; moisture diffusivity; adsorption; de-
sorption; Fickian

INTRODUCTION

Composite materials are susceptible to humidity in
the environment during both the processing phase
and in service. These changes compromise the resin
mechanical stiffness and strength performance and
durability of composite structures. Moisture adsorp-
tion causes weight gain, hygroscopic dimensional
changes, and can cause material degradation. When
exposed to the humid and elevated temperature
environments, polymer composite materials adsorb
moisture from the exposed surfaces and may irrever-
sibly change its load carrying properties. The rate
and the equilibrium concentration of moisture in the
material is affected by several factors, such as tem-
perature, relative humidity (RH), the area of the
exposed surface, and the behavior of constituent ma-
terial (fiber, matrix) behavior. To this end, characteri-
zation of the moisture uptake behavior of the resin
is significant.

Shen and Springer' described the basic test proc-
edures for determining the moisture adsorption prop-
erties and moisture diffusivity from the weight gain
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experiments. A more specific test procedure can be
found in the international standard BS EN ISO 62” in
which the conditioning environment and specimen
geometrics are defined for obtaining the diffusivities
in the “through-the-thickness” direction. BS EN ISO
62 is suitable for polymers and composites and can
be applied to both water vapor exposure and liquid
immersion. ASTM standards® define the RH and
temperature conditions and the tolerance for reliable
determination of diffusivity. High temperature de-
sorption tests can be used to accelerate the testing.
However, when high temperature desorption test
uses saturated samples under rapid heating, it can
lead to plasticization, hydrolysis and blistering of
the samples. Rice and Lee* determined safe heating
rates that reduce blistering of high temperature poly-
mer composites (HTPMC). In their study, the safe
temperature for PMR-15 composites was to be in the
viscinity of 288-300°C, the heating rates from ambi-
ent to working temperature may be constrained to
allow moisture egress from the material.” On the ba-
sis of Fickian diffusion assumption, Newill et al®
presented a one-dimensional analytical solution of
multi-domain structures and correlated with the
experiment results of the coated composite sub-
strates. Their work shows that most experiment
results match the analytical solutions very well. But
some cases with faster moisture uptake may imply
that the moisture diffusion is non-Fickian.

Bond” considered the effects of non-Fickian
adsorption and fiber spatial distribution on moisture
diffusion using a predictive model for moisture
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transport in laminated composite materials. Roy®
developed a non-Fickian model for moisture diffu-
sion in visco-elastic polymers. He compared model
predictions with published experimental data for the
special case of isothermal diffusion in an unstressed
graphite/epoxy symmetric angle-ply laminate. Loh
et al’ studied non-Fickian diffusion in rubber tough-
ened epoxies. Their model uses several saturation
levels and a diffusion constant for each saturation
level. These constants are obtained using iterative
regression fits to moisture uptake curves.

The objective of this study is to obtain the diffu-
sivity versus temperature relationship for PMR-15
using both moisture adsorption test and high tem-
perature desorption test. Those PMR-15 samples are
made with preimidized powders. As PMR-15 pro-
cessing involves handling of known carcinogens and
due to export control limits on information sharing,
further details of the process are not known. The
results from the high temperature desorption test are
correlated to the adsorption test and the simulation
results. While fibers are less susceptible to moisture
induced degradation, matrix, and the interphase/
interface regions are affected. As the moisture diffu-
sivity response of the resin is of particular interest,
we focus on characterizing the high temperature
moisture diffusivity of the resin. PMR-15 is chosen
for this study. Fick’s law assumes a concentration in-
dependent diffusivity for the material. When the rate
of diffusion is comparable to that of the polymer
segment mobility, or when the diffusion and the
polymer segment mobility is greater compared with
other relaxation process, the classical Fickian diffu-
sion is not sufficient to describe these anomalous
cases. In practice, both Fickian and non-Fickian dif-
fusion mechanisms coexist in several polymers.'”"!

Theory

The moisture concentration and transport in polymer
and composite materials are modeled using Fick’s
second law with temperature-dependent diffusivity
for the material.'

oc o%c o%c o’c

&: 1@+D2@_y2+D3$

1)
Where, t is time, ¢ is the moisture concentration in
the material. D, D, and Dj are the orthotropic mois-
ture diffusivities in x, y, and z directions. Diffusivity
typically exhibits Arrhenius type relationship as a
function of temperature.'”

D; = DY exp (— %) (2)

D? are material constants, E, are activation energies
and R is the universal gas constant.
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The boundary conditions for eq. (1) are divided
into moisture specified and concentration flux speci-
fied. Equation (3) depicts the boundaries where
moisture is specified. Equation (4) is for vanishing
concentration flux or impermeable boundaries.

c(x,y,z,t) =cp(t) on T, 3)

— D;Vic = 0 on symmetry surfaces 4)

¢y is the specified moisture concentration on I,
(moisture specified) boundary.

The initial moisture concentration is defined every-
where on the domain Q as in eq. (5):

c(x,y,2,0) = ¢
{ on Ty ¢(T;0) = ¢,(0) ©®)

A measure of the total weight of the moisture in the
domain Q is proportional to the total moisture con-
centration (M), which is obtained by integrating the
moisture concentration field:

M(t):///c(x,%z,t)dv (6)
Q

The extent of moisture adsorption or desorption can
be correlated to the weight gain or weight loss in the
specimen as:'

M(t)
_ Weight of moist material — Weight of dry material
B Weight of dry material

x 100 (7)

The total moisture concentration for a completely
saturated sample is termed as the equilibrium mois-
ture concentration, M.,. The value of M., is RH-de-
pendent and not temperature-dependent. However,
the time required to reach the saturation state is tem-
perature-dependent. The relation between M., and
the surrounding RH is typically given by eq. (8).

My = a(RH)" 8)

Where a and b are empirically determined material
constants. When the material is immersed in water,
M., is a constant, but differs from that obtained
when exposed to environment with a RH of 100%.
Next, we can consider the methods for obtaining dif-
fusivity.

Initial slope method

To obtain the diffusivity of the material from the
weight change data, correlations are made with pre-
dictions from Fickian diffusion analysis. Concentra-
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tion profiles c(x, t) for one-dimensional (Fig. 1) mois-
ture diffusion are given by solving eq. (9) with
boundary conditions specified in eq. (10).

dc d%c

a: 1@ (9)

Where D, is the moisture diffusivity in x (thickness)
direction.

For the semi-infinite solid (4 — o), the boundary
conditions:

t<0
t>0

0 < x <o0
x=0

C=¢C;
c—co (10)
where ¢; is the uniform initial moisture concentra-
tion, c,, is moisture concentration due to boundary
sorption. The moisture concentration as a function of
position and time in the plate for this case is given
by eq. (11)

C—Cj

X
1 erf 11
4 /Dt (1)

Integrating the concentration field for the 1D prob-
lem, we get the total moisture concentration in the
specimen (which is proportional to the weight gain)
is given by egs. (12) and (13).

Coo — Ci

M /h o(x, f)dx (12)
0

D

M(t) = 4(My — M;) —

(13)

Where M; is proportional to the instantaneous
moisture concentration in the whole specimen. In
practice, moisture enters or leaves the specimen
from all the surfaces and the infinite boundary
assumption as in eq. 10 is typically not valid. There-
fore, a correction factor needs to be applied for a fi-

Moisture Moisture
i
o

ARENR
ttttt

Figure 1 Description of the problem.

nite sized specimen. For a rectangular specimen, the
total moisture adsorption from the six sides can be
summed as:

MU)ZW(\/DTJr?\/DjJr%\/D_a)\/E

(14)

where D, and Dj are the moisture diffusivities in y
and z directions.

From eq. (14), an apparent diffusion coefficient
can be defined for the specimen as:

h h 2
Dc:<\/D1+7\/D2+E\/D3) (15)
For a homogeneous material, D; = D, = D3 = D,

-2
DDC<1+}ZZ+Z> (16)

D is defined as the one-dimensional diffusivity nor-
mal to the surface. Equation (16) has specimen
dimensions correcting for the edge effects.

An apparent diffusion coefficient D. can be deter-
mined by relating the total moisture concentration to
the observed weight loss or weight gain data. The
initial slope method' uses the initial slope of the
curve and the diffusivity can be determined by eq.
(17).

D= (g - Mi>>2 (2 A;t‘) 47

When a predried composite specimen placed in an
environment under given temperature and RH level,
the total moisture concentration function M(t) is
plotted versus square root of time v/t as shown in
Figure 2. M; and M, are the instantaneous total
moisture concentration at time t; and t,, h is the
thickness, M; is the initial moisture concentration
and M, is the equilibrium moisture concentration.
D, is obtained from the slope of linear part of the
total moisture concentration change curve. A set of
moisture diffusivities obtained under different expo-
sure temperatures can be used in determining tem-
perature and diffusivity relationship.

In practice, all the surfaces of the specimen are
exposed to the test environment. Because of the one-
dimensional nature of the analysis, this initial slope
method determines the components of the diffusivity
tensor oriented normal to the largest surface of the
material accurately. Finite sample dimensions cause
errors in the diffusivity estimates. To reduce the
errors due to edge effects, the square plate speci-

Journal of Applied Polymer Science DOI 10.1002/app
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Moisture Concentration (M)
=

e

Square Root of Time ()'?

Figure 2 The moisture concentration versus the square
root of time.

mens with a width <100 thickness are typically rec-
ommended to be used.?

Optimization method

Aktas et al.”® indicate that the primary reason for the
inaccuracy of the initial slope method based on
aforementioned solution is the arbitrary determina-
tion of the initial slope of the weight gain curve
from discrete weight change data points. A method
based on the least square curve fitting of all the ex-
perimental data points is used to obtain the moisture
diffusivity more accurately. The demonstration of
the method is presented by using the model devel-
oped by Li et al.'* The combined effects of multidi-
mensional geometry and anisotropy can be analyzed
by considering all points of the discrete weight
change measurements. The concentration profile
model with anisotropic diffusivity is given by Car-
slaw and ]aeger15 as in eq. (18).

M.,
512 &% 2L X e—nzt(Dl(2p+1)2/h2+D2(2q+1)2/b2+D3(2r+1)2/12)
_7;%;;203 (@2p + 1729+ 1)2(2r +1)?

(18)

As the predicted concentration is a function of the
assumed material diffusivity, an inverse problem is
solved by correlating the experimental and predicted
weight changes. The diffusivity parameters, D;, are
obtained by minimizing the predicted concentration
value M(D;,t) and experimental values Me,y(t) for all
discrete time measurements f; as in eq. (19). Find D;,
such that:

min[E(D;)] = > [M(Dj, ) = Mexp ()]~ (19)
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EXPERIMENTAL METHODS
Adsorption test

The moisture adsorption properties and diffusivity
in the thickness direction of the test samples are
measured. The test procedure is shown in the flow
chart illustrated in Figure 3. The specimen is pre-
dried in a environmental chamber maintained at 50
+ 2°C until the specimen weight reaches a constant
value. The temperatures of the drying oven are set
to ensure that the polymer is chemically (and
thermo-oxidatively) stable at that temperature. The
specimen is then exposed to a conditioning environ-
ment with given temperature and RH. The specimen
is periodically removed and weighed. After weigh-
ing, the specimen is returned to the test environment

[ Prepare specimens J

gt

[ Measure initial weight ]

gt

[ Conditioning environment ]

11

‘ Measure weight after a prescribed period of time J

g

[ Measure and plot weight Eain]

Il

Calculate apparent diffusion coefficient

D, _7[( h

4<MM>MAfAf}
1

Get the diffusivity D

2
D:D,‘[1+h+hj
L b

Figure 3 Adsorption test procedure flow chart.
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{ Pre-dry specimens at 50 °C }

g

[ Measure initial weight ]

gt

Condition the samples in the elevated humidity

environment until M reaches M

g

[ Heat the specimens J

gt

[ Get the weight loss curve ]

1l

Calculate apparent diffusion coefficient

Pem ”[4(Mwh— M,)T[j\/% :Aﬁ]z
1§

Get the diffusivity D

A
D=D,|1+—+—
[l b

Figure 4 High temperature desorption test procedure
flow chart.

and the process is repeated until the weight of the
specimen reach equilibrium.

The methods described in previous section are
used to determine the apparent diffusion coefficient
D, from the experimental data. The one-dimensional
diffusivity normal to the largest surface, D, is
obtained by eq. (16). Considering the edge effects,
the adsorption tests typically require a considerably
long period of time and a great deal of attention to
perform. It is very common for testing samples to
take weeks, month or several years to reach their
equilibrium state at room temperature.

High temperature desorption test

The high temperature desorption test uses weight
loss due to water evaporated from the sample. A
moisture analyzer'® with heat chamber and online
weight measuring capability is used to measure the
weight loss of specimen continuously. The specimen
is also heated at a precisely controlled temperature.
The complete test procedure flow chart is shown in
Figure 4. The moisture diffusivities are the same for
both moisture adsorption and desorption under the
same temperature, the moisture diffusivity obtained
by high temperature desorption test must correlate
with the moisture diffusivity obtained by adsorption
test at the same temperature.

The apparent diffusion coefficient, D,, for the sam-
ples is determined by using the initial slope meth-
ods. With high temperature desorption test, for the
same RH only one thorough test is required to
obtain the M. In same RH but different tempera-
ture environment, rest of the tests can stop at where
a satisfied linear region of Fickian diffusion curve
obtained. One can do online measurement with
adsorption tests also online weight measurement
reduces the measurement effort. In the adsorption
test method, test samples have to be removed from
the conditioning environment at predescribed inter-
vals and weighed, which requires great attention.
Tests can be performed at high temperatures (below
blistering temperature), which reduces test time.

The dimensions of the specimens are parameter-
ized by 1, length, b, width, and h, thickness. Figure 5
shows the relative orientation of the coordinate sys-
tem with the specimen geometry. A group of speci-

L

z

&I‘Q_______

Figure 5 Geometry of the test specimen.

Journal of Applied Polymer Science DOI 10.1002/app



1286

YU AND POCHIRAJU

TABLE I
Specimen dimensions and test conditions
Immersed Dry Dry
Sample Dimensions -1 X b X h (mm) time (h) time temperature (°C)

1 36.65 X 24.64 X 3.87 203 6 h 29 min 200
2 36.27 X 23.90 X 3.99 273 21 h 38 min 140
3 36.09 X 23.93 X 3.96 218 14 h 54 min 160
4 36.47 X 23.37 X 3.99 199 3 h 30 min 200
5 24.13 X 22.78 X 4.00 1540 24 h 15 min 93
6 36.70 X 24.11 X 3.86 500 36 h 19 min 70
7 36.65 X 36.60 X 3.89 669 38 h 41 min 100
8 2428 X 17.42 X 3.86 1396 10 h 27 min 160
9 19.89 X 19.36 X 4.00 0 5 h 44 min 200

mens with dimensions listed in Table I are used for
testing. The thickness variation is measured to be
<5%. The thickness variation is because samples cut
from different plates. All specimens were predried
by the moisture analyzer at 50 * 2°C until the speci-
men weight reaches a constant value. First, adsorp-
tion tests are preformed as described in Figure 3.
The predried specimens are fully immersed in water
at the room temperature for different durations of
time. Since the immersion duration for each speci-

—— Desorption Test

Moisture Concentration (%)

0 5 10 15 20 25 30

Square Root of Time (mins)"*

(a)

P B
£ ,.q-"'—-f
& /
®° :
=
£
@
gz
=]
Q ;
® —+— Adsorption Test
=
a1
n
[
=

0

] 5 10 15 20 25 30 EL 40 45
Square Root of Time (hrs)"?

(b)

Figure 6 The moisture equilibrium test for sample 9.
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men is different, the final moisture concentration
will also be different. Some of them will reach the
equilibrium state from which M. can be obtained
and for rest of them only get the initial portion of
the Fickian diffusion curve. The consistency of final
diffusivity results, the mean and standard deviation
values, will be examined among these specimens.
The moisture analyzer is used to dry the saturated
samples at desired temperatures until the weight
becomes a constant. The apparent diffusion coeffi-
cient, D, is determined from the high temperature
desorption tests. The one-dimensional diffusivity
normal to the largest surface, D, is obtained by eq.
(16), which corrects for the edge effects. It should be
pointed out that some samples prepared for adsorp-
tion test were not dried completely to zero moisture
concentration in the preparation period. To find out
the initial moisture concentration M; and the mois-
ture equilibrium M, value, one prepared specimen,
sample 9, was dried with the temperature of 200°C
directly without immersion. The result shows there
was 1% moisture concentration in the stored sam-
ples. After high temperature desorption test, sample
1 was fully immersed in water to do the adsorption
test. Their moisture concentration increased 3.96%.

Moisture Concentration (%)

0 5 1 15 20 25 30 35 40 45
Square Root of Time (hrs)"

Figure 7 Weight gain with moisture adsorption.
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TABLE II
Apparent diffusion coefficient (D,) test results

Apparent diffusion coefficient (m?/sec)

High temperature

Edge desorption test
effect Adsorption (Temperature ref.
Sample factor test (25°C) to TABLE I)

1 0.627 139 E —12 9.75 E —10

2 0.613 145E —12 244 E -10

3 0.615 148 E —12 428 E —10

4 0.610 133 E —12 -

5 0.556 144 E —12 209 E —-11

6 0.622 139 E —12 158 E —11

7 0.680 126 E —12 548 E —11

8 0.579 150 E —12 111 E —10

9 0.556 - 3.04 E -10

Therefore, M., for the sample is 3.96%. Figure 6
shows the weight loss and weight gain curve for this
sample. All other weight gain curves for the adsorp-
tion tests are shown in Figure 7. Not all samples
have reached the equilibrium state during tests.
Sample 5 and 8 reached their equilibrium state after
1400 h. Their moisture concentration increased
2.98%. Since an initial average concentration of 1%
exists in the samples. M, is a constant when compo-
sites are fully immersed in water, M, = 3.98% was
used for moisture diffusivity calculation for the
adsorption test.

RESULTS AND DISCUSSION

The apparent diffusion coefficients obtained from
both adsorption and high temperature desorption
tests are shown in Table II. The moisture diffusivities
obtained after correcting for the edge effects using
eq. (16) from the tests are shown in Table III. The
average moisture diffusivity is calculated to be D
= 858 E —13 m?/s at room temperature (25°C). The
standard deviation is 3.95 E —14, which is 4.6% of
the average diffusivity. The curves for high tempera-

TABLE III
Moisture diffusivity (D) results

Diffusivity (m?/s)

High temperature

Adsorption desorption test (Temperature
Sample test (25°C) ref. to TABLE 1)

1 874 E —13 6.11 E —10
2 8.87E —13 1.50 E —10
3 9.10 E —13 263 E -10
4 8.09E —13 -

5 8.03E —13 116 E —11
6 8.66 E —13 9.86 E —12
7 8.56 E —13 373 E —-11
8 8.66 E —13 645 E —11
9 - 1.69 E —10

1287

= - -Sample 5(93C)
i ——— Sample 8 (160 C)
- —=—Sample 9 (200 C)

G e Sample 2 (140 C)
3 Y kT Sample 1 (200 C)

Moisture Concentration (%)
(=]

0 5 10 15 20 25 30 35 40

Square Root of Time (mins)"?

Figure 8 Weight loss behavior at various desorption tem-
peratures.

ture desorption tests with different heating tempera-
tures are shown in Figure 8.

The Fickian diffusion assumption requires that the
initial diffusion curve be linear and the slope deter-
mines the diffusivity of the material. In this study,
the slope is obtained from the experimental data
using the least square regression fits when using the
initial slope method. The cutoff point for the linear
curve is set at 65% of M. If the moisture concentra-
tion did not reach 65% of M, in the test, then all the
available test data are used for the fitting of the
slope.

Since the models used for determining the diffu-
sivity with the high temperature desorption test
assume a uniform initial concentration profile in the
test specimen, it is important to ensure that the sam-
ples have the uniform initial moisture distribution
(c=c¢0< x <oot=0). Before heating a sample,
the sample need to reach the equilibrium moisture
concentration (M) in an elevated humidity environ-
ment. Sample 4 shows the case for which the high

D =1.38E-06e™*F %™

1.E-08
B Experimental Data
® 25C (Absorption Test)
—~ 1.E-09 O 35 C (Absorption Test)
‘;m -~ Arrhenius function
£ b
~ 1.E-10 )
fa) =
>
s LE- =
5
3 i
= o]
5 1EA2
1.E-13 -
1.5 2 2.5 3 3.5 4

T x 10° (K

Figure 9 Moisture diffusivity versus temperature relation
for PMR-15.
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Figure 10 RH and equilibrium moisture concentration
relationship.

temperature desorption test was interrupted can still
be used for moisture diffusivity and M., determina-
tion. Sample 5 and sample 8 were immersed in
water long enough to reach the moisture equilibrium
state. Sample 9 was not immersed in water and is
considered in its moisture equilibrium state under
room temperature in open air. Their dry tempera-
tures and weight loss curves are shown in Figure 8.
The high temperature desorption results show that
the diffusivity values obtained from specimen are
sensitive to the initial concentration profiles and
accurate results can only be obtained from speci-
mens that have saturated or have reached an equilib-
rium moisture state. To find out how important it is
for a specimen to reach its equilibrium status of
moisture content prior to heating in a high tempera-
ture desorption test, two samples are studied. Sam-
ple 1 and Sample 2 were immersed in water for a
short time (203 and 273 h) before the high tempera-
ture desorption test and did not reach its equilib-
rium moisture state. From weight loss curves in Fig-
ure 8, one can tell that those curves from samples
that reached their moisture equilibrium status fit bet-
ter to the standard Fickian diffusion curve shown as
in Figure 1. The initial linear region of the Fickian
diffusion curve for samples with longer immersion
time is straighter then that of samples with shorter
immersion time. They are more likely to yield accu-
rate and reliable results when calculating moisture
diffusivity. For those samples which did not reach

TABLE IV
Influence of relative humidity (RH) of the
environment on M

Saturation (%)

RH 45% 60% 85%
M, testl 0.95 1.46 2.55
M, test2 0.92 1.42 2.47
Average 0.94 1.44 2.51

YU AND POCHIRAJU

0.12
0.10
0.08

0.06

RMS Error

0.04
0.02

0.00

0.0E+00 5.0E-13 1.0E-12 1.6E-12 2.0E-12

Diffusivity { m*/sec)

Figure 11 Diffusivity value and RMS error in the fit (eq.
19).

their moisture equilibrium status, the moisture con-
centration within the materials were not uniform
from outer-layers to cores. Therefore, it is important
when using heat and try method to obtain diffusion
curve that the test sample has to be in its moisture
equilibrium status prior to heating.

On the basis of the above discussion, three sam-
ples 5, 8, and 9, are identified to have long enough
immersion times to have reached the equilibrium
(saturation) state. The high temperature desorption
test results from these three samples are used to
draw the Arrhenius function of diffusivity with tem-
perature as shown in Figure 9. A trend line has been
fitted with these 3 points. The fitting result gives the
Arrhenius relation as eq. (20)

D = 1.38 x 10~ 0¢~+29(1000/T) (20)

where the moisture diffusivity, D, is in m?/s and
temperature, T, in Kelvin.

From this fitting result, the best estimate diffusiv-
ity for 25°C is 7.84 E —13 m?/s. As a comparison,
the estimated value is 9% less than that obtained
from the adsorption test.

TABLE V
Moisture diffusivity results from the two methods

Moisture Diffusivity (m?/s)

Sample Initial slope method Optimization method
1 874 E —13 1.03 E —12
2 8.87E —13 1.07 E —12
3 9.10 E —13 1.09E —12
4 8.09E —13 922 E —13
5 8.03 E —13 958 E —13
6 8.66 E —13 108 E —12
7 8.56 E —13 925 E —13
Average 8.58 E —13 1.01 E —12
STD 394 E —14 741 E —14

Journal of Applied Polymer Science DOI 10.1002/app
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+  Experiment Data

Optien iz adion Methad

Indtial Blope Methad

Moisture Concentration (%)
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Figure 12 Simulation of moisture uptake for the diffusiv-
ity predicted by initial slope method and with diffusivity
predicted by the optimization method.

The relationship of the equilibrium moisture con-
centration and RH is investigated. Two samples
were exposed to three humidity levels with constant
temperature 35°C. A VersaTenn environmental
chamber'” was used to provide the different humid-
ity environments. The average moisture diffusivity is
found to be D = 157 E —12 m?/s at temperature
35°C and RH (RH = 85%). The estimated diffusivity
at 35°C from eq. (20) is 1.25 E —12 m?/s. The esti-
mated value is 20% less than the one from the
adsorption test. The parameters of eq. (8) can also be
determined by test results. Figure 10 shows the data
for various RH and corresponding equilibrium mois-
ture concentrations, M. Table IV shows the results
for three sets of data. The values of parameter a and
b in eq. (8) are found to be 0.0026 and 1.5461 respec-
tively.

The results from the initial slope method are used
to correlate with results from optimization method.
The goal is to minimize the objective function given
by the standard deviation equation as follows:

n 1/2
E= %Z(Mt(l) - Mexp(i)) (21)

i=1

The convergence result of curve fitting of sample 5
is shown in Figure 11. The diffusivity calculation
result comparison is shown in Table V. The calcu-
lated diffusivity results of sample 5 obtained by eq.
(18) from both slope method (8.03 E —13 m?/s) and
optimization method (9.58 E —13 m?/s) are used to
reconstruct the adsorption curves and compared to
measurement curve, as shown in Figure 12. The
standard deviations to the measurement are 0.0448
and 0.0272 for initial slope method and optimization
method respectively, which shows that the diffusiv-
ity result from optimization method is less variable.

Concluding remarks

The objective of this work is to characterize the
moisture diffusivity of a high temperature resin,
PMR-15, by two different test methods, the adsorp-
tion test and high temperature desorption test. The
test results are processed using two different analyti-
cal methods, initial slope method and optimization
method to obtain the diffusivity of the samples. The
temperature-diffusivity relationship for PMR-15 and
the relationship between the RH and equilibrium
moisture concentration are been obtained from the
experimental results.

When using eq. (17) to determine the moisture dif-
fusivity from experiments, a long linear region is pre-
ferred for obtaining a stable fit from the scattered
measurement points by the initial slope method. The
equilibrium moisture concentration M., is RH de-
pendent only. Therefore, the saturation state can be
reached by using high temperature exposure of the
specimens to humid environments and determining
M, from selected but few samples. Determination of
M, allows diffusivity estimates from samples that
are not completely saturated by using M, in eq. (17).

Using the initial slope method obtains the appa-
rent diffusion coefficient, D,, is obtained from experi-
mental data and then the moisture diffusivity D is
determined after correcting for the edge effects. The
initial slope method involves an artificial initial
region in which the linearity of the diffusion curve is
assumed. When such a linear region is not obvious
in experimental data, the optimization method is bet-
ter suited to extract the diffusion values as it consid-
ers the entire weight gain curve till saturation. How-
ever, the initial slope method is simpler to estimate
the diffusivity when an initial linear region can be
clearly identified.

The high temperature desorption test is effective
as an alternative approach to the adsorption test.
The diffusivity results from high temperature de-
sorption test show good agreement with that
obtained from adsorption tests. By extending the
Arrhenius curve fit, the diffusivities at temperatures
beyond testing temperature range can be estimated.
The moisture diffusivity for estimates for a typical
288°C (550°F) operation temperature is estimated to
be 6.64 E —10 m*/s.

The PMR-15 resin specimens were provided by from Air
Force Research Laboratory at Wright Patterson Air Force
Base. We gratefully acknowledge their support.
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