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ABSTRACT: Non-Fickian or anomalous diffusion is fre-
quently observed when the absorption of moisture by a
polymer is being studied. Different models have been
presented in the literature that can accurately predict the
trends of the weight-gain curves. However, it is not
always clear which of these models yield good predic-
tions of moisture distribution. This article presents a time-
resolved moisture distribution study of an epoxy sample
immersed in deuterated water (D,O) at 70°C over a pe-
riod of 2.5 months. The moisture distribution was meas-
ured during that period with a novel high-resolution
magnetic resonance imaging technique that is well

adapted to the imaging of thin plates. The experimental
results showed that the concentration of D,O at the
surface of the sample increased with time, even after 2.5
months. These results were used to evaluate the perform-
ance of several standard diffusion models. Although this
study is phenomenological, it appears that a model
featuring time-varying boundary conditions yields the
best representation of moisture absorption for these
samples. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 109:
1350-1359, 2008
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INTRODUCTION

Polymeric materials are being increasingly employed
for advanced structural applications in many indus-
tries. The aerospace industry, in particular, is mak-
ing increasing use of polymeric materials in the new
generation of civil aircraft. Polymer matrix compo-
sites are expected to account for 16% of the weight
of the new Airbus A380-800 airframe. The most
widely used matrices in fiber-reinforced composites
are epoxy-based. Epoxies are also used as adhesives
for bonding joints and multilayered sandwich panels.
Epoxies are employed mainly because of their supe-
rior chemical resistance and ease of manufacturing

Correspondence to: G. LaPlante (gabriel.laplante@umonc-
ton.ca).

Contract grant sponsors: Natural Sciences and Engi-
neering Research Council of Canada (to B.J.B. and P.L.-S.
and for support of the University of New Brunswick Mag-
netic Resonance Imaging Centre by a Natural Sciences and
Engineering Research Council of Canada Major Facilities
Access grant), Canadian Department of National Defence,
Defense Research and Development Canada (to B.J.B. and
P.L.-S.).

Journal of Applied Polymer Science, Vol. 109, 1350-1359 (2008)
©2008 Wiley Periodicals, Inc.

ST @WILEY

*,,.~ InterScience’

DISCOVER SOMETHING GREAT

(e.g., low viscosity before cure and low cure shrink-
age). It is recognized, however, that the mechanical
properties of epoxy are influenced by the presence of
moisture, even in small quantities of the order of 5
wt % or less.! Moisture in the environment is
absorbed by epoxy and contributes to the loss of me-
chanical properties.”> Recently, adhesive degradation
due to moisture was found to be responsible for
some structural problems with military aircraft.’

The mechanisms of moisture absorption by poly-
meric materials have been the subject of numerous
studies.* Reviews by Apicella and Nicolais® and
Weitsman®® suggest that the sorption dynamics are
very complex and depend on the polymer type, its
history, and the conditions under which the experi-
ments are performed.

Numerous models’ " of moisture absorption in
polymers have been developed over the years that
are based on observed phenomena and intuition.
The simplest models are based on Fick’s law. Simple
Fickian diffusion models assume that there are no
interactions between the sorbed water molecules and
the polymer chains. Frequently, the Fickian models
do not adequately represent the absorption process.
Such cases are called non-Fickian or anomalous dif-
fusion. Several different models have been proposed
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to predict the moisture distribution and the total
moisture uptake in a polymer during a non-Fickian
absorption process. Carter and Kibler® showed that a
two-phase Langmuir model could accurately repro-
duce moisture-uptake curves. The Langmuir model
includes water molecule/polymer interactions by
assuming that water molecules can exist in one of
two states, free or bound, and that there is a
dynamic exchange process between the two states.
Maggana and Pissis'' showed that anomalous diffu-
sion could result from the combination of two inde-
pendent Fickian processes characterized by a higher
diffusion coefficient associated with free water dif-
fusing in low-crosslink-density regions and a lower
diffusion coefficient associated with water diffusing
through high-crosslink-density regions. Crank’ sug-
gested that anomalous diffusion could be due to
viscoelastic relaxation mechanisms in the polymer.
Weitsman® showed that anomalous absorption can
be explained by changing boundary conditions due
to viscoelasticity. Roy et al.'” proposed a model in
which viscoelasticity is reflected as a change in the
diffusion coefficient with time.

The vast majority of the diffusion model results
presented in the literature are based on water uptake
measurements. Although such measurements are
very useful, they do not reveal any information
about the spatial and temporal distribution of mois-
ture within the polymer. Weitsman®® pointed out
the scarcity of moisture distribution data. Traditional
methods used to obtain moisture profiles are fre-
quently destructive' and therefore not well adapted
to time-resolved studies.

In this article, a novel magnetic resonance imaging
(MRI) technique was used to track the absorption of
moisture by epoxy over an extended period of time.
MRI has already been used by researchers to observe
water penetration in polymers.'” This method offers
many advantages. It is nondestructive, therefore
allowing the use of a single specimen during a time-
resolved study. It is accurate and rapid enough that
a measurement can be taken on a sample without
significantly disturbing the absorption process. In
this study, MRI was employed to obtain accurate
moisture distribution profiles in a thin plate during
the absorption process. The results provide insight
into the absorption of moisture by an epoxy. Several
moisture-absorption models are evaluated on the ba-
sis of the measured water distribution.

THEORY

This section presents the governing equations and
the corresponding solutions for four of the most
widely accepted models for moisture absorption by
polymers. The Fickian model is the most basic diffu-
sion model. The time-varying diffusivity and time-
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varying boundary condition models incorporate
modifications to the Fickian model to account for
viscoelasticity effects. The Langmuir model differs
from the Fickian model through the inclusion of
molecular interactions between the diffusing and
absorbing media. Based on contemporary knowledge
of diffusion in polymers,* all of these models possess
some real characteristics of moisture absorption in
polymers.

Fickian model

The simplest diffusion model is based on Fick’s
second law. For one-dimensional diffusion, the cor-
responding governing equation is

ac 0%c
5~ Pz M

where c is the moisture concentration, D is the diffu-
sion coefficient, t is the time, and x is the spatial
coordinate. For the case of a thin plate of thickness
2h that has its surfaces suddenly exposed to a con-
stant moisture concentration [the moisture concen-
tration at the boundary (cp)], the boundary condi-
tions of eq. (1) are expressed as follows:
c(£h) =0, t<0 c(£h)=cy, t>0 (2)
For a plate that is initially dry, the analytical solu-
tion to egs. (1) and (2) is given by7

cle,t) . A (-1 D(2n +1)*n2t
o0 ngznﬂex 412
2n+1
Xcosw (3)

Two parameters govern Fickian diffusion: D and
cp- In practice, the values of these parameters are
determined from the moisture-absorption curve. An
analytical solution for the total moisture [m(+)]
uptake is given by’

M(t 8 <

M ™ 4= (2n 4+ 1)°

2,2
D(Zn;—ﬂl) n t] @

where M., is the amount of moisture absorbed at
saturation.

A wuseful approximate closed-form solution for
eq. (4) is given by"®

Dt 078
M. pl 73(4}12) ] ©)
Fitting eqs. (4) or (5) to experimental data points
yields D and cy (¢ = M../2h). Alternatively, D can
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be obtained from the initial slope of the moisture
absorption curve as'?

2h \*( My — M \?
D= 6
(o) Gt ©
where subscripts 1 and 2 refer to two points located
in the initial (linear) portion of the absorption curve.

Time-varying diffusion coefficient

Roy et al.'” proposed that the effects of viscoelastic-
ity on the absorption of moisture by polymers could
be accounted for by the inclusion of a time-depend-
ent diffusion coefficient in the governing equation.
They showed that moisture absorption can be repre-
sented by the modification of eq. (1) to include a dif-
fusion coefficient that increases exponentially to a
plateau in the form of a Prony series. In this case,
the diffusion coefficient in eq. (1) takes the following
form:

D(t) = D;+ Y _Di[1 - exp(—t/7,)] )

where D; and D, are prony coefficients and 1, is the
rth time constant governing the time variation of D.
The analytical solution for this case is given by'’

(2n 4 1)*n?

cxv,t) . A (=D)” -
co =1 n;Zn—i—lexp 4h2?

R
X |Dit + Z D, [t + 1, (e — 1)]1 } COSW
r=1

(8)

The corresponding moisture-uptake curve is given
by

M) . 8 —(2n+1)*n?
L R il T
><{D¢+ D Dt + (e - 1)1}} )
r=1

The governing parameters M., D;, D,, and 1, are
obtained by the fitting of eq. (9) to experimental
absorption data.

Time-varying boundary conditions

Time-dependent boundary conditions were proposed
by Weitsman* to model the absorption of moisture
by polymers in which viscoelasticity causes the
value of the moisture concentration at the exposed
surfaces to increase with time. Cai and Weitsman’
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showed that moisture absorption in polymers could
be modeled by allowing the surface concentrations
to rise exponentially to a plateau. The boundary con-
ditions in this case take the form of a Prony series:

colt) =ci+ e[l —exp(—t/t,)] (10)

where ¢; and ¢, are prony coefficients and 7, is the
rth time constant governing the time variation in the
surface concentration. Crank” presented a solution
for the case in which c; is 0 and the change in ¢ can
be described by one single-exponential term. The so-
lution is

c(x,t cos[x(B/D)*?
(50 _ 1 qrp(_pp B0
Coo cos[h(B/D)"]
16BI2 I (—1)" exp[—D(2n + 1)*n?t/4K?]
nog2n+ 1 [4BR2 — Dn?(2n +1)7]
(2n + 1)nx
X cos o (11)
where ¢, is the surface concentration at saturation
and B = 1/1.
The moisture-uptake curve in this case is
M(t
O _q [eXp(—Bt)](D/Bh2)°'5 tan(B2/D)">
8 exp[—D(2n+1)2n2t/(4h2)] 12)
2 4= 2n+1)* 1 — (2n + 1)*[Dn2/(4ph2)]

In the general case in which the surface moisture
concentration is represented by eq. (10), the moisture
distribution is given by a linear combination of egs.
(3) and (11):°

c(x,t) cicH(x H o S~e 5, b
- = *;a” 56,)  (13)

where ¢y is Fick’s solution [eq. (3)] and ¢ is the solu-
tion for a surface concentration governed by a sin-
gle-exponential rise [eq. (11)]. The corresponding
moisture absorption is

M(t) &g
T, = o M)+ D C s 14)

where My and M are the moisture uptakes [M(t)]
given by egs. (4) and (12), respectively and B, is 1/1,.

The governing parameters c.. (M./2h), c;, c,, and
B, are obtained by the fitting of eq. (14) to the exper-
imental absorption data.

Langmuir model

The aforementioned models assume that there are
no chemical interactions between sorbed water mole-
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cules and reactive sites in the epoxy; that is, all
water molecules are diffusing freely. This assump-
tion is not valid when the diffusing water forms
bonds with reactive groups present in the epoxy,
which affect the diffusion characteristics. The Lang-
muir two-phase model accounts for such interactions
by assuming that the water molecules exist in two
different states: free and bound. The one-dimen-
sional governing equations in this case are®

&cs  Ocr O
9 _% %

oxx ot Ot
(15)

86;,
o Y~ Bew

where subscript f and b refer to free and bound
water, respectively. Parameters y and 8 are the prob-
abilities of free molecules becoming bound and
bound molecules becoming free. At equilibrium, that
is, saturation, ycpe = BCpee

The free water distribution given by the Langmuir
model is®

4 (0dd) (—1)" 12

4 “(Odd)( 1)(7171)/2
_ - +
7, exp( )]cos +— 5 nz: n(;—r;)r”r"
[exp(—1,t) — exp(—r,t)] coszihx (16)
where
N 2 2 210.5
r :E{Kn +v+BE[(kn”+v+B) —4xBn’] 7}
(17)
and
2D

The total moisture uptake in this case is approximated

by

0.75
A]/\I/[(i) ~ ; f_ Bexp(—wf) ll - exp< 7. 3<4Dht2> )]
+ P lexp(—B) — exp(—y1)] + [1 — exp(—pt)
(19)

for 2v,2B < n*D/(4h?). The process is governed by
parameters v, B, M., and D, which are obtained by
the fitting of eq. (19) to moisture-uptake data.
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EXPERIMENTAL
Specimen preparation

The epoxy used in this study was Cytec FM300 (Cytec
Engineered Materials, Havre de Grace, MD), a high-
temperature epoxy widely used in the aerospace
industry. Thin sheets of epoxy were stacked to fabri-
cate a plate of a nominal thickness of 1.5 mm. The
plate was cured at a high temperature (177°C) in
vacuo for 1 h according to the manufacturer’s recom-
mendations. Differential scanning calorimetry tests
performed on small samples from the plate showed
that the adhesive was fully cured. A full description
of the specimen preparation is given elsewhere.

One sample (30 mm X 35 mm) was cut from the
plate for this MRI investigation. The thickness of the
sample, measured with a micrometer, varied from
1.495 to 1.614 mm and was assumed to be uniform for
the purpose of this study. The aspect ratio of the sam-
ple ensured that effects of absorption from the edges
were negligible. The sample in its dry state was care-
fully weighed on an electronic balance with a precision
of =0.0001 g. It was then fully immersed in a reservoir
containing deuterated water (D,O) preheated to 70°C.
The reservoir was loosely sealed and placed in an oven
with the temperature controlled at 70°C. This procedure
prevented pressure buildup inside the reservoir yet
minimized D,O loss due to evaporation. The tempera-
ture of immersion (70°C) was chosen carefully to maxi-
mize the diffusion rate without causing polymeric chain
damage, as suggested by ASTM D 5229.'* Intermit-
tently, the sample was taken out of the reservoir, wiped
dry with a lint-free cloth, and weighed. The mass data
were used to construct the water uptake curve.

MRI

Nuclear magnetic resonance (NMR) is a phenomenon
by which certain nuclei, in the presence of a mag-
netic field, oscillate at a frequency that depends on
the magnetic field strength and on the nature of the
nuclei. MRI is a well-known technique in clinical ra-
diology but has also been proven to be well suited,
with appropriate methodologies, for material science
applications."

MRI is a form of radio-frequency spectroscopy in
which the magnetic resonance signal is encoded
with position information to create noninvasive one-,
two-, or three-dimensional images of objects. In this
study, D,O was selected over regular water (H,O) as
the diffusing fluid. This is because hydrogen (‘H) is
present in significant quantities in the epoxy formu-
lation. As a result, the 'H signal from the polymer
dominates the NMR signal as determined in prelimi-
nary measurements. The natural abundance of °H,
on the other hand, is estimated to be approximately
0.015%. Therefore, the H signal obtained from the

Journal of Applied Polymer Science DOI 10.1002/app
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A coil

sample

Figure 1 Schematic of the MRI measurement with a sur-
face coil probe. The coil diameter is 25 mm. The surface
coil area defines the region of interest in the MRI measure-
ment. The nominal sample thickness is 1.6 mm. The y axis
is the imaging axis.

conditioned sample will correspond exclusively to
sorbed water. Deuterium (*H) has a gyromagnetic
ratio (y) of 6.5 X 10° Hz/T, which is ~ 1/6 of vy for
'H (4.26 x 10" Hz/T).

The one-dimensional nature of the diffusion process
in a thin plate lends itself to MRI with a surface coil ex-
citation method.'® A local surface coil probe will limit
the measurement to a small region of the sample. This
constitutes an advantage when edge effects are to be
avoided. A purpose-built surface coil probe with a di-
ameter of 25 mm was used for this study. The probe
configuration is depicted in Figure 1.

The selection of the MRI pulse sequence was dic-
tated by the problem. A high resolution was desired
for moisture profiles, and the sample had relatively
short spin-spin relaxation time (T,) and spin-spin
relaxation time in an inhomogeneous magnetic field
(T5*) signal lifetimes (1-2 ms). This suggested the use
of a phase encoding method. In addition, because of
the weakness of the D,O signal, high sensitivity was
important. The selected method was the spin-echo
single-point imaging method presented by Ouriadov
et al.' This MRI method is well suited to the study
of thin-film specimens measured with surface probes
for which the signal is inherently weak. The MRI
method is schematically depicted in Figure 2.

During image acquisition, for encoding in the y
direction, the magnetic resonance signal is given by

S(ky) = / Py eXp {_HSE)] exp[i2nkyyldy  (20)

where p, is the nuclear spin density, k, = 2n)~!
X yGyt, (Where G, is the imaging gradient and ¢, is
the phase encoding time) is the space frequency, TE
is the echo time, and n refers to the nth echo. The
Fourier transform of eq. (20) yields an image

p(y) = p, exp [— Tér(j(];)) } (21)

where p(y) is the apparent nuclear spin density
reduced from the true spin density by the T, decay.
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The field of view (FOV) of the reconstructed image
is given by

1 1
FOV = —— = (22)
Ak, AGt,
with a nominal image resolution of
FOV
Ay = — 2
=y (23)

where N is the number of k, points acquired.

The measurements were performed in a Nalorac
8-cm, vertical-bore, 4.8-T (resonance frequency of
30.5 MHz for *H) magnet equipped with a self-
shielded, water-cooled, magnetic field gradient set
(DSI-873, Doty Scientific, Inc., Columbia, SC). The 90
and 180° pulse lengths were 46.5 and 93 s, respec-
tively, with a 60-W radio-frequency amplifier
(M3205A, American Microwave Technology, Inc.,
Anaheim, CA). The nonuniform nature of the surface
coil B; field necessitated an XY4 phase cycling
scheme to minimize pulse length errors.'>" t, and
TE were 2 and 3.5 ms, respectively. A total of 12 ech-
oes were acquired. During the acquisition, spoil gra-
dients were used to avoid unwanted stimulated ech-
oes.'”® The longitudinal magnetization recovery con-
stant (T7) of the sample varied between 50 and 80
ms during the course of the experiment. The delay
between scans was set to 400 ms (>5T;), whereas the
delay between gradient steps was 200 ms. This
resulted in a reduced acquisition time with minimal
T, blurring. A total of 64 k, data points were
acquired with 512 signal averages, which resulted in
a signal-to-noise ratio of 36 for the image corre-
sponding to an immersion time of 2.5 months. The
total acquisition time for each profile was 2 h 20
min. During that period, the sample was wrapped in
polytetrafluoroethylene tape to minimize the loss of
D,O due to evaporation. Weight measurements

T, decay
90%  180% - 180% / 1805,
0 A

RF —ﬂ_-_")(“‘-ﬂ'----x— coe
echo #1 echo #2 echo #3
o —E—E
Y | s
Gz B—E
GX — — — — — 1 o0

Figure 2 MRI pulse sequence for the spin-echo single-
point imaging technique. RF represents the radio-fre-
quency excitation and signal acquisition. The time between
the 90° pulse and the first echo is the echo time (TE). G,
and G, are the imaging gradients, and G, is the spoil gra-
dient. The total time of application of G, (or G.) is t,.
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showed that moisture loss during the acquisition
was negligible. Similarly to Ouriadov et al.,'® a linear
combination of phase encoding gradients (G, and
G;) was used to adjust the imaging direction so that
it was perpendicular to the sample surface. Orienta-
tion around the z axis was carried out physically by
the rotation of the probe inside the magnet.

RESULTS AND DISCUSSION
Sample moisture-absorption curve

The moisture-absorption curve for FM300 epoxy in
DO at 70°C is shown in Figure 3. The figure also
includes uptake curves obtained by fitting to Fickian
and Langmuir models, the two most widely
accepted models in the literature, and two models
that have recently been shown to yield good results
for moisture absorption by viscoelastic materials.
The first viscoelastic model features a time-varying
diffusion coefficient,'® and the second model features
a time-varying surface concentration.’

It can be seen from Figure 3 that diffusion does
not follow a pure Fickian process except during the
very early stages of absorption. The Fickian model
predicts that saturation will be reached more rapidly
than has been proven by experimentation. This
anomaly has been observed and described by other
investigators.* The Langmuir model and especially
the time-varying diffusion model and time-varying
surface concentration model follow the moisture-
absorption trend more closely. However, model per-
formance in describing moisture absorption does not
guarantee an accurate moisture distribution. A com-
parison of moisture distributions from these models
with experimental data is shown in a subsequent
section.

5.0 ;
X 4.0 1 /’-—"; -
c

4

23.0 %
Q
© /
204 M
3 o
@ 74
(o] i
210 //

0.0

]

10 20 30 40
Time "2 (hr1/2)

Figure 3 Moisture-uptake curve for D,O in epoxy at
70°C. The moisture content is given by M (%) = (weight —
weightq,,)/weightq, X 100. Curves are presented for (@)
the weight-gain data, (—) Fickian model, (---) Langmuir
model, (--) time-varying diffusivity model, and (--) time-
varying boundary condition model.
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Figure 4 Multi-echo one-dimensional image of D,O in
epoxy. The echo time for the acquisition was 3.5 ms. The
profiles shown correspond to an immersion time of 430 h.
The numbers on the right are the echo numbers.

Moisture profiles

Each set of echoes collected from the multiple-spin-
echo method, upon Fourier transformation, pro-
duced an image of the diffusion profile with decreas-
ing intensity with the echo number (see Fig. 4).
These sets of images were used to back-extrapolate
the data to echo time 0 and obtain T»-weighting free
profiles' of free water in epoxy. The back-extrapola-
tion was performed by fitting to eq. (21) with the
IDL mpcurvefit least-squares fitting routine, which is
based on the Marquardt-Levenberg algorithm. The
resulting profiles are shown in Figure 5.

The moisture profiles of Figure 5 are quite reveal-
ing. It is clear that the exposed surfaces did not satu-
rate immediately after first contact with water. In
fact, the water content near the surface and across
the sample increased continuously during the experi-

e o 9o =
> o ™ o

<
(N

Normalized signal intensity

o
o

0.0 1.0 2.0 3.0
Thickness (mm)

Figure 5 D,0 diffusion profiles in epoxy. The error bar at
the center of each profile represents the typical standard
error associated with the back-extrapolation operation.
Profiles are presented for immersion times of (@) 42, (M)
81, (A) 121, (@) 181, (O) 269, (O) 430, and (A) 1830 h. A
few erroneous data points (detected by visual inspection)
were removed from the profile corresponding to 42 h of
immersion.
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Figure 6 Evolution of the image intensity with the
immersion time. The experimental data points are repre-
sented by diamonds. The solid line represents the best fit
from an exponential rise to a maximum function.

ment. This suggests that there is a mechanism that
increases the solubility of water (D,O) in epoxy with
time. Figure 6 presents a plot of the evolution of the
peak (edge) moisture content with time. The local
mobile water content at the edge appears to follow
exponential growth. This is in agreement with Weits-
man’s assumption that viscoelastic relaxation phe-
nomena cause a change in the surface concentrations
with time.®”

It is important to note that the profiles presented
in Figure 5 are not pure D,O density profiles but are
rather mobile D,O profiles. This is due to the exis-
tence of two components in the T, signal decay from
D,0 in epoxy.”® The short-lived signal is characteris-
tic of bound D,O, whereas the long-lived signal is
associated with mobile D,O. In our case, bulk Carr-
Purcell-Meiboom-Gill (CPMG)?' measurements with
short (0.63 ms) and long (3.5 ms) echo times showed
that the long component of the biexponential T,
decay varied from 6 to 15 ms. Although a short com-
ponent existed, it could not be determined on the ba-
sis of these measurements. The T, lifetime of bound
D,O was evaluated to be 300 ps by solid-state 2H-
NMR.?? With the echo time chosen to be 3.5 ms, the
short component completely decayed in the imaging
measurement. Therefore, the profiles reveal only the
long component associated with the mobile D,O.

Estimation of the amount of bound water

Despite the complete decay of the short-T,, bound
water in our imaging experiment, it is still possible
to estimate the quantity of bound water present in
the sample on the basis of the moisture-uptake data.
Figure 7 presents a plot of the moisture content
(obtained by weighing) against a normalized MRI
signal intensity, which corresponds to the area under
the profile curves of Figure 5. Figure 7 indicates that
there is a linear relationship between the integrated
MRI signal and the moisture content. A best fit line
through the data points is also shown in Figure 7. It
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is interesting to note that this curve intercepts the
moisture-content axis at ~ 2.6%. This reveals the ex-
istence of a threshold value of moisture content
below which no MRI signal is detected from the
sample. Above 2.6% moisture content, any increase
in the moisture content is detected in the MRI signal.
We assume here that 2.6% corresponds to the
amount of bound water in the epoxy sample. Fur-
thermore, it means that 2.6% bond water is absorbed
almost immediately throughout the sample. This
represents over half (58%) of the total moisture
uptake after 2.5 months of immersion and is
absorbed in less than 40 h. Therefore, it is postulated
that moisture must fill all the bonding sites first
before diffusion can occur within the free volume of
the epoxy network. In addition, except for the sur-
face and because there is no reason a priori for the
distribution of the bonding sites to be nonuniform,
we can assume that the first step in the absorption
process is one during which moisture is absorbed
quickly by the polymer, resulting in a uniform distri-
bution of bound water.

Moisture-absorption models

We now compare the experimental data to the four
general classes of moisture-absorption models.

Fickian model

The Fickian absorption curve shown in Figure 3 is
based on a saturation moisture content of 4.5%,
which is the value of the water content after 2.5
months (1830 h) of immersion, and a diffusion coeffi-
cient calculated with eq. (6). The diffusion coefficient
was evaluated to be 5.5 X 10> mm?/h.

The values of the diffusivity and moisture content
are based on weight-gain data exclusively and are
now used in eq. (3) to predict moisture distribution
profiles. The predicted Fickian moisture distributions

5.0 7

4.0 -

3.0 1

4@

2.0 1 T T 1 T
00 02 04 06 08 1.0
Normalized total MRI signal intensity

Moisture content (%)

Figure 7 Moisture content plotted against the area under
the profiles shown in Figure 4. The intercept (~ 2.6%) rep-
resents the amount of bound water. The diamonds repre-
sent the experimental data points. The solid line represents
the best linear fit.
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Figure 8 Moisture distribution profiles: (a) MRI measurement, (b) Fickian model, (c) Langmuir model, (d) time-varying
diffusivity model, and (e) time-varying boundary condition model. (H, ¢,[1,A) MRI profiles and (—,--,--,---) model pro-
files are presented for immersion times of 81, 181, 430 and 1830 h, respectively.

at four different immersion times (81, 181, 430, and
1830 h) are presented in Figure 8(b). For evaluation,
Figure 8(a) shows MRI moisture distributions at the
corresponding times. For ease of comparison, all
plots are presented in terms of the relative concen-
tration by weight. The MRI profiles were offset by
2.6% to account for an assumed underlying uniform
distribution of bound water. It is clear from Figure
8(a,b) that the Fickian model is inadequate to repre-
sent the moisture-absorption process in these sam-
ples. The main weakness of this model is its assump-
tion that the surface concentration reaches saturation

instantly, and this is not the case according to the
MRI data.

Langmuir model

The Langmuir absorption curve (Fig. 3) was obtained
by the fitting of eq. (19) to the weight-gain data with
the least-squares method. The fitting was performed
with a Sigmaplot@ (Systat Software, Inc., San Jose,
CA) using the Marquardt-Levenberg algorithm. The
parameters extracted from the fit are D = 4.3 X 107°
mm?/h, M., = 445%, v = 121 X 1073, and B = 2.46
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X 1072. The values of y and B indicate that at satura-
tion (ycge = Pcps), the predicted ratio of the amount
of bound water to total water is 0.33, which is lower
than that deduced from the MRI data (0.58).

The moisture distribution predictions from the Lang-
muir model are presented in Figure 8(c). In this case,
the free water concentration (rather than total water
concentration) is plotted on the vertical axis. These
moisture-concentration values should be compared
with values from the right-hand side axis of Figure
8(a). The Langmuir model predicted a maximum free
water concentration of 3.0 wt % across the sample after
1830 h of immersion, whereas a maximum concentra-
tion value of 1.9% was estimated from the MRI results.
This difference is a direct result of the values of y and
B. Therefore, on the basis of the MRI data, the Lang-
muir model is in error for the estimation of the free
water content. In addition, similarly to the Fickian
model, the Langmuir model predicts an instantaneous
moisture saturation of the exposed surfaces. The exper-
imental data have shown that this is not the case.
Nevertheless, the MRI data clearly indicate the pres-
ence of a bound water component.

Time-varying diffusivity model

The moisture-absorption curve (Fig. 3) from the
time-varying diffusion coefficient model was ob-
tained by the fitting of eq. (9) to the experimental
data points with the least-squares method. The fit-
ting was performed with the IDL mpcurvefit routine.
A total of four terms were used in the Prony series,
and the resulting parameters are as follows: M., =
44%, Dy = 0.00523 mm?/h, D; = —38 X 107°
mm?/h, 1y =39 h, D, = —6.1 X 1072 mm?/h, 1, =
391 h, D3 = 24 X 10 ° mm?/h, 13 = 412 h, D, = 1.6
X 107° mm?/h, 14 = 520 h, Dy = 1.8 X 10~° mm?/h,
and 14 = 851 h.

The moisture distribution predictions from this
model are presented in Figure 8(d). As for the two
previous models, this model’s main disadvantage is
that it assumes that the saturation of the surfaces
occurs instantly. Additionally, in this case, the time-
varying diffusion coefficient slows down the diffu-
sion of free water toward the center of the sample.
This can be observed in a comparison of the curva-
ture in the profiles with the corresponding profiles
of the Fickian model [Fig. 8(a)]. As a result, the
moisture distribution predictions lie further from the
MRI data than the Fickian distribution. Therefore,
this model is not recommended to model moisture
absorption in this case.

Time-varying surface concentration model

The moisture-absorption curve (Fig. 3) from the
time-varying surface concentration model was ob-
tained by the fitting of eq. (14) to the weight-gain
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data. A total of five terms were used in the Prony
series, and the resulting parameters are as follows:
D =49 X 107® mm?/h, ¢; = 5.545, c; = 0.149, ¢, =
—4.104, ¢z = 2.135, ¢4, = —0.0554, c5 = 0.946, B3, = 1/
10h™!, B, =1/50 h™!, B3 = 1/100 h™', B4 = 1/500
h™!, and Bs = 1/1000 h ™.

The moisture distribution predictions from the
time-varying surface concentration model are pre-
sented in Figure 8(e). Although not perfectly accurate,
this model predicts the moisture absorption better
than all previous models, especially for longer immer-
sion times. The model yields reasonable values of sur-
face concentrations and gives good predictions of the
diffusion toward the center of the sample, as shown
by the similarities in the curvatures between the pre-
dicted and MRI profiles. Of the four models investi-
gated, this one is best suited to predict the absorption
of water by epoxy under the experimental conditions.

CONCLUSIONS

A novel MRI technique, spin-echo single-point imag-
ing, has been presented to measure the moisture dis-
tribution in an epoxy-adhesive polymer. This tech-
nique is very sensitive and therefore well suited to
the study of diffusion in thin plates of adhesives.
The technique was applied to study the absorption
of moisture (D,0O) by a high-temperature aerospace-
grade epoxy (FM300). Weight-gain data showed that
this process was of the anomalous diffusion type.

The acquisition of data with the MRI technique
employed was fast—2 h 20 min for the collection
of T,-weighted profiles—in comparison with the
kinetics of moisture absorption, thus allowing for
this time-resolved study. The MRI moisture profiles,
which reflected the concentration of free water
across the thickness of the sample plate, showed that
the surface of the epoxy adhesive, a viscoelastic ma-
terial, did not instantly saturate, contrary to the
assumption employed in common diffusion model
formulations. In fact, experimental data revealed
that, after 2.5 months (1830 h) of immersion in D,O
at 70°C, the surface water concentration of the epoxy
was still increasing. Although previous models were
established on the basis of this concept, to the
authors” knowledge, this is the first time that this
phenomenon has been directly observed.

The MRI results, in conjunction with weight-gain
data, allowed the estimation of the quantity of bound
water in the epoxy, which was evaluated at 58% of
the total moisture content after 2.5 months of immer-
sion. The bound water was absorbed very early in the
process: less than 40 h. The results of this MRI study
suggest the existence of three distinct processes in the
absorption of moisture by epoxy: the rapid absorption
of bound water, the diffusion of free water, and the
increase of the surface concentration. The latter could
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be a reflection of viscoelastic relaxation, which
increases solubility by increasing the free volumes.
Finally, the MRI moisture distribution profiles
were used to evaluate the performance of the Fickian
model as well as three additional models that were
previously shown to describe anomalous diffusion in
terms of total moisture uptake. The results showed
that the model featuring time-varying boundary con-
ditions best represents the anomalous moisture dis-
tribution in a fully crosslinked epoxy. The other
models, that is, the Langmuir and time-varying dif-
fusivity models, showed poorer predictions. It
should be noted, however, that the study is phenom-
enological because the chemical structure of the ep-
oxy system is unknown. It is possible that the time-
varying boundary condition model applies only to
this specific epoxy. Other epoxies will need to be
evaluated to verify the general applicability of the
model. In any case, this work has clearly demon-
strated that diffusion models based only on mois-
ture-uptake analysis should be used with caution.
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