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SYNOPSIS

The diffusive and mechanical behavior of tetraglycidyl diaminodiphenyl methane (TGDDM)
resin-based composites and diglycidyl ether of bisphenol-A (DGEBA) resin-based graphite/
epoxy composites were investigated during water sorption at different temperatures. The
water-absorption kinetics in both systems at 50, 70, 90, and 100°C were fitted by a Fickian
diffusion model. However, a Langmuir-type, two-step sorption behavior was observed for
water transport in DGEBA-based systems at 50 and 70°C. Using scanning electron mi-
croscopy, internal cracks due to water absorption were found in the DGEBA -based samples
after conditioning at 90 and 100°C in water, whereas no cracks were detected in TGDDM-
based samples conditioned in water at 100°C. Ultrasonic testing did not show significant
modulus or density change of the TGDDM-based samples conditioned in water at 100°C.
No significant changes of dynamic modulus or damping factor were observed for the
TGDDM-based samples redried after immersion in 100°C water, whereas slight changes
were observed above 120°C for the samples containing absorbed water. However, both
water-containing and redried DGEBA -based samples showed a decrease of dynamic modulus
and an w-transition around 120°C. A single-fiber fragment test revealed that the absorbed
water at 80°C reduced significantly the interfacial shear strength of DGEBA /DDA
resin-AS4 fiber samples and DGEBA /DDA resin-AU4 fiber samples. © 1993 John Wiley &

Sons, Inc.

INTRODUCTION

Composites based on epoxy resins are widely used
in a variety of applications, especially in the aero-
space industry. Prepreg matrices based on tetragly-
cidyl-4,4’-diaminodiphenyl methane (TGDDM)
epoxy resins with graphite fibers can be cured to
form composites with superior mechanical proper-
ties.! Diglycidyl ether of bisphenol A (DGEBA) and
epoxy Novolac compounds are also widely used. Un-
cured epoxide resins are usually cured with cross-
linking agents that have at least two reactive amine
groups. The mechanical properties of the cured
epoxy resins can be altered depending on the cross-
linking agent used, the selection of the proper curing
time and temperature, as well as processing methods
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for minimization of the presence of voids in the
composites.

The epoxy resins used in such systems usually
absorb water or moisture. This moisture absorption
can be attributed largely to the water affinity for
specific functional groups of the cured epoxy resin
of a highly polar nature. The most widely cited ev-
idence for this affinity is measurement of water in
epoxy resins? and epoxy composites® using NMR
spectroscopy. Since the NMR line width decreases
with increasing molecular mobility, the broadening
spectrum of water in epoxy resins indicates that wa-
ter is hydrogen-bonded to the resin; its mobility in
epoxy resins is between the solid- and free-water
states. Using FTIR spectroscopy, Antoon et al.*
showed that the frequency of the in-plane bending
mode of water in epoxy resins lies between the fre-
quencies of liquid and free water. Therefore, they
proposed that the sorbed water was held within the
epoxy resin by hydrogen bonding.

Karasz and co-workers*® investigated the nature
of the epoxy-water molecule interactions using
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quadrupole echo deuterium NMR spectroscopy.
They revealed that (i) the water in epoxy resin is
impeded in its movement; (ii) there is no free water;
(iii) there is no evidence for tightly bound water;
and (iv) it is unlikely that water disrupts the hy-
drogen-bonded network in the epoxy resin. Using
dielectric experiments, Woo and Piggott” suggested
that the water does not appear to be bound to polar
groups in the resin or hydrogen-bonding sites. They
reported that there was only some clustering of water
molecules in the polymer, rather than complete sep-
aration of molecules.

Apicella et al.®® proposed that there are three
modes of sorption: (i) bulk dissolution of water in
the polymer network; (ii) moisture absorption onto
the surface of holes that define the excess free vol-
ume of the glassy structure; and (iii) hydrogen
bonding between hydrophilic groups of the polymer
and water. If the first two modes occur consecutively,
a dual sorption behavior can be observed.

Moisture absorption or cyclic absorption and de-
sorption at high temperatures and relative humid-
ities can cause voids and/or microcracks in the
epoxy resin. If these effects are extensive, conditions
for non-Fickian transport can be induced. Thus, we
can expect either non-Fickian or Fickian transport
depending on the resin properties and environmen-
tal conditions. Various studies have revealed that
the moisture transport in composites can be de-
scribed by a Fickian diffusion model with a con-
stant,'® a concentration-dependent,!! or a stress-
dependent diffusion coefficient.!

When an epoxy resin absorbs water, the local de-
gree of water sorption (swelling) depends on the
local water concentration. As a result, the more
“swollen” regions experience a compressive force,
whereas less “swollen” regions experience tensile
forces. The tensile stress can enhance the water
transport rate. Such a self-induced stress can cause
a non-Fickian behavior. Farrar and Ashbee'? found
that the water-transport rate under this self-induced
stress is an order of magnitude greater than the rate
without stress.

Several researchers!®>'* observed that the hy-
grothermal conditions can cause an interfacial de-
bonding in glass fiber/epoxy resin composites. In
graphite /epoxy composites, Kaelble et al.’>!® ob-
served that the interlaminar shear strength could
be reduced by 30-50% after immersion for 200 h in
100°C water. They suggested that this degradation
is irreversible and is directly related to cumulative
moisture degradation of the fiber-matrix interfacial
bond. T'sotsis and Weitsman !’ calculated the energy-
release rate in microcrack formation due to moisture

absorption in graphite/epoxy composites. They
suggested that moisture weakened the fiber /matrix
interface by reducing the adhesion and creating
damage around the fiber.

In the present work, experiments were performed
on two types of epoxy composites to investigate the
influence of water transport in the debonding be-
tween matrix and fiber, to analyze the mechanism
of water transport, and to associate the developing
stresses at the matrix/fiber interface to the de-
bonding between the two components.

EXPERIMENTAL

Materials Preparation

The epoxy composites used in this work were Her-
cules AS4/3501-6 and Fiberite ANC3K /948A1. The
Hercules 3501-6 epoxy resin contains 88.5 wt % te-
traglycidyl diamine diphenol methane (TGDDM)
and 11.5 wt % Novolac with 25 phr (part per
hundred parts of epoxy) diamino diphenyl sulfone
(DDS) and 2 phr boron trifluoride complexed with
monoethylamine (BF;MEA). The Fiberite 948A1
epoxy resin consists of diglycidyl ether of bisphenol-
A (DGEBA) epoxy, dicyandiamide (DDA) cross-
linking agent, and 4-chlorophenyl urea catalyst.

Both composite samples were prepared by curing
prepregs laid up on a mold in the same direction to
make a unidirectional laminate. An autoclave vac-
uum-bag curing method was used for their prepa-
ration. Curing of the TGDDM-based composite
sample was done by sealing the prepreg inside a vac-
uum bag with the vacuum set at 0.16 atm. The tem-
perature of the autoclave was raised to 116°C at
2°C/min and the autoclave was pressurized to 586
kPa at 116°C. This temperature was then held for
70 min at 586 kPa while the vacuum of the vacuum
bag was maintained. The temperature was then
raised to 177°C at 2°C/min and maintained at
177°C for 2.2 h. After the isothermal curing, the
sample was cooled to 66°C in 2 h and was finally
postcured at 177°C for 3.5 h. These conditions are
similar to industrial conditions for the preparation
of such systems.

Curing of the DGEBA-based composite sample
was carried out the same way as before while the
temperature of the autoclave was raised to 127°C
from the room temperature for 1 h. This temperature
was held for 2 h and then cooled down to room tem-
perature for 1 h; this sample was not postcured, as
typically done in industry.
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Water-Sorption Tests

Samples with identical properties and curing history
were cut from the same composite panel. The sample
size was 4 X 4 cm?, and the thickness was 0.075 cm
for Hercules composite samples and 0.04 cm for Fi-
berite ones. The ratio of sample side area to the
main surface area was 3.75% for Hercules composite
samples and 2.0% for Fiberite composite samples.
Therefore, side sorption effects were assumed to be
negligible.

After measuring the initial weight of each sample,
the slabs were submerged in deionized water in 100
mL vials. Gravimetric studies were performed at 50,
70, and 100°C. The experimental error of this test
is usually +0.01%.

Hygrothermal Effects

The physical effects of hygrothermal conditions were
studied using photomicrography, scanning electron
microscopy, ultrasonic testing, and dynamic visco-
elastometry. A single-fiber fragment test and in-
frared spectroscopy were applied to investigate the
hygrothermal effects on the fiber/resin interfacial
bonding.

To investigate the hygrothermally induced dam-
ages in both Hercules AS4/3501-6 and Fiberite
ANC3K /948A1 composites, the samples were im-
mersed in 50, 70, 90, and 100°C water for up to 1200
h. Micrographs were taken with a 35 mm camera
having a contact lens. After immersion in water, the
samples were removed and cut transversely to the
fiber direction. The cross-sectional area was inves-
tigated with a scanning electron microscope.

In the ultrasonic testing procedure, the change of
ultrasonic wave velocity was measured at the fre-
quency of 150 kHz and at room temperature. Two
types of unidirectional Hercules AS4/3501-6 com-
posite samples were prepared. In one sample, the
wave propagated in the same direction with the fiber
to measure the longitudinal wave velocity. In the
other sample, the wave propagated transversely to
the fiber to measure the transverse wave velocity.
The length of the samples was 10 cm and the thick-
ness was 0.75 mm. To investigate hygrothermal ef-
fects, the samples were immersed in 100°C water
and were taken out periodically to measure the wave
velocities.

Dynamic mechanical tests were performed using
a dynamic viscoelastometer (Rheovibron, Toyo
Baldwin, model DDVII-C, Tokyo, Japan). Dynamic
modulus and tan é were measured as a function of
temperature at 3.5 Hz. Samples were unidirectional

fiber composites and the dynamic forces were applied
transversely to the fiber direction. Two types of ex-
periments were performed. Samples containing var-
ious amounts of water were prepared to investigate
the influence of water on the dynamic mechanical
properties, whereas redried samples after various
periods of hot-water conditioning were prepared to
investigate hygrothermally induced degradation. For
the first test, dry samples as well as samples of Her-
cules AS4/3501-6 containing 0.60, 1.07, and 1.57 wt
% water were used along with Fiberite ANC3K/
948A1 samples containing 0.87, 1.36, and 1.87 wt %
water. T'o prevent water desorption from the samples
during dynamic tests, they were coated by silicon
vacuum grease. There was no absorption of water
by the vacuum grease. To test water degradation,
samples were immersed in 100°C (Hercules AS4/
3501-6) and 90°C (Fiberite ANC3K /948A1) water
for 4, 11, and 21 days and then redried in vacuum
oven for 5 days at 85°C.

To further investigate the influence of water, sur-
face-treated Hercules AS4 fibers and nontreated
Hercules AU4 fibers were prepared. TGDDM epoxy
resin, MY 720, was mixed with 25 phr DDS hardener
and a DGEBA epoxy resin, Epon 828, was mixed
with 12 phr DDA hardener.

For the fiber fragment test, standard epoxy tensile
samples were prepared using a silicon rubber mold.
First, both ends of fiber were fixed to both ends of
the mold with an instant epoxy adhesive. The epoxy
resin mixed with a curing agent was then carefully
cast into the mold. Curing was done in an oven at
121°C for 70 min and then at 177°C for 150 min in
the case of TGDDM and DDS system and at 127°C
for 80 min in case of the DGEBA and DDA system.

The TGDDM /DDS samples were immersed in
100°C water, whereas the DGEBA /DDA samples
were immersed in 70°C water for 4, 7, or 11 days.
Constant strain rate, 1.814 X 107° cm/s, was applied
to the sample by an MTS machine until there was
no change of the length of fiber fragments. The
length of fiber fragments within gauge length was
measured by microscopy.

RESULTS AND DISCUSSION

Water-Sorption Kinetics

To study the water-sorption kinetics, water-uptake
curves were obtained for various conditions. Figure
1 shows the normalized sorption data for TGDDM/
DDS-based composites (Hercules AS4/3501-6) at
50, 70, 90, and 100°C. As the temperature increased
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Figure 1 Normalized water uptake as a function of time
for four different temperatures in Hercules AS4/3501-6
samples: (O) 50°C; (O) 70°C; (O) 90°C; (A) 100°C.
Curves indicate the prediction of Fickian model [eq. (1)].

from 70 to 100°C, the sorption rate increased, while
relatively more increase was observed from 50 to
70°C. Data were fitted with a Fickian sorption
model*® as expressed by the simple solution of eq.
(1) under constant diffusion coefficient and with
initial water concentration of zero through the com-
posite and constant (zero) at the composite /water
interface:

de 9%

Ox W

(1)

The curves of Figure 1 represent the fitting results
at each temperature. It appears that the water sorp-
tion behavior in the Hercules AS4/3501-6 composite
can be predicted well by a Fickian sorption model.
The diffusivities at each temperature were of the
order of 10™® cm?/s and are listed in Table I. Figure
2 shows the normalized sorption data of DGEBA/
DDA-based (Fiberite ANC3K /948A1) composites
at 50, 70, 90, and 100°C. As the temperature in-
creased from 70 to 100°C, the sorption rate in-
creased.

A Langmuir-type two-step model [egs. (2) and
(3)] could best fit the sorption data at 50 and 70°C,
while a Fickian model could best fit the data at 90
and 100°C. The Langmuir-type two-step model can
be represented by egs. (2) and (3):

d’n _dn ON

- = —_— 2
Ox? 6t+6t (2)
ON

§=7n—ﬁN (3)

Here, D is the diffusion coefficient of mobile mole-
cules; n, the number density of mobile molecules;
N, the number density of bound molecules; and vy
and 3, constants expressing the probability that wa-
ter is bound per unit time.'®

The order of magnitude of Fickian diffusion coef-
ficient was 10 ¢ cm?/s at 90 and 100°C. Both Fickian
diffusion coefficients are listed in Table 1. The results
of the data fitting at 50 and 70°C with a Langmuir
type two-step model® are presented in Table II.

TableI Water Absorption in Various Composites and Equilibrium Water Uptake

at Various Temperatures

Water Diffusion Equilibrium
Temperature Coefficient Water Uptake
Composite Material (°C) (cm?/s) (g water/g resin)

TGDDM/DDS-based

composite (Hercules) 50 0.9 X 107° 0.8

70 2.1 X 107° 1.1

90 2.8 X 107° 1.3

100 4.7 X 107° 1.3
DGEBA/DDA-based

composite (Fiberite) 50 ne 1.5

70 nc 2.4

920 8.2 X 10°¢ 29

100 10.4 X 1078 2.9

nc: Not calculated due to insufficient data points.
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Figure2 Normalized water uptake as a function of time
for four different temperatures in Fiberite ANC3K /948A1
samples: (C) 50°C; (O) 70°C; (O) 90°C; (A) 100°C.
Curves for circles and squares indicate the prediction of
Fickian model [eq. (1)], whereas those for diamonds and
triangles indicate the prediction of the Langmuir-type two-
step model [egs. (2) and (3)].

Hygrothermal Effects

Water transport in the TGDDM /DDS-based Her-
cules AS4/3501-6 composite caused no surface
damage at any of the experimental temperatures.
No clear cracks were observed at the cross-sectional
area of the samples using scanning electron micros-
copy. However, in the case of DGEBA /DDA-based
Fiberite ANC3K /948A1 composite samples, some
blisters of the sample surface were observed after 7
days immersion in 90 and 100°C.

Figure 3 shows the surface change of the Fiberite
ANC3K /948A1 composite after 15 days in 90°C
water. A number of blisters was seen at the surface
of the sample. Each sample was then cut and the
cross-sectional shapes of the blisters near the surface
or the center region of the sample were observed
(Fig. 4). This figure reveals that the blisters are
caused by cracks. It is noticeable that the crack near
the center is much larger than that near the surface
region. According to the numerical simulation re-
sults of water-induced transient stress distribution, '
the tensile stress is always maximum at the center
of the sample. Therefore, the simulation results
support the explanation that a crack near the center
region is larger than one near the surface region.

Changes of longitudinal ultrasonic wave velocity,
U1, and the transverse ultrasonic wave velocity, v,,
are shown for water transport in Hercules AS4/

3501-6 samples as a function of conditioning time
(see Fig. 5). The trends of wave velocity as a func-
tion of conditioning time were not significant. Other
researchers®2® have noted a similar lack of trend of
wave velocity in TGDDM-based graphite fiber com-
posites upon water sorption at 100°C. These results
suggest that the TGDDM-based graphite fiber com-
posites are not affected significantly by immersion
in 100°C water over 150 days. The longitudinal wave
velocity was approximately 3.5 times faster than was
the transverse wave velocity. Therefore, if no change
of density is assumed, the longitudinal modulus of
unidirectional Hercules AS4/3501-6 is 12.3 times
higher than the transverse modulus.

The changes of dynamic modulus and tan é of
Hercules AS4/3501-6 sample with varying water
content as a function of temperature are shown in
Figure 6. Both graphs show that the absorbed water
caused a plasticizing effect by decreasing the mod-
ulus and increasing the tan é value. In tan ¢ vs. tem-
perature graphs, the plasticizing effect was clear
around 120 to 200°C.

Several investigators have considered the tem-
perature defined by the damping peak as the glass
transition temperature. However, it is known that
the glass transition temperature measured by dila-
tometry or DSC is 5-25°C lower than the temper-
ature of the damping peak. The damping peak al-
ways coincides with the point of inflection of the
modulus vs. the temperature curve. Therefore, it is
reasonable to consider the intersection of two tan-
gential lines of the modulus vs. the temperature
curve as the glass transition temperature. As a result
of this analysis, the glass transition temperature was
calculated as 210°C, which is 20°C lower than the
damping peak temperature.

In Figure 7, the changes of dynamic modulus and
tan 6 of Fiberite ANC3K /948A1 containing various
amount of water are represented as a function of
temperature. In both graphs, the plasticizing effect
for a Fiberite composite sample was more significant
than for the Hercules composite sample. An inter-
esting point in this Fiberite composite system is that
minor inflection points in the dynamic modulus vs.

Table II Langmuir-Type Two-Step Model
for Water Absorption by the Fiberite Composite

Temperature
(°C) D (cm?®/s) B Y
50 24X107° 25X10°% 23x107°
70 3.0 X 107 5.0 X 1073 5.4 X 1072
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Figure 3 Surface change of Fiberite ANC-3K /948A1 after 15 days at 90°C water.

the temperature graph around 110°C and the minor
transition points in tan § vs. the temperature graph
around 110°C are observed for 1.36 and 1.87 wt %
water-containing samples. This minor transition
implies that the absorbed water has some effect on
the rearrangement of the epoxy resin molecules. The
dynamic modulus vs. the temperature curve indi-
cates that the major glass transition temperature
around 150°C is affected only minimally by absorbed
water. Minor transition temperatures were observed
around 90°C for samples containing 1.36 and 1.87
wt % water. The minor transition temperature of
110°C in the tan é vs. the temperature curve coin-
cides with the temperature that Mikols et al.?! al-
ready reported for the water-soaked DGEBA-TETA
epoxy resin system. Major damping peak tempera-
tures were found around 165°C and a slight decrease
(4-5°C) of major damping peak temperature was
observed for samples containing 1.87 wt % water.
In Figure 6, the plasticizing effect of water was ev-
ident even above 200°C.

To investigate if hygrothermal conditions can
cause irreversible degradation on these composite
materials, redried samples were tested after various
periods of hygrothermal conditioning to determine
the dynamic modulus and tan é as functions of tem-
perature. Figure 8 shows the dynamic modulus and
tan § of redried Hercules AS4/3501-6 samples after
various periods of immersion in 100°C water as
functions of temperature. In the dynamic modulus
vs. the temperature curve, no degradation was ob-

served. However, a small plasticizing effect and a
small increasing trend of the maximum tan é peak
with increased conditioning period were observed
around 180°C. The increasing trend of the maximum
tan & peak can be caused by structural degradations
such as crazes or microcavities in the epoxy resin
and/or by degradation of the interfacial bonding
between the epoxy resin and the graphite fiber. Sev-
eral investigators 222 have shown that the weakening
of the interfacial bonding in various composite sys-
tems is associated with a trend of tan é to increase
with temperature. The Fiberite ANC3K/948A1
samples showed a higher plasticizing effect above
100°C and a slightly higher trend of the maximum
tan § peak as shown in Figure 9. The degradation
of the epoxy resin and/or the interfacial bonding
as well as the plasticizing effect could contribute the
an increase of tan 6 above 100°C.

The change of the tan é peaks of both Hercules
and Fiberite samples with various conditioning pe-
riods are plotted in Figure 10. In this figure, a 10%
increase of the maximum tan é for the Hercules
AS4/3501-6 sample and a 15% increase for the Fi-
berite ANC3K /948A1 sample are observed after 21
days of hygrothermal conditioning.

Single-Fiber Fragment Tests

The single-fiber fragment test may give information
about the interfacial bonding at the matrix/fiber
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the center; (b) crack near the surface.

interface. For a single fiber embedded in a matrix,
if the matrix is a perfect plastic material and the
fiber is stretched by the shear forces acting at the
interface, ?* the force balance at the interface? gives

afmr? = 2mrlr, (4)

Here, o;is the fiber tensile stress, 7,, the shear stress
at the interface; r, the radius of fiber; and [, the
distance from the fiber end. If the tensile stress
builds up to the ultimate fiber tensile strength, of,,
the fiber breaks and a critical fiber length I, will be
reached. At equilibrium, eq. (4) can be altered to
give the following equation:
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Figure 5 The change of ultrasonic wave velocities in
Hercules AS4/3501-6 sample as a function of conditioning
time.
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The distribution of critical fiber lengths can be best
analyzed by a two-parameter Weibull distribution
function, where a, and 8, are Weibull parameters:

Flx)=1- exp[—(ﬂi)aw] (6)

w

Using egs. (5) and (6), the most probable value
of the interfacial shear strength can be written by
eq. (7), where I is a gamma function:

_%unf,_1
Ty = 25 I‘(l a) (7)
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Figure6 Dynamic modulus and tan 6 of Hercules AS4/
3501-6 sample with various water contents as a function
of temperature: (O) dry sample; () 0.6 wt % water; (<)
1.0 wt % water; (A) 1.5 wt % water.
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Figure 7 Dynamic modulus and tan & of Fiberite
ANC3K /948A1 sample with various water contents as a
function of temperature: (O) dry sample; (O) 0.87 wt %
water; () 1.36 wt % water; (A) 1.87 wt % water.

At room temperature, both TGDDM /DDS and
DGEBA /DDA epoxy samples are too brittle to cre-
ate enough strain for fiber breakage; the maximum
strain was around 1.0%. As a result, all samples
broke before the fibers broke. To attain high strain,
tests were done at elevated temperatures. TGDDM /
DDS samples could not attain sufficient strains for
fiber breakage even at 200°C. DGEBA /DDA sam-
ples exhibited 4-5% strain at 80°C. Each tensile test
was repeated three times at the same condition.

The tensile strength values of AS4 fiber (2.96
MPa) and AU4 (2.61 MPa) were used to calculate
the interfacial shear strength. The diameters of AS4
and AU4 fibers were 0.7 um as measured by mi-
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Figure 8 Dynamic modulus and tan é of redried Her-
cules AS4/3501-6 sample after various immersion time
in 100°C water as a function of temperature: (O) non-
conditioned; ([0) 4 days; (<) 11 days; (A) 21 days.
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Figure9 Dynamic modulus and tan é of redried Fiberite
ANC3K /948A1 sample after various immersion time in
90°C water as a function of temperature: (O) noncondi-
tioned; (J) 4 days; (O) 11 days; (A) 21 days.

croscopy. The calculation results are summarized in
Table III. In addition, the change of interfacial shear
strength as a function of conditioning time is shown
in Figure 11.

It is shown in Figure 11 that, before water con-
ditioning, the interfacial shear strength of an AS4-
DGEBA sample was 1.5 times higher than that of
an AU4-DGEBA sample. The higher value of the
interfacial shear strength of AS4-DGEBA samples
can be explained by the surface-treating process. The
surface-treating effects can include removal of fiber-
surface defects, increase of effective surface area of
the fiber, and providing of electrostatic and chemical
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Figure 10 Maximum of tan § as a function of immersion
time in 90°C water (Fiberite ANC3K /948A1) and 100°C
water (Hercules AS4/3501-6).

Table III Interfacial Shear Strengths and
Weibull Constants for Single-Fiber
Fragment Test

AS4-DGEBA AU4-DGEBA
Immersion Composite (MPa) Composite (MPa)
Time
(days) o B Ty a 8 Ty
Dry 4.03 63.71 284 4.42 84.13 185
4 3.58 96.76 19.4 6.15 93.80 15.7
7 844 11383 14.1 7.23 117.58 12.2
11 6.08 13649 12.2 4.14

13497 11.7

bonding between the oxidized surface functional
groups and the epoxy resin. As water condition time
increased from 4 to 7 and 11 days, the interfacial
shear strength decreased from 32.0 to 50.5 and 57.0%
for AS4-DGEBA samples and from 15.2 to 33.9 and
36.6% for AU4-DGEBA samples.

Kaelble et al.’ predicted the water sensitivity of
the fiber /matrix interface based on surface-energy
arguments. They showed that water immersion can
reduce substantially the critical stress for crack
propagation at the interface of graphite/epoxy
composites because of their strong polar character.
They suggested that the nonpolar interface char-
acter was essential for the formation of water-in-
sensitive interfaces. Kaelble et al.’® showed a 50%
reduction of the interlaminar shear strength of
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Figure 11 Interfacial shear strength as a function of
immersion time in 80°C water (DGEBA + DDA resin and
single graphite fiber system). Surface treated fiber (O);
nontreated fiber (O0).
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graphite /epoxy composite after more than 200 h
immersion in water at 100°C. They compared the
magnitude of the property changes with surface-en-
ergy analysis and micromechanics prediction. In
addition to the surface energy analysis, the debond-
ing patterns at the interface provided information
about the interfacial bond strength change.

In the case of the dry AS4-DGEBA samples, the
interfacial bond strengths were so strong that all
the fiber breakage was accompanied by epoxy resin
cracks during the tensile test. Figure 12(a) and (b)
show the typical shapes of epoxy resin cracks after
applying tensile stress. The crack shape in Figure
12(a) was most common and sometimes several
cracks were gathered around the broken area of a
fiber like Figure 12(b). But, as the water-condi-
tioning time increased, the number of fiber breaks
accompanying the epoxy resin crack decreased, while
the number of fiber breaks without the epoxy resin
crack like Figure 12(c) increased. In the case of
AU4-DGEBA samples, epoxy resin cracks could not
be observed even in dry samples.

The weakening of the interfacial bond strength
could also be caused by hygrothermally induced in-
terfacial stresses. Hahn?® suggested that the amount
of hygrothermally induced interfacial stress that the
fibers could be exposed to from the resin part in an
unidirectional composite can be expressed as follows:

_ ¢mEfEm(ef - em)
(¢mEm + ¢fEf)

(8)

of =

Here, o is the stress; E, the Young’s modulus; ¢, the
volume fraction; and e, the hygrothermally induced
strain. The subscripts fand m are for fiber and resin,
respectively. In the case of a Fiberite ANC3K /948A1
composites, ¢,, = 0.4, ¢; = 0.6, E; = 235 GPa, E,,
=3 GPa, and e,, = 0.00575 wt % water at 80°C.
From the water sorption test, the equilibrium water
uptake was 2.4 wt % at 70°C. If the fiber strain, e,
is assumed to be negligible and the above data are
inserted in eq. (8), the interfacial shear stress acting
on the fiber surface from the resin part can be cal-
culated as 27.4 MPa. Thus, the contribution of hy-
grothermal stress to the weakening of interfacial
bonding is not negligible.

It is also shown in Figure 11 that the interfacial
shear strength of AS4-DGEBA sample decreased
more than that of AU4-DGEBA samples. These re-
sults imply that the relatively more polar interface
of AS4-DGEBA is more sensitive to water than is
the interface of AU4-DGEBA and the chemical

c

Figure 12 The shapes of fiber breakage after tensile
loads.

bonding between oxidized surface of AS4 fiber and
DGEBA /DDA epoxy resin did not play an impor-
tant role on the interfacial shear strength under
these conditions.
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CONCLUSIONS

This work addressed questions related to the pos-
sible debonding between a composite and a fiber due
to water penetration in the composite. Studies were
carried out with two significantly different compos-
ites in an effort to observe conditions of non-Fickian
water transport. It is known that non-Fickian water
transport describes coupling of diffusional and re-
laxational processes and is associated with stresses
formed throughout the polymer matrix and at the
matrix /fiber interface. Thus, highly non-Fickian
behavior would lead to debonding.

Sorption kinetics were established at various
temperatures for water in Hercules AS4/3501-6 and
Fiberite ANC3K /948A1 graphite /epoxy composite
samples. The absorption kinetics of water in both
composites could be fitted well by a Fickian model
at 50, 70, 90, and 100°C. However, non-Fickian
(Langmuir) -type two-step sorption was exhibited
by water in Fiberite ANC3K/948A1 composite
samples at 50 and 70°C.

Internal cracks due to the water absorption were
found by scanning electron microscopy and an ul-
trasonic test in Fiberite ANC3K/948A1 samples
conditioned at various temperatures in water (non-
Fickian behavior), whereas no cracks were detected
in Hercules AS4/948A1 samples conditioned at
100°C water (Fickian behavior).

The single-fiber fragment test revealed that the
interfacial shear strength of surface-treated fiber
samples is 1.5 times higher than that of nontreated
fiber samples. This test also showed that the ab-
sorbed water at 80°C reduced significantly the in-
terfacial shear strength of DGEBA /DDA resin-AS4
fiber samples (57% ) and DGEBA /DDA resin-AU4
fiber samples (37%).

This work was supported by a grant from the National
Science Foundation. M.C.L. was a David Ross Fellow.
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