Moisture Absorption Behavior of Epoxies and

Their S, Glass Composites

Amit Chatterjee,l* John W. Gillespie Jr."*?

Center for Composite Materials, University of Delaware, Newark, Delaware 19716
Department of Material Science and Enigineering, University of Delaware, Newark, Delaware 19716
*Department of Civil and Environmental Engineering, University of Delaware, Newark, Delaware 19716

Received 18 July 2007; accepted 20 November 2007
DOI 10.1002/app.28076

Published online 17 March 2008 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The influence of moisture exposure on the
behavior of three toughened epoxy—amine systems (scrimp
resins SC11, SC15, and SC79, Applied Poleramic, Inc.,
Benicia, CA) was investigated. Neat resin samples were
conditioned by immersion in distilled water at 71°C and in
an environmental chamber at 85% relative humidity and
87.8°C until saturation. The equilibrium weight gain
ranged from 1.8 to 3.8% for the resins. The long-chain,
low-crosslink-density epoxy system (SC11) absorbed the
highest amount of water and was saturated first, and it
was followed by the medium-crosslink-density (SC15) and
high-crosslink-density materials (SC79). The moisture dif-
fusivity decreased with the increasing crosslink density of
the resins. The percentage reduction of the glass-transition
temperature (T,) at equilibrium moisture absorption was
highest for the low-crosslink molecule. The percentage

reductions for the medium-crosslink and higher crosslink
systems were comparable. A net weight loss after drying
was observed for the SC11 and SC79 resin systems. Fourier
transform infrared analysis confirmed the segment break-
age and leaching of molecules from the epoxy-amine net-
work. The effects of moisture cycling on T, were depend-
ent on the epoxy-amine morphology. During the drying
stage, T, increased to a value higher than that of the
unaged dry systems. The S, glass composite samples were
conditioned under identical conditions for the resin sys-
tem. Composite systems absorbed less moisture than the
neat resins as expected. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 108: 3942-3951, 2008

Key words: ageing; composites; crosslinking; diffusion;
glass transition

INTRODUCTION

Epoxy resins are a class of versatile thermoset poly-
mers that are widely used in structural applications.'
Epoxy-resin-based composites are also often used in
applications in which their long-term properties are
of primary importance.” It is well recognized that
epoxy resins can suffer substantial losses in their me-
chanical properties due to the absorption of water.””®
Although some studies have found that water
absorption induces more or less reversible degrada-
tion, prolonged hydrothermal aging may lead to
irreversible damage of the resin because of suscepti-
bility of the polymer to hydrolysis, oxidation, and
changes in the effective average crosslinked molecu-
lar weight.*® Furthermore, it has been reported that
the environmental effects can cause property altera-
tions because of the development of microstresses in
the composites."”” The moisture absorption behavior
of epoxy resins has been investigated, but it is still
not fully understood.'° Generally, two forms of ab-
sorbed water in an epoxy matrix have been observed
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with dielectric relaxation methods: free water and
bound water. Free water might reduce the free vol-
ume of the networks because it fills this volume. The
bound water might reduce the free volume of the
networks because it swells the structure. It is still
not clearly understood how these retained water
forms disperse within the two-phase networks.'*'!

Most pure cured epoxy resins are brittle materials
having a fracture energy of about 2 orders of magni-
tude lower than that of engineering thermoplastic
resins and 3 orders lower than that of any metals.”
Rubber additives are generally used to modify the
epoxy resins to improve the fracture properties with-
out a significant reduction of the thermal and me-
chanical properties.">'* The two-phase epoxy sys-
tems having low levels of rubber absorb more water
than those with higher levels.”"! Although the diffu-
sion coefficient of moisture is increased with the rub-
ber content, the activation energy and free volume
for moisture diffusion barely change until phase
inversion occurs. After phase inversion, the free vol-
ume is significantly increased, and the activation
energy is decreased.

In most applications, the epoxy is used at a tem-
perature well below the glass-transition temperature
(T,). Usually, when the material is exposed in a
hydrothermal environment, T, decreases, and there-
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fore the service temperature of the material changes.
Modification of T, reflects the degree of resin plasti-
cization and water/resin interactions occurring in
the material. Identifying mechanisms responsible for
changes in T, and being able to predict T, depres-
sion are critical for material applications and engi-
neering design. Epoxy resins are not in thermody-
namic equilibrium at temperatures below T,.* As a
result of the complexity of epoxy systems, discus-
sions about the interactions between water and
epoxy systems at a molecular level remain rather
limited, and scientific consensus is quite lacking.*

The microstructure plays a large role in the mois-
ture diffusion process in the resin and polymer ma-
trix composite systems. The effects of absorbed mois-
ture on the interphase region could be detrimental to
the interfacial strength between the toughener par-
ticles, resin, and fiber and thus have an impact on
the performance of their composites. Reductions in
T, due to moisture can also degrade the interphase
region, particularly if the wet T, of the interphase is
exceeded in service.'>'® These types of deleterious
effects can lead to a reduction in toughener particle—
resin adhesion and failure at the interfaces that leads
to the formation and propagation of microcracks and
other damage leading to degradation of the compos-
ite properties.'®

Vacuum-assisted resin-transfer molding (VARTM)
has been identified as an affordable process for
manufacturing composite structures. The process is
greatly simplified when the part can be infused at
room temperature. Many of the epoxy resins have
high viscosity and are unsuitable for VARTM pro-
cessing. Moreover, moisture-induced behavior for
two-phase toughened VARTM epoxies has not been
well documented. Very limited information is avail-
able on the mechanisms of moisture absorption in
toughened epoxies, and a consensus on the domi-
nant mechanisms has not been reached.'”'”™ A
wide range of resins have been developed for this
process that offer low viscosity at room temperature.
In many emerging applications, service temperature
requirements are in the range of 82°C (180°F). Conse-
quently, the wet T, values of candidate resins will
need to be higher than the service temperature to
ensure that the elevated-temperature properties are
adequate. The SC scrimp resin series by Applied
Poleramic, Inc. (API, Benicia, CA), are the VARTM
resins under consideration here and have wide mul-
tipurpose applications®>*' as adhesives, coatings,
and structural matrices in composites.

Environmental durability data are limited for these
types of API epoxy resin systems. In this study, three
VARTM epoxy resins, denoted SC11, SC15, and SC79,
were characterized as a function of environmental
conditioning. A comprehensive study was conducted
on the influence of water and temperature on the
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behavior of the two-phase epoxy resin systems. The
effects of absorbed moisture on the polymer proper-
ties for the epoxies were characterized. The correla-
tions of the microstructures with the water absorption
properties were evaluated. These effects are extremely
important in determining the potential effects of
moisture on the fiber—matrix interphase region in
polymer composites. The irreversible degradation
effects were studied for these three epoxy resin sys-
tems. Identical conditioning was also performed for
the S, glass composites system.

EXPERIMENTAL
Materials

Three epoxy prepolymers (SC11A, SC15A, and SC79A
from API) and three hardeners (SC11B, SC15B, and
SC79B) were used (the stoichiometric ratio of amino
hydrogen to epoxy was 1). The details for the chem-
istry and formulations are described in the material
data sheet from APL'' The cure schedules for the
three different systems were as follows. For SC11 (A
+ B), parts A and B (100/40 w/w) were mixed and
placed in a mold and were cured at 74°C for 2 h; for
SC15 (A + B), parts A and B (100/30 (w/w) were
mixed and placed in a mold and were cured at 43°C
for 14 h and postcured at 93°C for 30 min and at
127°C for 90 min; and for SC79 (A + B), parts A and
B (100/40 w/w) were mixed and placed in a mold
and were cured at 43°C for 14 h and postcured at
121°C for 4 h and at 177°C for 2 h.

Sample preparation

Composite panels [30 cm X 30 cm (12 in. X 12 in.)]
with S, glass (eight layers, 4463 sizing, 24 oz/yd*
plane-weave fabric; SBA240, Mahogany Co., Mays
Landings, NJ) were infused at room temperature
with the VARTM process. The panels were cured
and postcured according to the cure cycles men-
tioned previously. The neat resin polymer specimens
were prepared by simple mixing of the resin in a
mold, curing, and postcuring as described previously.
The postcured samples were surface-ground, polished,
and cut into dynamic mechanical analysis (DMA)
sample dimensions of 60 mm X 13 mm X 3 mm. The
DMA samples from the composite panels were pre-
pared in the same manner. Before aging, the samples
were dried in a desiccator at 25°C and weighed peri-
odically until a constant weight was obtained. The
dimensions were measured for each dried sample.

Absorption

The DMA samples were aged under two different
conditions: (1) in water at 71°C in an oven until satu-
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ration and (2) in an environmental chamber at
87.7°C and 85% relative humidity for 1600 h. Periodi-
cally, samples were removed, and weight gains were
measured with a Mettler (Columbus, OH) AT250 ana-
lytical balance until the weight was constant.

Desorption

After aging under these two different conditions,
some samples were taken out and dried at 50°C in
an oven. The weight loss was measured during the
drying cycle. Drying was stopped after the final
equilibrium weight was obtained between two suc-
cessive measurements.

Swelling experiments

For the swelling experiments, the sample volume
was calculated from length, thickness, and width
measurements made with micrometers accurate to
+0.01 mm. For each specimen, the thickness and
width were calculated as the average of five meas-
urements, one near each end and three measure-
ments at approximately equidistant positions along
the length. The length was determined from the av-
erage of the three measurements.

DMA

A DMA-2980 from TA Instruments (New Castle, DE)
was used to thermally characterize the samples
under a nitrogen atmosphere. The DMA apparatus
was operated in a double-cantilever mode under a 1-
Hz frequency to measure the temperature depend-
ence of the viscoelastic properties (storage and loss
moduli) from —100 to 250°C. A heating ramp of 1-
5°C/min was used. T, of the polymer was reported
as the loss modulus peak. The values presented for
aged and nonaged samples were the averages of
three samples.

Apparent diffusivity

The apparent diffusivity (D,) values for the neat res-
ins samples were calculated from the initial slope (F)
of a plot of the percentage moisture content (M;) as

a function of time'/?:

D, = (r/16) (FL/]VIS::\t)2 1)

where L is the thickness and Mg, is the percentage
effective moisture equilibrium content. More detailed
information about diffusivity measurements is pre-
sented elsewhere.'”'®** A square sample having a
length-to-thickness ratio of 100 : 1 must be used to
get accurate diffusivity measurements according to
the ASTM standard.*® The rationale for the 100 : 1
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aspect ratio comes from the derivation (from one-
dimensional theory) of correction factors accounting
for moisture ingress through the edges of a rectan-
gular specimen. However, we used rectangular sam-
ples having an aspect ratio of ~ 22 : 1 for the water
saturation measurements. Therefore, the calculated
diffusivity should be considered an apparent diffu-
sivity, but the results will allow a comparison of the
three resins and their composites.

Crosslink density

The crosslink density was calculated on the basis of
the Flory-Rehner equation®**:

v=—[In(1—-V,) + V, +xV?/2(V}? - 05V,)pV, (2)

where v is the crosslink density, V, is the volume
fraction of the resin in the swollen state, V, is
the volume fraction of the solvent, and p is the poly-
mer density. y is the polymer—solvent interaction
parameter:

%= (8 — 8,)*Vo/RT 3)

where &; is the solubility parameter of the solvent
and 8, is the solubility parameter of the epoxy resin.
R is the universal gas constant, and T is the absolute
temperature. The volume fraction of the resin was
calculated as follows:

Ve =[(Wa = Wy)/pl/{[(Wa = Wy)/p] + [(Ws — Wa)/ps]}
(4)

where W, is the weight of the dry sample, W; is the
weight of the swollen sample, p; is the density of the
solvent, and Wy is the weight of the second-phase
material.

Fourier transform infrared (FTIR) spectroscopy

FTIR analysis of the polymer samples was carried
out with a Nicolet (Waltham, MA) Magna-IR 860
spectrometer with a deuterated triglycine sulfate de-
tector. The leached water sample was sandwiched
between two ZnSe crystals (25 mm X 2 mm) that
were separated by a Teflon spacer 0.1 mm thick. The
spectra were recorded between 400 and 4000 cm '
at a resolution of 1 cm™'. The average spectra were
recorded after 400 scans. The gain on the instrument
was set to 1.0, and the spectra of all the leached poly-
mer segments were background-subtracted with the
spectrum of pure Milli-Q (Millepore, Billercia, MA)
water to get the actual spectrum for the sample.
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TABLE I
Percentage Weight Gain at Saturation, Apparent Diffusivity, and p of Three VARTM
Epoxy Systems and Their S, Composites

Msat (0/0)

Apparent
71°C immersion 85% relative diffusivitg X 107°

System in water humidity at 88°C (cm*/s) B (wt % 1
Neat resin

SC11 3.85 2.43 12.6 0.34

SC15 3.07 1.75 6 0.31

S5C79 2.78 1.65 3 0.29
S2 glass composites

SC11 2.12 1.17 16.3 0.12

SC15 1.14 0.85 11 0.10

SC79 1.10 0.77 7 0.06

RESULTS AND DISCUSSION
Moisture absorption and desorption

Water absorption measurements can be difficult to
interpret because water absorption is understood to
be a measure of both the efficiency of the structural
packing of the epoxy network and the polarity of the
network structure (the ability of the groups to form
hydrogen bonds with water). The results of the
moisture absorption for the neat resins and the S,
glass composites (the nominal fiber volume fraction
is 50%) are summarized in Table I. In the case of
SC11, the conditioning temperatures exceeded the
dry T, of this resin. However, this resin has been
used in applications requiring services temperature
greater than the dry T,, and the data are therefore
relevant. The results in Table I show that the per-
centage weight gains for SC11, SC15, and SC79 are
3.85, 3.07, and 2.78%, respectively, for the case of
water immersion at 71°C. The weight gain at satura-
tion for 85% RH at 88°C is lower, as expected (2.43,
1.75, and 1.65% for SC11, SC15, and SC79, respecti-
vely).The same trend is observed for the composite
specimens (Table I), except that the percentage
weight gain is lower because approximately 50% of
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Figure 1 Water absorption profiles for the neat epoxy
systems with exposure time.

the volume is glass fibers, which do not absorb
moisture. A general overall observation is that SC79
absorbs less moisture at saturation than SC15, which
in turn absorbs less moisture than SC11 in both the
neat resin and composite samples.

The transient percentage weight gain for the resins
immersed in water at 71°C is shown in Figure 1. The
curves initially increase linearly with the square root
of the aging time as expected. The water uptake
increases rapidly during the early stages and then
levels off, although not completely, even after 1600 h
have elapsed. SC11 absorbs moisture more rapidly
and achieves saturation in less time (ca. 225 h) in
comparison with SC15 and SC79, which take approx-
imately 900 h. In Figure 2, the transient percentage
weight gain for SC79 resins and S2 glass/SC79 is
presented to illustrate the effects of the conditioning
and fiber volume on the moisture update. These
results are used to cross-correlate the reduction of T,
with the moisture content in a later section. In Figure
3, the drying of the S, glass composites immersed in
water at 71°C is presented for the three epoxy resins.
At a time equal to zero, the weight gain is equal to
the saturation level attained during absorption. The
results are normalized via the original dry weight. In

5 T —e— SC79 at 71 "C in water
- s - SC79 in 85% RH at §7.7 'C
o | SC79+8, at 71 °C in water
—a— SC79+S, 85% RH at 87.7°C
g
~ e
&3
5
<2 I R v v
v g — —8 +ae—
1 4 S .
0 T
0 5 10 15 20 25 30

Time!”? (hrs)

Figure 2 Water absorption profiles of SC79 epoxy resin
and its S, glass composite systems.
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Figure 3 Water desorption profiles of three epoxies and
their S, glass composite systems.

the case of SC15, no net change in weight is
observed after drying. However, a net weight loss of
approximately 0.25% has been measured for both
SC11 and SC79 resins.

It has been reported that hydrothermal aging
induces oxygen-containing groups in the Di-Glycidyl
Ether of Bisphenol A/bis (p-aminocyclohexyl) meth-
ane (DGEBA/PACM) epoxy resin.’ As a result, the
polymer absorbs water; and a fraction of water
reacts chemically, causing the addition of oxygen-
containing groups to the backbone of the polymer
molecule that can break the chain. In the initial
stages, these reactions lead simply to the chemical
addition of water, which is unable to leave upon dry-
ing, and a corresponding net weight increase results.
This is not observed in any of the conditioned epoxy
resins studied. However, after the number of chemi-
cal reaction sites has been increased, the probability
of a given intercrosslinked chain being cleaved (ie.,
the chain splits at two or more places) increases.
Thus, this facilitates the separation and subsequent
leaching of the detached segments from the network
and leads to weight loss during aging and drying.
This is one possible explanation for the weight loss
observed in SC11 and SC79 resins (Fig. 3).

To correlate this with the weight loss due to
decomposition of the polymer after environmental
aging, we have performed an FTIR analysis. Figure 4
shows the FTIR spectra of three different water sam-
ples present in the container after aging at 71°C. The
spectra clearly show that the epoxy backbone chains
break during water immersion at 71°C, and then seg-
ments leach out. The leached substances contain the
—OH, —NH, and —C=0 groups. We have seen a
significant difference between the pure water and
the water samples after immersion of SC11 and SC79
resins. The leached concentration is highest for SC11,
which is followed by SC79. The peaks’ absorption
between 3000 and —3500 cm ™' is due to —OH and
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—N—H stretching. In correlating these findings
with the weight loss results during the desorption
study (Fig. 3), we clearly find that hydrothermal
aging leads to the loss of some segments from the
backbone polymer systems along with the scission of
some crosslinked chains. Irreversible molecular and
structural changes in the behavior of water absorp-
tion and desorption are observed for these epoxy
systems. We have not seen any weight loss for the
SC15 system after drying. The FTIR spectra of the
water sample present in the container after aging at
71°C for SC15 show no significant peaks (Fig. 4).
This clearly indicates that the SC15 resin does not
decompose during environmental aging under these
conditions.

Effects of moisture conditioning on T,

The conditioned samples (SC11, SC15, and SC79)
were analyzed by DMA, and T, was measured with
the loss modulus peak. The values are presented in
Table II. After approximately 300 h, the change in T,
with the immersion time is almost constant. Water
in the epoxy resin systems has different bonding
states. The engaged water molecules that disrupt the
interchain hydrogen bonds depress T, whereas
water that forms clusters or hydroxyl-water group-
ings has no measurable effect on T,. Hence, after sat-
uration, T, is almost constant for the aged samples
(Fig. 5).

Figure 6 shows the decrease in T, with increasing
water absorption for the different epoxy resin sys-
tems. It can be observed that the decrease in T, is
directly related to the water absorption (Figs. 6 and
7) of the epoxy network. SC11 has the highest water
absorption and highest percentage decrease in T,
and it is followed by the SC15 and SC79 epoxy resin
systems.

Figures 5 and 8 show the effects of the aging time
(in water at 71°C) on T, of the SC11, SC15, and SC79
epoxy resin systems before and after drying. Before
drying, T, initially decreases with the aging time

% 1.5 | SC11
E3 SC15
£ 1
o
g
c 0.5
o
£
2 o
£
<
0.5 r x v
500 1500 2500 3500

Wavenumbers(cm™)

Figure 4 FTIR spectra for segmented polymer molecules
in conditioning water at 71°C for three epoxy systems.
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TABLE II
T,, B, Crosslink Density, Activation Energy, Free Volume, and Other Volumetric
Parameters for the Toughened VARTM Epoxy Systems

Resin system

Parameter SC79 SC15 SC11
Dry T, (°C) 170 96 52
T, (°C) for samples saturated with water at 71°C 143 83 28
T, (°C) for saturated samples dried at 50°C for 900 h 177 99 53
% T, increase after drying 412 3.01 291
% swelling increase (saturated at 71°C) 2.23 3.08 3.75
Density (g/cm?) 1.15 1.14 1.11
Activation energy (kJ/mol) 32 28 11
Al/ly (%) 0.74 0.82 1.18
Crosslink density (mol/g) 0.023 0.015 0.0011
Free volume (V/V*¥) 0.087 0.101 0.247
Dry T, (°C) for the S, glass composite 181 100 52

and then approaches an asymptotic value (Fig. 5,
Table II). With drying, T, increases and finally rises
above the initial dry T, value of the neat resin sys-
tem (ranging from 3 to 4%, as shown in Table II and
Fig. 8). The increase in the aging time may facilitate
transient water diffusion into the resin system and/
or facilitate the chemical reaction between the water
and the epoxy network. However, increases in T, of
the desorption samples are due to the branched
polymer chain orientation and the coupling with
each other, which ultimately increases the crosslink
density of the epoxy polymer. This observation is
quite different from the results reported in the litera-
ture.>” The interchain bond breakage increases
chain mobility with transient water diffusion. During
desorption, the broken chains may interlink with
themselves and with the main network system. This
may increase the network system rigidity. Therefore,
the crosslink density may increase with desorption,
and the trend is SC79 > SC15 > SC11 for the epoxy
resin systems. The increased T, value is ultimately
higher than that of the fully cured unaged materials
(Table II). The bound water in the aged epoxy net-

180
160 1 \
140 * *
—e— SCT79
o 120 —o— 8C15
ew 100 1 . —v - 8C11
&= 80 1 T e s
60 -
40 \\ —
TN > — v
20 . .

0 100 200 300 400 S00 600

Immersion Time (hrs)

Figure 5 Variation of T, as a function of water immersion
time for the neat epoxy resin systems.

work® also promotes secondary crosslinking with
hydrophilic groups such as hydroxyls and amines in
the epoxy network.” This increased crosslink den-
sity contributes to the lowering of T, in epoxy resins
after saturation. More details about the crosslink
density are discussed later.

Morphology of the epoxy systems [transmission
electron microscopy (TEM) analysis]

To correlate the morphological characteristics with
the moisture diffusion properties of the networks,
the microstructure of the cured resins was analyzed
with TEM. The systems contain two distinct phases
of networks: globular particles dispersed in a contin-
uous epoxy matrix. The water absorption property
depends on the second-phase architecture and on
the concentration.” In the case of SC11, the particles
are small at 65-120 nm and more uniformly dis-
persed than those in the SC15 and SC79 systems.
Figure 9 shows the morphology. A higher number of
the toughened particles per unit of area having a
lower size will absorb more moisture in the system

180
160 - ‘_\\\‘
140 A o sor
.o 8C15
120 A R
>
e o
" .o
60 -
'\\\\\
40 - T
W
20 I
0 1 2 3 ! 5

% Wt Gain

Figure 6 Variation of T, as a function of percentage
weight gain for the neat epoxy resin systems.
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Figure 7 Variation in the percentage T, decrease as a
function of percentage weight gain for the neat epoxy resin
systems. Samples were immersed in water at 71°C.

because of an increase in the free volume, which
increases the moisture diffusion rate.”® This phenom-
enon explains the highest moisture absorption of
5C11 followed by SC15 and SC79.

Moisture-induced swelling

Dimension measurements were taken for the dry and
apparent moisture saturation samples. The length
was increased from 0.31 to 0.66 mm in the length
direction for most of the specimens. The swelling
strain [A (%)] was calculated with the change in
length divided by the dry length:

A(%) = (Al/ly) X 100 )

where [y is the initial dry dimension and Al is the
change in that dimension due to moisture absorption
at saturation. The observed dimensional changes
result in swelling strains of 0.74-1.20%. In general,
swelling increases linearly with the moisture satura-
tion level. The moisture expansion coefficient (B)
was calculated with the following equation:

B = (Al/lo)/M; (6)

where M, is the moisture level (%) at a given time. 3
was determined from a linear fit of the moisture-
induced strain as a function of the moisture level.
Figure 10 shows the resulting curve for SC79. In Fig-
ure 10, the M; values are the average moisture levels
at the time at which specimen dimensions were
measured. B is a function of a resin’s morphology
and microstructure. Similar curves were obtained for
SC15 and SC11. B was calculated and is presented in
Table I. B is highest for SC11 and lowest for SC79
(0.34, 0.31, and 0.29 for SC11, SC15, and SC79,
respectively). Figure 11 shows the strain—M; curve
for the SC11 S, glass composite in the longitudinal
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direction. Again, similar curves were drawn for
SC15 and SC79, and B was calculated. The values
are also presented in Table I. The range of the strain
in the S, glass composite is 0.06-0.12% in the length
direction. As discussed previously, the S, glass com-
posites absorb less moisture, and the swelling strains
are further reduced in comparison with the neat
resin systems because of the fiber constraint.

Apparent diffusion, activation energy, crosslink
density, and free volume

The apparent diffusivity values for the neat resins
and the S, glass composite samples were calculated
from F of a plot of M, as a function of time'/? with
eq. (1), where L is the thickness and M, is the per-
centage effective moisture equilibrium content, as
described previously in the Experimental section.
The values are presented in Table I. SC11 has the
highest apparent diffusion and is followed by SC15
and SC79. Using Arrhenius plots [eq. (7)], that is,
logarithmic plots of diffusion coefficient (D) versus
the reciprocal of the temperature, we have calculated
the activation energy (Eo) for the moisture diffusion:

D = Dy exp(—E4/RT) @)

where D, the diffusion coefficient of moisture at T
= a (infinity), is constant (the coefficient value from
the curve); E4 is the activation energy: R is the gas
constant; and T is the absolute temperature. The esti-
mated E, values for the epoxy resins are given in
Table II. The resin that has a high number of par-
ticles separated out in the second phase with a lower
size will have lower E, values. The E, value is
higher for SC79, indicating that the two-phase mor-
phology should have a lower number density of
larger particles. This is consistent with the TEM pic-
ture (Fig. 9).

200
180
160
140 4 —o— SC15
i SC11
© 120 —v
100 - - — 5
on o—
B A <t
80
60 .
40 f
20
0

0 200 400 600 800 1000
Drying Time (hrs)
Figure 8 Change in T, with drying time for the neat

epoxy resin systems. After saturation, samples were dried
in an oven at 50°C.
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Figure 9 TEM micrographs for three toughened epoxy systems indicating two-phase morphologies.

The crosslink density was measured and is pre-
sented in Table II. SC79 has the highest crosslink
density and is followed by SC15 and SC11. The mo-
lecular weight between crosslinks (M. was meas-
ured for the three different systems. SC11 has the
highest chain length (858 g/mol), and SC79 has the

0.9
08 y =0.2786x + 0.003
RE=0.9

pJ

0.7 {
0.6
0.5
0.4

Stain (%)

17 19 21 23 25 27 29
M (%)

Figure 10 Percentage strain change with moisture satura-
tion percentage (M;) for the SC79 resin system.

lowest one (44 g/mol), as shown in Figure 12. M,
was normalized with M. of SC79 and plotted with
the normalized activation energy of the resin for
S5C79, as shown in Figure 13. This clearly indicates
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Figure 11 Percentage strain change with moisture satu-
ration percentage (M;) for the SCI11-S, glass composite
system.
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that a decrease in the activation energy of 67%
increases M, by approximately 1900%, and that in
turn increases the moisture absorption by 68%. SC79,
with the highest crosslink density, has the highest
activation energy, which causes a lower moisture
rate of absorption in comparison with SC15 and
SC11. The long-chain polymer epoxy system (SC11)
requires less energy for the water molecule to move
from one place to another. The lower chain length
between the crosslinks of SC79 increases the cross-
link density, and that requires more energy for the
water molecule to penetrate the polymer molecule.
It has been reported that samples with M, < 200 g/
mol act as a brittle matrix, whereas those having
M. > 1000 g/mol should show a rubbery-type
response.”® These two extremes are separated by a
rather large intermediate range, and the transition
from a brittle resin to a tougher resin can be pre-
dicted. On the basis of the aforementioned result,
SC11 shows the highest toughness, and this corre-
lates well with our experimental findings and with
the TEM pictures. The variation in the epoxy resin
cured phase morphology also changes the moisture
absorption properties.”® We have correlated this with
the crosslink density of the polymer and B. It shows
a similar trend; that is, the higher the crosslink den-
sity is, the lower B is. Epoxy resins contain signifi-
cant amounts of free volume, so the moisture
absorption phenomenon is important as it has an
impact on the structural integrity of epoxy compo-
sites. The free volume of the resin tends to dominate
the diffusion process for many resin systems. This is
due to the inaccessibility of the hydrogen-bonding
sites. Thus, moisture diffusion is dependent on the
free volume (V) of the resin networks, as indicated
by the Doolittle equation®”:

D = Dgexp(—BV*/Vy) 8)

where B is usually considered to be unity and V* is
the critical amount of free volume for a water mole-
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Figure 12 Variation in activation energy of three different
epoxy resin systems.
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Figure 13 Variation of normalized M, (molecular weight
between the crosslinks) of the epoxy resin with respect to
SC79 and the activation energy of the epoxy resin with
respect to SC79.

cule to jump to a new position. Therefore, the calcu-
lated Vy/V* values in this equation as a function of
the resin networks are given in Table II. The free
volume increases with the crosslink density. It is
lowest for SC79, which is followed by SC15 and
SC11.

The free volume concept is very useful for the
transport of small molecules such as solvents or ions
through a polymer matrix. The basic concept is that
sufficient free volume in the polymer system is
required before molecular diffusion of a given size
can occur. When there is a large amount of free vol-
ume in the system, molecules can move through the
polymer matrix relatively unhindered. However, the
lowering of the free volume decreases the molecular
diffusion. Therefore, the polymer chain segments are
crowded by the neighboring chains, and the motion
is inhibited. For a molecule to migrate, a free volume
hole of sufficient size must occur, and the molecule
must have adequate energy to jump into the voids.
The rate of migration is the product of the probabil-
ity that a hole of sufficient size will occur and the
probability that the molecule will have the required
activation energy. For our specific cases, the speci-
mens with a two-phase morphology with a higher
number of separated particles have more free vol-
ume than those with a lower number of phase-sepa-
rated particles.'” The specimens having a higher
number of particles require less activation energy for
the water molecule to migrate. SC11 has 3 times
more free volume than SC79, and this is correlated
to the water diffusion properties. In the case of
SC11, the separated particles are homogeneously dis-
tributed throughout the resin system. Because the
resin free ends are larger in number per unit of area
for SC11, that creates more free volume in the net-
working system. However, for SC15 and SC79, the
second phase separates with a larger size, which
causes less free volume.” As free ends of the poly-
mers are less for SC15 followed by SC79, the mois-
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ture absorption property will be low compared to
that of SC11, and this correlates well with our results
(Table II). M, can be correlated with the density of
the neat resin system presented in Table II. SC79 has
the highest crosslink density and is followed by
SC15 and SC11. The moisture diffusivity for the
composite sample is higher compared to that of the
neat resin system. However, the total moisture
absorption is lower than that of the neat resin (Table
I). This may be due to the fiber-matrix interface
region, in which the fiber-matrix two-phase system
compatibility is an issue.

CONCLUSIONS

The hydrothermal aging of three different epoxy sys-
tems induces reversible and irreversible changes in
the molecular structure of epoxy networks. The dif-
fusivity, water absorption, swelling coefficients, free
volume, and crosslink density are determined for the
epoxy systems. The moisture absorption behavior for
the epoxy—amine systems very much depends on the
resin phase morphology. The circular, uniform parti-
cle shape and distribution increase the free volume,
and that ultimately increases the moisture absorption
of the resin. However, a nonuniform particle distri-
bution of a micrometer size decreases the free vol-
ume and the moisture absorption property. The
crosslink density very much depends on the epoxy
types. The long-chain, low-crosslink-density system
absorbs more moisture and has high § and moisture
diffusivity. On the other hand, a low M, value
means a lower diffusion coefficient. Irreversible
changes are found because of moisture diffusion in
the epoxy system, and this has been confirmed by
FTIR analysis. The chain is segmented. Segmented
molecules leach out from the system with aging. T,
decreases with moisture absorption. The highest per-
centage decrease in T, has been observed for the
lowest crosslink system. The diffusion coefficient
increases exponentially with M, of the resin systems.
The same trend has been observed for the free vol-
ume and diffusion coefficient. The S, glass composite
systems absorb less water than the pure resins.
However, the diffusion coefficient of the polymer

3951

S, glass composite is higher than that of the neat
resins.
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