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Abstract: Carbon fiber reinforced polymer composites are widely used in the rehabilitation, repair,
and strengthening of civil, marine, and naval infrastructure and structural systems. In these appli-
cations, they are exposed to a range of exposure conditions, including humidity and immersion,
which are known to affect the durability of the resin and the fiber—matrix interface over long periods
of time. This paper presents results of long-term hygrothermal aging of wet layup carbon/epoxy
composites including through acceleration by temperature focusing on the development of a compre-
hensive understanding of moisture uptake kinetics and its effects on glass transition temperature
and interface and inter-/intra-laminar dominated performance characteristics. A two-phase model
for uptake that incorporates both diffusion- and relaxation-/deterioration-dominated regimes, as
well as a transition regime, is shown to describe uptake well. The inclusion of damage terms to
the diffusion and relaxation coefficients is seen to capture changes well, with the effective diffusion
and relaxation coefficients increasing with fiber volume fraction and temperature. Effects of uptake,
including at elevated temperatures, reflective of accelerated aging, on glass transition temperature
and flexural strength are correlated, emphasizing a three-stage progression of overall response in line
with the moisture uptake changes. The drop in glass transition temperature per percent increase in
moisture uptake was seen to range from a low of 4.38% per % increase in moisture content, for the
highest volume fraction at the highest temperature, to a high of 6.95% per % increase in moisture
content, for the intermediate volume fraction at the lowest temperature. The composites with heavier
fabric showed the greatest drop in both glass transition temperature and flexural strength, indicating
a level of correlation between these characteristics as well. It is shown that both glass transition
temperature and flexural strength show steep initial decreases, followed by a regime with slower
decrease and, then, an asymptotic or near-asymptotic response with time of immersion, suggesting a
close correlation with moisture uptake, which forms the basis for future modeling.

Keywords: carbon/epoxy composite; hygrothermal aging; diffusion; relaxation; interface; glass
transition temperature; flexural strength; durability; water

1. Introduction

The rehabilitation of deteriorating and under-strength civil infrastructure elements
is increasingly implemented through the external bonding of prefabricated or wet layup
composites under field conditions. While these materials have been used successfully in
the field in applications ranging from pipelines and tunnels to buildings and bridges the
lack of long-term in-service data and concerns related to long-term durability under harsh
and changing environmental conditions including due to the hygrothermal exposure has
resulted in the development of design guidelines and codes incorporating extremely conser-
vative reduction and partial safety factors [1,2]. While carbon fibers per se are not affected
by the environmental regimes likely to be faced in routine use, the resin and the interface
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are susceptible to degradation and change by a range of exposure conditions among which
moisture, in the form of high humidity and/or immersion, is of significant concern. The
use of non-autoclave manual processes such as wet layup which also incorporate ambient
temperature cure increase susceptibility to moisture and temperature induced changes
over their life cycle [3,4]. The exposure of epoxies and related carbon/epoxy composites
to moisture in the form of humidity and/or solution immersion is known to result in
plasticization [5-7], which causes a decrease in their glass transition temperature through
the interruption of interchain hydrogen bonds by water molecules [8,9], swelling [8-10],
degradation of molecular and network structure [11,12], saponification, and degradation
of the fiber-matrix bond and interphase [3,13-15]. While moisture uptake can result in
reversible and irreversible deterioration of resin characteristics, it can also cause an initial
acceleration in cure progression, thereby setting up competition between the mechanisms
of performance enhancement and increased glass transition temperature and those of
deterioration due to uptake [6].

Moisture uptake in an epoxy is related to the presence of molecular-sized holes and
polymer-water affinity, in addition to debond-based paths at the fiber-matrix interface, in
a composite. These holes depend on the structure, morphology, and degree of polymer-
ization, whereas the affinity is related to the presence of hydrogen bonding sites along the
polymer chain. Apicella et al. [16,17] suggested the following three modes for sorption:
(a) bulk dissolution, (b) moisture sorption onto surface holes in free volume, and (c) hydro-
gen bonding between hydrophilic polymer groups and water. The existence of two forms
of water, free and bound, was proposed by Moy and Karasz [18] and Pethrick et al. [19],
among others, bringing about the recognition of multiple phenomena and mechanisms
affecting diffusion and leading to the development of two-staged and multiphase models
for uptake, in contrast to the traditional Fickian mode wherein uptake is characterized
by two parameters, diffusivity and uptake level of saturation [20], with diffusion being
characterized in polymers and composites with a constant diffusion coefficient [21,22], a
concentration-dependent diffusion coefficient [23], or a stress-dependent diffusion coeffi-
cient [24]. Dual-stage sorption models have been proposed for several cases of moisture
uptake by Behrens and Hoptenberg [25], Bagley and Long [26], Peppas and Sahlin [27],
Carter and Kibler [28], and Bao et al. [29], among others.

These models focus on addressing aspects of anomalous (non-Fickian) diffusion,
that comprises additional physical and physicochemical processes particularly related
to phenomena such as molecular relaxation, segmental mobility retardation, interaction
of the penetrant with macromolecules, wicking, microcracking, and other deterioration
mechanisms that modify the diffusion process. These also attempt to address the slow
increase in uptake levels after a transition point which results in a saturation level not
being attained within shorter-term time frames, as well as the effect of cure progression on
changes in network structure which in turn results in changes in diffusion. Since moisture
uptake has a significant influence on performance characteristics and glass transition
temperature, a deeper understanding of moisture uptake characteristics and kinetics is
essential for the prediction of long-term durability, and to ensure accurate design, safety,
and economic viability [30,31]. Despite significant efforts in this area, the complexity of the
mechanisms inherent in a composite which depend on the constituent materials and the
bond between them, both of which are affected by moisture uptake, has resulted in a lack
of comprehensive knowledge of durability, especially under long-term service conditions.
This severely limits the use of these materials in areas where catastrophic failure could
lead to severe damage, not just to the structure itself but also to the environment [32], and
emphasizes the need for more accurate modeling of moisture uptake and understanding
the mechanisms associated with diffusion [33].

The short timeframes of exposure traditionally used for study of moisture and solution
related aging and degradation have been shown to be insufficient for attaining saturation,
especially for systems such as ambient and moderate-temperature cured composites [31,33],
emphasizing the need for longer-term studies for the comprehensive understanding of
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the mechanisms and prediction of the durability of these systems [34]. This paper is part
of a comprehensive study on the long-term durability of ambient-cured systems over a
range of materials and exposure conditions. In this study, an ambient-cured epoxy and
wet layup carbon/epoxy composites, at different thickness levels, used extensively in
the rehabilitation of civil infrastructure, are subjected to immersion in deionized water
over a range of temperatures for periods up to 5 years to investigate moisture uptake
characteristics and key effects, including on glass transition temperature, and to distinguish
between mechanisms of Fickian diffusion and longer-term relaxation-/deterioration-based
uptake. The longer-term goal is to not only provide the basis for accurate characterization
and prediction of durability at a fundamental level so that it can be modeled based on
constituent material and processing combinations based on exposure conditions, but to
also ensure the development of appropriate design/safety factors for use in the field.
Specifically, the investigation focuses on the development of a model to describe moisture
kinetics in composites that is based on resin kinetic characteristics and is able to identify
levels of difference in these based on composite constituents, configuration, and moisture-
induced damage/changes across both stages of uptake, while also taking into account the
effect of temperature of immersion. In addition, the goals were to further assess the effects
on trends in glass transition temperature and flexural strength, emphasizing resin- and
interface-dominating effects.

2. Materials and Test Methods

To ensure that wet layup and an ambient cure process similar to those used in the
field were used, the resin system was designed with a viscosity of 700-900 cps and a gel
time of approximately 60 min using a 4,4’-isopropylidenephenol-epichlorohydrin (similar
to a DGEBA Epon 828 type system) with an aliphatic amine hardener in a 2:1 ratio. Uni-
directional fabric of 12k untwisted T700 carbon fibers having a nominal tensile strength,
tensile modulus, and density of 4900 MPa, 230 GPa, and 1.80 g/ cm? were used as the
reinforcement. To assess the effects of fabric and overall thickness on uptake mechanisms,
two areal weights of fabric at 300 and 600 g per square meter (gsm) were used to fabricate
composites of 1- and 2-layer thicknesses, with the latter being from both fabrics, with
nominal thicknesses of 0.72 mm (1 layer of the 300 gsm fabric, designated in the paper
as 300/1), 1.34 mm (2 layers of 300 gsm fabric, designated in the paper as 300/2), and
1.8 mm (2 layers of 600 gsm fabric, designated in the paper as 600/2). The use of 2 areal
weights of the same fabric type enables both a change in the fiber volume fraction and
assessment of greater intralaminar intermingling/compaction between layers without
changes in overall constituent and process characteristics. The panels were fabricated using
the wet layup process with only manual-roller-based pressure and without vacuum bags
or pressure plates, to mimic field conditions as closely as possible. Fiber mass fractions
were determined through acid digestion to be 35%, 39%, and 44% for the 300/1, 300/2, and
600/2 composites, respectively, resulting in effective fiber volume fractions of 26%, 29%,
and 34%, respectively, with void fractions ranging from 2-3%. Flat panels of resin of 5 mm
thickness were also cast under ambient temperature conditions, resulting in a density of
122 ¢/ cm?®. Details are also provided in Table 1 for ease of reference.

Table 1. Summary of characteristics for the composite specimens.

Composite Fabric Areal Weight Number of Thickness Fibe.r Mafs
(gsm) Layers (mm) Fraction (%)
300/1 300 1 0.72 35
300/2 300 2 1.34 39
600/2 600 2 1.80 44

All specimens were conditioned for 30 days at 2023 °C prior to exposure and testing
to ensure a reasonable level of cure progression based on prior investigation of the same
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resin system [35,36], for which the glass transition temperature prior to exposure was noted
to be 92 °C [35].

Moisture uptake was determined from specimens of 25.4 mm x 25.4 mm size cut
from resin plaques and composite plates at the actual thickness of each specimen, thereby
keeping surface conditions consistent. Five specimens were used for each measurement,
with specimens immersed in temperature-controlled baths at 23 += 1 °C, 37.8 £ 1 °C, and
60 + 1 °C, with continuous monitoring of both water levels and temperature. Specimens
were placed ensuring no contact between adjacent specimens so as to preclude any differ-
ence in exposure conditions. A set of specimens was also stored under controlled conditions
of 23 °C and 30% RH as reference controls and to assess the progression of cure over time.
Specimens were removed periodically, over a period exceeding 5 years, using padded
tweezers to ensure minimal pressure and no transfer of oils or substances from human
hands that could inadvertently contaminate the specimens and/or the solutions, patted dry
with tissue paper, and then weighed to measure uptake, after which they were reinserted
into the baths. The time period for the operation was standardized for consistency and to
avoid effects of varying levels of evaporation through the specimens.

Dynamic mechanical thermal analysis (DMTA)-based characterization was conducted
in three-point bending mode on specimens of 9 mm width with a span:thickness ratio of 16:1
at a frequency of 1 Hz with a strain of 0.0025% and a heating rate of 5 °C/minute. Specimens
were placed in the three temperature baths with the moisture uptake specimens, and similar
care was taken to ensure that the time period between the removal of specimens from
the temperature-controlled baths and the initiation of DMTA testing was standardized. A
minimum of three specimens were tested for each set at periodic intervals up to 60 months.

To correlate changes in moisture uptake and glass transition temperature with mechan-
ical performance, flexure tests following ASTM D790 were conducted at periodic levels,
on specimens placed in the 3 temperature-controlled baths using the same precautions as
used with DMTA specimens. A minimum of 5 specimens were tested in three-point-flexure
mode at each time period (up to 60 months) and immersion condition. A span-to-depth
ratio of 16:1 was used with a nominal width of 12.5 mm. The test was specifically chosen to
assess performance of the number of layers and fabric weight which result in difference
in fiber and bundle interactions and compaction, causing tortuosity in flow and increased
interlaminar and interlaminar interaction components. The 3-point flexure test incorporates
both shear and bending components and, hence, enables a focus on resin- and interface-
dominated effects. Photographs of test equipment for the DMTA and flexure tests are
shown in Figure 1a,b, respectively.

oidomooria

Figure 1. Test equipment: (a) DMTA, (b) flexure.
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3. Results and Discussion
3.1. Moisture Uptake and Kinetics

While moisture uptake in polymers and composites is often described by the process
of Fickian diffusion, it has been shown that many of these materials do not attain saturation
over extended periods of time, with uptake continuing to increase due to aspects such
as moisture-induced changes at the resin and fiber interface levels, including within the
polymer network and from relaxation and deterioration processes, which are slower than
the initial diffusion processes [29,37]. Following Bao et al. [29], moisture uptake, M;, at
time, f, can be expressed as

M Dt\ %7
thtns - (1+k\/i) <1 —exp [—7.3(112) D 1)

where My, and D are the equilibrium moisture uptake level and diffusion coefficient
associated with uptake in the first stage, as shown in the schematic in Figure 1, k is a
time-dependent coefficient characteristic of the rate of polymer relaxation and second-stage
damage due to the moisture absorbed, and # is the thickness of the specimen.

The second stage in Figure 2 is associated with slower relaxation processes, as polymer
chains slowly rearrange in the presence of penetrants, with the uptake in this stage being
due to coupling of diffusion and macromolecular relaxation. Moisture parameters, including
the level of My;4,s, which indicates the level of transition uptake between Stage I and Stage 11,
for the resin are listed in Table 2 with a comparison of experimental data with results based
on the use of Equation (1) shown in Figure 3. As seen from Table 2 and Figure 3, there is very
small variation in the level of M, at the end of the time period, with similar levels being
obtained at all three temperatures of immersion, suggesting a common threshold that is
attained faster by elevating the temperature of immersion. As is noted later in the paper, the
three composites do not show this similarity in attainment due to differences in mechanisms
at the fiber-matrix interphase and at the intra- and interlaminar levels.

First Stage Second Stage

Tralilsition Region

Moisture Uptake, M, (%)

ttrans

Time, VT

Figure 2. Schematic of moisture uptake curves and stages following different models.

Table 2. Moisture uptake parameters for resin.

Temperature of

. Dr kr thns Mmax
Im‘:}%f“’“ (x10-7 mm?/s) (x10-4 mmZ/s) (%) (%)

23 1.04 0.280 3274 4338

378 3.77 0.236 3435 449

60 254 0.216 3.532 4.546
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Figure 3. Moisture uptake curves for resin specimens. Dashed lines indicate model predictions.

As is expected, the diffusion coefficient, D;, increases with temperature of immersion,
indicating early mass increase at high rates associated with classical Fickian processes in
stage I, with more complex interactions due to hydrolysis and relaxation-based processes,
including an increase in network hydrophilicity and reduction in crosslink density in stage
II, resulting in the variation in values of k. The levels of M5 and M,y are affected by
the temperature of immersion, further emphasizing the non-Fickian nature of uptake, in
line with [6], since strict Fickian diffusion should result in the same saturation level, My,
irrespective of immersion temperature.

In an attempt to compare moisture uptake in a resin to that in a composite formed of
that resin, consideration has to be provided to the change in volume of resin through which
diffusion occurs, as well as the paths for uptake along fiber-matrix interfaces, network areas
of change locally due to fiber interactions, and effects of tortuosity because of modified flow
paths around fibers. In the current case, since carbon fibers are effectively inert to influence
of moisture, effects due to absorption into the fiber and changes in the fiber do not have
to be considered. These effects in a two-stage model can then be differentiated based on
differences between the “ideal” and “actual” diffusion and relaxation/deterioration coeffi-
cients. In the case of unidirectional composites, wherein diffusion is direction-dependent,
Shen and Springer [21] drew an analogy from heat conduction to express diffusivity in a
unidirectional composite in a direction normal to the fibers, Dy, as

Vv D 4 Q/l—BZV/ﬂ.’
Dy = (1 —24/ f) D, + B—r [ Vi v T (2a)
T D 1_<Bgvf> \/1+ByV/m
T

D,
Bp = 2<Df - 1) (2b)

And the diffusivity in the composite parallel to the direction of the fibers, Dj, is given
by the rule of mixtures as

where

D, = (1 - vf) D, + VyDy (2¢)

where D, and Dy are the diffusivities in the resin and fiber, respectively, and Vs the fiber
volume fraction. Following Starink et al. [38], for the specific case where Dy = 0, the effective
diffusivity in the composite can be expressed as
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where b and c are the planar dimensions of the moisture uptake specimen, 4 is the thickness
(h in Equation (1)), and A = 0.54. Treating the relaxation coefficient in the same way and
neglecting second \-order edge effects, moisture uptake in the composite can be determined
through a combination of Equations (1) and (3) as

2
1-2 VL
D, {1+A(Z+‘f’) ”}
t

0.75

1-2 /v 1-Vy

2
T+A(G+2) 1an] Vi||[1-exp|-73 2

[~

My _
thns - 1 + kr

4)

Keeping in mind that the models used are approximations and do not account for
interactions between fiber and matrix, changes in network structure and morphology due
to moisture uptake, changes in reaction thermodynamics due to absorption (endothermic
absorption resulting in an increase in uptake with temperature and exothermic with a
decrease in uptake with temperature), and effects of tortuosity due to fiber entanglement
and compaction, modification factors L and L, are applied to the relaxation and diffusion
coefficients of the resin, respectively, such that

0.75

1-2 f
2 aja T
27, LoD, |14+A(£+4) =7
1+A(8+2) =v; Vt||1—exp|-73 t

S~

MI:?I:YIS = 1 + ler

©)

c h2

The modification factors represent the specific changes in relaxation and diffusion
characteristics over those that would be expected if a direct transition from resin to com-
posite response, as represented by the inclusion of fiber volume fraction, were viable.
This provides an assessment of interface and resin changes effected by temperature as
differentiated from the bulk resin and fiber volume fraction modified bulk resin modified
characteristics, and provides a more thorough understanding of local response especially as
affected by the fabric type, number of layers and compaction, and temperature of solution.
Equation (5) effectively describes the response over the two regions and the transition zone
between stage I and stage II uptake, and can be rewritten as

M; = (Uptake due to diffusion dominated regime) + (Uptake due to re-

laxation and longer-term deterioration) + (Uptake in the transitional (6)
regimes)
ie.,
D, cLot\ 075 [ D,frL 0.75
My = Mirans (1 —exp{—7.3< ) D + Miranskeg Lav/E + Musans (k g LB (—exp | ~7.3( 2452 ) }) (7a)
where: )
1-2 [V
Dess = Dr |1+ A(§ + 2)\ v~ (7b)
and )
1-2 [V
korp = ke |1+ A(§ + )\ = (7¢)
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The first term in Equation (7a) represents Fickian diffusion, whereas the second is that
of longer-term relaxation/deterioration which, as expected, is linear in structure. When
the relaxation term, keﬁ, is zero, the structure is basically that of Fickian diffusion. Thus, a
comparison coefficient can be used to further understand differences, not just in moisture
uptake and rates, but also in the extent of phenomena changing response from that based
on bulk resin and/or the idealized composite.

Figure 4a—c show measured data from moisture uptake experiments for the three
composites (300/1, 300/2, and 600/2) over 3 temperatures of immersion each, along with
the results from the use of Equation (5), showing close correspondence between them. The
increase in uptake level with temperature confirms the trends reported earlier [29,31,34,39]
in contrast to the temperature independence of equilibrium moisture content reported
through shorter-term exposure [40] and on bulk resins rather than composites [41]. Values
for the kinetic parameters for diffusion and relaxation/deterioration coefficients determined
directly from resin data following Equations (7b) and (7c), respectively, as well as the final
coefficients, determined through the use of Equation (4), are listed in Table 3.

=)

300/1

W

s A
s a-kT
L4 o
‘E.. &~ il
2 A <
=3 B ' P A
= Ak PP
5 e e
2 PSS
g P
2. Bt
2 [ #23°C M37.8T aG0 T
o
0 2,000 4000 6000 8000 10000 12000 14,000
Time (seconds®)
(a)
6
30072
-5 -
= Lk
S’ Gt
PR A"
=< A
£ a7
= I Tan pio--- e
E "_‘k g u3-F- - =
Rl
A
= °
= | A
‘/‘ [#23°C m37.87C ag0C
oW
0 2,000 4000 6000 8000 10,000 12,000 14,000
Time (seconds®)
(b)
6
60012
_a4
~35 =
S Ak
e g
@4 A =
o - o | -e
E: PO S "
= A " e
= AT T
@ e -
g ’AA . - 2
82 A .I‘
S AW
P Ay
ff [@23C M37.8°C A60 T
oW
0 2,000 4000 6000 8000 10000 12,000 14,000

Time (seconds®5)

(o)

Figure 4. Comparison of experimental data and model predictions for moisture uptake in composites:
(a) 300/1 composite, (b) 300/2 composite, (c) 600/2 composite. Dashed lines indicate model predictions.
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Table 3. Moisture kinetics parameters for the modified two-stage uptake process.
Material (;l;e;nnﬁf:;tslil(r)fl 7Deﬁ( 2 7keff ) (=DeﬁD x Lp) (=keﬁck>< Ly) Mf,'“"s Mo"“’x
Q) (x10~7 mm?/s) (x10~* mm?/s) (x10-7 mm2/s) (x10-% mm?2/s) (%) (%)

23 1.089 0.293 1.648 1.015 1.326 3.008

300/1 37.8 3.947 0.247 4.174 0.969 1.702 3.809
60 26.59 0.226 28.41 1.172 1.922 4.702

23 1.130 0.304 0.585 0.507 1.893 3.102

300/2 37.8 4.096 0.256 3.502 0.992 1.655 3.804
60 27.60 0.234 19.18 1.667 1.686 5.083

23 1.158 0.311 0.593 0.647 2.116 3.812

600/2 37.8 4.197 0.262 3.796 1.133 1.729 4115
60 28.28 0.240 14.01 1.163 2.202 5.115

As can be seen from Figure 4a—c and Tables 2 and 3, the maximum moisture uptake,
Myuayx, increases with temperature of immersion for all specimens. The uptake in the
composites is less than that of the neat resin at the two lower temperatures, but at the
highest temperature of immersion, the levels in the composite are higher, which can be
correlated to the additional deterioration, which causes wicking along the fiber-matrix
interface, resulting also in a substantially increased diffusivity coefficient, D. It is of interest
to note that the level of uptake increases with increase in fiber volume fraction, indicative of
additional uptake paths along the debonded fiber-matrix interface regions. The moisture
content associated with the transition between stage I and stage Il uptake, M5, is lower for
the composites than for the resin at all temperatures. Although mechanisms of desorption
and extent were not assessed in the current investigation, it is important to note that the
transition also signifies the change in dominant mode from free to bound water, since the
second-stage effects, which occur after transition, are largely due to the latter. As can be
seen in Figure 5a, the transition point is attained substantially earlier in the composites than
in the resin, with time to attain My,,s increasing with volume fraction and decreasing with
temperature of immersion. The level of increase with fiber volume fraction is the highest at
23 °C, with the levels at the two higher temperatures being substantially lower, indicating
the complex interaction between the effects of cure progression and diffusion in the first
stage. Earlier attainment indicates a shorter dominance of stage I type mechanisms.

Given the importance of the extent of each regime, it is also of interest to assess
the ratio Myuns/Mmayx, since it provides insight into the relative influence and lengths
of the initial diffusion-dominated regime and the subsequent relaxation-/deterioration-
based regime that has slower rates of uptake but represents a complex set of competing
phenomena, including longer-term hydrolysis of the resin, irreversible network changes,
and deterioration through increase in size and extent of microcavities and fiber-matrix
debonding. As seen in Figure 5b, the ratio is independent of temperature in the case of
resin, as should be expected, since the levels of maximum uptake are similar, with the
uptake at the highest temperature of immersion being only 4.8% greater than that at the
lowest, and the mechanisms related to moisture-based reactions with the polymer network
being expected to be similar. In the composites, however, the ratio is lower, decreasing
with temperature of immersion and for a majority of the specimens (except for the two-
layered specimens immersed in water at 23 °C) being between 0.41-0.45, suggesting a
similarity in overall behavior and extent of the diffusion-dominated regime. In the case of
the two -layered specimens, the higher level for the lower volume fraction at the lowest
temperature of immersion can be related to greater paths for uptake along fiber—-matrix
interface regions and local areas of resin inhomogeneity in cure, which are obviated at
the higher temperatures of immersion, as has been noted previously to lead to further
progression of cure [31,42,43].
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Figure 5. (a) Time to transition as a function of material type and temperature of immersion. (b) Moisture
transition ratio as a function of material type and temperature of immersion.

As seen in Figure 2, uptake is characterized by the two parameters of Mg, and My,
and it is instructive to relate these to fundamental thermodynamic principles associated
with heat of absorption, AH, when water uptake occurs in a polymer. Following van’t
Hoff’s equation [44,45], the effect of temperature, T, on solubility (i.e., mass gain in this
case) can be described by the change in enthalpy due to dissolution as

din(cs) AH

iT ~ RIZ (8a)

where c; is the concentration at a point of equilibrium/threshold, R is the universal gas
constant (=8.3143 J/mol K), and the heat of absorption is assumed to be constant over
the temperature range used for moisture uptake experiments. Integrating Equation (8a),

we obtain
—AH (1 1
Cs = Cs ref €XP R <T -7 f)] (8b)
re
which can be rewritten as AH
Cs = Cs0eXp <W> (8c)

which is in the form of

M=A exp(%) (8d)
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where M is the uptake at equilibrium or the threshold level, and A is a temperature-
independent constant. Equation (8d) indicates that for an endothermic reaction, uptake
due to absorption increases with temperature, while it decreases with temperature in
exothermic absorption. AH can be determined from the slope of the linear relation between
In(M) and 1/T. Values for the resin and three composites at the thresholds of M5 and
Myqx are given in Table 4. As can be seen, the heat of absorption is endothermic, which
is in line with results of increasing levels of uptake with temperature, and with results
determined for experiments conducted earlier by Apicella et al. [46] for Bisphenol A and B
polyester samples and their E-glass composites over a range of water immersion between
20 and 90 °C, where the heats of absorption were 3.2 k] /mol K and 5.98 k] /mol K for the
Bis A resin and its composite and 5.9 k] /mol K and 10.9 kJ/mol K for the Bis B resin and its
composite, respectively. Values at the level of M5, the equilibrium threshold for stage I
absorption, are lower than those for the maximum uptake for all three composites.

Table 4. Heat of absorption at moisture uptake thresholds.

Heat of Absorption (kJ/mol K)

Material

At Mirans At Myyax
Resin 1.65 1.0
300/1 8.04 9.81
300/2 2.39 10.95
600/2 1.34 6.62

The diffusion coefficient essentially represents the rate of uptake during the initial
stage and thus serves as a useful indicator of overall response in Stage I. In all cases, the
diffusion coefficients of the composite specimens are higher than those of the unreinforced
resin, with the coefficients increasing with both temperature of immersion and fiber volume
fraction, indicating a rate-dependent response. The higher diffusion coefficients for the
composite are in line with results reported earlier [40,47] and are largely due to fiber-matrix
debonding, which creates additional, and faster, paths for moisture uptake and interaction
with the bulk resin. It should be emphasized that water absorbed into the composite results
not just in plasticization of the resin but also microcavitation-type damage, including
deterioration of fiber-matrix bonds and local bonds in the resin network. Both of these are
irreversible and result in the formation of cavities that provide further volume for water
uptake, i.e., a potential increase in free water content, which can lead to an increase in
reactions with the polymer, causing enhanced molecular mobility of the epoxy molecules
and disassociation of hydrogen bonds between the molecules of absorbed water and active
sites in the epoxy network.

Given the complex interactions at play, especially as moisture uptake levels come
close to the transition threshold, My, it is of interest to assess the hypothetical values of
the Fickian diffusion coefficient if My;,s were actually the level of equilibrium, as seen in
short-term response, rather than a transition to the longer-term slower phenomena. In this
case, the diffusion coefficient can be determined from the initial slope of the uptake verses

\/t curve as
2
B h My — My \?
Dy = 7T<4Mfoo> <\/t —\/t1> ©)

where MfOQ is the short-term equilibrium level (= Myu5) and M, and My are uptake levels
at times f; and f;, respectively. Results for Dy are shown in Figure 6 in comparison to the
values of D using the two-stage model as well as those derived directly on the basis of fiber
volume fraction-based modifications of resin characteristics, as in Equation (7b).

As can be seen, all three characteristic measures of diffusion indicate an increase
with temperature of immersion. D,y, which is based directly on the resin characteristics,
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represents the theoretically derived values accounting for the physical presence of fibers and
use of edge correction, but does not intrinsically account for moisture uptake effects such as
wicking, debonding, and network site-water reactions due to differential cure regimes, as
expected, indicating an increase in diffusivity with increase in fiber volume fraction. Fickian
diffusion, which assumes a single set of uptake phenomena and a saturation point in the
short term, shows some variation with fiber volume fraction due to flow path tortuosity and
compaction differences between layers but not the larger interaction with longer-term and
relaxation/irreversible deterioration that is captured by the two-stage model, emphasizing
the inadequacy of the Fickian diffusion model for carbon-fiber-reinforced polymer matrix
composites, as mentioned earlier by Bone et al. [30], and indicating the need to more closely
assess the complex and interacting phenomena, even in Stage I of the uptake. A measure
of this can be approximated by estimation of permeability, which indicates the ease with
which a fluid will flow through the material and can be determined as the product of D and
M, following the general method reported in [7,48], using the two thresholds of transition
and end of the time period.

300/1 300/2 600/2

10
D
5 -y II -| ‘v‘l i
—y " T - ‘l DD
f
23 378 60

23 378 60 23 378 60

Coefficient of Diffusion
(x 1077 mm?/s)

Temperature of Immersion (°C)

Figure 6. Comparison of diffusion characteristics.

Table 5 lists the permeabilities for the composites at the different temperatures of im-
mersion at the two moisture uptake thresholds, from which it can be seen that while the per-
meability for each composite increases with temperature, the relation across temperatures
as a function of fiber volume fraction is more complex and is dependent on phenomena that
take place at different stages of uptake. At the transition level, the permeability at a given
temperature is lower in the two-layered composites than in the single-layered composite,
as would be expected with an increase in fiber volume fraction. However, the permeability
for the lower-weight fabric is lower than that with the higher-weight fabric at the two
lower temperatures, due to greater integrity of the interlaminar region between plies in this
set. At the highest temperature, however, the fiber volume fraction effect, gained through
intralaminar intermingling, dominates. This is repeated at the My, threshold, indicating
that the effects are from Stage I phenomena rather than Stage II and are due to damage at
the fiber-matrix interphase level and due to free, rather than bound, water.

Since diffusion is a thermally activated process, a measure of the differences in phe-
nomena can also be assessed through the use of an Arrhenius-type relationship for the
determination of activation energy, E;, that must be overcome for moisture uptake [49]:

D= Dwxp(}?) (10)

where Dy is a temperature-independent constant, R is the universal gas constant. and T
is the temperature of immersion on the Kelvin scale. Plotting In(D) v/s (1/T) values of
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activation energies can be determined to be 71.02, 63.73, 76.78, and 69.06 k] /mol K for the
neat resin, single-layered, and two-layered composites, respectively, indicating fairly close
levels for the materials, with the lowest being for the single-layer composite. In general,
the composites show a lower level of required activation energy due to the propensity for
damage at the fiber-matrix interface level, which results in wicking and capillary action.
The higher level for the 300-2 composite is related to the increased compression between
fabric layers leading to increased tortuosity, as well as due to cure progression and local
inhomogeneity, as is discussed in the next section.

Table 5. Permeability in composites at moisture uptake thresholds.

Temperature of Permeability (x10~9 mm?/s)

Composite Immersion (°C) At Mirans At Myax

23 2.19 4.96

300/1 37.8 7.09 15.89
60 54.60 133.59
23 1.11 1.81

300/2 37.8 5.79 13.35
60 32.34 97.49
23 1.25 2.26

600/2 37.8 6.56 15.62
60 30.85 71.66

While the values of relaxation/deterioration coefficient determined following
Equation (7c), keﬁc, directly from the resin characteristics, decreases with temperature
and increases with fiber volume fraction, the experimentally determined second-stage
coefficient, k, for the composite, for the most part, increases with temperature, following
trends reported earlier [29,31], indicating increased molecular relaxation and damage with
temperature of immersion. Given that the second stage is initiated at the threshold of
the transition point, Mys (see Figure 2), it is of interest to assess the rate of change as a
function of the extent of region II for the materials under consideration as

thns )
k=m(1- +k 11
( My 0 (11)

Mtruns
M

max

where the term (1 — ) represents the extent of the overall uptake, which can be con-

sidered as being dominated by Stage Il mechanisms. The slopes (rate of increase in k, as a
function of extent of stage Il uptake) determined as m = 2.79, 5.05, 4.0, and 3.44 for the resin,
300/1, 300/2, and 600/2 composites, respectively, show a decrease with increasing fiber
volume fraction, with all being greater than that of the neat resin samples, indicating the
important role played by the presence of fibers in overall deterioration and relaxation in
Stage II. The results further emphasize that water content has a similar effect to temperature
on physical aging but with vastly different kinetics, which is in line with results postulated
earlier for unreinforced epoxies [50]. Arnold et al. [33] used a technique of removing long-
term mass uptake and initial slow uptake to determine the hypothetical Fickian behavior
of carbon/epoxy composites exposed to conditions of immersion and humidity. Using a
similar technique, the response in Stage Il uptake can be isolated to determine an effective
coefficient of uptake in this stage. For the purposes of this assessment, we differentiate this
characteristic from a diffusion coefficient since it is in the relaxation/deterioration regime.
In this case, the coefficient is determined between the uptake level of Muus and Myax
(i.e., Moo i8 Mimax-Mirans in order to only consider Stage II response), and has to be consid-
ered in that vein as being a characteristic enabling assessment of relative behavior/rate of
response, with details shown in Figure 7.
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Figure 7. Apparent Stage II coefficients as a function of composite type and temperature of immersion.

As can be seen, the apparent Stage II coefficient decreases with increasing temperature,
which can be related to increased cure progression and fiber-matrix deterioration, resulting
in less potential relaxation/creep type mechanisms at the higher temperatures. It is also of
interest that the coefficient increases with fiber volume fraction, which is in line with results
reported by Papanicolaou et al. [51] using a hybrid viscoelastic interphase model to explain
the change in interphase thickness with time and fiber loading. As the bulk resin between
fibers and the fiber-matrix interphase region is affected by moisture uptake, the relaxation
increases, as determined directly through slope of the uptake curve, as discussed above.

3.2. Characterization of Glass Transition Temperature (Tg)

Moisture uptake is known to result in plasticization and reduction in the glass tran-
sition temperature through an increase in macromolecular mobility and weakening of
hydrogen bonds in the network. The accurate determination, and prediction, of glass
transition temperature is critical since it serves as a threshold for materials use in design,
and in setting operational limits. It should be noted that in the case of epoxies and their
composites cured under ambient and moderate temperature conditions, as is seen often
in civil infrastructure rehabilitation and in naval/offshore repair, the degree of cure at-
tained is less than 100%, resulting in phases of partially reacted material within a more
highly crosslinked network. These areas not only continue to cure over time but can also
be affected by exposure to moisture, with cure progression being initially accelerated by
moisture [42,43] in conjunction with deteriorative phenomena, such as moisture-induced
plasticization, hydrolysis, saponification, fiber-matrix debonding, and matrix microcavita-
tion/microcracking, making it difficult to isolate effects. For the purposes of the current
investigation, the T was determined from the peak of the loss tangent curve, since this
measure is independent of specimen dimensions and hence represents a material charac-
teristic not affected by test setup [52]. The Ty for the 300/1, 300/2, and 600/2 composites
was determined as 103.8, 97.1, and 96.5 °C, respectively. Figure 8a—c show the percentage
change in Ty as a function of moisture content for the three composite specimens at 23,
37.8, and 60 °C, from which it can be seen that response largely follows a two-stage process
of an initial rapid decrease in T¢ followed by a very slow and almost asymptotic regime
at higher uptake levels, corresponding to longer periods of immersion. The presence of
an asymptotic regime was noted earlier [8,9] through studies on epoxies, wherein the T,
initially decreased with time of hygrothermal aging and then approached an asymptotic
value with minor oscillations, with the response being attributed to the effects of secondary
crosslinking due to interactions of type II bound water with hydrophilic groups such as
hydroxyls and amines. It should be noted that Ty depends on hygrothermal history and
water—network interactions rather than solely on the presence of moisture. As pointed
out earlier by Zhou and Lucas [6], type I bound water disrupts interchain van der Waals
forces and hydrogen bonds, resulting in increased chain mobility and decreasing the glass
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transition temperature, whereas type Il water increases the T¢ through the formation of a
secondary crosslink network. This interaction and competition in effects results in crosslink
density approaching an asymptotic value over time and is hypothesized herein to result in
the T¢ approaching asymptotic values over extended periods of hygrothermal aging. Since
DMTA testing was conducted only periodically with increasing intervals, it is not possible
to accurately predict the threshold for the initiation of the slow change, or asymptotic
nature, in the current study. However, the trends can clearly be seen in Figure 8, and
further details are provided in Table 6. As can be seen from Figure 8, the decrease can
be described as a three-stage regime, with an initial rapid drop transitioning to a slower
decrease, leading to an asymptotic level with some oscillation. The trend of an initial
decrease followed by an increase and then a decrease to an asymptote shown by specimens
immersed in water at 23 °C relates to the progression of posture, as described through
an earlier investigation on a similar system [31]. It can also be noted that at the higher
temperatures of immersion, the final state of the two-layered specimens is similar and
distinct from that of the single-layered specimens, which is due to the greater resin-rich
surfaces in the single-layered specimens as compared to the interlaminar region in the
two-layered specimens.
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Figure 8. Drop in Tg with increase in moisture uptake: (a) Specimens immersed in water at 23 °C,
(b) specimens immersed in water at 37.8 °C, (c) specimens immersed in water at 60 °C.
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Table 6. Characteristics associated with Ty changes due to hygrothermal aging.

Temperature of

PprpinTist DropinTyper
300/1 —19.6 6.82
23 300/2 —22.1 6.95
600/2 —25.0 6.37
300/1 —-17.0 4.68
37.8 300/2 —18.5 4.74
600/2 —194 4.56
300/1 —20.5 4.55
60 300/2 —24.3 4.65
600/2 —25.1 4.38

It is of interest to compare the levels of decrease in T¢ of the neat resin with those of the
composites to assess the effects of the presence of fibers and inter- and intralaminar regions
between layers and the consequent fiber- and interphase-related phenomena. Xian and
Karbhari [35] reported drops of 23.9%, 15.2%, and 18.5% for the resin after immersion in
water at the three temperatures of 23, 37.8, and 60 °C, respectively, for two years. At similar
periods of time, the drop in the 300/1, 300/2, and 600/2 composites was 18.2%, 21.1%, and
24.6% after immersion in water at 23 °C, 15.9%, 16.8%, and 18.7% after immersion in water
at 37.8 °C, and 18.1%, 22.3%, and 23.9% after immersion in water at 60 °C. The trend of
the lowest drop being at the intermediate temperature of 37.8 °C is shown by the resin
and all three composites, and is thought to be linked to greater postcure that occurs at this
temperature. This is also shown to a lesser extent at the highest temperature of immersion,
in which the decrease is less than that due to immersion at 23 °C.

It is noted that theoretical models for the prediction of Ty based on moisture content,
such as the Gordon-Taylor model [53], the Kelley—Bueche model [54], and the DiBenedetto
equation [55], all show a decreasing trend for Ty with increasing moisture content but fail
to predict the asymptotic regime. This is due to the complicated and competing macro-
and microphenomena at play, including those related to changes in the polymer network,
viscoelastic response, and the interplay between free and bound water.

As can be seen in Table 6, the highest drop across all composites is at the highest
temperature of immersion, with the reduction increasing with fiber volume fraction at each
temperature of immersion, in line with effects expected due to fiber clusters, which can
limit the extent of interphase percolation. As measured at the end of the 60-month period,
the drop in glass transition temperature per percent of moisture uptake decreases with
increasing temperature of immersion, with the maximum being 6.95 °C/wt % of water for
the 300/2 composite at the lowest temperature of immersion and 4.65 °C/wt % of water
at the highest temperature of immersion. However, given that the decrease approaches
asymptotic levels over extended periods of immersion time, it is perhaps more instructive
to determine the relation with moisture content at the threshold itself. For purposes of
comparison, Figure 9 shows results for the drop per percent moisture uptake for the initial
period, the 44-month period, which represents the beginning of the asymptote, and the
60-month level, which represents the end of the period of immersion.

It should be noted that in some cases, especially for the two-layered composites,
an asymptotic regime is attained even prior to the 44-month level. The levels at both
these periods are significantly lower than the decreases of 15 °C and 20 °C per percent of
moisture uptake reported elsewhere [12,56,57]. It should be noted that T¢ indicates a level
of structural change between the glassy and rubbery regimes. Diffusion is affected by a
combination of unoccupied molecular volume of the resin, free volume, and the polymer
water affinity due to hydrophilic centers of the network. Increase in crosslink density results
in decreased rates, and levels of moisture uptake and regions of high density can hinder
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further diffusion due, at least in part, to the inaccessibility of hydrogen bonding sites [18,58];
thus, it is expected that the attainment of a threshold in ambient-cured materials in which
cure progression is initially accelerated by immersion and temperature will coincide with
changes in the extent and rate of crosslink progression and transition in the two stages of
uptake, as described in the diffusion model used in this investigation.
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Figure 9. Difference in change in Tg based on stage of moisture uptake.

3.3. Characterization of Flexural Strength

Given that the study includes both single-layered and two-layered composites, it is
important to be able to test for residual characteristics in a manner that would encom-
pass the interfacial reactions between the resin-rich surfaces on either side of the single
reinforcement layer in the 300/1 specimens as well as the interlaminar and intralaminar
phenomenon in the two-layered (300/2 and 600/2) specimens. It must be kept in mind
that the use of the heavier fabric in the 600/2 case would result in greater fiber and bundle
intermingling, resulting in an increased intralaminar component. While the assessment
of mechanisms between these is not the focus of this investigation, the use of a single test
to assess performance across those three types was critical; hence, the three-point flexure
test incorporating both shear and bending components was selected. It should be noted
that tensile tests, while widely reported in the literature, are not ideal to assess resin- and
interface-dominated effects such as would be expected through immersion for periods of
time at different temperatures in water, since strength and modulus are fiber-dominated
characteristics for unidirectional composites. The strength of the composite in three-point

flexure is determined as follows:
3PL

where P is the applied force, L is the support span, and b and & are the width and thickness
of the specimen. Results for flexure testing for the three composite materials as a function of
time and temperature of immersion are shown in Figure 10a—c. Flexural strength retention
can be described in terms of three stages: the first stage, which has a rapid decrease in
strength, followed by a more gradual decrease over a longer second stage, and a final
stage, where the drop over time is extremely slow and the performance appears to attain
a near-asymptotic regime. As can be seen from Figure 10 and Table 7, overall reduction
over the 60-month period of immersion ranges from a low of 19.87% for the single-layered
composite, 300/1, after immersion at 23 °C, to a maximum of 49.54% for the two-layered
composite with the heavier fabric, 600/2, after immersion at 60 °C. It should be noted that
the greater intralaminar phenomena in the heavier fabric leads to greater decreases when
fiber-matrix interphases are deteriorated. Overall reduction increases with temperature
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of immersion and fiber volume fraction, with the latter effect being due to the increased
surfaces for debonding, the initial drop, which is over a period of 2 months for the 300/1
and 300/2 composites and 4 months for the 600/2 composites, is related to effects of
plasticization, noted earlier in terms of effect on glass transition temperature, and reported
earlier [59,60]. The drop in glass transition temperature is less than that in flexural strength
over the total period of study, suggesting that the water absorbed into the composite and
found within the fiber-matrix interphasial region and accumulated in cracks and voids
including within the debonded areas does not have as great an effect on glass transition as
it does on the weakening of bonds, and thereby on flexural strength, as noted earlier by
Bone et al. [30].
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Figure 10. Effect of time and temperature of immersion on flexural strength: (a) 300/1 composite,
(b) 300/2 composite, (c) 600/2 composite.

The two-layered composites also show a greater level of reduction than the single-
layered composite, highlighting the effect of moisture uptake on the interlaminar region
formed between adjacent layers of fabric, which, as noted earlier, results in a greater
decrease in the glass transition temperature as well.

It is also of interest to note that the composites with the heavier fabric showed the
greatest drop in both glass transition temperature and flexural strength, indicating a level
of correlation between the two characteristics, which can be further compared in Figure 11.
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Table 7. Percentage (%) decrease in flexural strength.
Time Period under Consideration
Composite Temper:atureO of
Immersion (°C) 2 Months 4 Months 60 Months
23 7.27 6.69 19.87
300/1 37.8 8.84 9.54 25.22
60 13.60 13.78 30.15
23 5.02 11.57 22.98
300/2 37.8 12.72 16.07 28.57
60 16.85 17.75 32.25
23 11.55 28.19 44.98
600/2 37.8 15.99 32.98 48.95
60 21.39 35.93 49.54
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Figure 11. Correlation of retention in Tg and flexural strength as a function of time of immersion:
(a) Immersed in water at 23 °C, (b) immersed in water at 37.8 °C, (c) immersed in water at 60 °C.
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As can be seen for both characteristics, the overall response can be considered to fall into
three regions. In the first, which is dominated by rapid moisture uptake by diffusion, there
is a rapid drop in both characteristics, initiated by plasticization. The second region, which
is the transition between the diffusion-dominated and longer-term relaxation-dominated
regimes, is characterized by water bound at the interface and free water accumulating in
cracks at the interlaminar level, resulting in a slow but steady reduction in both T, and flexu-
ral strength. Changes in this region are dominated by interphasial phenomena, as reported
earlier by Guloglu et al. [61]. The third stage is one where the glass transition temperature
reaches an asymptotic level and further reduction in flexural strength is extremely slow, with
the regime being one where diffusivity has a much-reduced effect as water transport is not
rate-limiting as suggested earlier by Bone et al. [30]. The identification of three zones that are
common to both the changes in glass transition temperature and flexural strength suggests
that a more comprehensive model for performance prediction as a function of long-term
moisture exposure (and uptake) could be developed through separate consideration of the
three regions and consideration of the different effects of free and bound water and level of
interphasial (including interlaminar) damage.

4. Summary and Conclusions

The moisture uptake response of wet layup ambient cure processed carbon epoxy
composites used in the rehabilitation of civil infrastructure and in naval/offshore struc-
tures is shown to be described by a two-stage model incorporating a diffusion-dominated
regime, a longer-term regime wherein the primary considerations are those of material
relaxation/deterioration and water transport is not rate-limiting, and a transition regime
between them. Moisture uptake in the composites measured over extended periods of
time exceeding five years after immersion in water at 23 and 37.8 °C is lower than that
in the unreinforced resin but is greater at the highest temperature of immersion of 60 °C,
suggesting that mechanisms change with temperature and that this needs to be further
considered in the design of accelerated aging tests.

Glass transition temperature (T) is noted to initially decrease with increasing moisture
content, with an initial stage exhibiting a rapid decrease in Ty, followed by a slower regime
with some oscillation including increase as a result of postcure, and then an asymptotic
regime at higher uptake levels. The greatest decrease in Ty occurs at the highest immer-
sion temperature, and the decline becomes more apparent with an increase in the fiber
volume fraction at each immersion temperature, which can be attributed to the effects
of secondary crosslinking due to interactions of bound water with hydrophilic groups.
In a similar fashion, but at significantly higher levels of overall deterioration, changes in
flexural strength behavior of the composites is also described by three distinct stages: a
rapid decline in strength due to diffusion-driven moisture uptake and plasticization, a
transition to a relaxation-dominated regime leading to gradual decreases in both glass
transition temperature and flexural strength, and, finally, Ty approaching an asymptotic
level with extremely gradual reduction in flexural strength. Additionally, composites with a
higher fabric weight exhibited the most significant decline in both T, and flexural strength,
indicating a noteworthy correlation between these two characteristics due to increased
deterioration at the interphasial and intralaminar regions. The correlation of regimes and
levels of deterioration provides a basis for continued research into correlating increases in
moisture content with degradation at the interface levels and through interaction between
absorbed water molecules and the polymer network, since both flexural performance and
glass transition temperature are affected in similar fashion. The development of an inte-
grated model based on mechanistic principles at the micro- and macromechanical levels
provides a potential means of not just more accurate predictions of long-term performance
but also of better design parameters for ensuring efficient and durable design of composite
systems. Further, the deviation in response between the two lower temperatures of im-
mersion and the highest, albeit still below the wet glass transition, temperature provides
caution for the use of higher-temperature exposure as a means of shortening periods of
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evaluation through accelerated testing. In order to develop a comprehensive model for
prediction of long-term durability based on constituent materials and exposure conditions,
further research into changes at the level of fiber-matrix bond degradation that results
in wicking as well as changes in resin network and morphology is needed in addition to
a more complete assessment of moisture-related plasticization and postcure phenomena
which affect both uptake and glass transition temperature. The incorporation of these
changes into a single model is the focus of ongoing research.
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