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ABSTRACT: Dynamic mechanical thermal analysis (DMTA)
techniques were used to investigate the moisture uptake
and ageing of an ambient temperature cured epoxy used in
the external strengthening of deteriorating concrete struc-
tures. Since the process is conducted under field conditions,
cure does not progress completely prior to exposure to envi-
ronmental conditions. Resin samples are immersed in
deionized water at 23, 40, and 608C, as well as in 5% NaCl
and concrete based alkali solution at 238C for periods up to
24 months. Diffusion coefficients increase with increase in
temperature of immersion, but the maximum/equilibrium
moisture content over the period of time is seen to be
largely independent of temperature of immersion and type
of solution. Glass transition temperature was found to

decrease with increasing moisture uptake, with competing
effects of cure progression and plasticization in the early
periods of exposure, followed by hydrolysis and irreversi-
ble deterioration over longer periods of time. Splitting of
the Tg of samples aged in deionized water and alkali solu-
tion indicate the formation of biphasic structures and dry-
ing of the network structure during DMTA. A biphasic
structure indicating differently plasticized phases in the
skin regions, which is different from the response in the
bulk, is seen in samples immersed in salt solution. � 2007
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INTRODUCTION

Fiber reinforced polymer (FRP) composites are
increasingly being used in marine and civil infrastruc-
ture applications, where the constraints of cost, antici-
pated service-life, and inspection and maintenance
schedules are very different from those seen in aero-
space applications. Because of considerations related
to the type of structures and the cost, the processes
used for fabrication are often very different from the
highly controlled prepreg based autoclave cure pro-
cess used conventionally in the aerospace arena. In a
number of applications such as in the rehabilitation of
civil infrastructure through the external bonding of
FRP composites, processing is done in an uncon-
trolled outdoor environment with concrete serving as
the substrate. In such applications, the resin system
and the ensuing composite is subject to a range of
environments including exposure to humidity, tem-
perature variations, water, and other aqueous solu-
tions over extended periods of time. Most polymers
are known to absorb water and the potential deterio-
ration in strength resulting from this is well docu-
mented. Since rehabilitation is primarily conducted
under ambient conditions, there is also potential for

under-cure or a slow progression of cure, both of
which increase the potential for moisture induced
degradation. Since the application is usually con-
ducted to strengthen or increase the life of primary
structural components that are expected to have long
postrehabilitation service-lives, it is crucial that a bet-
ter understanding is developed vis-à-vis the long-
term effects of moisture uptake on durability and
service-life performance of this class of polymers and
composites.

Although some researchers have suggested that the
level of water absorption is determined by the available
free volume of the polymer,1–4 others have emphasized
the crucial role of hydrophilic groups for both water
absorption and diffusion.5–9 Different models have
been used to describe the diffusion process ranging
from the simplest case, where diffusion is driven by the
water concentration gradient described by a Fickian
model,10 to the more complex stress-dependent,11 his-
tory dependent,12 and dual phase,11,13 diffusion mod-
els. While Fickian diffusion is often assumed, diffusion
in thermosetting polymers often involves both the con-
centration-gradient driven Fickian diffusion, and a
time-dependent relaxation process, resulting in phased-
or pseudo-Fickian response.

Water molecules are believed to exist in epoxies
either in voids and microcenters, as ‘‘free’’ water mol-
ecules or dispersed in the bulk, as ‘‘bound’’ water
molecules.1,14–16 ‘‘Free’’ water is not expected to influ-
ence molecular mobility and thus does not, in the
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short-term, cause any plasticization.17 However, the
‘‘bound’’ water disrupts the interchain hydrogen
bonds in an epoxy network, promoting mobility of
molecular segments, and thus contributing to more-
or-less reversible plasticization.14,18 Zhou and Lucas18

reported that tightly bound water molecules contrib-
ute to an increase in the glass transition temperature
through the formation of a secondary crosslink net-
work. Apart from the mechanisms of largely reversi-
ble plasticization and apparent cure progression,
absorbed water can also cause irreversible damage
such as chain scission, hydrolysis, crack initiation,
crack growth, and subsequent loss of material.

The combination of incomplete cure, harsh and
changing exposure conditions resulting from outdoor
exposure, need for very long service-lives (25þ years
even for rehabilitation), poor inspection and mainte-
nance (when compared with that of the aerospace
and marine areas), and the overall emphasis on cost
makes the robust use of FRP materials in civil infra-
structure applications a significant challenge. There is
a significant need to develop a better and more com-
prehensive understanding of environmental effects
on the specific classes of materials used in these appli-
cations, especially as these are related to moisture
induced deterioration. This article discusses moisture
uptake and subsequent effects on an epoxy system
commonly used in the field rehabilitation of concrete
structures through the external bonding of compo-
sites.

EXPERIMENTAL

An ambient temperature cure two-part epoxy system
formed of a 4,40-isopropylidenephenol-epichlorohy-
drin used with an aliphatic amine hardener in a 2 : 1
ratio was considered in the study. The system is rep-
resentative of resin systems commonly used for field
rehabilitation with a gel time of about 60 min at 238C
and a viscosity of 800 cps. Neat resin panels of 5-mm
thickness were cast and allowed to cure without
application of pressure. The density of the cured resin
was 1.22 g/cc. Prior to initiation of tests and expo-
sure, samples were conditioned for 30 days at 408C
and 30% relative humidity (RH) at the end of which
the weight change, measured periodically through
that time, was less than 0.05%.

Specimens were immersed in deionized water at
23, 40, and 608C and in 5% NaCl solution at 238C
(representing a salt water or saline environment), in
concrete based alkaline solution19 at 238C, and were
also stored under controlled conditions of 238C and
30% RH.

Absorption

Specimens of size 25.4 � 25.4 � 5 mm3 were used for
absorption using gravimetric means. At periodic

intervals, specimens were removed from the exposure
environments, dried superficially using paper tissue,
weighed, and then returned to solution. For each set a
minimum of 10 specimens were used.

Desorption

Selected specimens aged in the exposure conditions
for a period of two years were carefully cut using a
microtome to thicknesses of 0.5 mm and the central
regions were used for desorption characterization.
Specimens were surface dried, weighed, and then
reconditioned in an oven at 40, 60, and 808C until a
stable condition of weight was achieved. A minimum
of three specimens were used for each time period
and condition at each of the three temperatures used
for desorption.

Dynamic mechanical thermal analysis

Specimens of 35 � 9 � 5 mm3 were tested in a
dynamic mechanical thermal analysis (DMTA) after
removal from exposure conditions at periodic inter-
vals at a frequency of 1 Hz and a strain of 0.025% at a
heating rate of 58C/min between 25 and 1608C in
three-point flexure mode. For each condition, three
specimens were used. Tests on desorbed specimens
(25 � 5 � 0.5 mm3) were conducted in a tension mode
at a frequency of 1 Hz and a strain of 0.025% at a
heating rate of 58C/min between 25 and 1608C. For
purposes of analysis, the peak of the loss tangent
curve was used as an indicator of the glass transition
temperature.

Differential scanning calorimetry

Samples (10–20 mg) cut from the films were used for
differential scanning calorimetry (DSC) tests. Samples
were heated at a rate of 108C/min between �20 and
1608C. Subsequent to the first run, specimens were
cooled back to �208C at a rate of 28C/min and then
heated again under the same conditions as the initial
run. Nitrogen at the level of 10 mL/min was used.

RESULTS AND DISCUSSION

As shown in Figure 1, moisture uptake in samples
aged under ambient conditions (238C and 30% RH)
does not achieve saturation after even two years of
exposure, with a trend that clearly deviates from Fick-
ian response. It is noted that Deneve and Shanahan
reported similar moisture uptake behavior, which
they termed as sigmoidal, for a filled epoxy system
aged at � 100% RH.20 This response can be related to
incomplete cure and relaxation of the glassy state of
the resin.
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Moisture uptake curves as a result of immersion in
deionized water (at 23, 40, and 608C) and salt and
alkali solutions (both at 238C) are depicted in Figure 2.
The response as a result of immersion in deionized
water at 40 and 608C is clearly Fickian in nature, with
similar saturation levels within bounds of statistical
deviation (� 3.99%). The uptake curves for the three
solutions at 238C are almost identical. Within the
24-month period of immersion, the uptake in the
other three conditions (deionized water, salt and
alkali solution, all at 238C) does not reach full equilib-
rium water uptake, but is seen to approach the levels
shown at the two higher temperatures, which could
be assumed to be the level of saturation content based
on the epoxy system possessing a moderately polar
network.21

Following the classical approach to Fick’s second
law, the apparent diffusivity (Da) is calculated using

Da ¼ p
16

�
h

M1

�2�
dM

dt1=2

�2

(1)

where h is the thickness of the specimen, t is the expo-
sure time, and M1 is the saturation water uptake level.
Values of Da corresponding to the various immersion
conditions are presented in Table I. Because of the
dimensions of specimens used, the application of an
edge correction is necessary22 and the actual sample
diffusivity can then be determined as

Dx ¼ Da

�
1þ h

l
þ h

w

��2

(2)

where l and w are the sample length and width,
respectively. The corresponding values of Dx are also
given in Table I. The change in diffusivity with tem-
perature of immersion is consistent with results
reported earlier,23,24 including that based on a study
of carbon fiber reinforced composites using the same
resin for purposes of infrastructure rehabilitation.24

Note that the activation energy, E, for diffusion can
be calculated according to the Arrhenius relationship

Dx ¼ Do expð�E=RTÞ (3)

where Do is a constant, R is the universal gas constant,
and T is the absolute temperature in Kelvin, an activa-
tion energy of 16.7 kcal/mol (69.9 kJ/mol) can be calcu-
lated for the material used in this investigation, which
is in close agreement with the value of 16.4 kcal/mol
(68.49 kJ/mol) reported by Abanilla et al.24 for immer-
sion in deionized water, and the value of 19.1 kcal/mol
(14.4 80 kJ/mol) reported by Deneve and Shanahan20

for an epoxy system at � 100% RH. It is noted that
there is only a very small difference in overall uptake
response accruing from immersion in the three differ-
ent solutions at 238C, suggesting that the presence of
NaCl and alkali salts do not have a perceptible effect
on moisture uptake in this epoxy system.

Desorption response

A typical plot for desorption, showing the initial
rapid decrease in weight due to loss of moisture, fol-

Figure 1 Moisture uptake under ‘‘control’’ conditions
(238C and 30% RH).

Figure 2 Moisture uptake curves (^; deionized water at
238C; n, deionized water at 408C, ~; deionized water at
608C; X, alkali solution at 238C; O, salt solution at 238C).

TABLE I
Diffusion Coefficients of the Epoxy Resin under

Different Immersion Conditions

Immersion condition Da (10
�6 mm2/s) Dx (10

�6 mm2/s)

238C, Deionized water 0.083 0.044
408C, Deionized water 0.29 0.152
608C, Deionized water 1.916 1.01
238C, Alkali solution 0.081 0.043
238C, Salt solution 0.082 0.043
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lowed by an asymptotic trend towards an equilibrium
level is shown in Figure 3, indicating a reverse Fickian
response. To obtain the equilibrium water content in
loss after desorption and the diffusivity of water, in
the present work, the diffusion equation used in22 can
be reformulated, so that D and M1 can be obtained as

m ¼ m0 �m0

�
1� 1

1þM1

�

�
1� exp

�
� 7:3

�
Dt

h2

�0:75��
ð4Þ

where m is the film weight at drying time t, m0 is the
original weight of the wet film (corresponding to a
drying time of 0), and M1 is the equilibrium de-
sorbed moisture content. The dashed line in Figure 3
shows the fit achieved using eq. (4).

Since thinner sections are cut from the 5-mm thick
specimens, it is important to verify that thickness has
no effect on the final desorption parameters. Figure 4
shows the effect of specimen thickness on diffusivity
and M1 related to desorption for samples aged in
deionized water at 408C for 24 months. It can be seen
that the equilibrium water content is independent of
the thickness, suggesting that the water has pene-
trated uniformly through the specimens over the pe-
riod of investigation. Although the values of apparent
diffusivity (Da) increase with the thickness, the actual
diffusivity determined after application of edge cor-
rection (Dx) is largely independent of the thickness.

Desorption parameters, D and M1, for aged epoxy
samples dried at 40, 60, and 808C are listed in Table II.
At the same drying temperature, all specimens show
very similar values of Dx and M1, indicating that
these characteristics are not affected by the previous
ageing conditions. Further, the similarity in values of
both M1 and Dx resulting from the different expo-
sures indicates that the interaction between the water

molecules and the epoxy network structure is not sig-
nificantly influenced by the ageing conditions.

Table III provides data related to the activation
energy for water diffusion as a result of following the
Arrhenius relationship in eq. (3). It is noted that the
values of activation energy are fairly close, albeit
lower than the value of 16.7 kcal/mol determined
through absorption data.

As shown in Table II, the value of M1 obtained as
a result of desorption using a drying temperature of
408C is about 4%, which is close to the 3.99% value
obtained from the absorption experiments. However,
as the drying temperature is increased, M1 increases
to � 4.6% at 608C and � 4.85% at 808C. The increased
value of M1 can be related to two phenomena; first,
and primarily, a portion of the tightly bound water
molecules can be removed only at higher tempera-
tures, and second the higher drying temperatures
also have slightly lower levels of humidity in the
oven, causing the residual water content after drying
to be lower. The higher levels of water removed at the
higher drying temperature when compared with the
equilibrium moisture content, M1, obtained from
the absorption tests (as shown in Fig. 2) indicate up-
take in the specimens during cure and conditioning.

Dynamic mechanical thermal analysis

DMTA tests were performed to investigate the effects
of hygrothermal ageing on the viscoelastic behavior of
the polymer. For the purposes of the current investiga-
tion, the effects on glass transition temperature (Tg)
and the loss tangent (tan d) curve are emphasized.

Ageing under ambient conditions
(238C and 30% RH)

Figure 5 shows the loss factor (tan d) curves at various
ageing times. It is seen that the peak of the tan d curve

Figure 3 Typical curve resulting from drying specimens
immersed in salt solution (~, measured data; ----, eq. (4)).

Figure 4 Effect of film thickness on maximum moisture
uptake and diffusivity (n, maximum moisture uptake; ~,
Dx; O, Da).
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moves to higher temperatures and to a lower value,
indicating progression of cure over time. As can be
seen, Tg initially increases by 78C over a period of
12 months, at which point moisture uptake is about
0.3%, and then it decreases slightly. The initial
increase of Tg indicates that the progression of the
postcuring reactions dominates in this period over
any plasticization effects that could accrue from mois-
ture uptake. With an increase in time as postcure is
largely completed and as the moisture uptake
increases, the plasticization effect is likely to be more
pronounced causing a slight reduction in Tg. It can be
seen in Figure 5 that the height of the tan d peak grad-
ually decreases with ageing time, reflecting the effects
of slow progression of cure under ambient conditions
and moisture-induced plasticization. Postcuring
enhances the crosslink density and reduces the mobil-
ity of the molecular chains indicated by less energy
loss in the transition region.25,26 Moisture present
between molecular segments can also reduce segmen-
tal interaction also contributing to the decrease.27

It was noted that the glassy storage modulus
increased slowly with increase in time of ageing,
resulting in a change of about 8.6% over the first
6 months and a total of about 32% over the 24-month
period of investigation. It is noted that since the
change in the glassy modulus is a complex function
of the overall resin density, it cannot be directly
related to the crosslink density or the moisture con-
tent.28,29 However, the effect of slow progression in
cure (also referred to as the postcuring reaction in this
article) provides, in any case, a positive effect on the
glassy storage modulus.

Ageing in deionized water

Figure 6(a–c) show typical tan d curves over time
resulting from the immersion of specimens in deion-
ized water at 23, 40, and 608C, respectively, whereas
the effects due to immersion in salt and alkali solu-
tions at 238C are shown in Figure 6(d–e), respectively.
As ageing time increases, there is a pronounced shift
of the loss tangent peak to lower temperatures, with
the maximum shift occurring in the first 6–12 months,
representing a decrease in the glass transition temper-
ature which can be related to the effects of plasticiza-
tion and further modification of the polymer network
after extended periods of exposure. As the time of ex-
posure increases, there is an extension of the receding
part of the tan d profile, making it broader and lead-
ing to the development of a split in the peak. This
response was noted earlier in Refs. 20,28,30–32.

Chateauminois et al.33 hypothesized that the upper
Tg originated from dried region in the samples, which
exhibited a Tg close to that of the unexposed material.
Akay et al. felt that the time used in DMTA testing
was insufficient to cause even partial drying and gen-
eration of a new transition and assigned the upper Tg

to the inhomogeneous ingress of moisture,31 wherein
regions with very little or no moisture ingress contrib-

TABLE II
Moisture Diffusivity and Equilibrium Water Content of the Epoxy Film as a Result of Drying at 40, 60, and 808C

Ageing conditions

Drying at 408C Drying at 608C Drying at 808C

M1 (%) Dx (10
�6 mm2/s) M1 (%) Dx (10

�6 mm2/s) M1 (%) Dx (10
�6 mm2/s)

238C, Deionized water 3.93 6 0.09 0.26 6 0.01 4.59 6 0.07 0.87 6 0.03 4.78 6 0.05 4.10 6 0.43
408C, Deionized water 3.73 6 0.02 0.27 6 0.01 4.57 6 0.05 1.04 6 0.07 4.76 6 0.08 4.15 6 0.21
608C, Deionized water 4.07 6 0.04 0.31 6 0.04 4.81 6 0.03 0.94 6 0.04 4.92 6 0.06 4.12 6 0.05
238C, Salt solution 3.97 6 0.02 0.28 6 0.04 4.60 6 0.05 1.05 6 0.02 4.88 6 0.07 4.04 6 0.38
238C, Alkali solution 4.01 6 0.16 0.26 6 0.02 4.60 6 0.06 0.97 6 0.03 4.92 6 0.06 4.38 6 0.51

TABLE III
Activation Energy Under Conditions of Desorption

Ageing conditions Activation energy (kcal/mol)

238C, Deionized water 15.06
408C, Deionized water 14.93
608C, Deionized water 14.19
238C, Salt solution 14.61
238C, Alkali solution 15.46

The activation energy for water uptake is 16.7 kcal/mol.
Figure 5 Effect of ageing time under ‘‘control’’ conditions
(-, 0 months; &, 12 months; -X-, 24 months).
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ute to the upper Tg. and was previously reported to
be due to water which was not chemically linked to
the existing polymer network.20

If the formation of an upper tan d peak is related to
the drying effect of the temperature ramp during a

DMTA test as proposed by Chateauminois et al.,33 a
reduction in thickness of the sample could be
expected to lead to a more pronounced upper tan d
peak. However, if the upper peak is due to the inho-
mogeneous ingress of moisture or from the absorbed

Figure 6 (a) Loss tangent curves as a function of time of immersion in deionized water at 238C (-, 0 months; &,
12 months; -X-, 24 months). (b) Loss tangent curves as a function of time of immersion in deionized water at 408C (-,
0 months; &, 12 months; -x-, 24 months). (c) Loss tangent curves as a function of time of immersion in deionized water at
608C (-, 0 months; &, 12 months; -x-, 24 months). (d) Loss tangent curves as a function of time of immersion in concrete
based alkaline solution at 238C (-, 0 months; &, 12 months; -x-, 24 months). (e) Loss tangent curves as a function of time
of immersion in salt water solution at 238C (-, 0 months; &, 12 months; -x-, 24 months).
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water not chemically linked to the polymer network,
the amplitude of the upper peak would be independ-
ent of the sample thickness. It is noted that as
described earlier, moisture uptake in this investiga-
tion is independent of the sample thickness.

To address this, two sets of samples (aged at 608C
in deionized water for � 2 years) were carefully pol-
ished with application of coolant from (a) both sides
(denoted as a core sample) or (b) one side (denoted as
a skin sample) to a thickness of 2 mm. DMTA experi-
ments were performed on both the skin and core sam-
ples, and a comparison of loss tangent curves is pre-
sented in Figure 7. It is clear that the upper tan d peak
becomes much more distinct with the decrease in the
thickness of samples. The shift of the tan d peak to the
lower temperature for thin samples is directly related
to the greater ease of reaching an equilibrium temper-
ature during heating. The skin and core samples
show similar tan d curves, although the heights of the
peaks’ area slightly different. The weight loss after a
run of DMTA test (25–1508C at 58C/min) is only
� 0.7% for the initial samples (� 5 mm in thickness)
and � 1.2% for the thin samples (� 2 mm thickness).
It was noted that the water molecules at, or very close
to, the sample surfaces evaporated rapidly during the
DMTA test, and the related epoxy networks exhibit a
higher temperature transition leading to the upper
tan d peak.

It was further noted that the use of a slower heating
rate (18C/min as compared to the 58C/min used ear-
lier) results in a more pronounced upper loss tangent
peak. Gravimetric analysis indicated that the samples
were almost completely dry after the second DMTA
run under the same conditions, with the formation of

only a single peak, further supporting the hypothesis
that the splitting of the tan d peak is related to the
effect of drying in this case. Examples of this are
shown in Figure 8(a–c).

Water uptake by polymers is known to cause plasti-
cization in the short-term and hydrolysis, saponifica-
tion, and chain scission over the long-term through
attack of network linkages. These processes induce
higher levels of molecular mobility resulting in conse-
quent decreases in Tg, although the situation can often
be complicated by progression of cure due to immer-
sion in aqueous solutions,34–36 especially at elevated
temperatures.37 As noted in the previous section,
the upper Tg is believed to be related to the dried
network structures, which in a thicker section would
occur close to the surfaces of the sample. For some
epoxies, the upper Tg of moist samples and the Tg of
dried samples has been shown to be similar.28,30,33

However, because of the complex interactions be-
tween progression of cure and degradation mecha-
nisms occurring during hygrothermal ageing, this
cannot be generalized. In the case of the current sys-
tem, the two Tgs are close in value and thus the upper
Tg can be used to approximate the value of the Tg of
dried samples.

The change in upper Tg as a function of time of
immersion in deionized water at different tempera-
tures is shown in Figure 9. For all the samples
immersed in deionized water, the upper Tg increases
over the first two periods of exposure (6 and
12 months) after which it levels off. This increase is
attributed to slow progression of cure.

The Tg determined from the lower temperature tan
d peak is directly related to the effect of moisture
induced plasticization, and the change in these values
as a function of time of immersion in deionized water
at different temperatures is shown in Figure 10. In
direct contrast to Figure 9, the Tg decreases substan-
tially over the first 6 months at all temperatures of
immersion with the highest rate of decrease being at
the highest temperature of immersion, 608C. In most
cases, the further reduction is extremely slow. The
plasticizing effect due to moisture uptake has been
widely reported in studies on epoxies and compo-
sites. It is noted that there is still considerable uncer-
tainty regarding the exact mechanisms and rates, due
to the competing effect of cure progression and mois-
ture induced deterioration.27,34,35 This issue is further
complicated by the fact that dissolution loss of hydro-
lyzed low molecular weight flexibilizing segments
that is known to take place at higher temperatures of
immersion over extended periods of time38 can also
cause an increase in Tg after the initial decrease
caused by plasticization and hydrolysis. It is noted
that samples immersed in deionized water at 608C
show the initial decrease, followed by an increase,
indicating this type of response.

Figure 7 Loss tangent curves related to samples
immersed in deionized water at 608C for 24 months and
then tested using a rate of 58C/min (-, original; &, core;
-x-, skin).
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Because of the competing effects of cure progres-
sion and moisture induced deterioration, including
leaching, it is difficult to directly evaluate the relation,
if any, between moisture content and deteriorative
mechanisms in the initial stages of ageing. To assess
this aspect further, specimens aged in deionized
water for two years were dried to varying moisture
contents. These were then characterized using DSC
and the results are shown in Figure 11. As can be
seen, the Tg decreases almost linearly with moisture
content, irrespective of temperature of immersion
with the decrease being in line with the free volume
theory which in simplified form can be expressed as9

1

Tg
¼ 1

Tgp
þ 1

Tgw
� 1

Tgp

� �
v (5)

where Tg is the wet glass transition temperature, Tgp

is the dry glass transition temperature, Tgw is the
glass transition temperature of water, and n is the

Figure 8 (a) Effect of multiple DMTA runs on loss tangent curve for specimens immersed in water at 238C (-, first run;
-x-, second run). (b) Effect of multiple DMTA runs on loss tangent curve for specimens immersed in water at 608C (-, first
run; -x-, second run). (c) Effect of multiple DMTA runs on loss tangent curve for specimens immersed in concrete based
alkali solution at 238C (-, first run; -x-, second run).

Figure 9 Effect of type of environment and period of
immersion on upper Tg (^, deionized water at 238C; n,
deionized water at 408C; ~, deionized water at 608C; X,
alkali solution at 238C; O, salt solution at 238C).
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water content expressed in terms of volume fraction�
v ¼ w r

rw

�
where w is the weight fraction of water

determined from uptake, r is the density of the moist
epoxy and rw is the density of water. Using eq. (5) in
conjunction with the data in Figure 11, the glass tran-
sition temperature of water is obtained as 142.85 K
which is well within the reported range of 100–
150 K21 and close to the simulated value of 165 K
recently reported by Giovambattista et al.,39 confirm-
ing that the plasticizing effect in the current case can
be described by the free volume theory.

DSC tests were also conducted on already dried
samples in two runs in sequence with heating from
25 to 1608C at 108C/min, and cooling between the
runs at a rate of 28C/min. As shown in Figure 12, the
Tg related to the second run is lower than that

obtained in the first run which matches the trends
reported from the DMTA characterization in Table IV.
From the values of the storage modulus in the rub-
bery phase, it can be clarified that the heating and
cooling regimes did not cause an obvious degradation
in the dried epoxy samples. It is, however, known
that water molecules tightly bound to the network
can act as intermolecular joints exhibiting an antiplas-
ticization response.18 The temperature regime applied
through the DSC after drying is hypothesized to
cause removal of these molecules resulting in the sub-
sequent drop in Tg. This hypothesis for the removal
of the tightly bound water molecules is supported by
the weight loss of 0.3–0.5% that was ascertained to
have taken place as a result of the DSC treatment.
Further research on this through carefully controlled
experiments initiated soon after processing and as a
function of time of immersion are ongoing and will
be reported at a later date.

Ageing in salt and alkaline solutions

Figures 9 and 10 show the effects of ageing in salt and
concrete based alkaline solutions on the upper and
lower Tgs, respectively. As can be seen in Figure 9,
the immersion in salt water results in a rather sub-
stantial change in the value of the upper Tg beyond
that seen through immersion in deionized water at
the same temperature (238C) which follows earlier
results reported by Wu et al.40 To further investigate
the reason for this anomalous behavior, sets of speci-
mens immersed in salt water for 24 months were cut
into 0.5-mm thick films and DMTA tests were con-
ducted on core and skin specimens after drying them
at 608C for 48 h. Representative results from this set
of tests are shown in Figure 13(a) wherein the core

Figure 10 Lower Tg as a function of ageing time (^,
deionized water at 238C; n, deionized water at 408C, ~,
deionized water at 608C; X, alkali solution at 238C; O, salt
solution at 238C).

Figure 11 Tg (determined through DSC analysis) as a
function of moisture content (^, deionized water at 238C;
n, deionized water at 408C; ~, deionized water at 608C;
*, control).

Figure 12 Tg of samples as measured by DSC after drying
(shaded, run 1; blank, run 2).
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samples show response that is typically seen from
specimens aged under all other conditions (deionized
water and alkaline solution), while the skin samples
show two distinct transitions with a lowered transi-
tion saddle. The transitions, while not as apparent,
can also be seen in the traces for storage modulus
[Fig. 13(b)]. Since the films were completely dried
prior to testing, these transitions appear to indicate
the formation of two distinct network structures
formed in the skin region with one having a higher
level of crosslinking (which contribute to the upper
tan d peaks) than that seen in the bulk (as indicated
by the core samples) and the other having a lower
level of crosslinking. Preliminary studies indicate that
this biphasic structure indicates differently plasticized
phases which could be due to the effects of migration
of ions from the salt solution with the overall effect of
deterioration not being completed in the 24-month
period of immersion. The core is not affected within
this period, since the ions have not migrated beyond
the skin regions within the period of immersion stud-
ied. Further studies are ongoing to elucidate these
mechanisms. It is noted that the changes in lower Tg

follow those due to immersion in deionized water at
the same temperature (238C) very closely, with the
only difference being in the last period of immersion
(between 18 and 24 months) where there is a clear
decrease in Tg related to specimens immersed in the
salt water solution, indicating further irreversible
deterioration.

In comparison, immersion in the concrete based al-
kali solution is seen to cause a significant decrease in
the value of the upper Tg after the 12 month period of
immersion, and a smaller decrease in the value of the
lower Tg. Both these, in conjunction with the lowering
of the tan d peak and shifting to the left after expo-
sure, suggest increased plasticization and hydrolysis
in the polymer.

SUMMARY

In light of the increasing reliance on externally
bonded FRP composites for the strengthening of dete-
riorating and under-strength concrete structural com-
ponents, there is a critical need to characterize and
understand the hygrothermal ageing response of am-

TABLE IV
Change in Tg (Measured from the Peak of the Tan d Curve) of 608C-Dried Epoxy

Samples Measured Before and After High Temperature Treatmenta

Immersion conditions
Tg before

treatment (8C)
Tg after

treatment (8C)
Weight
loss (%)

238C, Deionized water 101.3 100.3 0.52
408C, Deionized water 100.5 97.4 0.51
608C, Deionized water 102.3 99.2 0.5
238C, Alkali solution 99.1 97 0.44
238C, Salt solution 98.7 95.7 0.31

a Consequent ramps of 58C/min from 25 to 1608C with intermediate cooling at about
28C/min.

Figure 13 (a) Differentiation between loss tangent profiles from DMTA characterization after drying of skin and core sec-
tions of specimen immersed in salt solution for 24 months (-, core; -x-, skin) (b) Differentiation between storage modulus
profiles from DMTA characterization after drying of skin and core sections of specimen immersed in salt solution for
24 months(-, core; -x-, skin).
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bient temperature cure resin systems used in such
processes. The system investigated exhibits primarily
Fickian response with the diffusion coefficient in-
creasing with the temperature of immersion in deion-
ized water. The effect of immersion in 5% NaCl solu-
tion and concrete based alkali solution is almost iden-
tical to that obtained from immersion in deionized
water at the same temperature of 238C. Maximum
(i.e., equilibrium) moisture content in all solutions
is seen to converge to the same level, and the activa-
tion energy in deionized water is found to be 16.7
kcal/mol.

Through DMTA characterization postcuring is
noted to continue for a period of time with the effect
dominating over that of plasticization in the early
stages of immersion. Splitting of the loss tangent
curves for specimens immersed in deionized water
and alkali solution indicates the formation of biphasic
structures and drying of the network structure. Post-
immersion high temperature exposure (drying)
reveals the removal of tightly bound water molecules,
resulting in a decrease of the glass transition tempera-
ture. The use of DSC tests on postimmersion samples
dried to various levels enables the determination of a
relationship between glass transition temperature and
moisture content from which the glass transition tem-
perature of water is obtained as 142.85 K, confirming
that the plasticizing effect in the current case can be
described by the free volume theory.
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