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a b s t r a c t

Fiber reinforced polymer (FRP) composites with anhydride cured epoxy resin matrices are widely used in
civil engineering (e.g., pultruded FRP plates and bars), and their thermal aging behavior is a concern
when they are subjected to elevated temperatures (e.g., FRP chimney). In the present article, thermal
aging of an epoxy resin matrix at 130 �Ce160 �C for 30 days was performed, and the effects on the
flexural properties, molecular structures, free volume fraction, and mechanical properties were inves-
tigated. FTIR spectroscopy indicated that oxidation and molecular rearrangement occurred in the skin of
the epoxy samples during thermal aging. Dynamic mechanical thermal analysis (DMTA) further illus-
trates the dominant effect of the molecular rearrangement in the sample skin with a thickness less than
100 mm, leading to a new high temperature tan d peak. The free volume fraction of the skin and the bulk
epoxy sample was characterized by positron annihilation lifetime spectroscopy (PALS). The results
indicate that a noticeable reduction of the apparent free volume fraction occurred in the sample skin,
while the bulk sample was only slightly affected. The flexural results indicate that thermal aging obvi-
ously reduced the break strain, while the flexural strength was only slightly affected and the modulus
increased.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their high mechanical properties, low shrinkage during
cure, and ease of processing, epoxy resins have beenwidely used as
resin matrices for fiber reinforced polymer (FRP) composite mate-
rials [1e4]. One of the rapidly increasing applications of FRPs is the
rehabilitation and retrofitting of aged concrete or steel structures
[5,6]. Among these applications, the service temperatures may be
high and lead the epoxy matrix to be thermally aged, for example,
the FRP chimneys or FRP retrofitted concrete chimneys that have
been widely applied in recent years [7]. Compared to fibers, the
epoxy resin matrix is more susceptible to elevated temperatures.
Anhydride cured epoxy resin, one of the widely used resin matrices
for fiber reinforced polymer (FRP) composites, is investigated on its
thermal aging performances herein.

For an epoxy resin, the evolution of the chemical structures due
to elevated temperatures can be categorized in the following stages
sequently: post-curing, oxidation of active groups, and chain
istrict, Harbin 150090, China.
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scission. Generally, the post-curing reaction is occurred during the
initial stage of thermal aging [8e10]. For an anhydride-cured epoxy,
the reactive groups to be oxidized include the secondary alcohol and
the hydrogen placed on the tertiary carbon at the a position of the
ester. The secondary alcohol in the epoxy resin can be oxidized to
carbonyl groups [11e16]. Oxidation of the hydrogen connected to
the tertiary carbon at the a position of the ester is associated with
the limited chain scission, which can lead to the formation of
various carbonyl groups, particularly of ketone and ester groups
[17,18]. Chain scission involves the migration of the liberated
segment under the decomposition of the molecular chain by
thermo-oxidation [10,19]. In addition, thermo-oxidation of an epoxy
resin is frequently associated with a mass increase due to the
incorporation of oxygen to themolecules [20]. A possible correlation
was found between the structural degradation and the mechanical
degradation for an aged epoxy resin. The degradation process is
enormously influenced by several factors, such as the aging tem-
peratures and the aging time [21]. For a cured epoxy resin, generally,
thermal aging results in an increased modulus and brittleness [22].

Free volume is the intermolecular space necessary for atoms,
molecular segments, and the entire chain of the polymer to un-
dergo thermal motion [23,24]. The detection of molecular-level
micro-structural changes of the free volumes will provide an
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understanding of the origins, mechanisms, and progression of the
thermo-oxidation degradation process [25e27], which may even-
tually lead to macroscopic structural changes and the loss of
durability. The positron annihilation technique can be used to
directly measure the free volume of a polymer sample [24,28]; the
method was used to detect the variation of the free volume of a
polymer material due to aging. As reported, ultraviolet aging of a
polymer coating led to the decrease of the free volume content and
thus the degradation of the mechanical durability [26]. The
dependence of the othermacro-mechanical properties and physical
properties of the polymer materials on the free volume content
were also reported [28,29].

The epoxy resin with a Diglycidylether of bisphenol-A (DGEBA)
and MeTHPA (methyl tetrahydrophthalic anhydride) is one of the
most common resin systems for pultruded FRPs. Such FRPs are
widely used in construction, and in some cases, the FRPs must
operate at elevated temperatures, e.g., chimney structures built or
strengthened by FRPs. The evolution of the molecular structures
and the mechanical properties of the FRPs due to the elevated
temperatures, especially under long-term exposure, have rarely
been studied. As expected, the resistance of the FRPs to long-term
elevated temperature exposure may be mainly dependent on the
degradation of the resin matrix as well as the bonding between
fiber and the resin rather than the fibers [30]. In view of this
background, thermal aging of an anhydride cured epoxy resin is
studied as the first step in our series of investigations on the long-
term performance of FRPs at elevated temperatures. It is worth
noting that thermal aging of the epoxy-anhydride resin systems has
been studied in terms of thermal degradation kinetics [31,32],
mechanistic aspects [33], and thermo-mechanical properties [34].
The present workwas conducted specially to correlate the variation
of the chemical structures, free volume content and the thermo-
mechanical properties of a DGEBA/MeTHPA resin system, which
was thermally aged for a relatively long term.

2. Experimental

2.1. Sample preparation

The diglycidyl ether of bisphenol-A (DGEBA) used in this study
was a commercial epoxy with a brand name of Fenghuang (Xing-
Chen Chemicals Co., Ltd., Wuxi, China). The weight per epoxide of
the epoxy resin is 185e192. The curing agent used was methyl
tetrahydrophthalic anhydride (MeTHPA Qing-yang Chemistry Co.,
Ltd., Jiaxing, China). The accelerator was a tertiary amine tris
(dimethylaminomethyl) phenol (Shan-Feng Chemical Industry Co.,
Ltd., Changzhou, China).

The resin system, composed of DGEBA, MeTHPA, and an accel-
erator in the ratio of 100:80:2 by weight, was mixed for 10 min by
hand. After degassing under vacuum for 5 min, the mixture was
cast into an aluminum mold with a cavity of
250 mm � 400 mm � 4 mm and was cured at 120 �C for 90 min,
followed by a post-cure at 150 �C for 90min in an oven. Fig. 1 shows
the chemical structures of the raw materials.

Cured epoxy samples were cut with a water-cooled diamond
saw to the dimensions required by the following tests.

2.2. Thermal aging test

An oven (TAISITE 101-1, Tianjin City, China) was used to perform
the thermal aging of the cut samples. Four temperatures (130, 140,
150, and 160 �C) and six aging durations (5, 10, 15, 20, 25, and 30
days) were applied to the epoxy samples. The sample dimensions
were determined by the following testing (such as, mechanical test,
DMA test, etc.).
2.3. Gravimetric measurements

During thermal aging, the masses of the cured epoxy samples
(70 mm � 10 mm � 3 mm) were recorded using an electronic scale
with a precision of 0.1 mg. Ten specimens were measured for each
aging temperature.
2.4. Flexural property measurement

A three-point bending test was performed for each sample ac-
cording to ASTM D 790-07. The sample dimensions were
70 mm � 10 mm � 3.5 mm. The tests were performed in
displacement control with a loading rate of 1.49 mm/min. For each
condition, 5 tests were repeated and reported.
2.5. Fourier transform infrared (FTIR) spectroscopy

The chemical structures of the epoxy resin were analyzed using
FTIR Spectroscopy (Nicolet company model OMNIC NICOLET6700)
over a wave number range of 4000 to 500 cm�1. The pellets were
made from amixture of KBr powder and the epoxy powders, which
were scratched out from the surface or interior of the samples using
a knife.
2.6. Dynamic mechanical analysis (DMA)

DMA of the epoxy samples was performed in single cantilever
mode using a TA Instruments DMA Q800 (TA Instruments, USA)
apparatus. The samples (38 mm � 10 mm � 1.5 mm) were tested
under a constant deformation amplitude of 30 mm at a frequency of
1 Hz and under a temperature ramp of 5 �C/min over the temper-
ature range of 20 �Ce240 �C.
2.7. Positron annihilation lifetime spectroscopy (PALS)

Detailed information related to PALS can be found in the liter-
ature [26,28,29]. The following only explains how to determine the
free volume size and content using PALS for the present study.

PALS measurements were conducted using a multichannel
analyzer data buffer (Ortec Adcam mode) with a time resolution of
0.27 ns full width at half-maximum. The probe consists of a BaF2
crystal and a XP2020Q PMT. Approximately 20 mg of Ci Na22Cl was
directly deposited onto each sample, and then, each sample was
sandwiched between two identical pieces of the epoxy samples to
be tested (10 � 10 � 1.5 mm3). Each spectrumwas collected over a
period of ~2 h and consisted of ~106 integrated counts.

The positron spectra were measured at room temperature, with
three positron lifetimes resolved for the spectra. The longest-lived
component, with a lifetime of t3 and an intensity of I3, results from
the pick-off annihilation of ortho-positronium (o-Ps) in the free
volume holes. The lifetime t3 is assumed to be proportional to the
free volume hole size, and the intensity I3 is connectedwith the free
volume hole number. Assuming that the free volume holes are
spheres, the dependence of t3 on the average radii R of holes is as
follows [35]:

t3 ¼ 1=2½1� R=R0 þ 1=2psinð2pR=R0Þ��1 (1)

where R0 is the radii of the finite spherical potential, R ¼ R0�△R is
the radii of free volume, and △R ¼ 0.1656 nm is an empirical
parameter that is obtained by fitting to the measured lifetime of
cavities with a known size. The apparent free volume fraction (Fv) is
given below [29]:



Fig. 1. Chemical structure of DGEBA, MeTHPA, DMP30 and cured epoxy.

Fig. 2. FTIR spectra of the control and the 150 �C aged epoxy system (sample taken
from the core part).
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Fv ¼ 4
.
3pR3I3 (2)

Note, in the present paper, the apparent free volume fraction (Fv)
is not the absolute free volume fraction value and can be only used
for comparison.

3. Results and discussion

3.1. Thermal aging on the chemical structures

In the present study, the thermal aging temperatures considered
were in the range of 130 �Ce160 �C, and the FTIR measurements
were mainly performed for epoxy samples aged up to 150 �C to
illustrate the variation of the chemical structures of the epoxy
system. Fig. 2 shows the FTIR spectra of the epoxy resin from the
core part of the samples. As shown, for the epoxy from the core
part, there are no changes in the functional groups between the
control and the 150 �C aged samples. This result indicates that no
thermal degradation in the chemical structures occurred in the core
parts of the epoxy. In the following, therefore, only the FTIR spectra
of the epoxy from the sample surfaces were analyzed.

Fig. 3 shows the FTIR spectra of the epoxy resin on the surfaces
of the control or the 150 �C aged samples, while the assignments of
the characteristic absorption bands are given in Table 1. The ab-
sorption bands near 1739 cm�1 is the characteristic of stretching
vibration of the C]O groups in the ester group. After 5 days of
aging at 150 �C (Fig. 3b), the increase in the intensities of the
1739 cm�1 band was observed. As is known, the curing of DGEBA
with MeTHPA accelerated by tertiary amine will produce ester



Fig. 3. FTIR spectra of the control and the 150 �C aged epoxy samples (scratched from the sample surfaces): (a) entire range of wave numbers considered; (b) wave number range of
1900e1500 cm�1; (c) wave number range of 3600e2400 cm�1; (d) wave number range of 1300e900 cm�1.

Table 1
Assignments of the characteristic absorption bands in the FTIR spectra.

Absorption bands (cm�1) Assignment

2931 Stretching vibration of eCeH in methylidyne
1739 Stretching vibration of C]O in a non-conjugate ester
1239 Asymmetrical stretching vibration of CeOe4
1042 Symmetrical stretching vibration of CeOe4
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groups (see Fig.1). Thus, the increase of the intensities of 1739 cm�1

can be attributed to the post-curing of the epoxy resin during the
early thermal aging stage [36]. Note that the glass transition tem-
perature of the control epoxy is approximately 138 �C, as deter-
mined via DMA (see in the following). Thermal aging at 150 �C is
effective for the post-curing process of the epoxy resin system.

After 10 days of aging at 150 �C, the absorption band of the C]O
group in ester at 1739 cm�1 moves toward lower wave numbers
and enhances with increasing aging time (Fig. 3b). This result can
be attributed to the formation of carbonyl groups from the hydroxyl
groups due to oxidation [11e16]. The possible reaction schemes are
summarized in Scheme 1 [13,14].

Meanwhile, the intensity of the bands near 2931 cm�1 (Fig. 3c),
which is the characteristic stretching vibration of CeH in
Scheme 1. Possible reaction p
methylidyne groups, decreases with the thermal aging time. This
result confirms that oxidation of the hydrogen placed on the ter-
tiary carbon in the a position of the ester is associated with the
limited chain scission, which can lead to the formation of various
carbonyl groups, in particular, ketone and ester groups [17,18]. The
possible reaction is shown in Scheme 2 [18].

The absorption of the band near 1042 cm�1 (Fig. 3d), which
corresponds to the symmetrical stretching vibration of CeOe4 (4
represents benzene ring) [18,37], decreases in intensity with ther-
mal aging time. These results indicate that CeOe4 is destroyed
during thermal aging. Furthermore, the absorption band near
1239 cm�1, which corresponds to the asymmetric stretching vi-
bration of CeOe4, moves toward lower wave numbers and be-
comes broadened with thermal aging, which is assigned to the
formation of 4eOe4 [13,27]. The possible reaction is shown in
Scheme 3 [13].

Fig. 4 shows the mass change of the epoxy samples during
thermal aging. From the figure, with the increase of the aging time
and temperature, the mass increases. This result is due to incor-
poration of oxygen into the chemical structures through oxidation
of active groups [20].

Through the above-described FTIR spectra analysis, it can be
concluded that the changes of the chemical structure of epoxy on
roducing carbonyl groups.



Scheme 2. Possible reactions producing carbonyl groups.
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the sample surface includes the following: the hydroxy groups and
the hydrogen on the tertiary carbon in the a position of the ester
tend to be oxidized to form various carbonyl groups and form the
4eOe4 groups due to molecular rearrangement. With increasing
aging time, the reaction becomes more serious, as indicated by the
variation of the FTIR peaks with aging time.

3.2. DMA results

Fig. 5 shows the tan d curves of 150 �C aged epoxy samples for
various aging times. Fig. 5a shows that, for the control epoxy
sample, one main tan d peak is found at 138 �C, which can be
designated as the Tg of the epoxy system. In addition, a very weak
shoulder peak is observed at higher temperature (~160 �C). With
the increase of the aging time, the shoulder peak is found to
become increasingly intense and eventually exceeds the intensity
of the lower temperature peak (Fig. 5bed). The emergence of the
secondary peaks was attributed to the “skin-core” structures,
which may be generated by different degrees of oxidation and
degradation on the skin and core of the samples [13,14]. To verify
this assumption, an epoxy sample aged at 150 �C for 30 days was
polished to remove the skin and then was tested following the
method used for the data shown in Fig. 5. The samples were pol-
ished to remove the surface layer of thicknesses of approximately
30 mm, 60 mmand 100 mm. Fig. 6 shows the obtained tan d curves for
these samples. As shown in the figure, as more of the sample sur-
face is removed, the high temperature tan d peak diminishes and
finally vanishes. When 100 mm of the skin was removed, only one
defined tan d peak was observed. This result supports the above
assumption that the oxidation or molecular rearrangement
occurred on the surfaces of the epoxy resin under the present
Scheme 3. Possible reactio
thermal aging conditions. The depth of the epoxy surface affected
by the thermal aging is in the range of 60e100 mm for the epoxy
aged at 150 �C for 30 days.

As revealed above, the thermal aging on the epoxy skin is related
to the oxidation and re-arrangement of the epoxy molecular chain
structures. Because the oxidation (shown in Schemes 1e2) leads to
molecular chain scission, the tan d peak temperatures should
decrease due to the reduced amount of cross linkage [38]. There-
fore, the results shown in Fig. 5 that the secondary tan d peak
related to exposure to higher temperatures increases with
increasing aging time, which indicates that the re-arrangement of
the molecules is dominant, resulting in the formation of much
denser crosslinking structures. As expected, the re-arrangement of
the molecules is complex, which involves Schemes 1e3. The for-
mation of the free radicals during oxidation (see Schemes 1 and 2)
may lead to new cross linkage.

In addition, the weak high temperature tan d peak of the control
samples (as shown in Fig. 5a) can be attributed to the thermal aging
during the curing process (120 �C and 150 �C for 90 min). The low
temperature tan d peaks can be attributed to the core parts of the
epoxy. The shift of the tan d peaks to higher temperatures with
increasing the aging time is assigned to the post curing of the bulk
epoxy.

Fig. 7 presents the variation of the glass transition temperatures
of the aged epoxy samples, Tg1 and Tg2, determined from the low
and high temperature tan d peaks, respectively. As shown in the
figure, after 5 days of thermal aging at temperatures higher than
130 �C, Tg1 increased from 138 �C to ~144 �C. With the further in-
crease of the aging time, almost no change occurred for Tg1. As
mentioned above, the variation of Tg1 is related to the post curing of
the bulk samples, and the post-curing process is completed in 5
n producing 4eOe4.



Fig. 4. Mass changes of the thermally aged epoxy samples as a function of aging time
at various temperatures. m is the mass at the given aging time and m0 is the original
mass.

Fig. 6. tan d curves of thermally aged epoxy samples (150 �C, 30 days). Note that the
sample plates were polished to remove the surfaces of various depths.
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days for temperatures higher than 130 �C. For 130 �C aged epoxy
samples, after 15 days of aging, Tg1 reaches the stable values. As is
known, the Tg of the un-aged epoxy sample is 138 �C, the thermal
aging at the temperature less than Tg corresponds to a much
reduced post-curing effect and requires a longer time to reach full
curing.

With the increase of the aging time, Tg2 steadily increases
(Fig. 7b) with the thermal aging temperature. For a determined
epoxy system, Tg is related to the cross linkage, with a higher Tg
Fig. 5. tan d curves of the 150 �C aged ep
corresponding to a denser cross linkage [38]. The increase of Tg2
suggests that the cross linkage of the epoxy skin continues to be
enhanced with thermal aging time. This result corresponds to the
FTIR results shown in Fig. 3.
3.3. PALS results

Variation of the apparent free volume fraction (Fv) of the skin or
the bulk epoxy samples was determined using the PALS method.
oxy samples for various aging times.



Fig. 7. Variation of Tg1 (a) and Tg2 (b) as a function of aging time.
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Note that the thermally aged epoxy samples polished to remove
approximately 200 mm were designated to be the “bulk” samples.
Because the PALS method is primarily sensitive to a layer of the
sample of thickness less than 100 mm, the unpolished samples were
designated as “skin” samples.

Fig. 8 shows the apparent free volume values of the skin and
bulk epoxy samples, both of which were aged at 130 �Ce160 �C for
30 days. Clearly, for the skin samples, Fv reduced from 1.92% (con-
trol sample) to 1.51% (130 �C aged sample), 1.35% (140 �C aged one),
1.29% (150 �C aged one) and 1.08% (160 �C aged one). The higher the
aging temperature, the lower is the value of Fv observed. The
reduced Fv is attributed to the rearrangement of the molecular
chains during the thermal aging process that causes the increase of
Tg2 (see Fig. 7). The increase of Fv of a polymer coating during UV
aging was reported elsewhere [26], which was also attributed to
the chain segmental rearrangement.

Regarding the bulk samples, compared to the skin samples, the
value of Fv was much less affected by thermal aging. For the 130 �C,
140 �C and 150 �C aged bulk samples, Fv reaches values in the range
of 1.88%e1.89%, slightly less than the value of 1.92% of the control
samples. The relatively lower Fv can be attributed to the increased
crosslinkage of the bulk samples due to the post-curing process
(see above). Comparatively, the 160 �C aged bulk epoxy sample
exhibits a value of Fv (¼ 1.70) less than those of the samples aged at
lower temperatures, which also corresponds to the variation of Tg1
(see Fig. 7). In addition to post curing, rearrangement of the
Fig. 8. Apparent free volume fraction (Fv) of epoxy samples thermally aged for 30 days.
molecular structure may also occur, which corresponds to denser
crosslinkages, and thus the lower value of Fv.

Table 2 presents the average radius (R) of the free volume hole.
As presented in the table, the value of R of the skin samples is less
than that of the bulk samples, indicating that thermal aging reduces
the radius of the free volume. Compared to the skin, the value of R
of the bulk sample is much less affected by the thermal aging
temperatures.
3.4. Flexural properties

The flexural strength, modulus and break strain of the thermally
aged epoxy samples are presented in Fig. 9. As shown in Fig. 9a, the
flexural strength was only slightly affected by the thermal aging
temperatures from 130 �C to 160 �C. The comparison between the
tensile strengths shown in Fig. 9a indicates that the 130 �C aged
samples exhibit slightly higher flexural strength than the 160 �C
aged samples. Unlike the flexural strength, the flexural modulus
increases with the aging time, and higher aging temperatures
correspond to higher modulus values (see Fig. 9b). The enhanced
flexuralmodulus is attributed to the post curing of the bulk samples
and themuch denser crosslinkage due to the re-arrangement of the
molecular chain structures during thermal aging. The higher the
aging temperature, the lower the value of Fv of the skin epoxy and
the higher the modulus.

Fig. 9c shows the variation of the break strain of the cured epoxy
resin samples. As shown in the figure, the break strain is signifi-
cantly reduced for both of the aging temperatures considered. After
30 days of thermal aging, the break strain decreases by 20% and
50.6% for the aging temperatures of 130 �C and 160 �C, respectively.
Similar results were also reported for thermally aged polymers
[10,19]. The reduction in the break strain of the epoxy samples is
attributed to the post curing in the bulk samples and the reduced Fv
of the skin, which leads tomuch reduced flexibility of themolecular
chains.
Table 2
The average radii (R) of the free volume holes aged for 30 days.

Samples R (nm)

Skin Core

Control 0.268
130 �C aged Sample 0.266 0.268
140 �C aged Sample 0.264 0.268
150 �C aged Sample 0.268 0.27
160 �C aged Sample 0.262 0.267



Fig. 9. Flexural strength (a), modulus (b), and break strain (c) of the 130 �C and 160 �C aged sample as a function of aging time.
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4. Conclusions

This paper presented the results of the study of the variation of
the chemical structures and thermo-mechanical properties of an
epoxy system subjected to the thermal aging at 130 �Ce160 �C
for 30 days. Based on the experimental results of FTIR,
DMTA, and Positron annihilation lifetime spectroscopy as well as
flexural property measurements, the following conclusions can be
drawn:

1. Thermal aging at 130e160 �C leads to oxidation and molecular
chain re-arrangement in the skin of the epoxy samples. The skin
thickness affected by thermal aging (150 �C for 30 days) con-
ditions is less than 100 mm.

2. The apparent free volume fractions of the skin and bulk epoxy
samples were characterized by positron annihilation lifetime
spectroscopy (PALS). A remarkable reduction of the apparent
free volume fraction is found in the skin epoxy, while the bulk
samples exhibit a very slight change due to thermal aging.

3. The flexural test results indicate that thermal aging obviously
reduced the break strain, while the flexural strength was only
slightly affected and the value of the modulus increased.
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