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a b s t r a c t

The evolvement of chemical structure and thermalemechanical properties of diglycidyl ether of
bisphenol-A and novolac epoxy resin blends cured with low molecular polyamide (DGEBA/EPN/LMPA
system) during thermal-oxidative aging were investigated by Attenuated Total Reflectance Fourier
Transform Infrared spectrometry (ATR-FTIR) and Dynamic Mechanical Thermal Analysis (DMTA). The
results revealed that the chemical reactions during thermal-oxidative aging contained oxidation and
chain scission. Some possible chemical reaction processes were given. There was a new compound
formed during aging processes and the change of its glass transition temperature (Tg) with aging time
followed an exponential law. In addition, the changes of dynamic mechanical behavior of this epoxy
system aged at four different temperatures (110 �C, 130 �C, 150 �C, 170 �C) were compared. An empirical
formula was obtained through kinetic analysis and this formula can be used to predict the oxidative
degree of the surface at different aging temperature.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Materials derived from epoxy resin have been widely used in
polymer industry such as adhesives, coatings, composites matrix,
electrical insulating materials, and encapsulates for semi-
conductors because of their remarkable properties for instance
moderate mechanical properties, good chemical resistances, great
electrical properties and excellent processability, etc [1e3].
However, during the service or storage of the epoxy resin the
environment factors such as temperature, atmosphere, water,
stress, etc can cause the deterioration of its properties, which
greatly limits its application. In many cases, thermal degradation
and oxidation are two important aging mechanisms. Therefore, it is
necessary to study the thermal-oxidative aging mechanism of
epoxy resin.

The thermal-oxidative aging of polymer involves physical and
chemical aging. Physical aging [4] refers to structural relaxation of
the glassy state toward the metastable equilibrium amorphous
state, and it is accompanied by the increase of glass transition
temperature and modulus of the epoxy system [5,6]. Chemical
.

ll rights reserved.
aging mainly includes chemical structure changes of polymer
resulting from high temperature, oxygen, water, etc. Many studies
suggest that chemical reactions of epoxy resin during thermal-
oxidative aging mainly contains post-cure [7e9], carbonyl
growth [10e15], and chain scission [15e17], which leads to the
darkening and decrease of its mechanic properties. There are
many effective characterizing methods such as DSC [6,9,17e19], TG
[13,19], DMTA [6,9,17,20], NMR [1,21], FTIR [10e14,22], XPS [11,23]
and UV [10] for microstructure and properties evolution of epoxy
resin during aging. FTIR and DMTA or DSC are proved to be the
most effective measurements for isothermal-oxidative aging
studies.

Diglycidyl ether of bisphenol-A epoxy resin (DGEBA) has a bad
thermostability, and it is brittle for many applications. Some
research [24e27] suggests that the thermostability and mechanical
property of this resin system can be greatly improved by blended
with a certain amount of novolac epoxy resin (EPN). However, the
thermal-oxidative aging behavior of such a system has rarely been
studied, and the influence of temperature on aging mechanism is
not explicitly given in the present literatures of research on aging.
In this article, lowmolecular polyamide (LMPA) 651 was selected as
curing agent. Then the isothermal-oxidative aging behavior as well
as the influence of temperature on thermal-oxidative aging
mechanism of DGEBA/EPN/LMPA epoxy system was studied.
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Fig. 1. Chemical structure of used materials.
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2. Experimental

2.1. Materials and specimens preparation

The chemical structures of the compounds used in this study are
detailed in Fig. 1. Diglycidyl ether of bisphenol-A (DGEBA) and
novolac epoxy resin (EPN) were purchased from Wuxi Resin
Factory, and low molecular polyamide (LMPA) 651 was supplied by
Yan’an Chemical plant. The epoxy values of DGEBA and EPN are
both 0.51mol/100 g, R in the chemical structures of LMPA represent
alkyl groups.

DGEBA/EPN/LMPA system was prepared first by blending
DGEBA and EPN, and then being mixed with hardener (LMPA) with
continuous stirring for 5 min. They were cured in the mold at 70 �C
for 2 h after deaeration. DGEBA/LMPA and EPN/LMPA were
prepared by mixing DGEBA and EPN respectively with an equiva-
lent amount of hardener (LMPA).

2.2. Exposure conditions

Thermal-oxidative aging was carried out in ventilated ovens,
ESPEC facilities (Japan) H201, set at four temperatures (110 �C,
Virgin
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Fig. 2. IR spectra of DGEBA/EPN/LMPA epoxy system b
130 �C, 150 �C and 170 �C), respectively. The specimens with
30.0 mm long, 8.0 mm wide and 2.0 mm thick were aged for the
tests of DMTA, FTIR.

2.3. Techniques

2.3.1. Thermalemechanical measurements
Thermalemechanical tests were carried out using a Dynamic

Mechanical Thermal Analyser (DMTA) from TA instrument
company (USA) model 2980. The geometry of deformation was the
three-point bending mode. The tests were performed in the scan-
ning temperature mode, in the range from 0 to 300 �C, at a heating
rate of 5 �C/min, and with an oscillating frequency of 1.0 Hz.

2.3.2. ATR-FTIR spectroscopy
The ATR-FTIR spectra were recorded with a Nexus 470 equipped

with a Thunderdome-ATR (4 cm�1 and 32 scans). The Thunder-
dome is a single reflexion ATR accessory with a germanium crystal.

The absorbanceof absorptionbandswere obtainedby formula (1),

A ¼ lg
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T
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Table 1
Assignments of the characteristic absorption bands in ATR-FTIR spectra.

Absorption
bands(cm�1)

Assignment

3330 Bending vibration of OeH
2920, 2850 Bending vibration of CeHe in methylene
1720 Stretching vibration of C]Oe in saturated

aldehyde, ketone or acid
1660 Stretching vibration of C]O in amide or diphenylketone
1610, 1509 Stretching vibration of C]Ce skeleton in benzene ring
1245 Asymmetrical stretching vibration of CeOe4
1182 Symmetrically stretching vibration of CeC
1110 Symmetrically stretching vibration of CeN
1035 Symmetrically stretching vibration of CeOe4
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where A is absorbance, T0 is transmittance of baseline, and T is the
transmittance of maximum absorption. The baseline was deter-
mined by the tangent method.
3. Results and discussion

3.1. ATR-FTIR analyses

The representative IR spectra of DGEBA/EPN/LMPA epoxy
system obtained after aging at 170 �C for 0, 3, 7, 15, 30, 60, and 90
days are shown in Fig. 2. The assignments of the characteristic
absorption bands of DGEBA/EPN/LMPA epoxy system in ATR-FTIR
spectra are shown in Table 1.

After the exposure at hot air conditions, methylene in the
network may be oxidized to carbonyl. The absorption band near
1660 cm�1 is the characteristic of stretching vibration of C]O in
amide or diphenylketone. The observed increase in intensities of
1660 cm�1 band can be attributed to the formation and the growth
of amide or diphenylketone. It is also evident from Fig. 2 that the
characteristic absorption bands of near 2920 cm�1 and 2850 cm�1

decrease in intensity. These phenomena demonstrate that CeH
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Scheme 1. Possible reactions producing the amide and
bond in methylene between two benzene rings or CeH bond in a of
nitrogen atom in amine is oxidized, which results in the formation
of amide [12,13] and diphenylketone [11] (as shown in Scheme 1a
and b).

The samples of DGEBA/LMPA and EPN/LMPA were also aged at
170 �C, respectively. The absorption bands near 1660 cm�1

appeared in FTIR spectra of both systems. For DGEBA/LMPA system,
it should be attributed to the formation of amide. For EPN/LMPA
system, it should be attributed to the formation of not only amide
but also diphenylketone groups because the intensity of the band
near 1660 cm�1 is stronger for EPN/LMPA system at the same
curing agent level and aging condition.

In addition, the characteristic absorption band of benzene ring
near 1610 cm�1 increases in intensity with aging process, which
attributes to the increasing polarity of substituent group. Mean-
while, the absorption band near 1509 cm�1 decreases in intensity,
owing to the conjugate action between substituent group and
benzene ring. Hence the formation of diphenylketone can be
confirmed.

After aging for 15 days, the characteristic band of C]O in
saturated aldehyde, ketone or acid near 1720 cm�1 appears and
then increases with the decrease of the band near 1660 cm�1,
1110 cm�1 (symmetrically stretching vibration of CeN) and
1182 cm�1 (symmetrically stretching vibration of CeC). This
demonstrates that the bond of CeN in amide and CeC between
carbonyl and benzene in diphenylketone has been destroyed and
saturated aldehyde, ketone or acid has been formed (as shown in
Scheme 2a and b).

After a period of 30 days, the band near 1660 cm�1, 1110 cm�1

and 1182 cm�1 disappear, which manifests that the structures of
amide and diphenylketone have been destroyed completely.
However, after 30 days the band near 1720 cm�1 continues
increasing, which can be attributed to the formation of saturated
aldehyde, ketone or acid at other positions. It has been reported by
massive literatures [10e15], and the possible reactions are
summarized as Scheme 2c.
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Fig. 3. The loss factors, tan d, over temperature in different aging time (The solid curves represent the original data, and the dash lines are relative to the result after multi-peak
resolution).
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The absorption band near 1035 cm�1, which derives from
symmetrically stretching vibration of CeOe4 [28,29] (4 represents
benzene ring), decreases in intensity until it disappears. These
results indicate that CeOe4 is destroyed. Furthermore, the
absorption band near 1245 cm�1, deriving from asymmetrical
stretching vibration of CeOe4, moves toward lower wave number
and is broadened, which can demonstrate the formation of 4eOe4.
The possible reaction is shown in Scheme 3.

In brief, aliphatic amines are oxidized to amide, methylene
bridges in novolac epoxy are oxidized to ketone groups, and
methylenes in other sites are also oxidized. In addition, CeC, CeN
and CeO bonds break in the later stage of thermal-oxidative aging,
and 4eOe4 is formed.

3.2. DMTA analyses

The dynamic mechanical relaxation behaviors of DGEBA/EPN/
LMPA system before and after aging at 150 �C are studied. The loss
factors, tan d, measured as a function of temperature are shown in
Fig. 3. The solid curves represent the original data, and the dotted
lines the results after multi-peak resolution. The glass transition
temperature, Tg, is defined by the tan d peak.

After 15 days’ thermal-oxidative aging at 150 �C, it is observed
that a secondary peak appears in tan d at higher temperatures.
There are three possible explanations: DGEBA/EPN/LMPA settles
into two separate phases of DGEBA/LMPA and EPN/LMPA; new
compound with high concentration of crosslink density forms and
appears in the system as a new phase; “skin-core” structure [30]
forms for different degree of oxidation in the exterior and interior
of the samples.

The DMTA measurement of the sample of DGEBA/LMPA system
aged at 170 �C show that a secondary peak appears in tan d at
higher temperatures after 3 days, and this transition temperature
increases with ongoing of aging time. Therefore, the appearance of
the new transition peak in DGEBA/EPN/LMPA system is not caused
by the separation of DGEBA/LMPA and EPN/LMPA.

After taking the brunet oxidation layer off the surface of the
sample aged 90 days at 150 �C, the remainder was investigated by
DMTA again. The result is shown in Fig. 4. For the treated sample,
only one transition at 125 �C is observed, which indicates that for
the untreated sample the transition at 125 �C and 191 �C should be
respectively attributed to the glass transition of the compound in
the interior and exterior. The degrees of oxidation and degradation
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Fig. 4. The loss factors, tan d, over temperature curves of the untreated and treated
samples after aging 90 days at 150 �C.
which are controlled by oxygen diffusion are different at the inte-
rior and exterior. Hence the third possibility is proved to be correct.

The results of ATR-FTIR can show the changes of chemical
structure at the surface of the samples. According to the ATR-FTIR
analyses, the chain scission may occur in many positions in the
network, leading to the scission of bridge between benzene rings in
DGEBA and dangling chains in EPN, and then they escape from the
system in the form of small molecules. Molecular rearrangements
may occur among the remainders, resulting in the formation of
more stable compound, with a higher concentration of benzene
ring and crosslink density, so it has a higher glass transition
temperature.

Fig. 5 shows glass transition temperature and the tan d peak
value over aging time. Tg1 and tan d1 are the glass transition
temperature and tan d peak intensity of the interior compound, and
Tg2 and tan d2 are related to the new compound. In the initial period
of aging, Tg1 rises with the increasing of aging time, and tan d1
decreases, which are attributed to the post-cure process [31,32].
After 15 days’ aging, Tg1 begins to decrease because of the oxidative
degradation of the interior compound. However, tan d1 does not
rise accordingly; instead, it declines with the increase of aging time,
because of the increase thickness of the oxide layer. Tg2 increases
firstly and then tends to be a constant value; tan d2 keeps rising in
all aging time range. This might be due to the degree of oxidation
and degradation and the increase thickness of the oxide layer.
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Fig. 5. Glass transition temperature and the tan d peak value over aging time curves at
150 �C (Tg1 and tan d1 are for matrix, and Tg2 and tan d2 are related to the new phase).
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Table 2
Results of nonlinear regression.

Ta/K A/K k/d�1 DTgN/K

403 �451.6 0.048 37.3
423 �78.4 0.031 71.4
453 �117.8 0.057 138.1
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3.3. Influence of temperature on thermalemechanical properties

The changes of glass transition temperature Tg during thermal-
oxidative aging of samples are shown in Fig. 6. The glass transition
temperature of the internal compound (Tg1) increases in the initial
period when post-cure predominates and decreases when chain
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Fig. 7. Nonlinear regression curves of (Tg2�Tg1) over aging time.
scission predominates. Tg1 of the sample begins to rise again after
aging at 170 �C for 15 days, which can be attributed to the dehy-
dration or other molecular rearrangements in the interior of the
samples. New glass transition temperature Tg2 appears at 3d, 15d
and 60d, aged at 170 �C, 150 �C and 130 �C respectively. When the
samples have been aged at 110 �C for 120 days, glass transition of
a new more stable compound at the surface is not observed by
DMTA. Thematerial is in the glassy state at 110 �C, so chain scissions
and molecular rearrangements are hard to occur. Therefore, Tg1
only has a little reducing due to the chain scission after 120 days’
aging at 110 �C. In addition, Tg2 is increasing exponentially depen-
dent on the aging time as shown in Fig. 5b.

Tg2 is glass transition temperature of new formed compound
at the surface of the samples, and Tg1 is glass transition temperature
of the internal compound. The difference between them can reflect
the difference of oxidative degradation degree between surface and
interior of the samples for the different oxygen concentration.
Therefore, the difference (DTg) as function of aging time is shown in
Fig. 7. Fig. 7 also shows the results of nonlinear regression based on
formula (2) shown as follows:

DTg ¼ A expð�ktaÞ þ DTgN (2)

where A and k are constants related to aging temperature, DTgN is
value of (Tg2�Tg1) when aging time (ta) tends to infinity (ta/N).

The results of nonlinear regression are shown in Table 2. Both k
and A do not vary regularly with aging temperature (Ta). This is
possible since they are influenced by concentration of oxygen
besides aging temperature. However, it is known that linear relative
coefficient of ln(Tg2�Tg1)N and 1/Ta is 0.9978 through linear fitting.
The result of linear fitting is shown in Fig. 8, and an experience
formula between DTgN and Ta is obtained as formula (3),

DTgN ¼ 6:97� 106expð�5825=TaÞ (3)

where DTgN is the difference between Tg2 and Tg1 after being aged
for indefinite time, and Ta is the aging temperature.
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Fig. 8. Result of linear fitting with ln (Tg2�Tg1) w 1/Ta.
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DTgN at different aging temperature (Ta) can be obtained
through formula (3). When Ta is 110 �C, DTgN is 16.1 �C, which
means that it is possible for the system to form a new compound
after aging enough time at 110 �C. When Ta is room temperature
25 �C, DTgN is 0.022 �C. It is suggested that serious oxidative
degradationwhich lead to the increase glass transition temperature
hardly occurs at room temperature.

4. Conclusions

The article deals with the thermal-oxidative aging of diglycidyl
ether of bisphenol-A and novolac epoxy resin blends cured with
low molecular polyamide (DGEBA/EPN/LMPA system). The results
of ATR-FTIR and DMTA measurements lead to the following
conclusions:

(1) Post-cure reactions occur in the initial period of aging. Besides,
methylenes in many positions are oxidized to carbonyl and
CeC, CeN and CeO bonds break in the later stage of thermal-
oxidative aging.

(2) At the surface of the sample, the bridges between benzene
rings in DGEBA and dangling chains in EPN are broken, and
escape from the system as small molecules. Dehydration or
other molecular rearrangement occurs among the remainders.

(3) The degree of oxidation and degradation controlled by oxygen
diffusion are different in the interior and exterior of the sample,
which lead to the formation of “skin-core” structure. For the
interior compound, the glass transition temperature rises for
post-cure at first, then decline for scission degradation. For the
exterior compound, the glass transition temperature with
aging time follows an exponential law.

(4) When the samples are aging at 170 �C, 150 �C and 130 �C, a new
glass transition appears at about 3d, 15d and 60d, respectively.
And there is linear correlation between ln(Tg2�Tg1)N and 1/Ta.
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