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ABSTRACT: Changes in thermomechanical behavior with
structural relaxation taking place in epoxy glasses were stud-
ied. Differential scanning calorimetry measurements and
thermostimulated strain recovery tests were performed for
specimens deformed and then aged under fixed strain. In the
course of heating, the specimens started to absorb thermal
energy, whereas plastic strain was still stable. At higher tem-
peratures, plastic strain started recovery, which was accom-
panied by exothermic behavior of the specimen. With an
increase in the aging duration, the endothermic peak signi-

fied and moved to a higher temperature. These results indi-
cated that the longer the aging duration was, the harder the
plastic strain and strain energy were frozen in the glassy
structure. This freeze-strain phenomenon was observed for
crosslinked epoxy glass, as well as polymeric glasses with
linear molecular structures, aged under strain. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 107: 2095–2100, 2008
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INTRODUCTION

Structures of glassy substances relax toward an equi-
librium state with the passage of time. The structural
relaxation is noticeable in quenched glass. Properties
of glassy substances change with structural relaxa-
tion; therefore, the relaxation of glassy substances is
the hot topic in physics and engineering.1

For amorphous polymers largely deformed in their
glassy states, the structure is similar to that in a melt
state and is frozen, remaining far from equilibrium.2

The relaxation of glassy polymers subjected to large
deformation has been studied.3–9

In our previous studies,10,11 on relaxation in epoxy
glass aged under large deformation, it was found
that the evolution of mechanical properties of epoxy
glass left under fixed strain was anisotropic: for ep-
oxy glass that had been twisted clockwise and then
aged under strain, the value of the stress at a yield
point evolved faster for a clockwise twist than a
counterclockwise twist. Such a result indicates that
the aging phenomenon of glassy structures under
strain is different from those of physical aging of
quenched glass, and so we call aging under fixed
strain strain aging.

In this study, differential scanning calorimetry
(DSC) measurements and thermostimulated strain
recovery (TSSR) tests were carried out with strain-

aged epoxy glasses to study the evolution of the
thermomechanical behavior of polymer glass under
the state of strain aging.

EXPERIMENTAL

Samples

A bisphenol A type epoxide precursor (Epiclon 860,
Dainippon Ink and Chemicals, Inc., Tokyo, Japan)
was cured with 4,40-diaminodiphenylmethane (4,40-
DDM) to form a sample with a crosslinked structure
(sample C). The molar ratio of the epoxy precursor
to the amine was the stoichiometric ratio (Table I).
The mixture was cured at 343 K (708C) for 12 h, and
this was followed by a heat treatment at 433 K
(1608C) for 12 h. The glass-transition temperature
(Tg) of sample C, measured by DSC, was about 428
K (1558C). The average molecular mass between ad-
jacent crosslinks was about 493 g/mol, being calcu-
lated from rubber elasticity.

The epoxide precursor was also cured with aniline
to form a sample with an uncrosslinked structure of
linear molecules (sample L). Tg of sample L was
about 360 K (878C), and the number-average mole-
cule mass was about 26,000, as measured by gel per-
meation chromatography.

The chemical structures of the curing agents and
samples are shown in Figure 1. The difference in the
molecular structures of these samples is that cross-
links exist only in sample C.

Cylindrical specimens (diameter: 4.0 mm, height:
5.0 mm, weight: 0.068 g for sample C and 0.073 g for
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sample L) were cut from the samples. The specimens
were annealed at a temperature 5 K higher than Tg

[433 K (1608C) for sample C and 365 K (928C) for
sample L] for 6 h and then slowly cooled to room
temperature at a cooling rate of 0.1 K/min. Because
of this heat treatment, the glass structure of the
annealed specimens was expected to be in a thermo-
dynamically quasi-equilibrium state.

Preparation of strain-aged specimens

Annealed specimens were compressed at a constant
strain rate of 1.0 3 1023 s21 up to a compressive
strain value of 0.15. At the moment the strain
reached 0.15, it stopped being increased, and speci-
mens were kept under the strain for several aging
durations up to 3.0 3 105 s. Immediately after an
aging period had passed, the strain-aged specimen
was rapidly cooled to room temperature, whereas
the strain was kept at 0.15, to freeze the plastic strain
in the glassy structure of the specimen. The tempera-
ture was kept at Tg 2 35 K (393 K for sample C and
325 K for sample L) over the strain-aging period and
during compression. Such a choice of test tempera-

ture is justified by experimental results12 and the
Williams–Landel–Ferry equation,13 which states that
relative molecular mobility is dependent on the dis-
tance of the temperature from its Tg.

For some strain-aged specimens, increasing the
compressive strain resumed at Tg 2 35 K to obtain
stress–strain relationships.

TSSR test

TSSR tests were performed for strain-aged specimens
to study the thermal stability of plastic strain. A lab-
oratory-made heat chamber was employed for TSSR
measurements. A programmable digital temperature
controller (model SR52 digital controller, Shimaden
Co., Ltd., Hiroshima, Japan) was installed in the
heating chamber; the fluctuation in temperature was
less than 60.1 K. A strain-aged specimen was heated
at a constant heating rate of 1.0 K/min, and the
amount of strain recovery during the heating was
measured with a noncontact displacement sensor
(LB-1100 laser sensor, Keyence Co., Osaka, Japan) in
order to not disturb the recovery of strain.

DSC measurements

A high-sensitivity differential scanning calorimeter
(DSC 6100, Seiko Instruments, Inc., Chiba, Japan)
was used for DSC measurements. Specimens sub-
jected to DSC measurements were prepared in the
same manner as specimens used for the TSSR tests.
A constant heating rate was set to 1.0 K/min to com-
pare DSC results with TSSR results isochronously.

RESULTS

Stress–strain relationships

Stress–strain relationships for strain-aged C speci-
mens are shown in Figure 2 (a schematic diagram of

TABLE I
Compositions of the Epoxide Precursor and Hardeners

Average molecular
weight (g/mol)

Amount of hardener
(g/100 g of epoxy resin)

Epoxy resin 490
Aniline 93 19.0
4,40-DDM 198 20.1

Figure 1 Molecular structures of the curing agents and
epoxy glasses: (a) 4,40-DDM, (b) aniline, (c) sample C (ep-
oxy cured by 4,40-DDM), and (d) sample L (epoxy cured
by aniline).

Figure 2 Stress–strain relationships for strain-aged C
specimens.
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the stress–strain relationships is shown in Fig. 3) The
value of the stress at the upper yield point (ryu)
increased with the aging duration, and those values
for strain-aged specimens whose aging period was
equal to or longer than 1.0 3 104 s were higher than
that for the annealed specimen.

The stress–strain relationships for L specimens are
shown in Figure 4. The values of the stress and
strain at the upper yield point for an annealed speci-
men were about 68 MPa and 0.11, respectively. ryu

increased with the aging period.
For C and L specimens, the value of ryu increased

with the aging duration. The stress value at the
lower yielding point (ryl), on the other hand,
showed a different evolution: the ryl value for C
specimens increased with the aging duration,

whereas for L specimens, the ryl value was almost
constant and was about the same as that of the
annealed specimen. The increase in ryl for sample C
was attributed to the following phenomenon: in the
crosslinked amorphous polymers, the restriction of
rotational motions of the main chains increased with
the progression of strain aging.14

For both specimens, the evolutions of ryu are sum-
marized in Figure 5. The increase in the ryu value was
almost the same but slightly slower for C specimens.

TSSR

TSSR curves for strain-aged C specimens are shown
in Figure 6. In the figure, each curve can be divided
into two parts: one below Tg with a broad, shoulder-
like peak and the other in a short temperature range
above Tg with a peak at about 435 K. Therefore, plas-
tic strain remaining in a glassy structure after strain

Figure 3 Schematic diagram of stress–strain curves. (1) A
stress–strain curve for an annealed specimen. (2) A stress–
relaxation curve for a specimen subjected to strain aging
under a strain of 0.15. The curve is plotted against the
aging time, and the abscissa axis for the curve is placed
inside the figure. (3) A stress–strain curve for a strain-aged
specimen. As the curve is shifted in a horizontal direction
according to its aging duration, the value of the strain at
point A is equal to 0.15 1 a. For all curves, including the
stress–relaxation curve, the vertical axes, that is, the stress
axes, are common.

Figure 4 Stress–strain relationships for strain-aged L
specimens.

Figure 5 Values of stress at the upper yield point for
strain-aged C and L specimens. The horizontal lines indi-
cate the values for annealed specimens. The data are aver-
ages from multiple experiments, and bars indicate ranges
of error.

Figure 6 TSSR curves for strain-aged C specimens. Each
curve is shifted systematically at uniformly spaced inter-
vals of 0.005 K21. The vertical axis is the strain recovery
rate (de/dT). The vertical line indicates the position of Tg.
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aging can be divided into two strain components
(Fig. 7): eG, recovering below Tg, and eR, recovering
mainly above Tg. The temperature at which eG
started recovery moved to a higher temperature and
the shoulder height increased with the aging dura-
tion. The peak height of eR became higher with the
aging duration, whereas the temperature at the eR
peak was independent of the aging duration.

Figure 8 shows TSSR curves for strain-aged L
specimens. The evolution of the TSSR curves was
qualitatively the same as that of C specimens: the eG
shoulder height became higher and the eG recovering
temperature range moved to a higher temperature,
whereas the eR peak became higher and the peak
temperature remained the same.

DSC

For strain-aged C specimens, DSC curves are shown
in Figure 9. For the specimen strain-aged for 1.0
3 104 s, the DSC curve deviated upward from the
baseline at about 395 K and then dropped as the
temperature came closer to Tg. For the specimens
strain-aged for 1.0 3 105 or 3.0 3 105 s, before the
upward deviation, the DSC curve first deviated
downward from the baseline and then turned to
recover, finally passing the baseline. Such a down-
ward deviation intensified as the aging duration was
longer, and the temperature range in which the DSC
curve was below the baseline moved to a higher
temperature with increasing aging duration.

Figure 10 shows DSC curves for L specimens. The
specimen strain-aged for 1.0 3 104 s exhibited a
downward deviation before the upward deviation.
The downward deviation intensified and moved to a
higher temperature with increasing aging duration.

Figure 7 Schematic diagram showing definitions of eG
and eR. The recovering plastic strain can be divided into
two strain components: eG, recovering in a broad tempera-
ture range below Tg, and eR, recovering at higher tempera-
tures with a sharp peak at a temperature above Tg. In the
temperature range in which eG and eR recover simultane-
ously, both strain components contribute to the total
amount of the recovery rate (de/dT). As the result, the
lower recovering peak is like a shoulder.

Figure 8 TSSR curves for strain-aged L specimens. Each
curve is shifted systematically at uniformly spaced inter-
vals of 0.005 K21. de/dT is the recovery rate.

Figure 9 DSC thermograms for strain-aged C specimens.
Each curve is shifted systematically at uniformly spaced
intervals of 5 mW/g. The fine lines are base lines extended
from DSC curves in a lower temperature range and are
drawn for reference.

Figure 10 DSC thermograms for strain-aged L specimens.
Each curve is shifted systematically at uniformly spaced
intervals of 5 mW/g. The fine lines are base lines extended
from DSC curves in a lower temperature range and are
drawn for reference.
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DISCUSSION

For the C specimen strain-aged for 3.0 3 105 s, the
DSC curve and the TSSR curve are shown isochro-
nously in Figure 11. The figure shows that the down-
ward deviation of the DSC curve started before
strain recovery. Such a result indicates that plastic
strain in the specimen recovered only after the
strain-aged glassy structure absorbed a certain
amount of thermal energy.

In addition, the TSSR curve in Figure 9 indicates
that strain component eG started recovery at a tem-
perature of 410 K. At the same temperature, the DSC
curve started recovering from its downward devia-
tion. When strained polymers are heated, some
amount of strain energy is released as exothermic
heat at temperatures below Tg.

15–19 It is, therefore,
necessary to take into account the effects of the exo-
thermic heat when we study DSC curves for strained
polymers. The fact that the strain recovery and the
recovery of the DSC curve from its downward devi-
ation started at the same temperature indicates that
once plastic strain starts recovery, the heat energy
that drives strain recovery is compensated by strain
energy released as plastic strain recovers. The origin
of the exothermic heat should be strain energy,
which is accumulated in the glassy structure during
deformation and is frozen in the glassy structure
during strain aging.

The behaviors observed in the DSC curve and the
TSSR curve shown in Figure 11 can also be observed
in experimental results for other specimens strain-
aged for various aging durations, except the C
specimen strain-aged for 1.0 3 104 s. For the C speci-
men strain-aged for 1.0 3 104 s, endothermic behav-
ior was hardly seen, and this indicates that the
threshold value of thermal energy necessary to
induce strain recovery is quite small. [Also, largely

deformed but not strain-aged specimens (i.e., aging
time (ta) 5 0) did not exhibit the endothermic behav-
ior.15] In consideration of this result, the fact that the
endothermic peak signified and shifted to a higher
temperature with increasing aging duration indicates
that the threshold value of thermal energy increases
with an increase in the aging duration. In other
words, plastic strain and strain energy become
hardly frozen in the glassy structure in the course of
structural relaxation under the state of strain aging.
Such a structural relaxation can be rotation of side
groups, which is the major change taking place in
epoxy glass aged under strain.14 As a result of the
freeze-strain phenomenon, the ryu value increases
with the aging duration.

Because experimental results for sample L were
qualitatively the same as those for sample C, the
freeze-strain phenomenon under the state of strain
aging takes place also in polymer glass with linear
molecules, as reported in refs. 20 and 21. However,
the progress of the structural relaxation seems to be
slower in sample C than in sample L, as shown in
Figure 5. Such a result agrees with an experimental
result from a previous study in which a change in
birefringence was measured in the course of strain
aging.14

CONCLUSIONS

For epoxy glasses left under the state of strain aging,
the plastic strain and strain energy are frozen more
hardly in a glassy structure with aging time. The
threshold value of thermal energy necessary to initi-
ate strain recovery increases with an increase in the
aging duration. Such a freeze-strain phenomenon
takes place in polymeric glasses under the state of
strain aging, yet the progress of the structural relaxa-
tion seems to be slower in a crosslinked glassy poly-
mer than in a glassy polymer with linear molecules.

The authors thank Dainippon Ink and Chemicals, Inc., for
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