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ABSTRACT: We investigated the mode II fracture tough-
ness (Kj) with time and temperature dependence of the
bisphenol A type of epoxy resin. We performed an asym-
metric four-point bending test under various conditions of
temperature and displacement rate. We found that Kj.
strongly depended on the displacement rate and the tem-
perature, even at room temperature. Moreover, it was gov-
erned by the time-temperature equivalence principle in re-

gard to the fracture time. The time-temperature dependency
of K. was similar to that of the loss modulus (E”), and the
transition of brittle to ductile fractures occurred nearly si-
multaneously when E” peaked. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 96: 51-55, 2005

Key words: fracture; thermal properties; viscoelastic prop-
erties; resins

INTRODUCTION

Epoxy resin is widely used in various engineering
fields because of its excellent mechanical properties,
good electrical insulation, and strong adhesion to
other materials. As epoxy resin is used over a wide
range of temperatures, the estimation of the tempera-
ture dependence of its mechanical properties, such as
the fracture toughness, is very important.

Epoxy resin is a thermoviscoelastic material. Its
strength depends on not only temperature but also
time because of its thermoviscoelastic nature. Both
temperature and time dependencies must be taken
into account according to the time—temperature equiv-
alent principle. The yield stress, strength, and vis-
coelastic properties have the same equivalent factor,
which is called the shift factor (a;). Recent studies' ™ of
the resin’s mode I (tensile) fracture toughness (Kj.)
have shown that it strongly depends on both time and
temperature and has the same a; as the viscoelastic
properties.

Most of studies on mode II (in plane shear) fracture
toughness (Kj) have dealt with composite lami-
nates.”” The interlaminar Kj;. of the laminates has
been conventionally examined by end-notched flexi-
ble or end-notched shearing tests. Few studies of on
Ky of bulk epoxy resin have been reported.®® More-
over, the time-temperature dependency of K. of the
epoxy resin has not yet been clarified.
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In previous studies,>* we clarified the time-tem-
perature dependence of Kj. for bisphenol A type ep-
oxy resin and its composites. The purpose of this
study was to clarify the time-temperature depen-
dency of Ky for bisphenol A type epoxy resin.

EXPERIMENTAL
Specimens

The epoxy resin used in the experiment was a blend of
bisphenol A type epoxide resin (Japan Epoxy Resins
Co., Ltd., Epikote 828, Japan) with metyltetrahydroph-
thalic anhydride as a curing agent (Hitachi Chem,
HN-2200R, Japan) and 2,4,6-tris(dimethylamino-
methyl) phenol (Daito Curar, DMP-30, Japan) as an
accelerator. The weight ratio of the resin, curing agent,
and accelerator was 100:80:0.5, which was determined
by the measurement of the heat deformation temper-
ature. The mixture of raw materials was cast in a mold
after it was agitated and degassed in vacuo and was
then cured in a thermostatic oven. The curing was
performed in two steps. First, for precuring, the spec-
imen was kept at 353 K for 3 h to gel the matrix resin.
Then, for postcuring, which affected the crosslinking
reaction of the resin, the specimen was kept at 433 K
for 15 h.

Measurement of thermoviscoelasticity

We measured the specimen’s dynamic storage modu-
lus (E') and dynamic loss modulus (E") with a dy-
namic viscoelastometer (Orientec, Rheovibron DDV-
III-EA, Japan). Tensile vibrations at 3.5, 11, 35, and 110
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Figure 1 Asymmetric four-point bending test.

Hz were applied to the specimen every 2 K from 123
to 523 K. The master curve of E’ was derived from its
temperature dependence curves shifted along the fre-
quency axis with a a; in accordance with the time-
temperature equivalence principle. Then, we derived
the glass-transition temperature from the results of a
thermoviscoelasticity measurement of each specimen
to evaluate the degree of the curing reaction.'

Ky test'

We conducted an asymmetric four-point bending test
of a precracked specimen to measure Ky.. The geom-
etry and the size of the specimens are shown in Figure
1 and Table I, respectively. For a/W ~ 0.75 (where a
and W are defined in Fig. 1) in this test, a stress field
around a crack tip became pure in-plane shearing and
that induced mode II fracture behavior.

The tests were conducted with a universal material
testing machine (Instron 8501, Instron, Canton, MA)
under various constant displacement rates from 1 to
30 wm/s at the loading point, at different tempera-
tures from 123 to 348 K in a thermostatic oven (Instron
3119-007, Instron). We performed the tests to investi-
gate the temperature and time dependence of Ky;.. We
measured the histories of the load and displacement at
the loading point. We calibrated the displacement on
the basis of measured local deformations of the epoxy
specimen and confirmed that the deformation of the
stainless steel jig could be neglected.

If the load displacement curve of each specimen is
almost linear until breaking, the stress field near the
crack tip is regarded as small scale yielding. Therefore,
linear elastic fracture mechanics can be applied to

TABLE 1
Sizes (mm) for the Asymmetric Four-Point Bending Test
S S, S, w B a R, R,
36 30 6 12 5 9 10 5

All variables are defined in Figure 1.
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Figure 2 Load displacement curve: displacement rate = 1
wm/s and temperature = (a) 253, (b) 298, (c) 323, and (d)
348 K.

determine fracture toughness. The stress intensity fac-
tor for mode II (Ky) is given by*!

Ky = FH(O‘)T\/E (1)
where

Fu(a) = — 0.2915 + 6.3229a — 9.119902 + 6.0570c°

PP,
T WB
S, S,
Plzgpl P2:§Pl
a
“=

where P, S, S;, S,, W, B, and a are defined in Figure 1.
Substituting the maximum load at fracture into P in
eq. (1) determines Kj;..

After the fracture toughness test, we observed the
fractured surfaces with an optical microscope (SZH-
ILLD, Olympus Optical, Japan) and a scanning elec-
tron microscope (JSM-T200, Jeol, Japan) at an acceler-
ating voltage of 5 kV.

RESULTS AND DISCUSSION
Load displacement curve

Figures 2 shows typical load displacement curves of
the specimens at a rate of 1 um/s under various
temperature conditions. Whenever the temperature
was less than 298 K, the load displacement curves
were linear until fracture. The slopes were almost the
same, and the maximum load increased with the tem-
perature. At 323 K, the maximum load became larger,
and the curve exhibited a slightly nonlinear relation
just before brittle fracture due to insufficient ductility.
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Figure 3 Fractured surface observed with an optical micro-
scope. (the initial crack existed at the far left, and the crack
propagated from left to right, as shown in each picture):
displacement rate = 1 um/s and temperature = (a) 253, (b)
298, (c) 323, and (d) 348 K (D = ductile crack propagation; M
= mirror-like region; T = transition region from mirror-like
to rough surface; R = rough region.)

The curve for 348 K denoted a more nonlinear rela-
tionship, and the maximum load was smaller than that
for 323 K. Hereafter, we call such a brittle fracture
accompanied with slightly nonlinear stiffness, such as
the cases at 323 and 348 K, quasibrittle fractures.'>
Whenever temperature was more than 348 K, a ductile
fracture occurred for any displacement rate within
these experimental conditions. In this study, the Ky,
values were evaluated from the maximum value of
each load displacement curve according to eq. (1) for
brittle and quasibrittle fractures.

Fractography

The overall features of the fractured surface as ob-
served with the optical microscope are shown in Fig-
ure 3, where each specimen corresponds to that used
to obtain the results shown in Figure 2.

The typical features for brittle fracture are
shown in Figure 3(a,b). Figures 3(a) and 3(b) both
show a smooth, mirror-like surface near the initial
crack tip. As the crack propagated, pits began to ap-
pear on the surfaces and developed into parabolic
patterns so that the surfaces gradually became rough.
As the crack propagated further, the parabolic pat-
terns superimposed, and the surface became rougher.
The surface of the specimen tested at 298 K was
rougher than that at 253 K when the maximum load at
298 K was larger than that at 253 K, as shown in
Figure 2.

Figure 3(c,d) shows quasibrittle fracture. Figure 4
presents the details of Figure 3(d), as observed with
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Figure 4 Fractured surface observed with a scanning elec-
tron microscope [the initial crack existed at the far left, as
shown in part (a), and the crack propagated from left to
right, as shown in each picture]: displacement rate = 1 um/s
and temperature = 348 K. (a) Ductile crack propagation (D)
and mirror-like regions (M), (b) transition region from mir-
ror-like to rough surface (T), and (c) rough region (R).

the scanning electron microscope. The ductile crack
propagation'® appeared near the initial crack tip be-
fore a mirror-like surface. [see Fig. 4(a)]. After that, as
was the case with the brittle fracture, the pits on the
smooth surface developed into the parabolic patterns
shown in Figure 4(b). These parabolic patterns super-
posed, and then, the surface became rough, as shown
in Figure 4(c). The region of the ductile crack propa-
gation at 348 K was larger than that at 323 K when the
maximum load at 348 K was smaller than that at 323
K, as shown in Figure 2.

K. with temperature and time dependence

Figure 5 shows the temperature dependency of K
under various rate conditions. At fast displacement
rates, 10 and 30 um/s, K. was small at lower tem-
peratures and gradually increased with the tempera-
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Figure 5 K. with temperature dependence. Displacement
rate: (O) 3.5, (1) 11, (V) 35, and () 110 Hz (a + with a shape
represents a quasibrittle fracture, e.g., @ means that a spec-
imen tested at 3.5 Hz fractured quasibrittlely).
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ture up to 348 K. The quasibrittle fracture appeared
around at 348 K, and then, the fracture form trans-
ferred from brittle to ductile. At slower rate conditions
of 1 and 3 um/s, Ky was small at lower temperatures
and increased with temperature up to 298 K. Then, the
quasibrittle fracture appeared at 323 K, and Ky de-
creased with temperature. Ky, was less than 2.0
MPa'm'/? at any temperatures less than 253 K regard-
less of the rate conditions, although the values at 298
and 323 K were greatly scattered from 1.0 to 4.0
MPa-m'/2. At 348 K, K;;. was almost 3.0 MPa-m'/?
Figure 6 shows the relationship between Ky and the
fracture time (t). t; denotes the duration of loading until
brittle fracture. Ky, increased with f; under any temper-
ature conditions except 348 K. For 348 K, when a quasi-
brittle fracture occurred in all the specimens, Ky slightly
decreased with . Thus, we found that Ky, greatly de-
pended on both temperature and time (or rate).

Master curve of Kj;,

To summarize the aforementioned dependencies of
Ky, we made the master curves of the Ky;. data with a,
derived from the time-temperature dependence of E’.
tr was used as the time parameter instead of the dis-
placement rate.>* The master curve of Ky with regard
to reduced time (¢) compared with E’ and E” at the
standard temperature of 298 K is shown in Figure 7.
As shown in Figure 7(a), E’ decreased gradually as the
reduced time increased to 10° s and then sharply
decreased. E" exhibited a small peak around 107> s
and, after that, increased until about 10° s, where it
peaked fully. After 10° s, E” decreased sharply. An
a-relaxation phenomena was seen at 10° s in both E’
and E".
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Figure 6 Ky with {,dependence. Temperature: (H) 123, (V)
133, (@) 173, (I0) 213, (©) 253, () 298, (A) 323, and (O) 348 K
(a + with a shape represents a quasibrittle fracture, e.g., @
means that a specimen tested at 348 K fractured quasi-
brittlely.)
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Figure 7 Master curves of dynamic moduli and Kj. (stan-
dard temperature = 298 K): (a) dynamic moduli [(A) E" and
(V) E"] and (b) Ky (a + represents a quasibrittle fracture).

As shown in Figure 7(b), Ky;. was approximately 1.0
MPa'm'/? near 10 % s. Ky increased drastically for the
time being. After that, a quasibrittle fracture appeared,
Ky hit a maximum value of about 3.5 MPam!/?
around 10* s, and then, a ductile fracture appeared
from 10° s. The variation of Ky was also caused by the
relaxation phenomena. The increase in Ky, seemed to
be similar to that in E”, and the brittle-to-ductile frac-
ture transition appeared near the peak of E” (¢ = 10° s).

Compared with K;,>* the time of a brittle-ductile
fracture transition in K. was almost the same as the
maximum time of E”, although K;. had its brittle-
ductile transition when E” had not peaked yet. More-
over, the behavior of K. was really variable, even at
room temperature, although K;. was almost constant
under the same conditions. Some studies have report-
ed®® various values of K. Also, it was pointed out
that the evaluation of Ky is essentially difficult, al-
though many methods and techniques for this evalu-
ation have been examined.'®'” The significant time-
temperature dependence of Ky could make its value
unstable and cause difficulty in measuring it at room
temperature.

CONCLUSIONS

We investigated Ky with time and temperature de-
pendence of a bisphenol A type of epoxy resin. We
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performed an asymmetric four-point bending test un-
der various conditions of temperature and displace-
ment rate.

We found that Ky strongly depended on the dis-
placement rate and the temperature, even at room
temperature. Moreover, it was governed by the time-
temperature equivalence principle in regard to ¢ The
time—temperature dependency of Ky, was similar to
that of E”, and the transition of brittle to ductile frac-
tures occurred nearly simultaneously when E” peaked.
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