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In general, it has been widely accepted that the physical properties of an epoxy resin are strongly dependent on how it is
DOI: 10.1039/x0xx00000x prepared. However, a clear understanding of the mechanisms of the relationship at a molecular level has yet to be achieved.
We here studied the glass transition dynamics and fracture behavior of four epoxy resins, which were pre-cured at different
temperatures and well cured under the same conditions. Fourier-transform infrared spectroscopy revealed that the reaction
kinetics for an epoxy-amine mixture were strongly dependent on the pre-curing temperature. The glass transition temperature
of epoxy resins with the same cross-linking density was dependent on the pre-curing temperature. Dielectric relaxation
spectroscopy and dynamic mechanical analysis revealed that the fragility index of the epoxy resin decreased with increasing
pre-curing temperature, indicating that the network structure formed in it became more heterogeneous with increasing pre-
curing temperature. Once the epoxy resin was immersed in a good solvent, it was partly swollen and was then macroscopically
fractured. The fracture was initiated by the crack generation in an un-swollen region of the resin due to the stress induced
upon swelling. The immersion time required to reach the fracture decreased as the extent of the heterogeneity increased. The

knowledge here obtained should be useful for understanding and controlling fracture toughness of epoxy resins, leading to the

furtherance of their functionalization.

1. Introduction

Epoxy resins are an important class of thermosetting resins, which are
generally obtained by chemical reactions between epoxy and amino
compounds. The reactions lead to the formation of a three-
dimensional network expanded over the entire system, resulting in a
vitrification, which is accompanied by a freezing of the segmental
mobility in between cross-linking points.' Thus, epoxy resins can
be regarded as glassy materials with a network structure that exhibit
good corrosion resistance, electronic insulation and mechanical
properties.*® These features make epoxy resins promising candidates
for a wide range of applications including adhesives,”!'? coating
agents,''12 encapsulants,'>"13 composites!®!® and others. However,
epoxy resins are generally brittle and this feature is one of their
greatest drawbacks for use as a structural material. A great deal of
effort has hitherto been devoted to overcoming this problem. The first
step for such would seem to be to examine the relationship between
the network structure and fracture toughness.'*! Since the network
in epoxy resins is often trapped in a glassy state at room temperature,
the glassy properties should be taken into account.

The fracture toughness for polymer glasses without any chemical
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cross-linking has been widely studied.?>2¢  Consequently, it is
accepted that the toughness of the polymer glasses is related to the
molecular weight, or the apparent entanglement density, of the
chains.?22¢ This is explained in terms of the deformation and/or craze
formation involving the slippage of segments with others.?>2° Hence,
once chemical cross-linking points are introduced into polymer chains,
which form the network structure, the chain slippage is expected to be
suppressed, leading to an increase in toughness. This should be the
case for epoxy resins but is not necessarily so. For example, it has
been shown that as the cross-linking density increased, the toughness
increased to a maximum and then began to decrease.?’?8 Thus, we are
still far from a full understanding of how the frozen network affects
the fracture behavior of epoxy resins.

It was recently pointed out that there existed a heterogeneous
structure composed of denser and less-dense cross-linked regions in
an epoxy resin.?>3% We also found that the heterogeneous structure
generated even at the initial stage of the curing process and the
characteristic length scale was dependent on the curing time.3! Such
a heterogeneity in the epoxy resin involving the network structure
should play a crucial role in the fracture behavior. In fact, it has been
reported that the toughness of epoxy resins was dependent on the
curing condition, which altered how the network was formed.?2-33
Nevertheless, there are few studies available on the relationship
between the network heterogeneity and fracture toughness of epoxy
resins.

In this study, we report on how the network heterogeneity affects
the fracture behavior of epoxy resins. To do so, four types of epoxy
resins were obtained under different curing conditions, which would
generate different extents of heterogeneity. The fragility, which
reflects a transient spatial fluctuation in the segmental dynamics near
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the glass transition, namely dynamic heterogeneity,3*3¢ was
examined by dielectric relaxation spectroscopy (DRS) in conjunction
with dynamic mechanical analysis (DMA). To gain access to the
information on the fracture behavior, we here focused on a solvent
stress crack method because it needs only a small piece of the
specimen. It is also known that once a glassy material contacts in a
good solvent, or vapor, the macroscopic fracture occurs due to the
development of internal stress.’” Since epoxy resins are often used in
contact with a solvent, the suppression of the solvent stress crack is
greatly needed for various applications including structural
materials.’® The knowledge gained from this study would be useful

for the design of epoxy resins with better solvent crack resistance.

2. Experimental
2.1. Materials

Panels (a) and (b) of Fig. 1 show the chemical structures of
hydrogenated bisphenol-A diglycidyl ether (HDGEBA) and 1,4-
cyclohexanebis(methylamine) (CBMA), respectively, purchased
from New Japan Chemical Co., Ltd. and Tokyo Chemical
Industry Co. For the solvent crack test, tetrahydrofuran (THF)
purchased from FUJIFILM Wako Pure Chemical Co. was used
as received.

2.2. Preparation of epoxy resins

HDGEBA and CBMA were mixed at a molar ratio of 2:1 at 296 K to
initiate the reaction. The mixture was cured via three steps. The first
step, named pre-curing, was performed at 283 K for 72 h, 296 K for
24 h, 323 K for 12 h or 353 K for 3 h for four independent mixtures.
The second step, named middle-curing, was performed after pre-
curing. All samples were middle-cured at 373 K for 1 h, reaching an
apparent-completion of the reactions. In the third step, further curing,
named post-curing, was conducted at 393 K for 2, 3, 6, 12, 24, 48 and
72 h after the middle-curing. For the DRS and DMA measurements
as well as the solvent stress crack test, epoxy resins pre-cured at 283,
296, 323 and 353 K were middle-cured at 373 K, and then post-cured
at 393 K for 12, 6, 3 and 2 h, respectively. The discrepancy of the
post-curing time among the four epoxy resins was for unifying their
cross-linking density. The resins obtained after the three steps are
hereafter denoted as ER283, ER296, ER323 and ER353, where the
latter number simply corresponds to the pre-curing temperature.
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Fig. 1 Chemical structures of (a) HDGEBA and (b) CBMA.

Schematic illustrations of sample preparation for (c) DRS
measurement and (d) solvent stress crack test.
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2.3. Fourier-transform infrared spectroscopy

The curing reaction for the HDGEBA—-CBMA mixture was monitored
using Fourier-transform infrared (FT-IR) spectroscopy. The mixture
was sandwiched between calcium fluoride windows with a 1 mm gap.
FT-IR spectra were recorded using a FT/IR-620 spectrometer (JASCO
Co.) with a triglycine sulfate (TGS) detector. Measurements were
carried out at 283, 296, 323 and 353 K as a function of curing time,
until 72, 24, 8 and 3 h, respectively. After these measurements, the
samples were middle-cured at 373 K for 1 h and then FT-IR spectra
were measured at 296 K. All spectra were obtained with a resolution
of 2 cm™! and 64 scans.

2.4. Differential scanning calorimetry

The glass transition temperatures (7)) were measured by differential
scanning calorimetry (DSC) (DSC6220, SII Nanotechnology Inc.).
The samples were heated up to 473 K at a rate of 10 K-min™!' under a
dry nitrogen purge and then cooled down to 273 K. The first heating
scan was used for the characterization of 7.

2.5. Swelling test

The cross-linking density (v) for the cured epoxy resins was examined
by a swelling test. Epoxy resins with a weight (W,) were immersed
in THF at 298 K to reach an equilibrium swelling. The equilibrium
weight (W) was recorded after collecting fracture pieces and then
gently removing THF from the sample surface with blotting paper.
The vvalue of epoxy resins was calculated on the basis of the Flory-
Rehner equation.®® The mass density of epoxy resins, which was a
parameter required for the v calculation, was examined by a gas
pycnometer (ULTRAPYC 1200e, Quantachrome Instruments Inc.).

2.6. Dielectric relaxation spectroscopy

Fig. 1 (c) shows a schematic illustration of the preparation of a
parallel-plate capacitor for the DRS measurements. A 100 nm-thick
aluminum (Al) layer deposited on a quartz substrate using a VPC-410
vacuum deposition system (ULVAC KIKO Inc.) was used as an
electrode. HDGEBA and CBMA were mixed at a molar ratio of 2:1
at 296 K. The HDGEBA-CBMA mixture was sandwiched between
Al electrodes with a silicone rubber spacer having a thickness of 100
um to obtain a parallel-plate capacitor. The active area of the Al
electrode was 5 x 4 mm?. The HDGEBA-CBMA mixture was cured
in the capacitor according to the same curing condition described in
section 2.2. The thickness of epoxy resins was approximately 100
um. Dielectric relaxation measurements were taken using a frequency
response analyzer (Model SI 1260, Solartron Analytical) combined
with a dielectric interface (Model 1296, Solartron Analytical), a
temperature controller (Model 335, Lake Shore Cryotronics, Inc.) and
a cryostat S-LN/SET1 (JECC TORISHA Co., Ltd.). The complex
dielectric permittivity (¢*), e*=¢'—ie", where ¢’ and ¢" are the real and
imaginary parts, respectively, was recorded isothermally at 383473
K over a frequency range from 10° to 10° Hz. The samples were left
undisturbed at a given measurement temperature for 5 min to
equilibrate prior to the DRS measurements. To confirm the
reproducibility of the data and average them, three different
specimens for each curing condition were examined.

This journal is © The Royal Society of Chemistry 20xx
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2.7. Dynamic mechanical analysis

Dynamic mechanical analysis, using a Rheovibron DDV-01FP (A&D
Co., Ltd.), was also applied to the epoxy resins prepared under the
same curing condition described in section 2.2 to study the segmental
dynamics. Sinusoidal strain within the linear response regime was
imposed on a sample with a thickness of 300 um, a width of 3 mm
and a length of 30 mm. The measurements were carried out at a
The
measurement frequency varied in the range of 0.1-110 Hz. Three

heating rate of 2 K'min™! under a dry nitrogen purge.

different specimens for each curing condition were examined.

2.8. Solvent stress crack test

Solvent crack resistance of the epoxy resin was examined by
observing the appearance of the epoxy resin in a solvent. Fig. 1 (d)
shows a schematic illustration of the sample preparation for the
The HDGEBA-CBMA mixture was
placed in a mold made of silicone rubber and then cured according to
the same curing condition described in section 2.2. After removal

solvent crack observation.

from the mold, the samples with a disk-like shape, whose diameter
and thickness were 8 and 1 mm respectively, were immersed in THF
at 298 K for 72 h. The fracture behavior of epoxy resins in THF was
monitored and recorded with a digital camera (iPhone 6s, Apple Inc.).

3. Results and discussion
3.1. Curing reaction

HDGEBA and CBMA were mixed at a molar ratio of 2:1, which was
equivalent in stoichiometry of epoxy and amino groups. A primary
amino group in CBMA first reacts with an epoxy group in HDGEBA,
producing a secondary amino group. This leads to the linear extension.
As the secondary amino group further reacts with an epoxy group in
HDGEBA, a tertiary amino group is generated, resulting in the
formation of the branching structure. Also, if another epoxy group of
the HDGEBA molecule leads to a tertiary amino group whether
through a secondary amino group, the cross-linking structure is
formed. These reactions occurring during the curing process were
monitored by FT-IR spectroscopy.

Two absorption bands were observed at 4,524 and 4,940 cm™ in
a spectrum for the mixture of HDGEBA and CBMA (see ESIt).3140
The former and latter bands are assignable to the combination of the
stretching and bending vibrations for epoxy and primary amino
groups, respectively.*! Absorbance for both bands decreased with an
increase in curing time, indicating that primary amino and epoxy
groups were consumed by the reactions. The consumption rate of
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Fig. 2 Curing-time dependence of consumption rate for epoxy groups
() at 283,296, 323 and 353 K. The « value after the middle-curing
at 373 K for 1 h became nearly 100 %.

epoxy groups (@) can be calculated on the basis of the change in
absorbance for epoxy groups (see ESIt).

Fig. 2 shows the time dependence of the o value for the pre-curing
process at 283, 296, 323 and 353 K. The « value increased with
increasing time and apparently levelled off after a certain period of
time. The rate of increase in o was faster in the order of 353, 323, 296
and 283 K. The curing times, at which « reached a plateau value,
were 60, 12, 7 and 2 h for 283, 296, 323 and 353 K, respectively.
Also, the plateau as at 283, 296, 323 and 353 K were 67, 81, 86 and
96 %, respectively. These findings make it clear that the reaction rate
became faster as the pre-curing temperature increased. However, it is
noteworthy that all « values under the conditions here employed were
less than 100 %. This can be explained in terms of the vitrification of
the HDGEBA-CBMA mixture during the curing process.>?! As the
reactions proceed, segments in between cross-linking points become
less mobile, meaning that an unreacted epoxy group could not reach
into an unreacted amino one and vice-versa. Hence, if the mixture is
further heated to promote the mobility of unreacted functional groups,
the « value should further increase. This is exactly what was observed
after the middle-curing at 373 K which was above the glass transition
temperature (), as shown in Fig. 2.

To discuss how the curing temperature affects the network
structure including the chain connectivity, the concentration of epoxy
groups ([E]) and primary ([A,]), secondary ([A;]) and tertiary amino
groups ([A3]) was estimated on the basis of the absorbance change for
the bands at 4,524 and 4,940 cm™' (see ESIT). Fig. 3 shows the time-
course of concentrations during the pre-curing process at (a) 283, (b)
296, (c) 323 and (d) 353 K. [E] and [A,] simply decreased with
increasing time and their rates became faster with increasing
temperature. The time-course of [A,] was not so simple. While at
283 K, [A;] increased with time and then leveled off, it maximized at
other temperatures. Also, [A;] simply increased with increasing time
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Fig. 3 Curing-time dependence of concentrations for epoxy ([E]) and primary ([A1]), secondary ([A,]) and tertiary amino groups ([A3]) at (a)

283, (b) 296, (c) 323 K and (d) 353 K.
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and the rate became faster with increasing temperature. Here, it
should be noted that [A;] almost concurrently increased as [A;] at 353
K, whereas [Aj] started to increase after [A;] at other temperatures.
Postulating that secondary and tertiary amino groups reflect the linear
and branching, or cross-linking, architectures, respectively, it is most
likely that the formation process of the network structure was
dependent on the pre-curing temperature. This is discussed in more

detail in section 3.3.

3.2. Glass transition temperature and cross-linking density

The thermal molecular motion for the post-cured epoxy resins was
studied by DSC. For all measurements, the data obtained upon the
first heating process were used because once the temperature went
beyond Ty, the reactions could further proceed. The 7, value, which
was defined as a midpoint of the baseline shift on the DSC chart,
increased with post-curing time (z,) at 393 K and approached a
constant value, as shown in Fig. S2 (see ESIt). Taking into account
that the « value of epoxy resins middle-cured at 373 K for 1 h was
approximately 100 % regardless of the pre-curing temperature, as
shown in Fig. 2, the DSC results imply that a tiny amount of unreacted
functional groups, which could not be detected by FT-IR, kept
reacting with one another upon the post-curing at 393 K until they
were completely consumed. In other words, although the o value
obtained by FT-IR is a useful indicator of to what extent the reactions
proceed, it should be read carefully, especially for a larger « value.

To address to what extent the curing reactions in the middle-cured
resins proceeded upon the post-curing process at 393 K, the cross-
linking density (v) in it was examined by the swelling test with THF
which is a good solvent for HDGEBA and CBMA as well as epoxy
resins. The v value can be estimated by using the Flory-Rehner
equation;3-42

V= ln(1_¢z)+¢z +Z¢z

b5

where, ¥} is the molar volume of THF, and y is the Flory-Huggins

)

interaction parameter for the epoxy resin with THF, ¢, is the volume
fraction of the epoxy resin. Assuming that the y value is larger than
0.5, y can be written as*?

¢

1 )
2t 2)

Here, ¢, is given by

o522

Wy and W, are the weight of the epoxy resin before and after the

3)

swelling. And, p; and p; are the mass density of THF and the epoxy
resin. The V; value can be calculated to be 81.1 cm?* mol™! using the
molar mass of THF and p; of 0.889 g-cm™3.4 The p, value was
experimentally obtained as 1.10 g-cm™3. For all middle-cured epoxy
resins after the 283, 296, 323 and 353 K pre-curing, the relationship
between #, and v showed a similar trend with the ¢, T, relationship.
That is, the v value increased with increasing #, and then reached a
constant (see ESIT). This made it possible to correlate vand Ty.

Fig. 4 shows the relationship between vand T, for the post-cured
epoxy resins after middle-curing with the 283, 296, 323 and 353 K

4| J. Name., 2012, 00, 1-3
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Fig. 4 Relationship between the cross-linking density (v) and glass
transition temperature (7,) for the post-cured epoxy resins after
middle-curing with the 283, 296, 323 and 353 K pre-curing. Solid
lines are guides to the eye.

pre-curing. Regardless of the pre-curing temperature, the 7, value
was almost linearly proportional to v. This can be reasonably
understood if we assume that at a higher cross-linking density, the
segmental motion of the chains in between the cross-linking points is
more effectively suppressed. Here, it is noteworthy that the slope for
the 1T, relation differs depending on the pre-curing temperature.
Consequently, the T, values of ER283, ER296, ER323 and ER353
were 376, 373, 370 and 366 K, respectively. As stated in the
experimental part, they were prepared by the 283, 296, 323 and 353
K pre-curing and followed by the middle-curing at 373 K for 1 h.
Then, they were post-cured at 393 K for 12, 6, 3 and 2 h, respectively,
so that the cross-linking density in the four epoxy resins became equal.
Thus, it is obvious that the pre-curing temperature affects the chain
mobility in the resultant resins even after the post-curing. This implies
that the network structure developed in the post-cured resins is not
independent of the initial one formed during the pre-curing process.
Then, the segmental dynamics in the post-cured epoxy resins were
studied using DRS in conjunction with DMA.

3.3. Segmental dynamics and dynamic heterogeneity

The epoxy resins obtained via different curing processes, ER283,
ER296, ER323 and ER353 were characterized by DRS with varying
frequency and temperature, which were in the range of 10°-10° Hz
and 383-473 K, respectively. Fig. 5 shows frequency dependence of
(a) real and (b) imaginary parts of dielectric permittivity (£ and &")
for ER296, as a representative example, at 404, 425 and 449 K. Both
£ and ¢" increased with decreasing frequency, especially at a high
temperature due to ionic conduction.*+46

Since the effect of ionic conduction was superimposed on
dielectric functions and thus the molecular dynamics can be difficult
to discuss from Fig. 5, complex electric modulus (M*), which is
defined as the inverse quantity of complex permittivity (£*) by the

(a) (b)
104 108
measurement temperature measurement temperature
N 1.0 404K 10%. | 1.0 404K
109 =, 2.0425K s, e, 2.0425K
. 3.4 449K

3.a449K | 10°F "u,
w102 . Te. e,
o .3 ou1 "u,20. 3

101L°" SiTuggne
E c0o0oo
ooooooo BBuofasssseg

100 L L L ' 10-1 ! ! !
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Frequency / Hz Frequency / Hz

Fig. 5 Frequency dependence of (a) dielectric constant (¢') and (b)
dielectric loss (&") for ER296.
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following equation,*4¢ is here adopted.

U "
& . & .
= +i =M'+iM"
2 "2

M - n2
E+¢ g +¢

1
- “
where M' and M" are real and imaginary parts of the complex electric
modulus, respectively. Examining how M' and M" depend on the
frequency and/or temperature, the molecular motion in an epoxy resin
can be discussed.*® Fig. 6 shows the frequency dependence of (a) M'
and M" for ER296 at 404, 425 and 449 K. An M" peak was observed
accompanied by a distinct change in M' in the frequency range
employed. Since the peak frequency shifted to the higher frequency
side with increasing temperature, it is apparent that the M" peak was
The M" peak was fitted by the
Havriliak—Negami (HN) function to estimate the relaxation time
(7PRS) for the molecular motion. The NH function is given as
follows;*7:48

related to a relaxation process.

[(MD0 —Ms)sin;/¢]A’

M"=M .M, x 7 (5)
M2AY 4247 (M, —M )M cosyp+(M,—M,)
where
1 1
M =— M =—
s M ©)
L
—ay . —a; 2
A=[1+2(a)rm,)l "sma;ﬂ'+(mrw)2(l “)} 7
(@7, )™ cos dd
¢ =atan| ——————— ®
I+ (ory) ™ sin%
L
sin ey |
DRS _ 2+2%y
© T dinza, ©
2+2y

and, & and &, are the dielectric constants for the low- and high-
frequency sides of relaxation, respectively, ap and y are the
parameters describing the asymmetric and symmetric broadening.

Fig. 7(a) shows a semi-logarithmic plot of 7°RS against the inverse
temperature (77" for ER283, ER296, ER323 and ER353. To compare
directly the data set among the four epoxy resins, the abscissa of Fig.
7 is normalized using each T, value, provided as the Angell plot.*’
The temperature dependence of PRS for all epoxy resins exhibited
non-Arrhenius behavior and could be well expressed by the Vogel-
Fulcher-Tamman (VFT) equation;*-!

(a) (b)

ARTICLE
(a) (b)
pre-curing temperature 2 pre-curing temperature
1} ©:283K 1} 0:283K
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= >
5’—2 F 3 -2t
-3t -3k )
-4 . . . -4 . . L
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Fig. 7 Semi-logarithmic plots of relaxation time against inverse of
temperature for ER283, ER296, ER323 and ER353 obtained by (a)
DRS and (b) DMA. The temperature is normalized by 7,. Open
symbols denote experimental data and solid curves are the best-fit
based on the VFT equation.

B
-1,

where B is the activation temperature, 7 is the Vogel temperature and

T=2'(,~exp( (10)

79 is the relaxation time at a high temperature limit. Solid curves in
Fig. 7 denote the best fit by the VFT equation using fitting parameters
of B, Ty and 7p. Table 1 summarizes fitting parameters together with
the dynamic 7, value (7,°®S), which is calculated as the relaxation
temperature at PRS = 100 s.52 The T,PRS values for the four resins
were in good accordance with the T, values by DSC. The fragility
index (m) was estimated using the following equation;3*

dl
| diog(r)

(1)

The fragility corresponds to an apparent activation energy for the o-
relaxation process at near the glass transition. Glass forming systems
with larger and smaller m values are referred to as fragile and strong,
respectively.’> As a result, the values of the fragility index (mPRS) for
ER283, ER296, ER323 and ER353 were 56 £ 1,50 £ 1, 47 + 1 and
45 + 2, respectively.

DRS has an advantage over DMA that the frequency range of the
measurement was broader. However, the origin of the relaxation
process discussed in the above based on M" is not straightforward to
understand due to the contribution from the direct current component.
Since the temperature dependence of 7°RS can be well expressed by
the VFT equation, there is no doubt that the relaxation process is
somehow correlated to the segmental motion. Hence, the DMA
measurements, which enable us to gain direct access to the segmental
dynamics, were conducted. The temperature dependence of storage
(£") and loss moduli (£") for ER296, as a representative example, at
various frequencies ranging from 0.1 to 110 Hz was shown in Fig. S6

25 - " 12 = " (see ESIT). Fig. 7 (b) shows the Angell plot for ER283, ER296,
measurement temperature measurement temperature . .
20f 1.0404K > L 10F 1.0 404K : ER323 and ER353. The data were again fitted by the VFT equation.
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Tasf3adoK o0 el 8-3.A449K0 ; s
‘_‘ T To6f / \ Table 1 Fitting parameters with the dynamic 7, value estimated from
s10¢ V2 ey = 4 i the DRS data (7,°RS), which is the relaxation temperature at PRS =
05 100 s, and fragility index (mPRS) for ER283, ER296, ER323 and
~F 2F 4 o
) a S oo ER353.
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Frequency / Hz Frequency / Hz ER283 1506+20 313+1 380%03 3761 56
Fig. 6 Frequency dependence of (a) real and (b) imaginary parts of ~ ER296 1839+21 296+1 374+04 373+1  50%
electric modulus (M' and M") for ER296. Solid symbols denote ER323 1893+38 290+1 371 +1 370 + 1 47+
experimental data and solid lines are the best fit curves based on the ER353 1868 ; 53 285 ; o 387 ; 1 366 ; 03 45 ;

HN equation.
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Table 2 Fitting parameters with the dynamic 7, value (7,°M*) and
fragility index (mPMA) for ER283, ER296, ER323 and ER353.

sample B To/K TP K Ty /K mPVA

ER283 1703+37 330+2 376%1 376 £ 1 1303
ER296 1997 +45 3191 3741 373+ 1 1102
ER323 2200+82 310x1 3701 370+ 1 99+3
ER353 2533+47 298+2 3661 366+£03 85%3

Table 2 summarizes the results containing the dynamic 7, (7,°™*) and
the fragility index (mPMA). Although the values of mPRS and mPMA
were not the same as each other, it is obvious that the fragility index
was lower in the order of ER353, ER323, ER296 and ER283. The
difference between the mPRS and mPMA values can be explained by
what is observed by the DRS and DMA measurements; the former
basically detects the motion of charge carrier coupled with the
segmental motion while the latter does the segmental motion itself.

According to a previous report based on the incoherent elastic
scattering technique using neutrons,>® the magnitude of the m value
has been discussed in terms of dynamic heterogeneity, which is a
transient spatial fluctuation in the segmental dynamics near the glass
transition. A lower m suggests a greater extent of the dynamic
heterogeneity in the system.>® Postulating that the discussion works
for the current study, the extent of the dynamic heterogeneity is
supposed to be greater in the order of ER353, ER323, ER296 and
ER283. This order is the same as for the temperature of the pre-curing
for epoxy resins.

To discuss the difference of the m value among the four samples,
it is first considered how the pre-curing temperature affects the
formation of the network structure. As revealed by FT-IR
spectroscopy, the formation manner of the network was dependent on
the pre-curing temperature. In short, while secondary amines were
initially generated and then converted to tertiary amines at a lower
temperature, the initial stage involved the generation both of
Such a
conversion behavior was previously observed and two different types

secondary and tertiary amines at a higher temperature.

of formation of the epoxy-amine network were proposed to explain
it.2

Fig. 8 shows a schematic illustration for the two modes of the
network formation process. In panel (a), linear chains initially grew
until the formation of a low-density network expanded over the
system, a so-called skeleton network, and then unreacted species
cross-linked the inside of the skeleton network. Panel (b) shows the
initial growth of the cross-linked domains, or microgels, followed by
their interconnection. The former and latter types are expected to
produce relatively homogeneous and heterogeneous networks,
respectively.?®3!  Thus, it is plausible that a higher pre-curing
temperature provides a more heterogeneous network, in which denser
and less dense regions exist. Given that the network formed by pre-
curing is somehow preserved even after middle-curing and post-
curing, the extent of the network heterogeneity should be greater in
the order of ER353, ER323, ER296, ER283.

The T, value is generally related to the cross-linking density of the
network, v.> On the other hand, the T, value was here lower in the
order of ER353, ER323, ER296 and ER283 which each possessed an
identical v. The difference between the four resins was the
heterogeneity. Since the heterogeneous network contains dangling
chains, in which one end attaches to the network and the other is free,

6 | J. Name., 2012, 00, 1-3
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Fig. 8 Schematic illustrations for two different types of network
formation expected for the pre-curing at (a) lower and (b) higher
temperatures.

the free volume becomes larger with a larger heterogeneity, leading to
a lower 7,.°>%¢ This may also be explained in terms of the fragility.
Taking the heterogeneous network into account, it is expected that the
chain mobility in the higher cross-linked and less cross-linked regions
is suppressed and not suppressed, respectively. This can be seen as
the system starts to vitrify. In the case of glass formers, once the
temperature decreases and approaches Ty, the vitrification occurs.? At
the initial stage of the process, a domain, named a cooperative
rearrangement (CRR) region, is formed.’’>° As the vitrification
further proceeds, the domain evolves in size and eventually expands
over the entire system by connecting with one another at a temperature
below T7,.% This picture would explain the heterogeneity in the
segmental dynamics near the glass transition, namely the m value. In
our current study, the epoxy resin starts to vitrify as the reaction
proceeds, resulting in the formation of the higher cross-linked and less
cross-linked regions. Thus, the difference in the m value between
ER353, ER323, ER296 and ER283 can be associated with the
heterogeneous network.

3.4. Macroscopic behavior of solvent stress crack

Finally, the solvent crack behavior for ER283, ER296, ER323 and
ER353 was examined. Fig. 9 shows photographs of ER283, ER296,
ER323 and ER353, which were immersed in THF after (a) 0, (b) 10,
(c) 12, (d) 21 and (e) 31 h. All epoxy resins were partly swollen and
then spontaneously disrupted. However, the time at which the
macroscopic fracture occurred was dependent on the pre-curing
temperature; it was shorter in the order of ER353, ER323, ER296 and
ER283.
difference in the swelling rate among the four samples (see ESIT).

Here, it should be noted that there was no significant

Thus, the shorter fracture time indicates that the epoxy resin having a
lower m value, namely more heterogeneous in terms of the network
structure, was more easily disrupted upon swelling with THF. To
discuss why the solvent crack behavior depended on the pre-curing
temperature, or heterogeneity, the swelling process of the epoxy resin
was optically observed under a cross-polarized condition.

Fig. 10 shows photographs of the representative sample, ER296
in THF, at various immersion times. A cross-shaped dark region
observed for all images originated from a geometric feature of a
conoscope, a so-called isogyre.®! The swelling started from the
circumference edge of the specimen. The swollen and un-swollen
An

isochromatic striped pattern due to the birefringence was observed in

regions co-existed at the early state of the swelling process.

the swelling region and it was along the direction parallel to the

This journal is © The Royal Society of Chemistry 20xx
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ER283 ER296 ER323 ER353

(b) by

(c)

(d) P

(e)
A
Fig. 9 Photographs of ER283, ER296, ER323 and ER353 immersed
in THF after (a) 0, (b) 10, (c) 12, (d) 21 and (e) 31 h. Arrows show
macroscopic cracks generated in the specimens.

un-swollen swollen
region region

Fig. 10 Photographs of ER296 immersed in THF after (a) 0, (b) 10,
(c) 20 and (d) 25 h, which were observed under the crossed-Nicols
condition.

circumference edge. In the swelling region, segments in the network
are supposed to be elongated and oriented possibly due to the gradient
of chemical potential of the segments.®? In general, an isochromatic
striped pattern appears along the direction normal to the stress.®>63
Thus, the photographs imply that the elongational stress was
generated along the direction from the center to the circumference
edge of the circular sample upon swelling. After a while, the swollen
region was expanded. That is, the elongational stress in the sample
increased. Concurrently, a crack appeared in the un-swollen region,
most probably from the circular center at which the stress was
maximized, leading to the macroscopic fracture.  Since the
macroscopic fracture occurred by cracking in the un-swollen region,
it seems reasonable to consider that the difference in the fracture time
among the four epoxy resins, seen in Fig. 10, reflects their bulk
fracture toughness.

Previously, it was reported that an epoxy network with a higher
cross-linking density attained a denser glassy state after vitrification.®*
Once the heterogeneous network was vitrified, the higher and less
cross-linking regions would become dense and less-dense glassy
regions, respectively. The less-dense glassy regions in the epoxy resin
should be mechanically weak in comparison with the dense glassy
regions. In general, the stress imparted upon a deformation process is
concentrated on mechanically weak regions, at which cracking occurs
and eventually leads to the fracture.?6-656¢ Taking into account that
the extent of the network heterogeneity was greater in the order of
ER353, ER323, ER296 and ER283, it is reasonable that the fracture
time upon swelling is shorter in that order.

4. Conclusions

We studied the physical properties including the glass transition

This journal is © The Royal Society of Chemistry 20xx
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behavior, heterogeneity and solvent crack behavior for epoxy resins
obtained via different curing processes. Epoxy resins used in this
study were obtained by pre-curing a mixture of HDGEBA and CBMA
at four different temperatures, 283 K, 296 K, 323 K and 353 K and
followed by middle-curing to reach an apparent completion of the
reactions. Then, they were post-cured for various times. DRS and
DMA measurements revealed that the m value of the epoxy resin
decreased with increasing pre-curing temperature, indicating that a
transient spatial fluctuation in the segmental dynamics near the glass
transition temperature, namely dynamic heterogeneity, became more
apparent. Such a smaller m can be associated with the heterogeneous
network, in which denser and less-dense cross-linked regions exist,
formed by the different chemical reactions during the pre-curing, as
suggested by FT-IR spectroscopy. The four types of epoxy resins
showing different network heterogeneity were examined by a solvent
stress crack test in conjunction with the birefringence observation.
Once the epoxy resin was immersed in THF, which was a good
solvent, the resin was partly swollen and was then macroscopically
fractured. The immersion time at which the macroscopic fracture
occurred decreased as the extent of the heterogeneity increased. This
can be reasonably understood if we consider that the stress is
concentrated on the less-dense regions. The knowledge here obtained
should be useful for understanding and controlling the fracture
toughness of epoxy resins, leading to the furtherance of their
functionalization.
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Network structure in an epoxy resin, which became more heterogeneous with increasing pre-curing
temperature, affected the glass transition dynamics and solvent crack behavior.

pre-curing temperature

pre-curing |OW — h|gh

temperature

B

glass transition temperature
dynamic heterogeneity =9
<= solvent crack resistance

log(z/ S)

low

T,/ T



