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Model diglycidyl ether of bisphenol-A based epoxy resins containing well-dispersed 15 nm block
copolymer (BCP) nanoparticles were prepared to study the effect of matrix crosslink density on their
fracture behavior. The crosslink density of the model epoxies was varied via the controlled epoxy
thermoset technology and estimated experimentally. As expected, it was found that the fracture
toughness of the BCP-toughened epoxy is strongly influenced by the crosslink density of the epoxy
matrix, with higher toughenability for lower crosslink density epoxies. Key operative toughening
mechanisms of the above model BCP-toughened epoxies were found to be nanoparticle cavitation-
induced matrix shear banding for the low crosslink density epoxies. The toughening effect from BCP
nanoparticles was also compared with core-shell rubber-toughened epoxies having different levels of
crosslink density. The usefulness of the present findings for designing toughened thermosetting mate-

rials with desirable properties is discussed.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Rubber modification has been reported as an effective approach
for toughening brittle epoxy thermosets since the beginning of the
1970s [1,2]. Since then, significant work has been done to gain
a better understanding of the structure-property relationship
between the polymer matrix and the toughening agents for
designing epoxy thermoset systems with desired properties [3-19].
Self-assembled amphiphilic block copolymers (BCP) are a new type
of toughening agent that has been shown to greatly improve
toughness without sacrificing other mechanical properties. In our
previous work [20,21] we identified the toughening mechanisms of
a BCP-modified controlled epoxy thermoset (CET) system at
a specific crosslink density. The major toughening mechanisms are
BCP particle cavitation and subsequent matrix shear banding, which
are analogous to those found in other rubber-toughened systems.
But the BCP appears to be more effective than other conventional
rubber particles, probably due to its much smaller sizes and unique
morphology. In this paper we report the fracture behavior of BCP-
toughened epoxy with variation in crosslink densities.
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Although rubber modification has been recognized as an effec-
tive toughening approach, not all epoxy resins can be toughened to
significant extents. Toughenability has been found to be related to
thermoset crosslink density [22-30]. It is known that the crosslink
density of a cured thermoset generally dictates its intrinsic
ductility, simply because ductile deformation requires large-scale
cooperative conformational arrangements of polymer backbones.
Because matrix shear banding has been identified as the major
energy dissipation process in rubber-toughened epoxies
[5,6,9,11,20], it is not difficult to understand that modifying the
matrix ductility can change its toughenability. The function of
rubber particle cavitation is to relieve the triaxial stress at the crack
tip and consequently to facilitate matrix shear banding. Thus, the
thermoset matrix ductility plays an important role in enhancing
fracture toughness of rubber-modified thermosets.

The present work is part of a larger effort to understand the
fundamentals of structure—property relationships in a model epoxy
system containing poly(ethylene-alt-propylene)-b-poly(ethylene
oxide) (PEP-PEO) BCP nanoparticles. The toughening mechanisms
and strain rate dependence of this modified epoxy system were
reported earlier [20,21]. In this study, attention will be placed on
determining whether or not the BCP-modified epoxy thermosets
with variation in crosslink densities will exhibit a similar tough-
ening effect on fracture behavior as what has been observed in
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Table 1
Chemical structures of epoxy resin, chain extender, crosslinker and block copolymer
used in this investigation.

Product Chemical structure

. l . 0]
(¢] O.
DGEBA epoxy resin (L>/\ @ @ \/<I

BPA chain extender
CH;

THPE crosslinker @

PN

R = s-butyl or t-butyl
R'=H or CH3

PEP-PEO block
copolymer

other rubber-toughened systems. The implication of the present
findings for designing high performance thermosetting resins is
discussed in detail.

2. Experimental
2.1. Materials

The epoxy chemistry used for this study consisted of three
components: diglycidyl ether of bisphenol-A (DGEBA)-based epoxy
monomer (D.E.R™ (Trademark of The Dow Chemical Company)
332, Dow Chemical), bisphenol-A (BPA) chain extender (PARABIS™
(Trademark of The Dow Chemical Company), Dow Chemical), and

HOOH + CI;>/\00\/<{]J + HO @

CHa i cHy X on CHy
OO\A/OH I @ O;l‘/l\/OA.i.» © @ o—|
I

1,1,1-tris(4-hydroxyphenyl)ethane crosslinker (THPE, Aldrich). The
chemical structures of these reactants are given in Table 1.

A scheme of the chain extension and crosslinking reactions is
illustrated in Fig. 1. The ratio of epoxy monomer and chain extender
was altered to vary the crosslink density. The theoretical value of the
molecular weight between crosslinks (M:) was estimated by
determining the average crosslink functionality (fcay) and the
average molecular weight per crosslinks (M), assuming a balanced
stoichiometry [31].

It is noted that ethyltriphenylphosphonium acetate (70% in
methanol, Alfa Aesar) was utilized as a catalyst to promote reac-
tions between primary epoxide groups in the epoxy resin and
phenolic functionalities in the chain extender and the crosslinker.
This largely reduced the chances of branching reactions with
secondary hydroxyl groups and lead to a more uniform and
controlled epoxy network.

As a toughing agent, the PEP-PEO amphiphilic BCP was
synthesized using a multi-step polymerization method previously
described by Hillmyer and Bates [32]. PEO is an epoxy-miscible
block and PEP an epoxy-immiscible block, which forms a rubber
domain with a size of about 15 nm. The number-average molecular
weight (M,) of the BCP is 9100 g/mol and the weight fraction of
ethylene oxide in the BCP is 0.40. The chemical structure of PEP-
PEO is also shown in Table 1.

2.2. Preparation of BCP-modified epoxy resin

The procedure for sample preparation has been reported in
detail earlier [20], so it is only briefly described here. The BCP was
mixed and completely dissolved in the epoxy resin at around
150 °C. Then, the chain extender and crosslinker were added into
the mixture and dissolved. After degassing, the catalyst was added
and the mixture was cured in a pre-heated mold for 2 h at 200 °C.

The BCP concentration in all final epoxy products was 5 wt%.
Three crosslink densities of epoxy matrix were designed with
theoretical M. being 900, 1550 and 2870 g/mol, respectively. For
convenience, the neat and modified epoxy samples with different
M. are designated as CET900, CET1550, CET2870, CET900/BCP,
CET1550/BCP, and CET2870/BCP.

All the specimens were dried for at least 24 h in a vacuum oven
set at 80 °C prior to characterizations.

2.3. Density measurement

The densities of all the samples were measured by the
displacement method at room temperature following the ASTM
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Fig. 1. Scheme of chain extension and crosslinking reactions in the present epoxy curing process.
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D792-91 standard. Isopropyl alcohol, which has a known density of
0.785 g/cm?>, was used for immersion of the samples. The density
was calculated using the equation:

Wa

p= Wl)i (1)
where W, is the weight of the sample in air, Wj is the weight of the
sample in isopropyl alcohol, and p; is the density of isopropyl alcohol.
To calculate the density at elevated temperatures, thermal mechan-
ical analysis (TMA) was performed on a Q400 instrument (TA
Instruments) to obtain the coefficient of thermal expansion (CTE) and
to measure the dimensional change as the temperature increased.

2.4. Dynamic mechanical analysis (DMA)

DMA was performed using an RSA III instrument (TA Instru-
ments) at temperatures ranging from —120 to 200 °Cwitha 5 °C per
step increase. The tests were performed at a fixed frequency of 1 Hz.
A sinusoidal strain-amplitude of 0.05% was chosen for the analysis.
The dynamic storage modulus (E’) and tan ¢ curves were plotted as
a function of temperature. The temperature at the maximum in the
tan ¢ curve was recorded as the T,. The E’ at 60 °C above Ty was
chosen as the rubbery plateau modulus, E;, for each system.

2.5. Fracture toughness measurement

To obtain the Mode-I critical stress intensity (Kic) of the neat and
modified epoxy samples, a single-edge-notch three-point-bending
(SEN-3PB) test was performed using the linear elastic fracture
mechanics (LEFM) approach in accordance with the ASTM D5045
standard. The dimensions of test specimens are 75 x 12.7 x 3.5 mm°>.
A sharp pre-crack was generated in each sample by tapping with
a fresh razor blade chilled with liquid N, and care was taken to make
sure that the pre-crack exhibited a thumbnail-like shape crack front.
The tests were done at room temperature on an MTS Insight
machine. The testing crosshead speed was chosen as 0.508 mm/min.
The Kjc was calculated using the following equation:

Kic = g (@/W) 2)

where Pc is the load at crack initiation, S is the span width, B is the
thickness of the specimen, a is the initial crack length, W is the
width of the specimen, and f{a/W) is the specimen geometry factor.

Average values and standard deviations of the Kjc were calcu-
lated on the basis of at least five specimens per sample.

2.6. Toughening mechanisms investigation

The double-notch four-point-bending (DN-4PB) technique was
utilized to investigate the detailed toughening mechanisms of BCP-
modified epoxy resins with various crosslink densities. The DN-4PB
technique has been shown to be effective in probing micro-
mechanical deformation mechanisms [10-14,16,17,20,21,29,33,34]. A
detailed description of this technique can be found elsewhere [20].
The tests were conducted at a crosshead speed of 0.508 mm/min and
at room temperature, on an MTS Insight machine. Thin-sections with
athickness of ca. 40 pm from the core region of the DN-4PB subcritical
crack tip damage zone were obtained by sectioning and polishing,
following the procedures described by Holik et al. [35]. Optical
microscopy (OM)images were then taken under both bright field and
cross-polarized field modes using an Olympus BX60 optical micro-
scope. For transmission electron microscopy (TEM) observation,
a block containing a subcritical crack tip damage zone was isolated
from the specimen and embedded in an Epo-Fix embedding resin

(Electron Microscopy Sciences). A detailed procedure for the prepa-
ration and staining of the samples can be found elsewhere [20]. TEM
micrographs were taken from the stained sections using a JEOL 1200
EX electron microscope operated at an accelerating voltage of 100 kV.

3. Results and discussion

Previous TEM work [20] revealed that the BCP self-assembles
into well-defined and well-dispersed spherical micelles with an
average diameter of ca. 15 nm in CET1550/BCP. Because CET900/
BCP and CET2870/BCP exhibit similar morphologies as CET1550/
BCP, they are not shown here.

3.1. Dynamic mechanical behavior

The DMA curves of all the samples are compared in Fig. 2 and
the E’ and T values are listed in Table 2.

For the neat epoxies (Fig. 2a), as expected, T; decreased with
decreasing crosslink density, because Ty is prone to be affected by
larger-scale molecular motions, which are directly related to the
molecular weight between crosslinks for a thermoset system.
However, by comparing the heights of the tan ¢ curves between the
a-relaxation peak (Tg) and the B-relaxation peak, it shows that the
higher M. epoxy exhibits slightly lower damping characteristics.
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Fig. 2. DMA curves of (a) neat epoxies and (b) BCP-modified epoxies with different

crosslink densities. The storage modulus (E') and glass transition temperature (Tg)
values are summarized in Table 2.
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Table 2
Storage modulus (E'), glass transition temperature (T) and fracture toughness (Kic)
of the samples.

Sample E’ (Pa) Ty Kic
o 1/2
At low At room At rubbery ) (MPam’™)
temp. temp. plateau
CET900 327 x10°  1.99x10°  1.79 x 107 125  0.82+0.05
CET1550 386x10° 225x10°  1.33x10’ 115  0.96 +0.04
CET2870 280x10°  2.04x10°  3.20x10° 110 0.94+0.03
CET900/BCP 407 x10°  231x10°  1.68 x 107 120 1.95+0.03
CET1550/BCP  4.04x10°  236x10°  9.38 x 10° 110  2.73+0.08
CET2870/BCP  3.87x10°  227x10° 438 x10° 100  3.02+0.17

Following this logic, the higher crosslink density epoxy should be
more capable of dissipating fracture energy (tougher), which was
found not to be the case (see Section 3.3). This observation further
implies that the toughenability of epoxies cannot be simply corre-
lated with the magnitude of tan ¢ curve from DMA alone. The
physical nature responsible for the observed damping phenomenon
is much more important for the correlation with toughenability. To
be noted, the above finding has also been found in a core-shell
rubber (CSR)-modified epoxy system [29].

As will be discussed in detail in the next section, the rubbery
plateau modulus is inversely related to the M. But it is much more
complex for storage moduli at low and ambient temperatures. The
CET1550 has a higher E’ than those of CET900 and CET2870. It is
known that modulus is influenced more by the localized small-
scale molecular motions, backbone rigidity, or chain rotation.
Therefore, with the addition of more chain extender between
crosslinks, there is likely to be a competition between a decrease in
crosslink density and an increase in backbone rigidity, because the
BPA chain is more rigid than the diglycidyl ether segment in the
epoxy monomer.

For BCP-toughened epoxies (see Fig. 2b), the general crosslink
density effects on storage modulus, T; and damping curve are
analogous to those of their neat epoxy counterparts. It is worth
mentioning that there is a consistent increase in room temperature
storage modulus for all BCP-containing epoxy samples relative to
their neat controls. This finding indicates that the modulus of the
epoxy is not compromised with the incorporation of BCP tough-
ening agent, as has been reported earlier [20,21].

3.2. Determination of crosslink density

As stated earlier, the theoretical value of M. was calculated from
the stoichiometry of epoxy resin, chain extender and crosslinker.
The crosslink density of each sample was also experimentally
estimated by measuring the equilibrium storage modulus in the
rubbery state, according to the equation from the theory of rubber
elasticity [36]:

Table 3
Density and molecular weight between crosslinks (M.) of the model epoxy systems.

Sample Density at Density at Theoretically Experimentally
room temp. rubbery estimated M. estimated M.
(g/cm?) plateau (g/mol) (g/mol)

(g/cm?)

CET900 1.212 1.127 900 320

CET1550 1.200 1.127 1550 950

CET2870 1.204 1.133 2870 3890

CET900/BCP 1.204 1.117 - 750

CET1550/BCP 1.200 1.127 - 1320

CET2870/BCP 1.201 1.117 - 2760
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Fig. 3. Correlations of theoretical M. and experimental M, estimated using the rubber
elasticity equation for the neat and modified epoxies in this study.

PRT
Me = b 3)
where p (in g/m?) is the density of the polymer, G, (in Pa) the shear
equilibrium storage modulus in the rubbery state, M. in g/mol and R
and T are the real gas constant (8.314 J/K mol) and temperature (in
Kelvin), respectively. The density of each sample at room temper-
ature was first measured by the displacement method. The density
in the rubbery state was calculated on the basis of the dimensional
change from the CTE information obtained from TMA (the density
data are given in Table 3). The G, value is assumed to be related to the
flexural equilibrium storage modulus, E;, in the following manner:

Er = 2Gi(1 +v) (4)

where v is the Poisson’s ratio and assumed to be 0.5 which is typical
for a rubbery material. E; was obtained from DMA at rubber plateau
region (see Table 2).
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Fig. 4. Fracture toughness, Kic, plotted against the matrix M. for two sets of neat and
modified epoxy resins: the ones in the present work (] unmodified and B 5 wt% BCP-
modified) and in Ref. [29] (A unmodified and A 5 wt% CSR-modified). The experi-
mental estimated M. data of the CSR system were reprocessed using Eq. (3) from the
rubber elasticity theory.
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For convenience, the theoretically and experimentally deter-
mined M. values of all the samples in this study are listed in Table 3.
As expected, there is a discrepancy between the experimentally
determined M. and the expected theoretical value of M, but the
correlation between the experimental and theoretical M. values
follows a linear trend except for the neat CET2870 sample (Fig. 3).
We also tried to estimate M, using other means [37,38]. All gave
similar trends but different numbers. Here, the simplest form of
estimation, i.e., Eq. (3), was chosen for this study. It is noted that the
cured epoxy network is far more complex than that of an ideal
rubber. The estimated M, values here are only meant to provide
a semi-quantitative assessment of the crosslink density of the
epoxy network investigated. To make the comparison meaningful,
all the M. values reported in this study, including those obtained
from literature, were calculated using Eq. (3).

It is interesting to note that the presence of the BCP seems to
lower the crosslink density of the epoxy matrix for CET900 and
CET1550 systems. There is no evidence of any chemical reaction
between the BCP and epoxy components. It is believed that the
major interaction between the two phases is through hydrogen
bonding between the -OH groups generated during the cure
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reaction and the ether oxygen in the PEO backbone [21]. The
presence of the BCP phase, especially the epoxy-philic PEO block
may somehow hinder the crosslinking process. This is possibly the
explanation for the observed increase in M. with the addition of
BCP. The BCP effect on crosslink density may partially account for
the altered matrix toughenability and the high strain rate sensi-
tivity [21], as well. This effect was not observed for the lightly
crosslinked CET2870 system.

3.3. Fracture toughness measurement

The fracture toughness values of the neat epoxies and the BCP-
modified epoxies with various M, are summarized in Table 2. It is
evident that the addition of the BCP with an overall concentration of
only 5 wt% can significantly improve the fracture toughness at all
crosslink densities. As expected, the fracture toughness of the BCP-
modified epoxies is strongly dependent on the matrix crosslink
density. The higher the epoxy M, the higher the Kjc value becomes.
Such a crosslink density effect is not found in the neat system. The
matrix M. does not seem to have much influence on the fracture
toughness of the neat epoxies. By comparing the relative Kjc

OM
(Cross-Polarized Field)

200 ym

Fig. 5. OM images of subcritical crack tip regions in CET900/BCP, CET1550/BCP and CET2870/BCP, respectively. All the cracks propagate from left to right. The images were taken

under both bright and cross-polarized fields at same location for each example.
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improvement in each M. case, it is not difficult to find that the lower
crosslink density epoxy has a higher capability of being toughened
through the incorporation of BCP toughening agent, i.e., a higher
toughenability.

In addition, the above crosslink density-toughenability corre-
lation has been compared with that in a 5 wt% CSR-modified epoxy
system [29], as shown in Fig. 4. The CSR particle has a butadiene-
styrene core (84 wt%) and a styrene-methylmethacrylate-acrylo-
nitrile-glycidylmethacrylate shell (16 wt%) and has an average
diameter of ca. 120 nm. The comparison of toughening effect
between the two rubber tougheners suggests that the BCP phase is
at least as effective as CSR in toughening epoxies of various crosslink
densities. In addition, there appears to be a critical M. value for the
rubber-modified systems beyond which the further enhancement
in fracture toughness will diminish. The above phenomenon may be
due to the fact that the high M. rubber-toughened epoxy is too
tough for the LEFM approach to become valid. The J-integral
approach has to be undertaken to account for the high toughening
effect of the high M epoxy resins.

3.4. Crosslink density effect on toughening mechanisms

As aforementioned, it is imperative to investigate the physical
nature and micromechanical mechanisms of the toughening
process for a fundamental understanding of crosslink density effect.
With the aid of the DN-4PN technique, the key toughening mech-
anism in these modified epoxies has been found to be BCP nano-
particle cavitation-induced matrix shear banding [20]. This study
focuses on the difference in major toughening effects from the
influence of the matrix crosslink density.

Fig. 5 presents the OM images of the subcritical crack tip damage
zones in the modified epoxies after the DN-4PB test under both
bright field and cross-polars. It is clear from the bright field images
that, the lower the crosslink density, the larger the damage zone
size that is formed in front of the crack tip. In the images taken
under cross-polarized light, a birefringent zone is observed in the
middle of the crack tip damage zone, indicating a shear banding
process. It is also found that the size and the intensity of the shear
banding zone increase with decreasing crosslink density.

To understand the details of the micromechanical deformation
process upon fracture, TEM was performed to examine the specific
location in the vicinity of the subcritical crack tips in the BCP-
modified epoxies after DN-4PB (Fig. 6). In the case of CET900/BCP,
some cavitated nanoparticles have been found to remain spherical in
shape, even in the regions immediately beneath the crack path. As for
CET1550/BCP, the cavitation phenomenon becomes more uniform,
and some form of stretching and orientation of the BCP nanoparticles
has been found, which indicates the shear plastic deformation of the
matrix around those particles. The micromechanical mechanisms
found in the case of CET2870/BCP are similar to CET1550/BCP, but the
degree of particle deformation is more pronounced. As indicated in
the TEM micrograph, cavitated BCP particles adjacent to the crack
seem to have undergone severe stretching.

All the information obtained from OM and TEM observations is
consistent with the fracture toughness results. It is evident that the
particle cavitation and matrix shear banding mechanisms are highly
suppressed for high crosslink density epoxies. The higher the M. the
more flexible the network architecture becomes. This means it is
more likely that the material can undergo plastic deformation and
dissipate more fracture energy through intermolecular motions.

It is known that normally epoxy itself is extremely difficult to
have shear deformation under high triaxial stress state (plane-
strain condition), e.g., at the crack tip. Thus, the effect on the energy
dissipation process above M, has to be with the presence of rubbery
particles, because cavitation of those particles can relieve the local

TEM

CET900/BCP

CET1550/BCP

CET2870/BCP

Fig. 6. TEM micrographs taken in the vicinity of subcritical crack tips in CET900/BCP,
CET1550/BCP and CET2870/BCP, respectively. The specimen thin-sections were stained
using 0.5% RuO4 aqueous solution prior to TEM imaging. The crack propagating
directions are indicated in the images. In the CET2870/BCP image, the arrows point to
the BCP nanoparticles that are severely stretched.
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triaxial stress and alter the stress state to plane-stress condition.
That is also why the crosslink density effect seems to be a nonfactor
in neat thermosetting systems. On the other hand, a sufficiently
high ductility matrix is considered a fundamental requirement for
a thermosetting material to be toughenable by the incorporation of
rubbery phase.

It is worth mentioning that the correlation between crosslink
density and toughenability may not necessarily hold true when the
nature of epoxy backbone molecular rigidity or the applied stress
state is altered. Sue et al. have found a totally opposite M.-tough-
enability relationship in two toughened epoxy resins with different
side groups on the epoxy monomers [29]. The toughenability of an
epoxy resin has also been altered by Kishi et al. by changing the
stress state [28] or the shear ductility through the incorporation of
ductile thermoplastic resins [27].

3.5. Implications of the present work

Generally speaking, in rubber-toughened polymeric systems,
the properties of the elastomeric phase, such as cavitational
strength, particle size, concentration, etc., are critical for the
resulting toughening effect. Also, the nature of the matrix definitely
plays an important role in determining whether or not toughening
mechanisms can operate effectively. The crosslink density in ther-
mosetting materials is one example. Although a crosslink density-
toughenability relationship has been clearly revealed with
experimental evidence in this study, the questions as to how the
epoxy network develops during curing and how that process can be
influenced by the presence of a heterogeneous inclusion, still
remain unanswered. There is also no direct technique that can
definitively probe the inhomogeneity, unreacted functionality, or
other defects in a thermosetting resin. More efforts are still needed
to achieve a complete understanding of structure-property rela-
tionship of engineered thermosets at the molecular level.

4. Conclusions

The fracture characteristics of PEP-PEO BCP-modified epoxies
were carefully studied with variations in matrix crosslink density.
As expected, the findings suggest that the toughenability of the
epoxy resin has a strong dependence on its M.. The lower the
crosslink density is, the more capable the host resin can be
toughened by the incorporation of the elastomeric phase. The
nano-sized BCP particles appear to be at least as effective as CSR in
toughening epoxies at various levels of crosslink densities. It is
possible to develop a high performance thermosetting material
with combined desirable Tz, modulus and toughenability. Addi-
tional work is still needed for understanding the physical nature of

network formation and its interactions with BCP particles at
nanometer scale, especially at their interphase.
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