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Epoxy resins, perhaps the most versatile thermosetting polymers, have been the
center of research and industrial attraction since its commercial introduction, mainly
due to good processability, cost effectiveness, high performance characteristics, and
possibility of tremendous applications from automobiles to space crafts to sophisti-
cated electronic components. Over the past several decades, academic and industrial
research has been focused mainly to alleviate the intrinsic brittleness of epoxy resins,
the main constraint which adversely restricts many of their potential applications as
high performance engineering materials. The dedicated efforts from researchers in
laboratories all over the world have unequivocally established that the incorporation
of appropriate amount of judiciously selected functionalized elastomers or engineer-
ing thermoplastics or block copolymers can effectively improve the performance
characteristics of these materials. Recently, this field has experienced an impressive
renaissance mainly due to the introduction of sophisticated instruments to explore
the nanostructured features of these materials and to establish structure-property
correlations. This leads to an exponential upsurge in the number of papers, reviews,
and patents in this field.

In the light of all these developments, we considered it important to edit a book
encompassing all the pertinent developments happened in this area and to present a
contemporary overview of the entire field. Handbook of Epoxy Blends is designed to
provide not only a convenient source of information but also an intuitive insight into
further advances and future directions of research to those who desire to specialize
further in this field. By judicious editing, we have ensured that the book will be
beneficial to the beginners, researchers, industrialists, and practitioners in this area of
research. Moreover, in an attempt to scrutinize the topic from different perspectives,
we also paid much attention to utilize the expertise of emerging scientists and
established researchers in this area.

The book is divided into three parts. Each part brings together all the aspects
concerning epoxy blends including the state-of-the-art, opportunities, challenges,
preparation, processing, characterization, analytical and numerical approaches, and
down-to-earth applications. In Part I, 14 chapters are structured in a comprehensive
manner to provide an integrated overview of all the pertinent aspects related to
epoxy/rubber blends. Part 2 provides a succinct organization of 13 chapters dealing



Vi Preface

with epoxy/thermoplastic blends, and Part 3 encompasses concise but comprehen-
sive overview of epoxy/block copolymer blends in 10 chapters.

The editors are extremely grateful to the contributors of all chapters for their
sincere support and commitment. We are indebted to Springer editorial office and
publishing team for their kind support in the preparation and publication of this
book. We wish that all class of readers will enjoy using this book and will find the
book informative and instructive. We also hope that the book will serve as a valuable
reference for those who work in this area and a guide for a novice in this field.

India Jyotishkumar Parameswaranpillai
Australia Nishar Hameed
Germany Jirgen Pionteck

Taiwan Eamor M. Woo
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Shi-Ai Xu and Xiao-Xue Song

Abstract

Epoxy resins are a class of thermosetting polymers widely used for structural
application. However, as epoxy resins are inherently brittle because of their
highly cross-linked structure, a great effort has been made to improve the
fracture toughness. A widely used method for this purpose is the addition of
second-phase polymeric particles, and over the past decades, great success has
been achieved in this area. This chapter provides a comprehensive overview of
the development in rubber-toughened epoxy. First, we review the history of
rubber-toughened epoxy and different kinds of rubbers used for toughening
epoxy. Then, we summarize the factors affecting the toughening effect and
mechanisms accounting for rubber-toughened epoxy. Finally, we discuss some
new trends in this field.

Keywords
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ity parameter « Cloud-point temperature ¢ Critical interaction parameter  Mor-
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Introduction

Epoxy resins are a class of versatile polymers containing two or more oxirane rings
or epoxy groups in their molecular structure, which can be hardened into thermo-
setting plastics with the use of a suitable curing agent. Epoxy resins have found a
wide range of applications as coatings, adhesives, electrical insulators, electronic
encapsulation materials, and matrices for fibrous components due to their excellent
adhesiveness, chemical resistance, and mechanical and physical properties (Liu
et al. 2014). In general, cured epoxy resins have better stiffness, strength, heat
resistance, solvent barrier properties, and creep resistance than thermoplastic poly-
mers due to their highly cross-linked three-dimensional network structure
(Xu et al. 2013). The pressure needed for the fabrication of epoxy resins is lower
than that of other thermosetting resins. Shrinkage and residual stress are also much
lower in the cured products than that in the unsaturated polyester resins cured by
vinyl polymerization. Epoxy resin is available ranging from low viscous liquid to
tack-free solid, and cured epoxy polymers can be applied in a wide range of
temperatures by selecting an appropriate hardener with good control over the
cross-linking degree (Ratna and Banthia 2004). These unique properties make
epoxy one of the most widely studied thermosetting polymers with a wide range
of industrial applications (Ratna and Banthia 2004; LeMay and Kelley 1986).
However, epoxy is essentially a rigid and brittle polymeric material because of
its highly cross-linked structure and has very poor resistance to impact and crack
initiation in the cured state. The fracture energy of epoxy is two and three orders of
magnitude lower than that of engineering thermoplastics and metals, respectively
(Bascom and Hunston 1989). This implies the need to toughen epoxy in order to
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have a wider application. Over the past decades, great efforts have been made to
improve the fracture toughness of epoxy (Bagheri et al. 2009). A widely used
method for this purpose is to add rigid or soft particles as a second phase. Rigid
particles used include inorganic or organic particles, and the resulting epoxy
polymer is named “particulate-filled epoxy,” and soft particles used are basically
compliant rubbery particles with a glass transition temperature (T,) much lower
than that under service conditions. The technique of incorporating rubbery second
phase is known as “rubber-toughening” technique (Garg and Mai 1988).
This chapter reviews the history of rubber-toughened epoxy.

Rubbers Used for Toughening Epoxy
Liquid Rubber

Liquid rubber is one of the most successful tougheners for epoxy. The attempt to
toughen epoxy resins was initiated by researchers from B. F. Goodrich Company and
first reported by McGarry (McGarry 1970). Since then, extensive research has been
devoted to understanding the toughening mechanisms of rubber-toughened epoxies
(Bucknall and Partridge 1983; Kinloch et al. 1983; Yee and Pearson 1986; Bucknall
and Gilbert 1989; Gilbert and Bucknall 1991), and several reviews have been
published (Ratna and Banthia 2004; Bagheri et al. 2009; Garg and Mai 1988;
Unnikrishnan and Thachil 2012). Butadiene-acrylonitrile-based rubbers are the prin-
cipal liquid rubbers used for toughening epoxies, among which carboxyl-terminated
butadiene-acrylonitrile (CTBN) with different contents of acrylonitrile (AN) has been
most extensively used. Other elastomers from this family include amino-terminated
butadiene-acrylonitrile (ATBN), epoxy-terminated butadiene-acrylonitrile (ETBN),
and vinyl-terminated butadiene-acrylonitrile (VIBN) (Garg and Mai 1988).

CTBN

McGarry et al. used a liquid CTBN copolymer to modify diglycidyl ether of
bisphenol A (DGEBA) epoxy cured with 2.4,6-tri(dimethylaminoethyl) phenol
(DMP) (McGarry 1970; Sultan et al. 1971; Sultan and McGarry 1973). The results
showed that the fracture toughness of modified epoxy was increased by an order of
magnitude at the optimum rubber content (about 7.5 wt.%) (McGarry 1970). CTBN
has been shown to be the most effective toughener for epoxy. In a typical process,
CTBN is first dissolved in the epoxy, and after the addition of the curing agent, the
rubbery phase precipitates to form the second-phase particles as the epoxy resin
begins to cure and the molecular weight begins to increase (Bascom et al. 1975;
Kim and Ma 1996; Bucknall and Partridge 1986; Verchere et al. 1989).

A good miscibility between rubber and epoxy is very important to achieve a
satisfactory toughening effect. Bucknall and Patridge (1986) found that the misci-
bility between CTBN and epoxy depended largely on the type of epoxy resin used,
and CTBN was more miscible with epoxy having similar solubility parameters.
Verchere et al. (1989) found that the miscibility between epoxy monomers
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(DGEBA) and rubbers (CTBN) was very sensitive to the molecular weight of the
epoxy molecule, and even a small increase in the number-average molecular weight
led to a significant shift in the miscibility gap to higher temperatures. Moreover, a
lower content of AN in the CTBN resulted in poorer miscibility due to the change in
solubility parameter. In contrast, CTBN with a higher content of AN had a larger
solubility parameter, resulting in better miscibility with epoxy.

A strong interfacial bond between the particles and the matrix is also very
important to achieve improved toughness. For CTBN, the carboxyl groups react
easily with the oxirane rings of the epoxy, thus resulting in a good interfacial
adhesion between the two phases (Barcia et al. 2002).

ATBN

Chikhi et al. (2002) used liquid ATBN containing 16% AN to toughen DGEBA
epoxy cured by polyaminoimidazoline, and they found that the addition of ATBN
led to an increase in the elongation at break and the appearance of yielding. The
tensile modulus decreased slightly from 1.85 to about 1.34 GPa with increasing
ATBN content, whereas the Izod impact strength was increased by three times with
the addition of 12.5 phr ATBN compared to that of the unmodified epoxy.

Wise et al. (2000) compared the effects of CTBN and ATBN on the curing
behavior of epoxy, and they concluded that the carboxyl end groups of CTBN
strongly enhanced the curing rate through the impurity catalysis mechanism,
whereas the ATBN retarded the reaction possibly by the dilutional effects or
changes in the dielectric constant of the reacting medium. Figure 1 illustrates the
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Fig. 1 Scanning DSC of aniline/DGEBA: / unfilled, 2 10 wt.% ATBN (16% AN), 3 10 wt.%
CTBN (13% AN), and 4 20 wt.% CTBN (13% AN). (a, b) 25 wt.% CTBN (13% AN) in DGEBA
and 55 wt.% ATBN (16% AN) in DGEBA without aniline (Reprinted from Wise et al. (2000),
Copyright (2000), with permission from Elsevier)
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accelerating and retarding effect of CTBN and ATBN on the curing reaction. The
peak exotherm was shifted to lower temperatures with increasing CTBN concen-
tration due to the enhanced reaction rate. However, ATBN did not catalyze the
aniline-DGEBA reaction. It is clear that the reaction between DGEBA and CTBN
(curve a) was small relative to the epoxy-amine reaction, while there was a
measurable reaction between ATBN and DGEBA (curve b).

ETBN

Grishchuk et al. (2013) investigated the toughening effect of ETBN in epoxy
hardened with 4,4-diaminodiphenyl methane in the presence of benzoxazine. As
expected, the incorporation of ETBN greatly decreased the stiffness and T, of the
epoxy system, which was characteristic for plasticizers. Such stiffness reduction
seemed to be typical for functionalized liquid rubber-toughened tetrafunctional
epoxy systems. ETBN fulfilled its role as a toughening agent. The incorporation of
ETBN enhanced fracture toughness (K;.) and in particular, fracture energy (Gy.). As
the content of ETBN increased, the fracture mechanical parameters were markedly
enhanced, the size distribution became broader, and the morphology of the ETBN
domains changed from a featureless type to a sea-island type. ETBN was micron
scaled, dispersed, and participated in the polymerization with diamine, leading to
rubber-rich domains covalently bonded to the matrix (Grishchuk et al. 2013).

Kunz et al. (1982) compared the morphology (dispersed phase composition, size
distribution, and particle/matrix interface shapes) of epoxies modified with CTBN
and ATBN and found that ATBN-modified epoxies had a diffuse-appearing inter-
face between the dispersed rubber phase and the epoxy matrix, in contrast to the
sharp boundaries of CTBN particle interfaces. This was because ATBN particles
were highly irregular in shape, while CTBN particles were nearly spherical.
However, both modifiers showed a bimodal particle size distribution.

The effect of CTBN and ETBN on the curing behavior of epoxy/novolac system
was investigated by dynamic scanning calorimetry. Indeed, CTBN affected the
kinetic parameters of cure compared to that of plain epoxy mixture, and significant
difference was observed in the curing behavior of CTBN- and ETBN-modified
systems. A clearly pronounced effect of CTBN content was noted. The initial
curing rate was increased by a factor of two compared to that of unmodified
epoxy/novolac system, whereas the rate constant k, of the CTBN-modified epoxy
system was reduced due to the formation of CTBN domains. From the view of later
processing, it was very advantageous that the reaction rate observed for ETBN/
epoxy/novolac mixture was almost the same, as in non-modified system. A smaller
activation energy was observed for CTBN/epoxy/novolac series. The activation
energy for ETBN-modified epoxy at the early stage of curing was almost the same,
but at the later stages, some increase was noted both in relation to the non-modified
epoxy system (Szeluga et al. 2008).

Functionalized Polybutadiene Rubber
HTPB (hydroxyl-terminated polybutadiene) is a liquid polybutadiene rubber
with hydroxyl end groups, which could be used to improve the toughness of
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epoxy resins. However, HTPB has poor compatibility with epoxy resins (Barcia
et al. 2002). In order to provide an effective interfacial adhesion, both HTPB and
epoxy resin should be chemically bonded to each other. Ozturk et al. (2001) utilized
a silane coupling agent to improve the compatibility between HTPB and epoxy
matrix, and it was found that the thermal and mechanical properties of DGEBA-
based epoxy resin with HTPB were increased by the silane coupling agent.

Some authors have epoxidized HTPB mainly to increase its polarity and conse-
quently its compatibility with epoxy. Bussi and Ishida (1994) used internally
epoxidized hydroxyl-terminated polybutadiene (ETPB) to improve the mechanical
properties of DGEBA-based epoxy resins. Latha et al. (1994) also studied the
toughening effect of epoxidized hydroxyl-terminated polybutadiene on epoxy
resins cured with an amine. Lap shear strength (LSS) and T-peel strength were
found to increase with increasing ETPB content up to 10 phr, which was attributed
to the higher toughness produced by the dispersed rubber particles. At a higher
ETPB content, the rubber phase became continuous and the flexibilisation effect
predominated over the toughening effect of ETPB.

Epoxidized HTPB is an effective toughening agent for epoxy resins, as the
introduction of epoxy groups into the double bonds of HTPB increases the misci-
bility with epoxy resin. This leads to phase separation of rubber domains in the
epoxy matrix, thus making epoxidized HTPB an effective toughening agent
(Gopala Krishnan et al. 2013).

HTPB functionalized with isocyanate groups was used to prepare DGEBA-
based epoxy (Barcia et al. 2002). HTPB was first reacted with an appropriate
amount of toluene diisocyanate (TDI), and the isocyanate end-capped HTPB
(ITPB) was reacted with the epoxy to form a block copolymer (BCP). The results
showed that this ETPB-modified epoxy was transparent and homogeneous with
good impact resistance. A good impact performance was achieved even with 5%
ETPB, which was better than that of the HTPB-modified epoxy (Table 1).

ETPB was synthesized and utilized to enhance the toughness of an epoxy system
(Yahyaie et al. 2013), in both bulk and coating states. The scanning electron
microscope (SEM) results showed that plastic void growth (Fig. 2a), cavitation
(Fig. 2b), and shear yielding (Fig. 2c) were the main toughening mechanisms of

Table 1 Mechanical properties of cured epoxy samples (Barcia et al. 2002)

Epoxy HTPB | ETPB* |Impact strength | Flexural yield Flexural

resin (%) (%) (%) (J/mz) stress (MPa) modulus (MPa)
100 0 0 9.7£0.4 83.8 2536

95 5 0 11.4£0.3 72.0 2385

90 10 0 14.2+0.4 62.2 1912

85 15 0 11.2+£0.4 60.0 1860

95 0 5 13.6£0.3 67.0 1753

90 0 10 15.3£0.4 70.0 1776

85 0 15 9.0£0.9 62.3 1523

“ETPB is the BCP obtained by end-capping the isocyanate-modified HTPB with epoxy
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Fig. 2 Different mechanisms in ETPB-toughened epoxy (Reprinted from Yahyaie et al. (2013),
Copyright (2013), with permission from Elsevier). (a) SEM micrographs of the fracture surface of
rubber-modified sample: slow and fast growth zone (the volumetric expansion of rubbery phase
indicated plastic void growth mechanism). (b) Cavitation of ETPB rubber particles in modified
sample. (c¢) Shear yielding of ETPB-toughened epoxy sample

bulk epoxy systems. The mechanical properties of ETPB-modified epoxy resins
increased with increasing ETPB content and reached a maximum at 7.5 wt.% and
then decreased with further increase in ETPB content. However, crack arresting and
shear yielding were the active mechanisms in thin films. The modification with
ETPB could increase the chances of energy dissipation upon the application of an
external force, mainly due to the plastic deformation of the matrix which increased
the cohesion strength of the modified samples. The hardness of the samples
decreased with increasing ETPB content, indicating that a portion of rubber was
dissolved in the epoxy phase and plasticized the system.
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Other Rubbers

Some acrylate-based liquid rubbers have also been used for toughening epoxy, such
as poly(2-ethylhexyl acrylate) (PEHA) oligomers with terminal and pendant reac-
tive groups such as carboxyl-terminated, amine-terminated, and carboxyl-
randomized PEHAs (Ratna 2009; Karger-Kocsis 1993).

Core-Shell Rubber

Although the addition of liquid rubber can significantly improve the toughness of
epoxy resins, it is inevitably accompanied by a significant loss in elastic modulus
and yield strength. The liquid rubber is initially miscible with epoxy and undergoes
a phase separation during curing, leading to the formation of a two-phase micro-
structure. It is known that the phase separation depends largely on the formulation
and the processing and curing conditions, and incomplete phase separation can
result in a significant lower T,. However, it remains difficult to control the phase
separation of rubber during curing, and failure to do so may result in an uneven
particle size distribution. The differences in morphology and volume of the sepa-
rated phase affect the mechanical performance of the product (Ratna and Banthia
2004). All these problems can be overcome by using insoluble preformed core-shell
rubber (CSR) prepared by emulsion polymerization (Pearson and Yee 1991;
Bagheri and Pearson 1996; Sue 1991; Gam et al. 2003; Nguyen-Thuc and Maazouz
2002; Mafi and Ebrahimi 2008; Giannakopoulos et al. 2010). Unlike phase-
separated rubber, the size, morphology, composition, shell thickness and cross-
link density of the rubbery cores can be controlled separately by using emulsion
polymerization techniques, making it possible to produce rubber particles with a
controlled particle size. Figure 3 shows high-resolution SEM images of fracture
surfaces of epoxy with 9 wt.% of three different CS rubbers (see Table 2) obtained
using a field emission gun scanning electron microscope (FEG-SEM)
(Giannakopoulos et al. 2010). The use of CSR with rubbery materials as a core
can (1) increase the toughness of epoxy resins without significant deterioration in
thermomechanical properties (Maazouz et al. 1994), (2) reduce the internal stress of
incorporated epoxy resins (Nakamura et al. 1986), and (3) cater easily to the design
variables of core-shell particles (CSP), such as changing the compositions, cross-
linking status, and particle size of CSPs (Lin and Shieh 1998a).

In general, the shell of CSR particles should be compatible with the epoxy
matrix, and poly(methyl methacrylate) is often used (Giannakopoulos
et al. 2010). Typical core materials used include butadiene (Qian et al. 1995),
acrylate polyurethane (Jinggiang et al. 2004), and siloxane, which have been
shown to increase the toughness of both bulk polymers and fiber composites
(Pearson and Yee 1991; Lin and Shieh 1998b; Bécu-Longuet et al. 1999; Day
et al. 2001). Hayes and Seferis (2001) reviewed the use of CSR particles in
thermosetting polymers and composites, and the properties of polymers that
could be affected by the incorporation of CSR particles.
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Fig. 3 FEG-SEM images of fracture surfaces of epoxy with 9 wt.% of three different CSR
particles. (a) MX96; (b) MX-125; (¢) MX156

Table 2 Compositions and properties of CSR particles

Type Core Core diameter (nm) | Shell Diameter (nm)
MX 125 | Styrene-butadiene copolymer | 100 PMMA 85-115
MX 156 | Polybutadiene 100 PMMA 85-115
MX 960 | Polysiloxane 300 PMMA | 250-350

The preformed particles can be incorporated into the epoxy matrix by mechan-
ical mixing. CSPs with rubbery-type materials as a core prepared by two-stage
emulsion polymerization were used to toughen epoxy resins (Maazouz et al. 1994;
Sue et al. 1993a). The samples were prepared by directly dispersing CSPs in the
epoxy matrix without undergoing phase separation. The size and content of CSPs
and their interfacial bonding with the epoxy matrix strongly affected the toughening
behaviors (Lin and Shieh 1998a). The particle size should be large enough to allow
their deformation energy to be higher than their interfacial bonding to the epoxy
matrix. Otherwise, no cavitation occurs during fracture (Dompas and Groeninckx
1994). Once the cavitation occurs, if the interparticle distance is short enough, the
local yielding leads to the formation of a thin matrix ligament. As a result, the local
material in the crack tip is transformed from brittle to tough, thus increasing the
fracture toughness (Wu 1985).
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Poly(butyl acrylate) (PBA)/poly(methy methacrylate) (PMMA) CSPs with dif-
ferent core sizes prepared by seeded emulsion polymerization were dispersed in the
epoxy resin. The SEM observation clearly showed that PBA cores were dispersed in
the cured epoxy matrix, while PMMA shell seemed to dissolve in the matrix. The
internal stress of cured epoxy resin decreased with the modification of the particles,
and such a tendency was enhanced with a decrease in the particle size (Nakamura
et al. 1986).

Sue et al. (1993b) found a modest improvement in the fracture toughness of a
DGEBA/DDS system modified by CSR particles with a connected morphology
compared to a well-dispersed microstructure. This is attributed to the additional
toughness provided by the crack deflection around the locally clustered particles.
The connected morphology enables shear bands to grow further at the crack tip.

The dispersibility of the particles can be improved by introducing cross-link into
the shell or using comonomer like AN or glycidyl methacrylate (GMA) which
increases the interfacial adhesion by polar or chemical interaction (Ratna and
Banthia 2004).

Qian et al. (1995) prepared poly(butadiene-co-styrene) (PBS) core-poly(methyl
methacrylate) (PMMA) shell particles using a two-step emulsion polymerization to
toughen an epoxy polymer. The role of particle-epoxy interfaces was studied by
systematically varying the shell composition of the CSPs such as PMMA, P
[MMA-AN], PIMMA-GMA], and PIMMA-divinyl benzene(DVB)]. This resulted
in a change in the nature of the particle-epoxy interfaces in terms of physical
interactions and chemical bonding. The results showed that the morphology of
the dispersed particles in the epoxy matrix played an important role in toughening
epoxies. The degree of dispersion could be varied by incorporating AN and GMA
comonomers in the PMMA shells or by cross-linking the shell. The cluster size
could be further reduced by using MMA-AN or MMA-GMA copolymer as shell
composition or 5% cross-linker (divinyl benzene). The nanoscale interactions of the
rubber-matrix interface do not directly influence fracture toughness, but it can be
used to control the blend morphology which has a dramatic effect on toughness.

Lin and Shieh (1998a, b) have prepared reactive CSPs with butyl acrylate
(BA) as the core and MMA-GMA copolymer as the shell, which were then used
as toughening agents for DGEBA epoxy. Various sizes of reactive CSPs were
prepared by copolymerizing MMA with various concentrations of GMA in the
shell area, which provided reactive epoxy groups. Ethylene glycol dimethacrylate
(EG-DMA) was used to cross-link the core or the shell. When 100 mol% GMA was
used in the second stage of the soapless emulsion polymerization, about 40% of
GMA monomer did not participate in the reaction, indicating that the reactivity of
GMA was much lower than that of MMA if it was used alone. Thus, a high content
of GMA was not a good choice in the preparation of reactive CSPs, because it
would reduce the T, of CSP and the conversion degree in the shell region. Besides,
the T, of the BA core could be increased if cross-linked with EG-DMA (Lin and
Shieh 1998a).

The toughening effect of CSPs was evaluated as a function of the cross-linking
state of CSP, the number of epoxy groups in a particle, and the particle size and the
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content of CSP in the epoxy resins. Shell cross-linked CSPs had a higher toughen-
ing effect than core cross-linked CSPs because they coagulated to a cluster locally
and still maintained a good global dispersion. The toughening effect of CSP could
be enhanced by introducing the epoxy groups in the shell region to react with the
epoxy matrix because the excess deformation of CSP than the epoxy matrix prior to
cavitation could trigger the plastic flow of the surrounding epoxy matrix. The GMA
in the shell region of CSP was more reactive than the DGEBA epoxy resin, and thus
could accelerate the curing reaction. The incorporation of reactive CSP with a
particle size of <0.25 um was able to increase the T, of epoxy matrix if they were
dispersed uniformly (Lin and Shieh 1998b).

Block Copolymer Rubber

Amphiphilic BCPs are effective in toughening epoxy resins (Hillmyer et al. 1997;
Lipic et al. 1998; Grubbs et al. 2000a, b, 2001; Dean et al. 2001, 2003a, b; Guo
et al. 2003; Wu et al. 2005; Jain and Bates 2003). BCPs usually consist of an epoxy-
miscible block and an epoxy-immiscible block, and they can self-assemble into
well-defined micro-/nanostructures in the form of spherical micelles, wormlike
micelles, or vesicles, depending on the molecular weight, block length, and com-
position of the BCPs (Maazouz et al. 1994; Liu et al. 2008). The addition of a
relatively small amount (5 wt.%) of BCPs led to a remarkable improvement in
fracture toughness. Similar researches on triblock copolymer-toughened epoxies
have also been reported in recent years.

Yang et al. (2009) synthesized poly(3-caprolactone)-block-poly(butadiene-co-
acrylonitrile)-block-poly(3-caprolactone) triblock copolymer via the ring-opening
polymerization of 3-caprolactone with dihydroxyl-terminated butadiene-co-acrylo-
nitrile random copolymer. This triblock copolymer was then used to toughen epoxy
thermosets via the formation of nanostructures, leading to a higher T, and fracture
toughness compared with the ternary blend consisting of epoxy, poly(butadiene-co-
acrylonitrile), and poly(3-caprolactone).

Liu et al. (2010) used an amphiphilic poly(ethylene-alt-propylene)-b-poly(eth-
ylene oxide) (PEP-PEO) block copolymer to blend with bisphenol A-based epoxy
resins. The fracture toughness was improved by >100% over the neat epoxy with
the incorporation of 5 wt.% BCP. The BCP is self-assembled into a wormlike
micelle structure in cured resins, as shown in Fig. 4.

Influential Factors of Toughening Effect

There are many factors influencing the toughening effect on the rubber-toughened
epoxy system, including rubber content, particle size, and matrix characteristics.
However, it should be noted that some of these factors are changed simultaneously
in some studies, and problems arise as it is difficult to change one factor without
affecting others due to the interdependence of these factors.
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Fig. 4 TEM micrographs of BCP wormlike micelle-modified epoxy at (a) low and (b) high
magnification (Reprinted with permission from Liu et al. (2010). Copyright (2010), American
Chemical Society)

Rubber Content

The effect of rubber content on the fracture toughness has been extensively
investigated (Hillmyer et al. 1997; Lipic et al. 1998; Grubbs et al. 2000a). Gener-
ally, the toughness of rubber-toughened epoxy increases with increasing rubber
content and reaches a maximum at 10—15 phr of rubber. As the toughening effect is
closely related to the molecular weight; the AN content; the number of carboxyl,
hydroxyl, and hydroxyl groups per molecule; and the cross-linking density of cured
epoxy, the optimal CTBN content differs greatly in different systems.

Xu et al. (2013) found that plane-strain energy toughness increased with increas-
ing CTBN content and reached a maximum at 10 wt.% CTBN. Ratna and Banthia
(2004) synthesized a series of liquid carboxyl-terminated poly(2-ethyl hexyl acrylate)
(CTPEHA) with various molecular weights by bulk polymerization, and they found
that the optimum properties were obtained at about 10-15 phr of CTPEHA. The
interfacial area increased at first and then decreased where the CTBN concentration
increased from 15 to 20 wt.%, indicating that the incorporation of about 15 wt.%
elastomer resulted in better toughened properties. In addition, a cocontinuity state
was attained with the addition of 20-25 wt.% CTBN. A further increase in the
concentration of the elastomer led to phase inversion. Xu et al. (2013) also found
that the morphology and distribution of CTBN in a phase-separated CTBN-modified
epoxy resin was affected by the CTBN composition, and the resulting CTBN/epoxy
blend exhibited delaminated structure when the CTBN content exceeded 20 wt.%.

Thomas et al. (2004) investigated the effect of CTBN loading on the mechanical
and thermal properties of epoxy cured by nadic methyl anhydride. It was found that
both impact strength and critical stress intensity factor increased with increasing
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CTBN concentration. Fairly good results were obtained at a critical concentration
of 15 wt.%. The fracture energy increased from 0.3 for virgin epoxy to 3.1 MPa
m'? for the modified one. Similarly, the impact strength increased from 126 to
612 kJ/m?. On average, the size of the elastomer domains ranged from 0.5 to 1 pm
in diameter.

Kim and Ma (1996) evaluated the fracture toughness of epoxy modified by
Hycar CTBN rubber with a molecular weight of 1300 and an AN content of 13%.
The maximum fracture toughness was achieved at about 4 phr of CTBN and closely
corresponded to that of stress whitening.

The toughness of rubber-modified epoxy increased with the rubber volume
fraction up to about 0.2-0.3 (Lin and Chung 1994; Lowe et al. 1996), and a higher
volume fraction resulted in phase inversion and loss of mechanical fracture. Phase
inversion often occurred at a volume fraction higher than 20% (Lin and Chung
1994), but sometimes at a volume fraction lower than 5% (Boogh et al. 1999).

Particle Size

For rubber-toughened plastics, the particle size of the rubber phase is a critical
factor determining the toughening effect. Particles of <1 pm exhibited lower
impact resistance, particles of 3—5 pm exhibited optimum toughness, while parti-
cles of >5 pm again exhibited poor toughness. The same effect was observed in
rubber-modified epoxy resins (McGarry 1970). Sultan and McGarry (1973) studied
the effect of rubber-particle size on deformation mechanisms in glassy epoxy, and
they concluded that particles of a few hundred angstroms caused epoxy matrix to
exhibit shear banding and the macroscopic failure envelope of such a system
followed a modified von Mises criterion. With larger particles the failure mode
changed as shown by the macroscopic yield envelope and the associated activation
energy.

Matrix Characteristics

The matrix as the host for the second rubbery phase plays a major role in toughen-
ing epoxies, according to the generally accepted toughening mechanism that
considers the shear deformation of the matrix as the primary source of toughness
(Kozii and Rozenberg 1992). Meeks (1974) is one of the first to demonstrate the
importance of the structure of the cured epoxy on its toughenability. He found that
tightly cross-linked structures with a relatively high T, were not toughenable.
Kincoch et al. (1987) changed the cross-link density of an epoxy system by
changing the curing schedule and found much less toughenability in the tighter
epoxy network. Pearson and Yee (1989) investigated the role of matrix ductility in
the toughenability of elastomer-modified DGEBA-based epoxies. Matrix ductility
was varied by using epoxies with different monomer molecular weights. The
fracture toughness of the elastomer-modified epoxies was found to be highly
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dependent on the epoxide monomer weight, while that of the neat epoxies was
almost independent of the monomer molecular weight, as shown in Fig. 5.

Levita et al. (1991) prepared a series of networks with different cross-link
densities using bifunctional epoxide prepolymers of different molecular weights
cross-linked with diaminodiphenyl sulphone and investigated their fracture behav-
iors. For comparison, the same set of resins modified with CTBN was also prepared.
It was found that the relation between the fracture toughness and cross-linking
density depended on the tip radius of the pre-crack on the samples. The fracture
toughness decreased with increasing cross-link density for all samples with sharp
crack. The reduction in toughness caused by cross-linking could be attributed either
to the decrease of the volume of the plastic zone at the notch tip or to a lack of post-
yield deformability. However, tests performed with blunt notches showed that
fracture toughness reached a maximum at medium cross-link densities. Besides,
the cross-link density had a much greater influence in the case of rubber-modified
formulations. The stress intensity factor (Kjc) data for the neat resins and CTBN-
modified system with blunt notches and sharp cracks are shown in Figs. 6 and 7,
respectively. Chen and Jan (1995) claimed that high matrix ductility increased the
size of plastic deformation zone and thus contributed to toughening.

Toughening Mechanisms of Rubber/Epoxy System

Since the pioneering work of McGarry, the toughening mechanism of rubber-
modified epoxies has been a topic of extensive research (Ratna and Banthia 2004;
Bagheri et al. 2009; Garg and Mai 1988; Unnikrishnan and Thachil 2012). Several
toughening mechanisms have been proposed, including the crazing of the matrix,
rubber-particle bridging, formation of a plastic zone in the matrix, rubber cavitation
and induced shear deformation of the matrix, and crack bifurcation and/or
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Fig. 6 Stress intensity factor, 8
K, against cross-link density

for the neat resins: (a) tip 7
radius 500 pm (Kp,) and (b)
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deflection by rubber particles. Yee et al. (2000) systematically reviewed toughening
mechanisms and models for rubber-toughened epoxy.

Sultan and McGarry (1973) noted that the size of the cavities in the deformed
epoxy was larger than the particle size of undeformed epoxy, which was incorrectly
taken as the evidence for crazing of the matrix. Although later Bucknall et al.
(1989) suggested shear flow as an additional toughening mechanism, crazing was
considered to be the main toughening mechanism until doubt was cast by Yee
et al. (2000). Now it is accepted that cavitation of the rubber particles and
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100 pm

Fig. 8 SEM micrograph of the CT fracture surface of the binary CTBN/epoxy composite with
5 wt.% CTBN (Xu et al. 2013)

subsequent hole growth by matrix shear deformation are the most important
toughening mechanism (Yee et al. 2000).

Although the cavitation of rubber particles itself does not consume much energy
(Bagheri et al. 2009), it plays a key role in toughening epoxy, because it relieves the
plane-strain constraint ahead of the crack tip, allowing the stress concentration
associated with cavitated particles to activate extensive shear deformation of the
matrix in the form of dilatational void growth, discrete shear bands between
cavitated particles, or even diffuse shear yielding (Yee et al. 2000).

Rubber cavitation in rubber-modified epoxies was observed by many
researchers. Xu et al. (2013) examined the fracture surfaces of the samples in the
compact tension (CT) tests by field emission scanning electron microscopy
(FE-SEM). Figure 8 shows the CT fracture surface of the binary epoxy composite
containing 5 wt.% CTBN. There are three distinct areas (marked by P, S, and F,
respectively) in the fracture surface, where area P is the sharp pre-crack zone
produced by the fresh razor, area F is the fast crack-propagation zone, and area S
is the stable crack-propagation zone corresponding to the part of load-crack open-
ing displacement curve from zero to the maximum load. The sample fractured
suddenly after the load reached the maximum, indicating that the stable crack-
propagation zone is the main area consuming the energy in the CT tensile process
although area S is much smaller than area F. Therefore, the mechanisms of the
epoxy composites are definitely related to area S.

Figure 9 shows the enlarged images of the three zones shown in Fig. 8. It can be
seen that the size of the black holes resulting from the pulling out of the CTBN
rubber particles in area S is much larger than that in area P and F, and the average
size of the holes is obviously larger than that of the CTBN rubber particles. Thus,
the cavitation of rubber particles occurs in the stable crack-propagation zone,
resulting in extensive shear deformation of the matrix in the form of dilatational
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Fig. 9 SEM micrographs of different zones on the CT fracture surface of the binary CTBN/epoxy
composite with 5 wt.% CTBN: (a) pre-crack zone, (b) stable crack zone, and (c) fast crack zone

void growth. The transverse contraction and the heat expansion coefficient of
rubber particles are larger than that of epoxy matrix due to its larger Poisson’s
ratio. Thus, the rubber phase contracts more than the matrix phase upon cooling of
the sample from curing temperature to room temperature, resulting in an increment
of the free volume in the interface zone between the two phases. These two factors
initiate and promote the cavitation of rubber particles.

New Trends
Bio-based Tougheners for Epoxy

As fossil fuels become scarcer, it is desirable to minimize the use of petroleum-
based chemicals in the manufacture of polymeric materials. In recent years,
increasing attention has been paid to the use of renewable natural materials for
toughening epoxy (Liu et al. 2014). The conversion of natural materials into useful
polymeric materials has been regarded as an effective means of saving fossil
resources and protecting our living environment (Deng et al. 2015).

Mathew et al. (2010) prepared a low molecular weight liquid natural rubber
possessing hydroxyl functionality (HLNR) by photo depolymerization of natural
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rubber. The addition of HLNR to an anhydride hardener-epoxy resin mixture led to
the formation of a two-phase microstructure in the cured systems, consisting of
spherical particles of liquid natural rubber strongly bonded to the surrounding
matrix. The toughness reached a maximum at 15 wt.% HLNR despite a marginal
decrease in Young’s modulus, tensile strength, and flexural properties, indicating
that HLNR could be employed as an effective toughener for epoxy resin.

Sahoo et al. (2014) found that the addition of 20 phr of epoxidized soybean oil
(ESO) led to enhanced toughness of the epoxy without an appreciable reduction of
properties. In addition, the elongation at break and flexural strain increased with
increasing ESO concentration. Further, ESO was transesterified to form epoxy
methyl soyate (EMS), which was then blended with DGEBA epoxy. It was found
that the thermomechanical and damping properties of the EMS-toughened epoxy
system were greatly improved.

The epoxidized natural rubber (ENR) prepared by the epoxidation of natural
rubber with peracetic, perbenzoic, and perpthallic acids in solutions is also qualified
for toughening epoxy (Gan and Hamid 1997). Because of the presence of the
reactive epoxide and vinyl groups in the backbone, ENR can be utilized in polymer
modification and blending by reacting with common epoxy curing agents
containing OH, NH, COOH, and C=C groups (Gan and Hamid 1997; Hashim
and Kohjiya 1994). The introduction of the epoxy group allows ENR to have a
higher T,, oil resistance, and polarity than the natural rubber. By varying the
epoxidation degree, ENR with different physical properties such as T, resilience,
damping, polarity, oil swelling, and compatibility can be prepared (Gan and Hamid
1997; Baker et al. 1985).

Epoxidized natural rubber (ENRS50) and its liquid version (LENRS50) were
applied to modify two sets of DGEBA-based epoxy resins. The ENR loading
ranged from 1.6 to 5.9 wt.% and could be up to 12 wt.%. At the maximum LENR
loading, the tensile toughness increased by 250%, and the impact toughness
increased by 125% in comparison with that of the neat formulation. The improve-
ments obtained with ENR were nearly as high as those from LENR. The SEM
micrographs of fracture surfaces showed uniform dispersion of rubber particles in
the submicrometer size range. LENR particles ranged from 0.33 to 0.47 pm, while
ENR particles ranged from 0.48 to 0.67 pm, as shown in Fig. 10 (Cizravi and
Subramaniam 1999).

ENR could affect the curing behavior and adhesive strength of the epoxy
(DGEBA) and dicyandiamide/2-methyl imidazole system. The addition of ENR
leads to greater exotherms as compared to that of neat epoxy, which could be
attributed to the reaction of epoxide groups in the ENR during curing. ENR could
react with curing agents applied in the epoxy system and release heat (Hashim and
Kohjiya 1994). Consequently, the increase of the epoxide concentration from ENR
results in more curing reactions and reaction heats. The presence of ENR facilitates
the reaction with the curing agent more effectively at lower curing temperatures. The
time to maximal curing rate, the glass transition temperature, the rate constant, and
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Fig. 10 SEM micrograph of the dispersion of (a) LENR50 with 10.1 wt.% loading and (b)
ENRS50 with 4.5 wt.% loading (Cizravi and Subramaniam 1999)

the reaction order of epoxy system change with the content of ENR added because of
the reaction of ENR with the epoxy system. Because the addition of ENR affects the
stoichiometric balance and the reaction mechanisms, the structure of the cross-linked
resin and the conversion near to gel are changed. The particle size of the rubber
phase increases with increasing curing temperature and ENR content. The volume
fraction (Vy) of the separated rubber phase follows a similar trend except at high
curing temperatures, implying that the dissolution of epoxy resin in ENR also
depends on the curing temperature and the amount of ENR. The increase in V¢ is
attributed to the epoxy resin dissolved in ENR during curing. A higher curing
temperature facilitates the dissolution of epoxy resin in ENR, while a lower curing
temperature leads to a slow increase in viscosity. If there is enough time for rubber
phase separation, there would be less dissolved epoxy in the rubber particles (Bussi
and Ishida 1994). The increase in the miscible content of the low T, constituent could
shift the T, of miscible blend to a lower temperature. The higher the epoxidized
content, the lower the T, because of the better miscibility. The addition of ENR leads
to a decrease in the lap shear strength (LSS), which appears to be contradictory to the
results obtained from the V; and T, in which a soft and flexible cured ENR/epoxy
system should be reached because of the dissolution of ENR in the epoxy matrix.
This could be attributed to the adverse affect of ENR on the cured structure of epoxy
matrix. It is believed that ENR affects the stoichiometric ratio of epoxy and curing
agents because of its participation in the curing reaction that causes a structural
change in the cured epoxy matrix. This may lead to the formation of an interior cured
system in ENR/epoxy system (Hong and Chan 2004).

ENRs with different concentrations of up to 20 wt.% were prepared and used as
modifiers for an anhydride/epoxy mixture to develop a high-performance material
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Fig. 11 Variation of E’ of the DGEBA/ENR blends (Hong and Chan 2004)

with epoxy and liquid natural rubbers. It was shown that the storage modulus and T,
of ENR/epoxy blends decreased slightly with the addition of rubber due to the lower
stiffness of ENR. Interestingly, the T, of the epoxy phase shifted toward a slightly
lower temperature with the addition of ENR, as shown in Fig. 11. The thermal
stability of the epoxy matrix was retained as the initial and final decomposition
temperatures were not affected by the blending of the epoxy with ENR. The domain
size increased with increasing ENR content because of coalescence. The cured
epoxy resin containing about 10 wt.% ENR showed the best balance of properties,
and the impact strength was enhanced by 305%, indicating a better energy-transfer
mechanism operating in the ENR/epoxy because of the excellent interfacial adhesion
and bonding with the matrix. ENR droplets acted as the stress concentrators,
resulting in plastic deformation in the surrounding matrix which could take up a
significant amount of applied stress. As a result, the impact strength and fracture
toughness were greater than those of unmodified epoxy (Mathew et al. 2014).

Block Copolymer-Toughened Epoxy

BCPs could self-assemble into nanoscale micellar structures in the epoxy matrix at
low loadings, resulting in a dramatic increase in fracture resistance (Barcia
et al. 2002; Chikhi et al. 2002; Wise et al. 2000; Grishchuk et al. 2013; Kunz
et al. 1982). Moreover, BCPs have a minimal impact on the glass transition
temperature and Young’s modulus of epoxy. To obtain the optimum toughening
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effect, it is important to synthesize BCPs with special structures and to control their
micellar structures in self-assembling process.

Controlling of Morphology

In preparing rubber-toughened epoxies, liquid rubber and liquid epoxy are mechan-
ically mixed to form a homogeneous solution. Upon curing, rubber particles precip-
itate as a second phase. The final microstructure of the blend is highly dependent on
the phase separation in the curing process. A new trend is to control the morphology
of the blend by changing the mixing sequence or the curing program.

Zhou et al. (2014) proposed a novel method for preparing CTBN/epoxy blend, in
which an initiator was added to the liquid rubber-epoxy mixture to initiate the cross-
linking reaction and then a curing agent was added to cure epoxy. The results
showed that the impact strength of CTBN/epoxy blends was greatly improved
without affecting the modulus. The yield strength, Young’s modulus, and impact
strength of the CTBN/epoxy blend prepared by the new method were increased by
2.7%, 5.5%, and 20.9%, respectively, compared with that of the traditional coun-
terparts. However, unlike traditional CTBN/epoxy blend in which the dispersed
particles were pure rubber phases, the rubber phase and matrix formed a local
interpenetrating network in the pre-cross-linked CTBN/epoxy blend, resulting in an
improvement of interfacial adhesion between the two phases and thus a great
improvement in the mechanical properties.

In some literature, CTBN was pre-reacted with the epoxy before the addition of
hardener in order to form an epoxy-terminated elastomer molecule (Verchere
et al. 1990).

Conclusions

Epoxy resins can be toughened by blending with a suitable liquid rubber that is
initially miscible with epoxy and undergoes a phase separation during curing,
leading to the formation of a two-phase microstructure; or blending with preformed
rubbery particles. The morphology of the separated phase depends largely on the
curing conditions and the initial amount of rubber in the first case. Nevertheless, it is
initially defined in the second case (Maazouz et al. 1994).

The fracture energy increases with the addition of rubbers, especially for the
rubber with a high AN content. The same toughening effect is obtained with CSP
but without any decrease in T, of the epoxy network.

The parameters that influence the toughening efficiency of the rubber-toughened
epoxy include (1) the inherent ductility of the epoxy matrix, e.g., the cross-link
density of the epoxy matrix; (2) the properties of rubber particles, e.g., the size,
morphology, and cross-link density of the rubber phase; and (3) the particle-epoxy
interface (Qian et al. 1995). The fracture energy of toughened epoxy increases with
increasing volume fraction of rubber (Lowe et al. 1996).
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Large particles appear to be not as efficient as small ones in improving fracture
energy. Large rubber particles outside the process zone act only as bridging
particles, resulting in a modest increase in fracture energy, while small ones in
the process zone are forced to cavitate by the large hydrostatic stress component in
the process zone and thus contribute to increasing fracture energy. There is a critical
interparticle distance below which the material is tough and above which the
material is brittle. For a given volume fraction of rubber, the interparticle distance
can be reduced by decreasing the particle size (Wu and Margolina 1990). The
optimal particles size actually involves a bimodal distribution of both small and
large particles. It is shown that rubber-modified networks having a bimodal distri-
bution of particles exhibit higher fracture toughness than that of the matrix having a
unimodal distribution of particles (Kunz et al. 1982; Kinloch and Hunston 1987).

The final properties of the multiphase polymer blends depend on the morphology
of the system. The morphology of the separated phase depends largely on the curing
conditions and the initial amount of rubber. The spherical liquid rubber domains
can cause sufficient stress transfer and thereby prevent the material from cata-
strophic failure (Mathew et al. 2010).

Butadiene liquid rubber has been the most widely used toughener for epoxy. The
carboxyl end groups strongly enhance the curing rate. However, as the butadiene
component of the elastomers contains unsaturated bonds, it would be a site for
premature thermal and/or oxidative instability, and such modified resins are not
suitable for use at high temperatures (Okamoto 1983). Excessive cross-linking
could take place with time, which would detract from the otherwise desirable
improvements accomplished with these structures. However, there is the possibility
of the presence of traces of carcinogenic free acrylonitrile, which might limit the
use of these materials (Duseck et al. 1984). Recently, some saturated liquid rubbers
such as polysulfide (Kemp et al. 1992), acrylate (Iijima et al. 1992), and polyure-
thane (Wang and Chen 1995) have been reported as replacements for CTBN.

The toughness of epoxy resins can be significantly improved at the expense of
the high-temperature properties due to the dissolved liquid rubber. The glass
transition temperature of the epoxy system decreases with the addition of liquid
rubber, but remains constant with the addition of CSR. Nowadays, liquid rubbers
with other inorganic fillers, such as nanoclay (Vijayan et al. 2013), silica
nanoparticles (Sprenger 2013), and multiwalled carbon nanotubes (Mahmood
et al. 2014), are used to modify the epoxy resins. The incorporation of both rubber
and rigid inorganic fillers will generate a new kind of epoxy resins with remarkable
properties, which has attracted the attention of many researchers. This opens a new
research direction in this field.
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Abstract

Since longtime, academic and industrial research has been focused on the devel-
opment of epoxy networks with excellent mechanical properties such as their
fracture toughness and flexural and tensile properties by using rubber particles or
low molar mass liquid rubbers. In fact, different routes have been developed to
increase their resistance to damage such as the synthesis of new copolymers and
block copolymers, the incorporation of unmodified or modified rubber particles,
as well as the formation of graft interpenetrating polymer networks (graft-IPN).
Nevertheless, the number of publications combining the keywords epoxy and
rubber is considerable. Thus, various types of rubber have been studied as
modifiers of epoxy networks, including functionalized or not butadiene—acry-
lonitrile rubber (NBR), polybutadiene (PBD), acrylate-based rubbers, natural
rubber (NR), styrene—butadiene rubber (SBR), polydimethylsiloxane (PDMS),
etc. For these reasons, this chapter gives an overview of the different preparation
of epoxy-rubber networks and their final properties.
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Introduction

Epoxy networks are considered one of the most versatile thermoset materials and are
widely utilized for coatings, structural adhesives, and composites, as well as elec-
trical and electronic materials, due to their excellent properties, such as low shrink-
age during curing, good adhesion, high strength and stiffness, resistance to heat,
creep and chemicals, and good thermal characteristics (Pascault et al. 2002). How-
ever, these materials are brittle and exhibit poor toughness which limit their appli-
cations in many areas. In fact, they have much lower fracture energies than
thermoplastics (two orders of magnitude) or metals (three orders of magnitude),
which considerably limits their resistance to damage. Thus, the academic and
industrial research has been focused on developing new systems in order to improve
the toughening of epoxy networks, which include the use of thermoplastics, rubbers,
etc. As stated by several authors, the incorporation of rubber particles as additives
has been extensively studied for modifying the deformation mechanism which
occurs at the crack tip (Riew and Gillham 1984; Bagheri et al. 2009; Thomas
et al. 2014). In this regard, low molar mass liquid rubbers are preferred to avoid
excessive increase of viscosity, thus making easier the processability of the system.
Moreover, such liquid rubbers must contain appropriate functional groups, such as
hydroxyl, carboxyl, amino, epoxy, and isocyanate groups, which are able to chem-
ically react with the oxirane and/or the hydroxyl groups of the epoxy prepolymer,
providing an effective anchorage between rubber particles and epoxy matrix. How-
ever, the use of low molar mass liquid rubbers is somewhat restricted by their limited
solubility and compatibility with the epoxy-curing agent mixtures leading to phase
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Fig. 1 Structure of the main epoxy prepolymer used for the preparation of epoxy-based thermo-
setting materials

separation during curing process. In order to prepare epoxy—rubber blends, different
procedures have been studied, and the most commonly used consists of blending
rubber with epoxy prepolymer using mechanical mixing such as internal mixer
(Brabender), screw, or twin-screw extruder. Other ways with or without solvent
consist the use of high-speed mixing such as Ultra-turrax® or Rayneri. Another route
well described in the literature is to prepare epoxy—rubber adduct by reacting the
oxirane or hydroxyl groups of the epoxy prepolymer with the functional groups of
the rubber.

Figure 1 illustrates the structure of the common epoxy prepolymers with the
assigned reactive sites.

Relatively low amount of rubber particles (10—15%) well adhered to the epoxy
matrix can dissipate the mechanical energy by cavitation and/or shear yielding, thus
increasing the crack grow resistance of the corresponding modified epoxy networks,
which is fundamental for achieving final products with outstanding fracture proper-
ties (Verchere et al. 1991; Ohashi et al. 1992). Several types of rubber have been
investigated as epoxy network modifiers and include butadiene—acrylonitrile rubber
(NBR), polybutadiene (PBD), acrylate-based rubbers, natural rubber (NR),
styrene—butadiene rubber (SBR), and polydimethylsiloxane (PDMS), which are
randomly and/or terminally functionalized with different groups. The final properties
as well as the morphologies of the rubber-modified epoxy network depends on the
chemical structure of the rubber, the nature of the functional groups in the rubber
chain, the solubility, concentration, molecular weight and the method used for
incorporating the rubber within the epoxy system, the nature of the curing agent, etc.

The present chapter describes an overview of the different procedures used to
develop rubber-based epoxy blends and discusses more broadly the use of rubber or
preformed rubber as particles as well as some modified epoxy systems. Moreover,
this work also highlights the different families of elastomers conventionally used to
modify epoxy networks.
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Preparation of Rubber-Epoxy Blends
Physical Blending

Different ways have been investigated to prepare rubber—epoxy blends. The most
commonly used procedure consists of blending rubber with epoxy prepolymer using
mechanical mixing. For rubber with high molar mass, blending is usually assisted by
an appropriate solvent to facilitate the incorporation of the rubber with the epoxy
(Frounchi et al. 2000). However, in the case of low molar mass liquid rubber, the
presence of solvent is not required. In this case, the epoxy prepolymer and the rubber
are directly mixed using conventional mechanical mixing or high-speed mixing.
Then, an appropriate curing agent is added and the mixture is transferred to mold to
perform the curing process, whose protocol depends on the nature of the hardener
(amine, phenol, acid, etc.). This methodology has been used since 1970 to incorpo-
rate liquid rubber into epoxy prepolymers and is indicated for rubbers which are
soluble with the epoxy prepolymer, as carboxyl-terminated butadiene—acrylonitrile
rubber (CTBN) (Sultan et al. 1971). During the curing process, the rubber begins to
precipitate out from the epoxy matrix because of the increase in molar mass of the
matrix and phase separates, initially in the form of rubber/epoxy co-continuous
structure, which turns into separated rubber phase usually in the form of spherical
particles (Williams et al. 1997; Yamanaka and Inoue 1990; Yamanaka et al. 1989;
Chan and Rey 1997; Inoue 1995; Wise et al. 2000). This process is known as
“reaction-induced phase separation process.” The morphology of these blends is
influenced by the polarity of the rubber (Chen and Jan 1992; Zhao et al. 2015),
composition (Mathew et al. 2014), molar mass of the rubber (Chen et al. 1994a), the
nature of the hardener, and the curing schedule (Ratna 2001; Thomas et al. 2007),
among others.

The Use of Epoxy-Rubber Adduct

To improve the interfacial adhesion between epoxy matrix and rubber particles,
several authors have performed the previous reaction between the functionalized
rubber and the epoxy matrix and employed the corresponding adduct on the prep-
aration of rubber-modified epoxy network. The epoxy—rubber adduct can be pre-
pared by reacting the active groups located in the epoxy prepolymer (oxirane or
hydroxyl groups) with appropriate functional groups located randomly or at the end
of the rubber chain component such as carboxyl, hydroxyl, amine, and isocyanate
groups, among others.

Hydroxyl groups are not highly reactive toward oxirane groups. However, if an
appropriate catalyst is employed, the reaction may be possible. These are the cases of
the systems reported by Zhou and Cai (2012) who have successfully prepared the
epoxy—rubber adduct by reacting hydroxyl-terminated polybutadiene (HTPB) with
epoxy prepolymer at temperature higher than 100 °C, in the presence of 2,4,6-tri
(dimethylaminomethyl)phenol as catalyst. The effectiveness of the reaction,
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Fig. 3 Scheme for the reaction between epoxy and carboxyl-terminated liquid rubber

illustrated in Fig. 2, was confirmed by Fourier transform infrared spectroscopy
(FTIR). Zhou and Zuo (2013) also developed the adduct between epoxy prepolymer
and hydroxyl-terminated styrene—butadiene rubber (HTSBR) using similar method-
ology with benzyldimethylamine as catalyst. In both systems, the impact strength of
the epoxy network increased with the addition of the rubber—epoxy adduct. The best
compromise of mechanical performance has been achieved by using 10 phr (parts
per hundred) of rubber.

The adduct resulted from the reaction between carboxyl-functionalized rubber
and epoxy prepolymer, illustrated in Fig. 3, is considered as one of the most popular
ways to achieve epoxy—rubber networks with a good balance between thermal and
impact properties. Such approach has been used for the development of epoxy
modified with carboxyl-randomized (CRBN) or carboxyl-terminated butadiene—a-
crylonitrile rubber (CTBN) (Vasquez et al. 1987), carboxyl-functionalized acrylate
rubber (Ratna and Banthia 2000), and carboxyl-terminated polybutadiene (CTPB)
(Barcia et al. 2003). The reaction of carboxyl group with oxirane groups proceeds
slowly at 80 °C, without catalyst (Varley 2004). Thus, Rudakova et al. (2013, 2014)
prepared the epoxy—rubber adduct without catalyst by reacting both components at
120 °C and cured. However, most of the studies reported in the literature employ
triphenylphosphine (Vasquez et al. 1987, Ratna and Banthia 2000; Barcia
et al. 2003) or hexadecyltrimethyl ammonium bromide (Minxian et al. 2009) as
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catalyst. All modified epoxy networks presented phase-separated morphology.
Details related to these systems will be discussed later.

Epoxy—rubber adduct has also been prepared using polybutadiene functionalized
with p-aminobenzoic acid (Kar and Banthia 2005). The reaction, shown in Fig. 4,
was performed at 200 °C due to the low reactivity of the aromatic amine toward
nucleophilic attack. Then, the system was cured with triethylenetetramine (TETA),
giving rise to epoxy networks with outstanding impact resistance with 15 phr of
rubber, but lower glass transition temperature and modulus, as usually observed for
CTBN-based epoxy systems.

The use of isocyanate-functionalized rubber also constitutes a very promising
approach for developing toughened epoxy network, through the previous preparation of
rubber—epoxy adduct, according to the scheme illustrated in Fig. 5 (Barcia et al. 2002,
2003; Soares et al. 2011). The corresponding rubber—epoxy system was cured with
TETA, resulting in transparent materials, containing rubber particles dispersed in
nanometric scale, even with rubber content as high as 20 phr (Soares et al. 2011).
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The Use of Preformed Rubber Particles

Except for the isocyanate-functionalized liquid polybutadiene (PBNCO)/epoxy sys-
tems, the other abovementioned epoxy networks result in phase separation during
the curing process, whose morphology and size of the rubber particles are difficult to
control and depend on the rubber content, the chemical nature of the rubber and
hardener, as well as the curing conditions. Moreover, regarding the liquid nitrile
rubber and CTBN, part of the rubber, being soluble in the epoxy matrix before
curing, should remain dissolved within the epoxy, contributing for a decreasing in
glass transition temperature and mechanical strength (Williams et al. 1997). A
common strategy to overcome these drawbacks is dispersing preformed rubbery
particles with a predefined form into the epoxy matrix. This approach has been
extensively investigated for more than three decades, using preformed core—shell
rubber (CSR) particles. An interesting review on this subject was published in 2001
by Hayes and Seferis (2001). The CSR particles are usually constituted by a soft
rubbery core within a hard shell and are typically prepared by emulsion polymeri-
zation. The dried particles are compounded with epoxy matrix, giving rise to
materials with outstanding toughness characteristics without decreasing the thermal
properties. This technique results in a well-controlled particle size and volume
fraction of the CSR phase homogeneously dispersed within the epoxy matrix. The
shell is formed by a glassy material to avoid losing the size and shape during
compounding with epoxy matrix. Moreover, it should be compatible with the
epoxy matrix, such as poly(methyl methacrylate) (PMMA) (Bagheri et al. 2009).
Both core and shell parts of the particle can be cross-linked, contributing to the size
and shape stabilization during blending with the epoxies. Usually, the cross-linking
of the outer layer is carried out by polymerizing methyl methacrylate with a small
amount of ethylene glycol dimethacrylate. Lin and Shieh (1998) studied the effect of
cross-linking in both core and shell parts of the particle on the toughness effective-
ness of modified epoxy networks and concluded that the cross-linked CSR particle
presented higher toughening effect on epoxy network.

Different rubbers have been employed as the soft inner layer of the CSR particles.
The most common are poly(butyl acrylate) (PBA), poly(styrene-co-butadiene)
(SBR), and polysiloxane (PDMS). Several authors have used CSR particles com-
prising PBA core surrounded by an outer layer of cross-linked PMMA containing
some amount of glycidyl methacrylate (GMA) (Bécu-Longuet et al. 1999). The
presence of GMA at the shell part of the particle contributes for an improvement of
the interfacial adhesion between particle and epoxy matrix, as the oxirane groups in
the GMA comonomer can take part on the epoxy network during the curing process.
An improvement of toughness without decreasing the glass transition temperature is
usually observed for almost all systems employed. In epoxy network cured with
m-phenylene-diamine, the addition of such core—shell particles resulted in an
increase of Tg until the proportion of 10 phr of CSR particles (Lin and Shieh 1998).

Other studies have used PBA as core with PMMA cross-linked and
functionalized with carboxyl groups as the shell, as this group can react with both
oxirane and hydroxyl groups of the epoxy prepolymer, increasing the
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particle—matrix adhesion (Maazouz et al. 1994; Ashida et al. 1999). CSR particles
formed by cross-linked PBA as core and ion-cross-linked PMMA as shell were
employed by Ashida et al. as toughening agents of epoxy networks (1999). The ion-
cross-linked PMMA shell was obtained by adding a small content of methacrylic
acid during the late stage of the MMA polymerization.

Poly(butadiene-co-styrene) (SBR) has been also used as core for the preparation
of CSR particles constituted by PMMA as the outer layer to improve the properties
of epoxy networks. Becu et al. (1997) compare the effect of two CSR particles based
on PBA or SBR as the core and PMMA shell layer, which was slightly cross-linked
and functionalized with carboxyl groups, as toughening agent for epoxy system
cured with dicyandiamide (DDA), and obtained modified epoxy network with
fracture toughness around 500% and 250%, respectively, higher than the neat
epoxy network, without significant change in the Tg values. They also concluded
that the particle comprising PBA core presented higher toughening effect for epoxy
networks than that containing SBR as core.

Thuc and Maazouz have used similar SBR-based CSR in epoxy/isophorone
diamine system and studied the effect of the functionalization of the PMMA shell
part with carboxyl groups (2002). An agglomeration of the particles for
non-functionalized particles was observed by the authors. Contrarily, an homoge-
neous distribution of the rubber particles and a significant increase in viscosity of the
epoxy prepolymer were observed when COOH-functionalized CSR particles were
used (Thuc and Maazouz 2002). Mousavi and Amraei (2015) recently employed
SBR-based CSR particles without functionalization in the shell layer, in epoxy
systems cured with dicyandiamide, obtaining materials with an improvement of
100% in fracture toughness, without affecting the glass transition temperature.
However, this improvement was inferior when compared to earlier studies developed
by Becu et al. (1997), highlighting the importance of the functionalized shell to attain
better particle-matrix interaction and consequently outstanding toughening effect.

Roy et al. (2014) investigated the influence of core—shell particles formed by
PDMS- epoxy microspheres of particle size in the range of 250-177 pm, as
toughener for epoxy system. The cross-linked PDMS microsphere was coated with
epoxy layer. The presence of 5% of the CSR-based PDMS resulted in improved
impact strength and fracture energy of the modified epoxy network. Chen
et al. (2013) also employed PDMS-based core—shell particles with 0.18 pm in
epoxy system cured with an anhydride hardener. The authors observed a significant
increase of fracture energy using 20 wt% of the CSR particle. The toughening was
effective even at temperature as low as —100 °C.

The use of multilayer CSR particle as modifier for epoxy networks has been also
considered by some authors. Day et al. (2001) developed particles that consisted of
cross-linked PMMA as the inner glassy core, surrounded by cross-linked PBA as
the rubbery layer, and an outer layer comprising a PMMA—poly(ethyl acrylate)—co-
GMA copolymer. The total diameter of these particles was around 0.5 pm. The
authors have compared the efficiency of CSR particles with rubbery layer with
different thickness and also a CSR particle with no GMA copolymer in the outer
layer. The critical stress intensity factor, K¢, increases as the rubber particle
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content increase and the best results were achieved for systems containing CSR
particles containing higher amount of rubbery shell and GMA in the outer shell
layer.

CSR nanoparticles have been also incorporated into the epoxy matrix.
Giannakopoulos et al. (2011) have compared the effect of three different CSR
nanoparticles on the thermal and mechanical properties of epoxy network cured
with methylhexahydrophthalic anhydride. The soft rubber core consisted of SBR,
polybutadiene (PBD), or polydimethylsiloxane (PDMS), whereas PMMA was used
as the hard outer shell. SBR/PMMA and PBD/PMMA CSR particles presented a
diameter in the range of 85-115 nm, whereas the diameter of PDMS/PMMA
particle corresponded to 250-350 nm. In all cases, the presence of CSR resulted
in an increase of fracture toughness without affecting the glass transition temper-
ature. They compared these systems with that involving CTBN pre-reacted with
the epoxy matrix. The toughening effect of CTBN-based epoxy networks was
better than those observed in the systems with CSR particles, but Tg value was
lower.

Quan and Ivankovic (2015) have used acrylic/PMMA CSR nanoparticle, with
203 nm and 74 nm in diameter, in epoxy system cured with dicyandiamide and
observed an increase of both Tg and ductility and a decrease of modulus and tensile
strength of epoxy network. Smaller CSR particles were more effective in improving
the thermal properties, i.e., higher Tg.

An interesting work reported by Thitsartarn et al. (2015) involves the use of a
novel multilayer core—shell nanoparticle composed of three layers: octapolyhedral
oligomeric silsesquioxane as the rigid inner core, surrounded by PBA as the soft
segment covalently bonded to the inner core as a middle layer and terminated with
the amino functional group. The use of as low as 1 wt% of this particle resulted in a
significant improvement of impact resistance and tensile strength without affecting
the modulus.

Most of the studies involving CSR particles and nanoparticles observed an
improvement on toughening effect but a decrease of tensile strength. According to
Roy et al. (2014), the decrease of mechanical performance is not so important for
CSR prepared with PDMS as core, in comparison to other acrylate-based CSRs.
Contrary to the liquid rubber-modified epoxy networks, most of the systems involv-
ing CSR particles do not present significant change in the Tg values, probably
because of the presence of the glassy shell in these CSR particles. Some systems,
as those epoxy networks modified with acrylic/PMMA CSR nanoparticle (Quan and
Ivankovic 2015), even present an increase in the Tg values, which may be due to the
nanosized particles.

Epoxy Modified with Rubber Nanoparticles

The modification of epoxy networks with rubber nanoparticles has been recently
increased in interest because the interaction between rubber particle and epoxy
matrix can be optimized as a consequence of a significant increasing in interfacial
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area. Thus, some important properties as fracture toughness and impact resistance
should be improved without altering processing, thermal and optical properties, and
perhaps stiffness of the final product. Such a morphology requires specific tech-
niques which may include the incorporation of preformed cross-linked
nanoparticles, the induced microphase separation during the curing process, and a
pre-cross-linking of the rubber component in situ in the presence of the epoxy
matrix.

The Use of Preformed Cross-Linked Nanoparticles

Besides CSR nanoparticles discussed in the preceding section, previously cross-
linked rubber nanoparticles have been used to modify the epoxy matrix for improv-
ing fracture toughness and other properties. Nanosized copoly(styrene-butyl acry-
late-ethylene glycol dimethacrylate) (St-BA-EGDMA) particles were developed by
Khoee et al. (2009) and used in epoxy formulations to improve the adhesion strength
(Khoee and Hassani 2010). The particles were first dispersed in dimethylacetamide
using ultrasonic wave to form a transparent dispersion, and the solution was incor-
porated within the epoxy resin. After removal of the solvent, piperidine as the curing
agent was added, and the mixture was applied into metal substrates for adhesion
testing. The material containing 20 wt% of rubber particle was transparent and
presented a morphology characterized by nanoparticles with an average size of
ca. 97 nm homogeneously dispersed in the epoxy matrix. An increase of around
30 °C in the Tg and a significant improvement on the adhesion properties for
aluminum and copper substrate were observed by using 20% of nanoparticle. Similar
approach has been employed for CTBN-modified epoxy network and it will be
discussed later.

Le et al. (2010) modified DGEBA-based epoxy resin with commercial rubber
nanoparticle with 55 nm in diameter and studied the effect of two different curing
agents on the main properties: Jeffamine D-230 and DDS. They observed a
maximum improvement of toughness of around 230% with the addition of 5 wt%
of nanoparticle for the system cured with Jeffamine D-230 (230%) and around
190% with the addition of 10 wt% of nanoparticle in the case of the systems cured
with DDS. The improved fracture toughness was achieved without significant
changes in the tensile strength, modulus, and glass transition temperature.
The outstanding performance of these nanostructured epoxy systems was attributed
to a very high total particle surface area and low surface—surface interparticle
distance.

Epoxy-Rubber Nanoparticle Blends Prepared by Microphase
Separation During Curing Process

Rubber modifiers incorporating block copolymers also constitutes a promising way
to develop toughened epoxy network. Such copolymers comprise the liquid rubber
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end-capped with a polymer segment which is similar or miscible with the epoxy
matrix. This structure allows the rubber segment to self-assemble into hierarchical
substructure at the nanometer scale within the epoxy matrix, giving rise to networked
materials with combined transparence and toughness. Some examples in the litera-
ture involving liquid rubbers (HTPB, PDMS, and CTBN) as segments of block
copolymers as modifiers for epoxy networks have been described and will be
discussed later.

Main Elastomers Used to Modify Epoxy Networks
Butadiene-Acrylonitrile Rubber (NBR)-Based Modified Epoxy Resin

Butadiene—acrylonitrile rubber is a copolymer formed by butadiene and acrylonitrile.
Functionalized liquid butadiene—acrylonitrile rubbers are considered as the most
widely employed toughening agent for epoxy network and consist of hydroxy
(HTBN)-, carboxyl (CTBN)-, and amino (ATBN)-terminated butadiene—acrylonitrile
rubber and also carboxyl (CRBN) and epoxy (ERBN) randomly functionalized
butadiene—acrylonitrile rubber. This popularity is based on its polar characteristics,
which can be tuned by varying the acrylonitrile content in the copolymer and
functionalization (Chen et al. 1994b), thus imparting some compatibility/miscibility
with the epoxy prepolymer before the curing process. The miscibility of end-capped
butadiene—acrylonitrile rubber follows the order (Chen et al. 1994a):

Amino — epoxy — carboxy — non — functionalized liquid nitrile rubber

Several strategies have been reported to incorporate this elastomer into the epoxy
network and depend on the physical nature of the rubber. Some of these procedure
will be discussed in this section.

Incorporation of Liquid Nitrile Rubber

The classical way to modify epoxy resin with rubber is blending low molar mass
butadiene—acrylonitrile rubber, especially CTBN, with epoxy prepolymer by con-
ventional mechanical mixing, because of its lower viscosity, which makes easier its
dispersion within the epoxy matrix without the presence of solvent. Moreover, the
functionalization promotes a better adhesion between epoxy matrix and the rubber
and a more homogeneous dispersion, which are important for attaining better
toughening and impact properties of the final product. In order to improve the
adhesion between the blend components, CTBN is previously reacted with the
epoxy matrix in the presence of triphenylphosphine, which was found to be an
effective catalyst for the reaction between COOH and oxirane groups, according to
Fig. 3 (Verchere et al. 1990). The corresponding adduct, usually called epoxy-
terminated nitrile rubber (ETBN), is then employed on the preparation of the
modified epoxy network.
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As discussed before, CTBN and other functionalized liquid nitrile rubbers
(ATBN, HTBN) are miscible in the epoxy prepolymer and phase separate during
the curing step by a process known as “reaction-induced phase separation process.”
The morphology is usually characterized by the presence of spherical rubber parti-
cles with diameter in the range of 0.5 until around 10 pm, depending on several
parameter. In spite of the reaction between the carboxyl groups of the rubber
component and the epoxy matrix, it is not complete, and a fraction of the rubber
does not take part on the network and stay dissolved in the epoxy matrix, contrib-
uting to the decrease of Tg and modulus. Considering that, these modified networks
usually present lower glass transition temperature and modulus.

Most of the studies involve the modification of DGEBA-type epoxy resin
(Frigione et al. 1995; Bagheri et al. 2009). However, CTBN has been also employed
on the modification of cycloaliphatic epoxy resin, epoxidized cardanol-based
novolac resin, epoxy o-cresol novolac resin, etc., using different curing agents.
Table 1 summarizes some of these systems prepared by mixing low molar mass
nitrile rubber and epoxy resin.

Some factors influence on the phase-separated morphology of rubber-modified
epoxy thermosetting materials, which in turn affect their thermal and mechanical
properties. The most important factor is the chemical structure of the nitrile rubber
and the epoxy matrix. Some authors observed a decrease in rubber particle size for
modified epoxies containing CTBN with higher amount of acrylonitrile (Russell and
Chartoff 2005; Klug and Seferis 1999; Verchere et al. 1989). Increasing acrylonitrile
content in the copolymer increases the polarity of the rubber, resulting in an increase
of the miscibility with the epoxy matrix. This characteristic promotes a phase
separation at a later stage of the curing process, resulting in smaller particle size.
Verchere et al. (1989) also observed an increase of miscibility of CTBN in epoxy
matrix when the molar mass of the epoxy increases, which was attributed to an
increase in the secondary OH group concentration in the epoxy chain contributing to
an improvement on the rubber—epoxy interaction. The use of mixture of two kinds of
CTBN with different acrylonitrile content led to a bimodal distribution of rubber
particle inside the epoxy matrix and, according to the authors, is responsible for a
significant increase in fracture toughness (Chen and Jan 1992).

The nature of hardener and the curing temperature also exert some influence on
the morphology of the modified epoxy blends. Thomas et al. (2004, 2007) have
studied the effect of CTBN on the morphology and thermal properties of epoxy/
anhydride networks and obtained thermosetting materials with rubber particle homo-
geneously distributed within the epoxy matrix, with size in the range of 0.5-1.0 pm.
The smaller elastomer domains compared with those obtained with amine-based
hardener has been attributed to the fast-curing ability of anhydride, which minimize
the chance of rubber domain coalescence during curing (Yamanaka et al. 1989).
Thomas et al. (2007) have also observed a decrease of rubber particle size when the
curing was performed at higher temperature. This phenomenon was explained by the
decrease of the curing time with the temperature and the decrease of the viscosity of
the medium, resulting in a lower degree of coalescence of particles and ultimately
phase separation of smaller particles.
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ATBN has also been employed for toughening epoxy networks. The motivation
of using this modifier rubber is the higher reactivity of amino groups toward epoxy
group than carboxyl groups, which could render a stronger interaction between
rubber and epoxy matrix through covalent bonds. Consequently, less amount of
dissolved, non-reacted rubber should be present in the system, contributing to a
smaller decrease of the Tg of the system when compared to the CTBN-based
modified epoxy systems. Kunz et al. (1982) have compared the effect of CTBN
and ATBN on the morphology of epoxy resin cured with a polyoxypropyleneamine
(Jeffamine T-403). The amino-terminated rubber was prepared by reacting CTBN
with N-aminoethyl-piperazine. ATBN was dispersed in the epoxy matrix with
slightly smaller particle size than CTBN and present a diffuse boundary between
dispersed and matrix phases. However, both systems prepared by mixing liquid
rubbers and epoxy matrix presented similar mechanical properties.

ATBN was also effective in improving impact strength with minimum influence
on the Tg of epoxy network cured with polyaminoimidazoline (Chikhi et al. 2002) or
cycloaliphatic polyamine hardener (Abadyan et al. 2009a, b).

Recently, Dou et al. (2016) developed a strategy of improving mechanical
properties of ATBN—epoxy networks by using mixtures of ATBN with different
acrylonitrile contents. The system was cured with polyetheramine. DGEBA-type
epoxy matrix was compounded with 39 phr of ATBN containing 10%, 18%, and
26% of AN and cured with polyetheramine, resulting in an increase of impact
strength of the thermosetting materials of around 223%, 280%, and 615%, respec-
tively, suggesting that higher amount of AN results in better compatibilization with
epoxy matrix, giving rise to outstanding toughness. However, by using a mixture of
ATBN with 10% and 26% in a proportion 8:31 phr, an increase of impact of 955%
was observed.

ATBN was also employed as curing agent for DGEBA-type epoxy resin
(He et al. 2012). High amount of ATBN (in the range of 59—-82% of rubber) was
necessary to achieve a good level of cross-linking density. The mixtures was cured at
room temperature followed by annealing at different temperatures. Excellent
mechanical properties were achieved, which were attributed to the phase-separated
morphology characterized by the presence of hard epoxy domains dispersed in soft
ATBN matrix. The epoxy hard domains act as rigid filler to enhance the strength.

Incorporation of Solid Rubber
High molar mass solid butadiene—acrylonitrile rubber (NBR) should be mixed with
epoxy resin in solution. For example, Dehaghi et al. (2013) have dissolved NBR, in
powdered form, in a mixture of solvent, including toluene/n-butanol/butyl acetate
(40:20:40). The mixture was stirred by homogenizer for 15 min at 3000 rpm to form
stable transparent dispersion. Then the solvent was evaporated and the mixture was
cured. The modified epoxy system prepared by this way presented significant
decrease of tensile strength but an increase in fracture energy.

Frounchi et al. (2000) have developed similar system. They have used the
solution blending approach and performed the in situ cross-linking of NBR compo-
nent using 2,6-bis(hydroxymethyl)phenol simultaneously to the curing process of
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the epoxy matrix. The Tg of the system slightly increased with the addition of non-
cross-linked rubber. The addition of the rubber cross-linking agent resulted in
additional increase of Tg. A significant improvement on the impact resistance was
observed mainly for the systems containing NBR with higher amount of acryloni-
trile, as expected due to the higher compatibility. Also, the cross-linking of the
rubber phase imparted additional impact toughness on the modified epoxy networks.

Nanostructured Rubber-Epoxy Blends Containing Nitrile Rubber
Nanostructured epoxy networks containing functionalized nitrile rubber have been
also investigated, with the aim of developing toughened epoxy materials with mini-
mum decrease of thermal, optical, and mechanical properties. Different approaches
have been reported for this purpose and include blending an appropriate functionalized
liquid rubber with epoxy matrix, the utilization of preformed nanoparticles, and the in
situ preparation of rubber nanoparticles. In this section, some examples of nitrile
rubber-based nanostructured epoxy—rubber blends will be emphasized.

Minfeng et al. (2008) observed smaller rubber particle size and stronger interfa-
cial interaction for blends containing carboxyl-randomized butadiene—acrylonitrile
rubber (CRBN) when compared with hydroxyl-terminated butadiene—acrylonitrile
rubber (HTBN). The micrograph of epoxy resin modified with CRBN and cured
with 4,4'-diaminodiphenylmethane (DDM) did not show distinct separated phase
indicating that the rubber was dispersed in nanometric scale, whereas the particle
size of epoxy modified with HTBN was in the range of 0.2-2 pm. The impact
properties increased with the addition of the liquid rubber particles and achieved a
maximum with 5% of rubber. At this composition, improvement of 55% and 67%
related to the neat epoxy network was observed for systems modified with HTBN
and CRBN, respectively.

Zhao et al. (2015) have studied the influence of the epoxidation of CTBN on the
morphology of the epoxy—rubber blend cured with methyltetrahydrophthalic anhy-
dride. The epoxidation was performed in the presence of hydrogen peroxide and
formic acid, according to the scheme presented in Fig. 6. Whereas the traditional
CTBN/epoxy blends were totally opaque, the epoxidation of the rubber resulted in
transparent materials with rubber particles in nanoscale size, due to the better
miscibility of the last one in epoxy matrix. The impact strength increased 100%,
135%, and 150% for the epoxy network containing 15% of non-epoxidized CTBN,
with 10% of CTBN, with 0.16 mol/100 g and 15% of CTBN, and with 0.30 mol/
100 g of epoxide groups, related to the neat epoxy network.

The use of preformed rubber nanoparticles has also been proved to be a very
promising strategy for the development of nanostructured epoxy—rubber thermoset-
ting materials. Zhao et al. (2013) compounded CTBN nanoparticle with epoxy resin

Hgfcw[cﬂzcx{x CHCH;};[CHZ%}ﬁn/\({ZH % H?CJ{CH:C{;)—\CHCHz];ECHZCH%HCHz]‘;[c}lz(é‘llﬂn/\qfx_[
CTBN

Epoxidized-CTBN

Fig. 6 Epoxidation reaction of CTBN
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in a three-roll mill, obtaining well-dispersed particles with no agglomeration and
particle size in the range of 90 nm. The system cured with diethyl toluene diamine
presented outstanding tensile strength and toughness as compared with neat epoxy
network.

Guan et al. (2015) incorporated powdered CTBN preformed latex nanoparticle in
epoxy resin cured with 4-methylhexahydrophthalic anhydride using a high-speed
mechanical mixing (5000 rpm, at 80 °C for 120 min) to break up the agglomerates
and improve the particle dispersion. The epoxy dispersions containing these
nanoparticles, with average diameter of ~90 nm, presented a significant increasing
of viscosity. The corresponding cured material presented Tg values higher than the
neat epoxy network and an increase of K¢ of about 69%, with 9.2 wt% of rubber.

Another interesting approach for the development of epoxy—rubber blends with
stable morphology and rubber phase at a nanometric scale involves the cross-linking
of rubber phase which has been previously dispersed in the rubber matrix. Hsu and
Liang (2007) used this procedure to prepare interpenetrating CTBN/epoxy network
structures with nanometric-sized morphology. The procedure consisted of blending a
solution of liquid CTBN containing benzoyl peroxide or dicumyl peroxide in a
mixture containing epoxy resin and the hardener. A polyglycidyl ether of o-cresol-
formaldehyde novolac/4,4’-diaminodiphenyl sulfone (DDS) mixture was employed.
After removal of the solvent, transparent and viscous mixture containing 20 wt% of
CTBN were obtained. The system was heated to induce simultaneously the curing of
the epoxy matrix by DDS and the vulcanization of the rubber phase by peroxide. The
resulting IPN system contained vulcanized and interpenetrated rubber phase on a
nanometric scale and displays outstanding fracture toughness without changing the Tg.

The team of Prof. Xu (Zhou and Xu 2014; Zhou et al. 2014) also performed the
cross-linking of liquid CTBN inside the epoxy matrix. However, some differences in
the procedure adopted by the authors, when compared with the system described
above, resulted in a morphology characterized by rubber nanoparticles homoge-
neously distributed within the epoxy matrix. This new approach involves the
dissolution of the CTBN in the epoxy matrix with the addition of peroxide. The
mixture was heated at 85 °C for 5 h under stirring to initiate the cross-linking of
CTBN. Then the curing agent for the epoxy resin was added to form the thermoset-
ting material. During the pre-curing stage, the carboxyl groups of CTBN may react
with epoxy, providing a good anchorage between rubber and matrix. As the rubber is
homogeneously dispersed in the epoxy matrix, the cross-linked rubber remains in the
form of spherical nanoparticles. By using this procedure, the addition of 5% of
CTBN resulted in 2.5 times higher impact strength than the neat epoxy network
cured with piperidine, without affecting yield stress and Young’s modulus. Because
the molar mass of CTBN after the pre-cross-linking stage is very high, some epoxy
portion stays confined inside the rubber particle, giving rise to a localized
interpenetrating polymer network inside the dispersed rubbery phase.

The incorporation of block segment miscible with epoxy matrix in the CTBN
chain constitutes also a promising strategy for developing nanostructured CTBN-
modified epoxy networks. In this context, Heng et al. (2015) have successfully
prepared block copolymer constituted by liquid CTBN which was previously
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modified with methoxypolyethylene glycol (CTBN-b-PEG) via the esterification
reaction and used this copolymer in epoxy resin cured with 4,4’-methylenebis
(2-chloroaniline) (MOCA), to enhance both toughness and tensile strength of the
final material. The addition of up to 15% of the block copolymer resulted in
transparent material with CTBN domains with average size of 10 nm, confirming
the microphase-separated morphology. The authors also observed a significant
depression of the glass transition temperature of the epoxy matrix with the addition
of the block copolymer and suggested that the PEG segment in the block copolymer
is miscible with epoxy/MOCA cured system, contributing for a plasticizing effect on
the epoxy matrix. The Tg depression was around 60 °C with the addition of 20 wt%
of the block copolymer. Nevertheless, the impact strength, the critical stress intensity
factor, and tensile strength increase with the addition of CTBN-b-PEG reaching
maximum values with the addition of 15% of the block copolymer.

Liquid Polybutadiene-Based Modified Epoxy Resin

Hydroxyl-terminated polybutadiene (HTPB), as well as the carboxyl-, epoxy-, and
isocyanate-modified HTPB, has been used as epoxy modifier for improving tough-
ness and other properties. Unlike CTBN, HTPB is immiscible with epoxy resin at
room temperature because of the weak polarity of HTPB compared to CTBN.
Except for some specific systems involving polybutadiene as core in CSR-based
epoxy networks (Giannakopoulos et al. 2011), most of the studies reported involve
mechanical mixing of liquid-functionalized rubber with epoxy resin rather than
using preformed cured particles.

Incorporation of Liquid Polybutadiene Rubber
HTPB without additional functionalization has been evaluated as epoxy modifier
because of its low moisture permeability, low Tg, and excellent resistance to aqueous
acid and bases. Different approaches and curing systems have been investigated. The
curing agent used for the development of the HTPB-modified epoxy networks exerts
significant influence on the morphology of the corresponding thermoset material.
The use of triethylenetetramine (TETA) as the curing agent results in a morphology
characterized by large rubber particles and large particle size distribution, with
particle size in between 0.1 and 75 pm, most of them situated in the range of
11-32 pm for blend containing 10 wt% of HTPB (Barcia et al. 2003).
Anhydride-based curing system is interesting because it has a very low viscosity
at room temperature, which facilitates the processing of the mixtures. Moreover, the
anhydride group is able to react with the hydroxyl groups of the HTPB, imparting
better interaction between the rubber particle and the thermoset material (epoxy/
hardener system). Kaynak’s group (Ozturk et al. 2001; Kaynak et al. 2002) employed
1 and 1.5 wt% of HTPB in epoxy formulations. The authors affirmed that higher
amount of rubber results in improper mixing because of the incompatibility between
the components. They observed better mechanical performance when the HTPB was
previously mixed with the hardener at room temperature for 1 h.
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Table 2 Effect of blending procedure on the impact strength and morphology of epoxy resin
modified with HTPB

A (cured with TETA) B (cured with anhydride) C (cured with anhydride)
(Barcia et al. 2003) (Thomas et al. 2008) (Zhou and Cai 2012)
Rubber Rubber Rubber
Rubber Impact strength | particle Impact strength | particle Impact strength | particle
content (%) | improvement (%) | size (pm) | improvement (%) | size (pm) improvement (%) | size (pm)
5 17 25 0.82 45
10 46 10-33 47 0.90 88 3-20
15 15 11 1.2 64
20 - 3 1.5 36

Thomas et al. (2008, 2010) employed methyl nadic anhydride as curing agent and
observed a decrease of tensile strength and modulus as the amount of rubber
increased. The impact strength and fracture toughness increased up to an amount
of HTPB corresponding to 10 phr, achieving values 47% and 122% higher than the
neat epoxy network, respectively. The number average diameter of rubber domains
inside the epoxy matrix stayed in the range of 0.82—1.5 pm for blends containing
5-20 phr of HTPB. The authors also studied the effect of the curing temperature for
blend containing 10 phr of HTPB and observed an increasing of impact strength as
the curing temperature increases until 160 °C. At this conditions, the morphology
was characterized by a homogeneous distribution of particle size, observed by
scanning electronic microscopy (SEM).

In order to improve the adhesion between epoxy resin and HTPB, Zhou and Cai
(2012) first reacted HTPB with epoxy resin at 130 °C for 1-2 h, using 2,4,6-tri
(dimethylaminomethyl)phenol as catalyst (Fig. 2). Table 2 compares the percentage
of increasing in impact strength for systems prepared by different procedures. In all
these systems, the maximum increase in impact strength was achieved by using
10 phr of HTPB. Considering the conventional mixing approach, the nature of the
curing agent did not exert great influence on the extent of the impact strength
improvement. Both epoxy systems containing 10 phr of HTPB and cured with
TETA or anhydride display similar impact strength in spite of the great difference
in rubber particle size. However, the improvement was much better when HTPB has
been previously reacted with epoxy resin (Zhou and Cai 2012), even though the
system presented large particle size and particle size distribution. This result high-
lights the importance of a good interfacial adhesion for achieving better morpholog-
ical and mechanical behavior.

The miscibility of HTPB in epoxy system was investigated by Meng et al. (2006)
who have employed 4,4'-methylenebis-(2-chloroaniline) (MOCA), a high-
temperature curing agent. Before curing, the mixture between HTPB and epoxy
prepolymer were cloudy at room temperature but transparent at elevated tempera-
tures. The mixture between HTPB/epoxy and MOCA was transparent at the begin-
ning of the curing process performed at 150 °C. However, as the curing proceeded,
the system becomes cloudy indicating a reaction-induced phase separation process.
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In this case, spherical rubber particle with diameter around 2 pm and homogeneously
dispersed inside the epoxy matrix was obtained.

Carboxyl-terminated PB (CTPB) has also been investigated as modifier for
different epoxy systems. Some authors have performed a simple blending of the
components and the hardener. For example, epoxy cresol novolac (ECN) resin was
modified with CTPB and cured with diaminodiphenylmethane (DDM) (Nigam
et al. 1998). In spite of the presence of carboxyl group, the CTPB presented gross
phase-separated morphology, with an average particle size of 10 pm. A marginal
increase of both flexural strength and modulus (15% and 3%, respectively) was
observed with the addition of 10% of CTPB. By using epoxidized resol-based
phenolic resin/polyamide system, the toughening effectiveness of CTPB was signif-
icant (Shukla and Srivastava 2006). Indeed, both impact strength and tensile strength
increased by about 200% with the addition of 15 wt% of rubber.

Barcia et al. (2003) developed epoxy end-capped HTPB by reacting HTPB with
maleic anhydride at 80 °C for 24 h, which was subsequently reacted with epoxy resin
in the presence of triphenylphosphine as a catalyst, according to the scheme shown
in Fig. 7. The epoxy network modified with 10 wt% of CTPB resulted in an increase
of both impact strength and tensile yield stress of around 70% and 55%, respectively.
Moreover, no significant variation on the Tg values has been observed. These results
indicate that CTPB should be a promising toughening agent for epoxy resin because
it can improve the impact properties without losing the mechanical and thermal
properties. These behavior suggests that there is no rubber dissolved inside the
epoxy matrix. The average particle size was in the range of 1.2—1.8 pm.

Liquid polybutadiene functionalized with amino group (ATPB) was also
employed as toughening agent for DGEBA-type epoxy resin cured with TETA
(Kar and Banthia 2005). The synthesis of ATPB was performed by reacting the
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Fig. 7 Scheme for the preparation of epoxy prepolymer modified with CTPB
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HTPB with p-amino benzoic acid. In order to promote the covalent bonding between
ATPB and epoxy resin, both components were reacted at 200 °C for 5 h. This
procedure is necessary because of the low reactivity of aromatic amine toward epoxy
groups. After this treatment, the system was cured with TETA. The corresponding
network presented a significant increasing of the impact strength with the amount of
ATPB (around 250% with the addition of 15 phr of rubber), but a decreasing of the Tg.

The epoxidation of HTPB chains has also been considered more than two decades
ago for improving the compatibility between HTPB and epoxy resin. Bussi and
Ishida (1994a, b) employed epoxidized HTPB (E-HTPB) with different degrees of
epoxidation in epoxy systems cured with bisphenol A. The epoxidation increases the
polarity of the rubber, thus improving its miscibility with epoxy resin. From kinetics
studies, the authors concluded that the internal oxirane groups of E-HTPB is less
reactive than the oxirane groups of the epoxy resin. Therefore, the epoxidized HTPB
does not take part on the network and the role of the internal oxirane groups is
basically to increase the miscibility of HTPB (Bussi and Ishida 1994a). From
dynamic mechanical analysis, the authors observed a considerable depression of
the Tg values, mainly for E-HTPB samples with higher degree of epoxidation (Bussi
and Ishida 1994b).

Latha et al. (1994) employed 2,4,6-tri(N,N-dimethylaminomethyl)phenol as the
curing agent for a similar system and observed an improvement of impact strength
and adhesive properties on aluminum substrate with the addition of 10 phr of
epoxidized HTPB, without affecting the Tg. More recently, Lee et al. (2005) inves-
tigated the curing behavior of DGEBA-based epoxy resin with methylene dianiline
(MDA) in the presence of epoxidized HTPB. They also observed that E-HTPB is
miscible with epoxy resin. They have concluded that the E-HTPB is self-curable,
through the reaction between the hydroxyl and oxirane groups. In presence of
DGEBA, the hydroxyl groups located at the end of the E-HTPB would react
favorably with the oxirane groups of DGEBA. In the presence of the curing agent,
the reaction between the epoxy and hardener is dominant over the cross-reaction.

Tian et al. (2011) also modified HTPB with chain-extended urea, by the reaction
with toluene diisocyanate (TDI) followed by dimethylamine, and used in epoxy
formulations cured with dicyandiamide. The modified rubber accelerated the curing
process probably because of the presence of carbamate group in the modified HTPB
chain. The effect of the molar mass of HTPB on the main properties has been
investigated. The best impact resistance was achieved by using modified HTPB
with lower molar mass (Mn = 1800). By using 13 phr of this modified rubber, an
increase of about 290% in impact strength related to the neat epoxy was observed.
However, the glass transition temperature presented a significant decrease
confirming the flexibilizing action of the modified rubber.

Nanostructured Rubber-Epoxy Blends Containing Polybutadiene
Rubber

Nanostructured HTPB—epoxy blends have been successfully prepared by
using the corresponding block copolymer containing segments similar or misci-
ble with the epoxy matrix. In this sense, Meng et al. (2006) prepared poly
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(e-caprolactone)-b-polybutadiene-b-poly(e-caprolactone) triblock copolymer (PCL-
PB-PCL) via the ring-opening polymerization of e-caprolactone in the presence
of hydroxyl-terminated liquid polybutadiene (HTPB) and used this copolymer
in DGEBA-based epoxy system cured with 4,4'-methylenebis(2-chloroaniline)
(MOCA). PCL component is soluble in the epoxy/MOCA mixture at room tempera-
ture but HTPB is not. After curing at high temperature (150 °C), the system stayed
transparent indicating no macroscopic phase separation. However, by transmission
electron microscopy, the formation of heterogeneous morphology at the nanoscopic
level was evident, even when 30 wt% of triblock copolymer was employed. Consid-
ering that the curing temperature is much higher than the corresponding upper critical
solution temperature (UCST) of the system, the authors proposed that the formation of
the nanoscopic structure is due to the reaction-induced microphase separation of the
PB blocks rather than from a self-organized structure formed before curing.

Block copolymer prepared via coupling reaction of isocyanate-terminated HTPB
(PBNCO) and epoxy resin (Fig. 5) also results in nanostructured rubber—epoxy
networks (Barcia et al. 2002; Soares et al. 2011). The mixture of DGEBA with
PBNCO was completely transparent indicating miscibility of the components. After
curing with TETA, the corresponding networks remained completely transparent
even with a proportion of rubber as high as 20 phr (Soares et al. 2011). From
transmission electron microscopy, the nanostructure of the rubber domains, with
average size of 5-10 nm, has been confirmed (Soares et al. 2011). Increasing the
amount of rubber in the epoxy matrix, the number of spherical particles increased but
the rubber domains were still small and more densely packed. Additionally, the Tg
values did not present any significant change indicating that there is no soluble
rubber inside the epoxy matrix. This modified epoxy system also presents the unique
combination of toughening and stiffness properties, as the impact strength has been
increased to around 250% with the addition of 10 phr of modified rubber, with also a
slight increase of Tg and Young’s modulus (Soares et al. 2011). The transparency of
the functionalized epoxy network without decreasing of Tg confirm that the rubber
material is not dissolved inside the rubber but rather it is dispersed in nanometer
scale. This behavior may be attributed to the high reactivity of isocyanate groups
toward hydroxyl and epoxy groups of the epoxy matrix, which promote the covalent
reaction between the components, thus forming effective block copolymer consti-
tuted by polybutadiene in the middle, end-capped by DGEBA molecules, as illus-
trated in Fig. 5. Moreover, being the segment of the block copolymer constituted by
epoxy resin chain, the block copolymer takes part of the epoxy network. Besides
outstanding mechanical, optical, and thermal performance, the adhesive properties
of these materials were evaluated using both butt joint and lap shear tests, indicating
also a significant improvement of these properties (Barcia et al. 2004).

Natural Rubber as Modifier of Epoxy Resin

An approach to improve the toughening of epoxy prepolymer is the use of
unmodified or modified elastomeric particles based on natural rubber (NR) which
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have the ability to crystallize under stretching (Khan and Poh 2011). However,
natural rubber has many disadvantages such as a low resistance to solvents and
oils and a low air barrier properties (Roy et al. 1990). Thus, most of the published
articles in the literature reports the chemical treatment or the depolymerization of the
natural rubber (Roy et al. 1990). While other studies have focused on the combina-
tion of the natural rubber with nanoparticles such as carbon black, silica, and layered
silicates or with different rubbers such as polybutadiene, styrene—butadiene rubber,
etc. (Alex etal. 2011; Fang et al. 2013; Jin et al. 2015; Hofmann 1989), nevertheless,
we have focused our research only on the chemical modification of NR.

For example, Kumar et al. have investigated the modification of epoxy
prepolymer denoted DGEBA with maleated depolymerized natural rubber
(MDPR) (Kumar and Kothandaraman 2008). In this work, they have synthesized
MDPR with 2 phr (parts per hundred) of maleic anhydride, and they have prepared
different epoxy—-MDPR networks with epoxy prepolymer as major phase. They have
used methylene dianiline as curing agent and triphenylphosphine as catalyst. Finally,
epoxy networks have cured 3 h at 100 °C. In addition, the authors have also studied
the influence of MDPR on the thermal and mechanical (tensile and flexural tests,
impact resistance) properties. Thus, they have highlighted that the incorporation of
MDPR into epoxy monomer led to an increase in the strain at break and flexural
strain to failure without change of the glass transition temperature. Moreover, the
impact strength values of the epoxy/MDPR obtained by Izod unnotched impact test
are higher than the impact strength value of epoxy—amine networks without elasto-
meric particles (Kumar and Kothandaraman 2008).

Most of the published literature have focused on the epoxidation process of
polydiene rubbers (Pummerer and Bukard 1922; Gelling 1985; Burfield
et al. 1984; Perera et al. 1988). In 1922, Pummerer and Bukard were the first to
epoxidize natural rubber which is not very successful (Pummerer and Bukard 1922).
Other authors have also investigated the chemical modification of NR, but it was
only in 1985 that Gelling et al. first patented a process to develop epoxidized NR
(ENR) without the formation of secondary products by using different acid treat-
ments (Davies et al. 1983; Burfield et al. 1984; Perera et al. 1988). Thus, due to its
good reactivity and its better compatibility with epoxy prepolymer, ENR was used to
reinforce epoxy networks (Tanjung et al. 2015; Guthner and Hammer 1993; Hong
etal. 2005; Hong and Chan 2004; Chan and Rey 1997; Wise et al. 2000). In addition,
it has been demonstrated that the use of ENR as toughening modifiers into epoxy
resin can modify the curing reaction of the epoxy networks (Guthner and Hammer
1993; Hong et al. 2005). This phenomenon is due mainly to the presence of epoxy
groups on the natural rubber. Indeed, Hong et al. have studied the curing behavior of
epoxy/dicyandiamide networks with the presence of 2-methylimidazole as acceler-
ator and with 5—15 phr of ENR50 (Epoxyprene 50, i.e., 50 mol% epoxidized) (Hong
et al. 2005; Hong and Chan 2004). The authors have demonstrated that the incor-
poration of ENR combined with the dilution of the hardener induced a change in the
reaction mechanisms. Moreover, as epoxidized NR has a lower glass transition
temperature compared to epoxy networks, the structure and the conversion percent-
age of the cured epoxy matrices are modified (Hong and Chan 2004). When the



52 B.G. Soares and S. Livi

percentage of ENR is increased, the percentage of conversion significantly increases.
They have also demonstrated a phase separation behavior of the epoxy/rubber
systems by scanning electronic microscopy characterized by the formation of spher-
ical rubber particles with domain sizes between 1 and 2.2 pm (Hong and Chan 2004).
In addition, the authors have highlighted that an increase of the ENR content
(>5 phr) led to a significant decrease of the lap shear strength (LSS).

Other authors such as Mathew et al. have investigated the effect of epoxidized
natural rubber on the mechanical performances as well as the morphology of the
epoxy matrix (Mathew et al. 2014). In this work, epoxy prepolymer (LAPOX B-11)
was cured by an anhydride curing agent denoted nadic methyl anhydride with the
presence of N,N-dimethylbenzylamine as a catalyst (Mathew et al. 2014). Finally,
they have demonstrated that the epoxy systems composed of ENR particles led to an
improvement of the fracture toughness as well as the impact strength. In addition,
ENR droplets were observed into the epoxy matrix by SEM showing the variation of
the size of the rubber particles in function of its content.

More recently, Chuayjuljit et al. have synthesized ENRs via in situ epoxidation
method in order to obtain ENRs with 25, 40, 50, 60, 70, and 80 mol% of epoxide
groups, and they have introduced 2, 5, 7, and 10 phr of these rubbers in epoxy resin
cured with polyamide resin as curing agent (Chuayjuljit et al. 2006). Thus, they have
demonstrated that the use of over 5 phr of ENR particles led to a decrease of the
Young’s modulus, the impact strength, and the flexural modulus (Chuayjuljit
et al. 2006).

To decrease the viscosity and to improve the processing of the epoxy—rubber
blends, the use of low molar mass liquid rubbers derived from natural rubber as a
modifier of epoxy resin has been widely studied. For example, Thomas et al. have
investigated the influence of different amounts of hydroxylated-terminated liquid
natural rubber (HTLNR) on the mechanical properties of epoxy—anhydride net-
works. The authors have highlighted a reduction in the tensile strength combined
with an increase of the fracture toughness when 10 phr of HTLNR was used
(Thomas et al. 2008). Other studies have also demonstrated that the HTLNR droplets
acted as stress concentrators leading to the plastic deformation in the epoxy matrix
(Mathew et al. 2010, 2012). Recently, Mathew et al. have shown that the incorpo-
ration of 15 and 20 wt% of HTLNR in epoxy resin led to the best compromise in
terms of final properties (Mathew et al. 2012). Indeed, the impact strength as well as
the fracture toughness have been significantly improved.

In conclusion, the chemical modification such as the epoxidation or the depoly-
merization of the natural rubber (NR) is an excellent way to prepare epoxy—rubber
networks with good mechanical properties. In fact, the use of HTLNR or ENR
generally leads to an improvement of the fracture toughness with decreases of the
flexural and tensile modulus. In fact, several parameters can play a role in the final
properties of the polymer materials such as the concentration of rubber particles, the
functionalization of ENR by epoxide groups, their distribution into epoxy matrix,
and the choice of the hardener (polyamine, amine, anhydride, etc.). Thus, many
studies are still required in order to find the best compromise.
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Polysiloxane as Modifier of Epoxy Resin

In order to overcome the brittleness of epoxy matrices and improve their impact
properties, other additives were used such as silicon rubber or polydimethylsiloxane
(PDMS), commonly investigated as toughening agents (Huang and Kinloch 1992;
Yorkgitis et al. 1985; Karger-Kocsis and Friedrich 1993). In fact, PDMS has many
advantages such as UV insensitivity, low surface tension, an extremely low glass
transition temperature (T, of about — 120 °C) mainly due to the high flexibility of
these chains, and low solubility parameters inducing an immiscibility in epoxy
prepolymer before and after cross-linking reaction. In addition, the incorporation
of PDMS leads to epoxy networks with an excellent thermal and oxygen stability.
Thus, different routes have been explored and reported in the literature such as (i) the
use of PDMS particles (Rey et al. 1999), (ii) the synthesis of block copolymers
containing PDMS blocks (Hedrick et al. 1988a), (iii) the modification of the epoxy
structure by inserting PDMS or polymethylphenylsiloxane (PMPS) as soft segments
(Hedrick et al. 1988b), and (iv) the formation of a graft interpenetrating polymer
networks (graft-IPN).

Use of Preformed Particles

Over the past 30 or 40 years, several authors have studied the distribution of
preformed rubber particles into the epoxy prepolymer (Rey et al. 1999; Huang
and Kinloch 1992; Maazouz et al. 1994). Although this method is easy, scalable,
and transferable to industry, many challenges remain to be overcome such as the
control of particle size and the quality of the filler dispersion as well as the increase
in viscosity generated by their incorporation in the polymer matrix (Rey
et al. 1999).

However, various works have reported the use of PDMS particles in the epoxy
reactive systems. For example, Rey et al. have investigated the incorporation of
different quantities (4, 8, and 15 wt%) of PDMS particles in physical and mechanical
properties of epoxy—amine networks based on DGEBA/dicyandiamide (DDA) with
the use of a catalyst denoted Durion (Rey et al. 1999). In this study, they have mixed
PDMS in the reactive mixture by using two dispersion tools (Ultraturax and a twin-
screw extruder) and the epoxy blends were cured 2 h at 120 °C. Thus, they have
highlighted that a part of dissolved PDMS generates a decrease of the glass transition
temperature as well as a decrease in shear modulus. In the opposite, an increase of
the crack propagation resistance was obtained characterized by increases in fracture
toughness (Ky) and fatigue crack propagation. Moreover, the best mechanical
performance were observed when 8 wt% of PDMS was incorporated (Rey
et al. 1999).

Other authors have synthesized and used polyether-grafted polysiloxane (FPMS)
and epoxy-miscible polysiloxane particles (EMPP) as toughening agents of
epoxy prepolymer (Ma et al. 2010). In the first case, they have used the good affinity
of polyether with epoxy function to improve the miscibility of polysiloxane-
modified particles with epoxy prepolymer. In the second case, they have synthesized
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epoxy-miscible polysiloxane particles by hydrosilylation. Then, they have incorpo-
rated 10 wt% of FPMS and EMPP in epoxy—amine networks composed of DGEBA/
4.4-diaminodiphenylmethane denoted DDM and cured at 80 °C during 5.5 h, 2 h at
150 °C, and 2 h at 180 °C. Thus, they have highlighted that the use of these modified
particles led to an increase of the tensile and impact strength of the epoxy networks
without reducing the glass transition temperature. However, they have demonstrated
better mechanical results when EMPP particles were used. The outstanding mechan-
ical performance for epoxy modified with epoxy-miscible polysiloxane particles
(EMPP) was attributed to the morphology characterized by regular particles with
diameter of 340 nm.

Ho and Wang (2001) have prepared dispersed silicon rubber-modified aralkyl-
novolac epoxy via hydrosilylation. In addition, they have developed a process
to introduce dispersed polysiloxane particles into phenol aralkyl-novolac
epoxy prepolymer. Thus, they have demonstrated decreases of the flexural modulus
and the coefficient of thermal expansion combined with a significant decrease of
the T,.

In summary, few works have reported the use of unmodified or modified PDMS
particles as toughening agents of epoxy networks.

Use of Block Copolymers Based on PDMS Blocks

In recent years, academic research has focused on the synthesis of block copolymers
containing PDMS blocks for use as surface or toughness modifiers or as structuring
agents of epoxy networks (Gong et al. 2008; Xu and Zheng 2007). In fact, many
authors have highlighted that the addition of block copolymers into epoxy
prepolymer led to a ordered or disordered nanostructures via microphase separation
mechanism (Buchholz and Miilhaupt 1992; Kénczol et al. 1994). Huang et al. (2001)
have studied the influence of polyether—polydimethylsiloxane—polyether
(PER-PDMS-PER) as surface agents of epoxy matrix. They have synthesized six
kinds of triblock copolymer by hydrosilylation of bis-dimethylsiloxy-terminated
PDMS with allyl-terminated polyether and by varying the PDMS block length.
Then, the authors have introduced PER-PDMS-PER copolymers (5 wt%) and an
stoichiometric amount of curing agent (methylene dianiline (MDA)) into epoxy
prepolymer at 90—-100 °C. After a curing process of 1 h at 100 °C and 3 h at
150 °C, static friction coefficients and water contact angles were determined on
epoxy networks. In conclusion, they have demonstrated that the use of triblock
copolymer is a promising route to improve the contact angle values but not to
increase the oil and water repellency of epoxy matrices.

Miilhaupt et al. have studied the influence of a branched poly (e-caprolactone)—
polydimethylsiloxane—poly(e-caprolactone) (PCL-PDMS-PCL) into epoxy resin.
They have highlighted that the use of a small amount of the block copolymer
(5§ wt%) induced a morphology composed of spherical PDMS particles (20 nm)
combined with significant increases of Young’s modulus and strength at break
(Buchholz and Miilhaupt 1992; Kdnczol et al. 1994). Recently, Xu and Zheng
(2007) have investigated the incorporation of linear ABA triblock copolymer
(PCL-PDMS-PCL) and the resulting morphologies. More recently, other authors
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such as Gong et al. (2008) have synthesized new block copolymer containing poly
(hydroxyether of bisphenol A) and polydimethylsiloxane blocks denoted
PH-alt-PDMS. They have introduced PH-alt-PDMS block copolymer in epoxy
blends composed of DGEBA and diaminodiphenylmethane (DDM) and cured 2 h
at 150 °C and 2 h at 180 °C. Then, the morphology as well as the critical stress
intensity factors (K;.) were determined. They have demonstrated that the addition of
block copolymer (5-20 wt%) leads to a significant increase of the Ky, (1.5 MN/m*?
for epoxy—amine network and 3.0 MN/m>? when 20 wt% of copolymer was used).

Other block copolymers such as ABC triblock copolymer composed of PDMS-
PCL-PS have been used in epoxy thermosets (Fan et al. 2009). They have designed
ABC copolymer in function of the chemical nature of the blocks. Thus, they have
used PDMS blocks which are immiscible with epoxy before and after curing
reaction, PS blocks inducing phase separation in epoxy prepolymer, and finally
PCL blocks which are known to be miscible with epoxy before and after curing
reaction. After, they have added 10, 20, 30, and 40 wt% of PDMS-PCL-PS in epoxy
mixtures composed of DGEBA—4,4'-methylenebis(2-chloroaniline) (MOCA) and
cured 2 h at 150 °C and 2 h at 180 °C.

In conclusion, the synthesis of block copolymers composed of PDMS blocks has
been extensively studied. The resulting morphologies as well as the thermal and
mechanical properties have been also investigated. Even if increases in toughness of
the epoxy thermosets were obtained, significant amounts of block copolymers are
required limiting their use in industry.

Incorporation of the PDMS or PMPS Soft Segments in Epoxy Structure
Another strategy developed in the literature was to introduce polymethylphenyl-
siloxane (PMPS) and polydimethylsiloxane (PDMS) as soft segments into epoxy
structure (Lin and Huang 1994, 1996; Hou et al. 2000; Ochi and Shimaoka 1999; Ho
and Wang 1996; Zhao et al. 2000) to improve the final properties of epoxy networks.
Other authors such as Lin et al. have also demonstrated that the use of copolymers
constituted of siloxane and sulfone segments containing epoxy prepolymer denoted
ESBS led to materials with an excellent thermal behavior and nonflammability
properties for applications requiring the use of high temperature (Lin and Huang
1994). In addition, an increase of the glass transition temperature can be obtained
(Lin and Huang 1994).

Moreover, the same research group have studied the synthesis of epoxy
prepolymer (based on DGEBA) with different siloxane contents and oligomers
and their influence in the thermal and mechanical properties of these networks
(Lin and Huang 1996). Thus, different copolymers such as siloxane-modified
epoxy prepolymer (ESDG) have been developed and the epoxy networks were
cured with 2 phr of 2,4,6-tris(dimethylaminomethyl)phenol denoted DMP-30 as
curing agent at 120 °C during 1 h and post-cured at 150 °C during 2 h. In this
work, epoxy equivalent weight (EEW) of the samples were determined by using the
HCl/pyridine method (Lee and Yang 1992). Thus, epoxy networks based on
PMPS-DGEBA with high thermal stability and high impact strengths were
processed (Lin and Huang 1996).
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Recently, epoxy—siloxane copolymer was synthesized from the hydrosilylation
between allyl glycidyl ether and poly(methylhydrosiloxane) copolymer (Hou
et al. 2000). Thus, epoxy—amine networks composed of DGEBA and dicyandiamide
(DICY) with the benzyldimethylamine (BDMA) as catalyst have been prepared.
Hou et al. (2000) have concluded that the cured epoxy containing 9.1 wt% of
copolymer will be the best candidate to improve the toughness of the epoxy matrix
due to better dispersion of the siloxane chains. In addition, they have highlighted that
an increase of the siloxane segments in the copolymers led to an improvement of the
thermal behavior of epoxy—amine systems.

More recently, other authors such as Rath et al. have developed epoxy systems
based on the modification of aliphatic epoxy by introducing silicone segments through
urethane route (Rath et al. 2009). In order to create this network, a number of synthetic
steps are required: (i) synthesis of epoxy adipate prepolymer constituted of diglycidyl
ether of neopentyl glycol and adipic acid using triphenylphosphine as catalyst,
(ii) synthesis of TDI-capped hydroxyl-terminated polydimethylsiloxane based on
toluene diisocyanate (TDI) and PDMS with hydroxyl functions at the end of chains,
(iii) reaction between epoxy adipate prepolymer and TDI-capped hydroxyl-terminated
polydimethylsiloxane to form silicone-modified epoxy prepolymer, and (iv) curing of
this new network with amine hardener denoted O,0’-bis-(2-aminopropyl)polypropy-
leneglycol-block-polyethyleneglycol-block-polypropyleneglycol. Then, they have
investigated the effect of the addition of 15 and 30 wt% of silicone-modified epoxy
prepolymer on the morphology, the thermal and mechanical properties, as well as the
surface wettability of the epoxy networks. The authors have highlighted a biphasic
morphology with a homogeneous dispersion of PDMS rubber particles coupled with
lower surface energy (Rath et al. 2009).

In conclusion, the incorporation of siloxane segments into the epoxy structure is a
good way for the preparation of epoxy networks with good final properties. Never-
theless, many comparative studies between epoxy/PDMS particles, epoxy/block
copolymers, and the networks based on the chemical modification of the epoxy
structure are required in order to develop epoxy—rubber blends with excellent final
properties.

Structuration by Graft Interpenetrating Polymer Networks (Graft-IPN)

The last route to prepare epoxy networks with polysiloxane as modifiers is to
synthesize graft interpenetrating polymeric networks (Nguyen and Suh 1984;
Frisch 1985; Velan and Bilal 2000). In 1997, Sung and Lin (1997) have demon-
strated that it is possible to develop epoxy/PDMS graft-IPN by using 3-amino-
propyltrimethoxysilane (y-APS) as reactive coupling agent and MDA as curing
agent. The authors have shown that the use of y-APS led to faster epoxy—amine
reaction and the presence of alkoxy groups in the silane induced the reaction with
hydroxyl-terminated PDMS. Then, they have investigated the influence of the
PDMS content (5-25 wt%) on the fracture behaviors as well as the mechanical
properties of epoxy networks. The authors have highlighted epoxy networks com-
posed of PDMS domains with sizes between 6 and 20 um. In addition, they have
demonstrated that an increase of the PDMS amount led to decreases of the tensile
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and flexural strengths due to poor cohesive strength between epoxy resin and PDMS.
However, they have shown an increase of the fracture energy. In another study, the
same authors have incorporated a new component denoted polypropylene glycol
into the epoxy/PDMS graft-IPN (Sung and Lin 1997). Thus, they have highlighted
that this multicomponent system led to a better phase homogeneity with a single
glass transition temperature for a PDMS/PPG ratio below 12%. Moreover, better
energy damping properties have been revealed.

Other authors such as Velan et al. have also worked on similar systems based on
DGEBA/PDMS with diethylenetriamine as hardener and y-APS as cross-linking
agent to develop polymer materials for electrical insulation, encapsulation, and
aerospace applications (Velan and Bilal 2000). In fact, these PDMS—epoxy IPN
led to better electrical and thermal properties coupled with high impact resistance.

More recently, Jia et al. (2007) have prepared epoxy/PDMS IPNs in a common
solvent (toluene) and the resulting morphologies have been investigated by scanning
electronic microscopy (SEM) and atomic force microscopy (AFM). In this work,
two curing reactions take place simultaneously between (i) epoxy prepolymer
(DGEBA) and the curing agent denoted methyltetrahydrophthalic anhydride
(MTHPA) and (ii) between vinyl-terminated PDMS and hydride-terminated
PDMS. Thus, the authors have highlighted a nanostructuration of PDMS with
domain sizes between 10 and 50 nm. Nevertheless, no thermal and mechanical
properties were studied.

In conclusion, various synthetic methods have been studied to develop nano-
structured epoxy/PDMS graft-IPN with good thermal, electrical, and mechanical
properties. However, few works on these multicomponent systems are reported in
the literature limiting their use in many applications.

Acrylate Rubber as Modifier of Epoxy Resin

As for the polydimethylsiloxane and in order to generate two-phase systems wherein
the rubber phase would improve the cracking resistance of the epoxy matrix without
deterioration of their thermal and/or mechanical properties, acrylate chemistry has
also been widely studied and used. In fact, different approaches have been reported
in the literature, such as (i) the synthesis of acrylate-based liquid rubbers and (ii) the
use of core—shell particles

Synthesis of Acrylate-Based Liquid Rubbers

As previously mentioned, the use of liquid rubber based on CTBN has been greatly
investigated to improve the fracture toughness of epoxy networks (Achary
et al. 1990). However due to the presence of unsaturated bonds in the butadiene
segments, thermal degradation and oxidative instability may occur during the curing
process at high temperature (Okamoto 1983). Thus, different authors have turned to
acrylate-based liquid rubbers having better thermal and oxidative stability (Duseck
et al. 1984; Ochi and Bell 1984; Gazit and Bell 1983; Nakamura et al. 1986; Lee
et al. 1986; lijima et al. 1991a, b; Khong et al. 2008).
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In 1988, Tomoi et al. (1988) have prepared new copolymers based on acrylate
rubbers with a pendant epoxy group by copolymerization of butyl acrylate (BA) with
vinyl benzyl glycidyl ether (VBGE), and they have used this copolymer in
epoxy—amine system composed of DGEBA/DDS. Thus, they have highlighted
that the use of 20 wt% of the copolymer containing 74% of BA and 26% of
VBGE led to an increase of 30% of the fracture toughness compared to cured
unmodified epoxy networks. The authors have also demonstrated the formation of
two-phase microstructures composed of rubber particles with diameter of 2 pm. In
addition, the authors have observed that a change in the composition of the copol-
ymer plays a key role on the final properties of the epoxy networks (Tomoi
et al. 1988). Different authors have also demonstrated that carboxyl-terminated
poly(n-butyl acrylate) liquid rubber and n-butyl acrylate (acrylic acid) copolymers
are good toughening agents of epoxy—amine networks (Ochi and Bell 1984; Lee
et al. 1986). For example, Lee et al. have synthesized n-butyl acrylate (nBA)/acrylic
acid (AA) copolymers and used in epoxy systems composed of DGEBA/DICY (Lee
et al. 1986). Moreover, they have studied the influence of the functionality of the
copolymers (between 1.62 and 9.93) on the properties of epoxy networks. Thus, they
have shown that the use of these copolymers induced an increase of the lap shear and
T-peel strengths of the epoxy networks.

Other authors have also worked on the encapsulation of electronic devices with
epoxy—acrylate rubber systems. For example, Ho et al. have modified epoxy
prepolymer by vinylization and prepared acrylate rubber dispersion by vinyl in
situ polymerization (Ho and Wang 1993). Then, they have used this dispersion to
improve the toughness of epoxy systems based on cresol-formaldehyde novolac
epoxy prepolymer and phenolic novolac resin as curing agent. In this work, the
authors have obtained epoxy networks with excellent resistance to the thermal shock
cycling test combined with an increase of the fracture toughness without reduction of
T, (Ho and Wang 1993). Nevertheless, decreases in the coefficient of the thermal
expansion and in the flexural modulus have been observed. In addition, they have
highlighted that 2-ethylhexylacrylate is the best modifier for these epoxy systems.

Recently, Ratna and Banthia (2000) have synthesized various acrylate-based
liquid rubbers denoted 2-ethylhexylacrylate-acrylic acid with different molecular
weights and functionality and have introduced these new copolymers in epoxy
prepolymer cured with triethylenetetramine (TETA) as hardener with the presence
of triphenylphosphine (PPh;) as catalyst. Then, they have studied the effect of these
liquid rubbers on the thermal and impact properties of epoxy—amine systems.
Finally, they have demonstrated that the use of liquid rubber with a functionality
of 5.19 led to a single-phase morphology, whereas a functionality of 1.68 was the
best compromise characterized by an increase of the impact strength with slight
decreases of the T, and storage modulus. More recently, the same authors have also
investigated the influence of carboxyl-terminated poly(2-ethylhexylacrylate)
(CTPEHA) synthesized by bulk polymerization in the same epoxy—amine system
(Ratna et al. 2001). Thus, they have highlighted that the incorporation of liquid
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rubber up to 20 phr concentration induced increases of the impact and adhesive
strengths combined with slight decreases of the tensile and flexural strength.

In 2004, other authors such as Kar and Banthia (2004) have synthesized
CTPEHA and an epoxy-randomized PEHA denoted ERPEHA as tougheners of
epoxy matrix based on DGEBA/TETA/PPh; systems cured 2 days at room temper-
ature and post-cured at 80 °C during 2 h. They have obtained the best results in
impact strength when the liquid rubber was introduced in 1:1 ratio, with respect to a
concentration of 10 phr in epoxy—amine networks. More recently, various authors
have also studied more complex mixtures where bisphenol A was added to the
epoxy—rubber systems leading to an increase of the ductility of the strain at break
combined with higher toughness efficiency (Khong et al. 2008).

In conclusion, as the preparation of epoxy systems requires to work at higher
temperatures during significant times (several hours) and depending on the chemical
nature of the hardener (amine, anhydride, phenol, polyamide, etc.), the use of
acrylate-based liquid rubbers is an excellent alternative to CTBN through their better
thermal and oxidative stability.

Use of Core-Shell Particles

In the field of acrylate rubbers, another strategy was reported in the literature such as
the synthesis and the incorporation of core—shell particles in epoxy resin adhesives to
increase their mechanical performances (Ashida et al. 1999; Lee et al. 1986;
Nakamura et al. 1990). Thus, Ashida et al. have used acrylic particles composed
of poly(butyl acrylate) (PBA) as core and poly(methyl methacrylate) (PMMA) as
shell, and they have introduced these particles in epoxy—amine networks (Ashida
etal. 1999). Moreover, they have demonstrated that the addition of a small amount of
core—shell particles in epoxy matrix led to higher fracture toughness and adhesion
strength because a bond is formed between epoxy prepolymer and these particles. In
fact, the presence of epoxy resin around the core—shell particles has the effect of
improving the level of energy absorption due to the plastic deformation of the epoxy
matrix. Other authors have also highlighted that the particles swell with the epoxy
resin during the curing process (Lee et al. 1986; Nakamura et al. 1990).

Kim et al. (1997) have developed poly(urethane acrylate)/poly(glycidyl methac-
rylate-co-acrylonitrile) core—shell particles of different sizes by emulsion polymer-
ization. Indeed, they have modified the particles size (48—200 nm) by adding
polyoxyethylene groups in the urethane acrylate molecules. Then, they have inves-
tigated the influence of the particles size on the impact strength of epoxy—amine
networks. Thus, they have concluded that an increase of the shell thickness as well as
an increase of the amount of particles induced an increase of the impact strength.

In summary, this last route is very promising because the use of a small amount of
these core—shell particles can lead to significant increases of the mechanical perfor-
mances of the epoxy—rubber networks and in particular concerning their fracture
toughness. In addition, many of core—shell particles are currently commercially
available which makes their use easier for industrial applications.
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Conclusion Remarks

Nowadays, thermoset-based epoxy resins are most commonly used in a wide range
of applications such as the automotive, aerospace, and also electronic devices,
thanks to their excellent thermal, thermomechanical, and adhesive properties as
well as their excellent process ability. However, these systems have many disadvan-
tages, and in particular, their great brittleness limits their fracture resistance, fatigue
behavior, and impact strength. Thus, many approaches have been developed and
investigated in the literature in order to improve the fracture toughness and to modify
the deformation mechanism of epoxy resins such as the incorporation of rubber
particles, the synthesis of new copolymers or block copolymers containing rubber
segments or blocks, the formation of graft interpenetrating polymer networks, or the
use of low molar mass liquid rubbers. For these reasons, this chapter summarizes the
different preparation of epoxy—rubber networks as well as their significant effect on
their final properties.
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Abstract

The incorporation of functionalized liquid rubbers is one of the most successful
methods to toughen epoxies. These rubbers are initially miscible with epoxy
oligomers at a given temperature, however, the reaction-induced phase separation
occurs because of the increment in the molecular weight of the epoxy matrix as
the curing reaction proceeds, thereby resulting in the precipitation of rubber as a
dispersed phase. The properties of the resultant epoxy/rubber blends depend
largely on their final morphologies, which in turn are determined by the phase
separation of the epoxy/rubber blends in the curing process. In this chapter, we
first introduce the thermodynamics of phase separation based on the Flory-
Huggins solution theory and then discuss the miscibility of epoxy oligomers
with liquid rubbers and some factors affecting the phase separation of epoxy/
rubber blends, such as the structural properties of rubber, curing agent, and curing
procedure. We also discuss the techniques used to study phase separation. Finally,
some critical comments and conclusions are given.
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Introduction

Epoxy resins are among the most important thermosetting polymers and have been
extensively used as structural adhesives, surface coatings, structural composites, and
electrical laminates (Zhou et al. 2014; Ratna and Banthia 2004). However, as neat
epoxies are brittle with poor resistance to crack growth, their applications as the
matrices for high-performance composites are greatly limited (Heng et al. 2015). An
efficient way to toughen these brittle polymers is to incorporate a dispersed rubbery
phase, which can increase the fracture energy of the polymers by several folds.
However, the general rigid rubber with a high molecular weight cannot be well
dissolved and dispersed in the epoxy matrix due to significant differences in the
chemical structure, polarity, and viscosity between them. Therefore, liquid rubber or
preformed core-shell rubber has often been used to toughen epoxies (Yahyaie
et al. 2013; Yee and Pearson 1986; Parker et al. 1990; Bascom et al. 1981; Sue
1991; Yee and Du 2000; Abadyan et al. 2012). An appealing feature of liquid rubber
as a modifier is its good miscibility with the parent epoxy oligomers (Ratna 2001).
Normally, liquid rubber and epoxy oligomer initially form a homogeneous solution
by mechanical mixing, and upon curing, rubber particles precipitate as a second
phase due to the increase in the molecular weight of the matrix (Wise et al. 2000;
Tian et al. 2011). The morphology of rubber-toughened blends is determined by
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phase separation in the curing process, which in turn depends on the miscibility
between the liquid rubber and epoxy, curing conditions, hardeners used, etc. In this
chapter, the miscibility and phase separation of rubber-toughened epoxy blends are
discussed.

Thermodynamics of Phase Separation
Phase Diagram of Polymer-Polymer System

Phase diagram offers a convenient way to follow the phase separation of the
polymer-polymer system (Olabisi et al. 1979; Sperling 2006; Sanchez and Stone
2000; Jiang 1988). Phase separation is determined by the thermodynamics related to
the miscibility between the two polymers. The miscibility of a mixture composed of
two polymers (A and B) depends on the temperature, composition, and molecular
weight of the two polymers. Figure 1 shows a typical phase diagram of a binary
polymer system, where 4 and B on the abscissa represent pure polymer 4 and B, and
the vertical coordinate is the temperature of the system. The solid line (also called the
binodal curve) is a boundary between the homogeneous zone and the two-phase
zone. The system is homogeneous in the region above the curve and separates into
two phases in the region enclosed by the curve. If the composition of the mixture is c,
and the initial temperature of the system is 77, the corresponding point M lies in the

Fig. 1 Phase diagram of a
binary polymer system Homogeneous o
Zone N

Temperature (°C)

Composition
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homogeneous zone, indicating that the mixture is completely miscible at 7). As the
temperature decreases to 7, the corresponding point N lies on the binodal curve, and
thus the system is at the critical point between the homogeneous zone and the
two-phase zone. As the temperature further decreases to T3, the corresponding
point P lies in the two-phase zone, resulting in the occurrence of phase separation.
After the system reaches thermodynamic equilibrium, it will separate into two
phases corresponding to point O and R, and the corresponding composition is
denoted as a and b, respectively. In phase Q with a composition of a, polymer 4 is
predominant over polymer B, whereas in phase R with a composition of b, the
situation is reversed. The mass of the two phases (M and M) can be calculated
using the level principle:

M PR
—Q_ (1)

Mg QP

In the present case, the content of polymer 4 is higher than that of polymer B;
thus, the amount of phase Q is higher. Phase Q is generally continuous, and phase
R is dispersed.

When the temperature of the system is higher than the upper critical solution
temperature (UCST, T.), the system is homogeneous, regardless of its composition.
However, the system in the region surrounded by the binodal curve displays a
two-phase structure. When the molecular weight of polymer A or polymer
B increases, the binodal curve moves upward (as shown in dashed line).

Beside the UCST-type phase diagram discussed above, there are many other types
of phase diagrams. Figure 2 shows a phase diagram with a lower critical solution
temperature (LCST).

Fig. 2 LCST-type phase
diagram of a binary polymer
system

Two phase
Zone

Temperature (°C)

LCST

Hom ogeneous
Zone

A Composition B
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Critical Conditions for Phase Separation

The free energy of mixing (AG,,) for a binary polymer system can be derived from
the quasi-lattice model proposed by Flory and Huggins:

RT ~ V \x

AG, V(¥ ¥
2= (—‘mvl +2In¥, + 2 ¥ vz) ©)
X2

where ¥1and¥, are the volume fraction of polymer 1 and polymer 2; x; and x, are
the segment number of polymer 1 and polymer 2, which is proportional to the
molecular weight of the polymer; ¥ is the Flory-Huggins interaction parameter; ¥,
is the total volume of the system; V is the volume of the segment; R is the gas
constant; and 7 is the absolute temperature.

Assuming that x; = x, = 100, the variation of AG,, with ) is shown in Fig. 3. It
shows that at one extreme, if y is very small (i.e., 0.01), y¥;¥, will also be very
small, and AG,, is negative in the entire composition range and has only one
minimum. Thus, the two polymers are miscible, and their mixture with any compo-
sition is homogeneous, whereas at the other extreme, if y is very large (i.e., 0.1),
¥ 1¥,is large and AG,, is positive in the entire composition range and has only one
maximum. Thus, the two polymers are immiscible, and their mixture cannot be
homogeneous. However, if y takes an intermediate value (i.e., 0.03), AG,, is
negative in the entire composition range and has two minima. When the composition
of the mixture is between C’ and C”, the free energy of the mixture will decrease as
the mixture separates into two phases with a composition of C’ and C”.

The above conclusion is also true in the case of x; # x,, but the AG,, curve is not
symmetrical anymore in this case.



74 S.-A. Xu

Thus, when the AG,, curve changes from having one minimum to having two
minima, phase separation occurs in the mixture of two polymers. The critical point
for phase separation is that when the two minima and one maximum coincide. As
shown in Fig. 3, the AG,, curve with two minima must have two inflection points,
and the mathematical discriminant for this case is that the second and the third order
derivative of AG,, equals to zero:

O*AG,,

v, 0 ©)
D*AG,,

83 “’22 - O (4)

Combining Egs. 2, 3, and 4, the critical condition can be expressed as

_1[;+¢]2 )

Mechanisms of Phase Separation

The above discussion suggests that the mixture is immiscible if AG,, > 0. However,
even if AG,, is negative and it has two minima are present, the mixture is not always
miscible in the entire composition range, and phase separation may occur in certain
composition ranges.

Now we discuss how phase separation occurs.

Figure 4 shows the variation of the free energy of mixing with the composition of
a binary polymer mixture, where 4 and B are two pure polymers. At T}, the AG,,
curve has two minima, and the corresponding compositions are denoted as C}, and
C7, respectively. Accordingly, there are two inflection points on the curve, and the
corresponding compositions are denoted as C! and C?, respectively. However, these
minima and inflection points change as a function of temperature. For example, as
the temperature increases from 7 to 75, the curve moves up. Therefore, different
compositions corresponding to the two minima and inflection points can be obtained
at different temperatures. Now, temperature is used as the vertical coordinate, and the
mixture composition as the horizontal coordinate. The points corresponding to the
two minima, such as (77, C}) and (17, C?), are connected with a smooth binodal
curve, as shown at the bottom of Fig. 4. Similarly, those discrete points
corresponding to the two inflection points at different temperatures are also
connected with a smooth spinodal curve. In fact, the lower part of Fig. 4 is the
phase diagram of a binary polymer blend. In the region surrounded by the binodal
curve, the blend shows a two-phase structure. However, phase separation processes
differ greatly in different composition ranges.
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Fig.4 Variation of the free energy of mixing with the composition of a binary polymer mixture and
the spinodal and binodal curves

Spinodal Separation
When the composition of the system is between the two inflection points, i.e., the
region surrounded by the spinodal curve, phase separation occurs by a spinodal
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mechanism. Assuming that the composition of the system is Ci, it is seen from the
upper part of Fig. 4 that the free energy of mixing is G,. If phase separation is
induced by small amplitude composition fluctuations, then according to the level
principle, the compositions of the two resulting phases must be on the opposite sides
of C,, which are denoted as C, and C., and the corresponding free energies are
denoted as G/ and G/, respectively. The total free energy of the separated system
(GY) is the linear additivity of the free energy of each phase, which is the value where
the tie-line G/ — G crosses the average composition (i.e., the initial composition).
It can be seen that GY is always lower than G, which means that the free energy will
decrease compared with the original homogeneous system if the system separates
into two phases owing to any small perturbation in composition about C,. Hence,
such a separation proceeds spontaneously without any energy barrier and continues
slowly until the lowest free energy is achieved at C) and Cz. Consequently, once
phase separation occurs, the system cannot remain homogeneous spontaneously
because that would require an uphill climb from the free energy trough. The
composition of the two phases, G/ and G/, changes successively in phase separation,
and the final composition at equilibrium is denoted as C}, and C3.

Nucleation and Growth

If the initial composition of the system intervenes between the minimum and its
neighboring inflection, i.e., in the region surrounded by the binodal and spinodal
curves, phase separation will occur by another mechanism.

If the overall composition is Cp, then the free energy of the system is Gj,.
Assuming that the system separates into two phases with a composition of C} and
C} by concentration fluctuation, then the free energy of the heterogeneous system
after separation is Gj. It is obvious that Gj is always larger than G, indicating that
phase separation results in an increase in the free energy of the system. Thus, phase
separation will not occur spontaneously, and the system is metastable and homoge-
neous. However, if the system separates into two phases whose compositions
correspond to the two minima of AG,, (C} and C3), the total free energy of the
separated system is G7, which is absolutely lower than G,,. In other words, the free
energy decreases as the initial homogeneous system separates into two phases with a
composition of C} and C;. However, phase separation cannot occur by perturbation
in composition. Instead, it occurs by nucleation, which is the process of forming an
initial fragment of a new and more stable phase within a metastable mother phase.
This initial fragment is called a nucleus and its formation requires an increase in the
free energy; thus, there must be a finite undercooling into the binodal region in order
to develop a nucleus. Hence, an analogy can be drawn to crystallization kinetics.
Generally, nucleation is a very slow process that takes a long time to complete. Once
the nucleus has formed, polymer molecules will assemble on the surface of the nucleus
in the same composition as the nucleus, driven by free energy reduction. This process
makes the nucleus grow gradually, resulting in an increase in domain size of dispersed
phase. In this case, the dispersed phases are not interconnected.

Figure 4 shows that if the initial composition of the system lies in the left region
surrounded by the binodal and spinodal curves, polymer A is predominant, and the
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nucleus in which polymer B predominates will form. The compositions of the
nucleus and the matrix near the nucleus are close to Cz and C}. As phase separation
continues, the molecules of polymer B in the matrix will assemble into the nucleus,
resulting in nucleus growth and the formation of dispersed phases.

In summary, for a mixture initially homogeneous at a given temperature, if the
composition of the system falls over the region surrounded by the binodal and
spinodal curves due to temperature change, the system is thermodynamically meta-
stable and cannot separate into two phases spontaneously. Once the nucleus of the
dispersed phase forms, phase separation occurs by the nucleation and growth
mechanism. However, if the system falls over the region surrounded by the spinodal
curve, it is thermodynamically unstable, and phase separation occurs spontaneously
by the spinodal mechanism.

Miscibility of Epoxy Oligomer with Liquid Rubber

The miscibility between epoxy oligomer and liquid rubber has an important effect on
the phase separation in the curing process. A popular aphorism used in organic
chemistry for predicting the solubility is “like dissolves like,” where “like” is
qualitatively defined as having similar chemical groups or polarities (Sperling
2006). In the early twentieth century, Hildebrand found that the miscibility between
two compounds depended on the difference in the cohesive energy and proposed the
concept of solubility parameter, which was defined as the square root of the cohesive

energy density:
AE
S=4/— 6
\/ 7 (6)

where AE is the cohesive energy and  is the molar volume.
For a mixture composed of polymer 4 and polymer B, Hildebrand and Scott
proposed on a quantitative basis that for regular solutions

A _ (64 — 88)° ¥a¥p (7
7
where AH is the enthalpy of mixing, V; is the total volume of the mixture, and ¥ is
the volume fraction of polymer 4 and polymer B in the mixture, respectively.
The solubility parameter can be calculated from a knowledge of the chemical
structure of any compound using the group molar attraction constant, F, for each

group:
_P
5=1 Ej F; ()

where p is the density and M is the molecular weight. For a polymer, M is the
molecular weight of monomeric unit.
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Group molar attraction constants have been tabulated for many chemical groups
by Small (1953) and Hoy (1970) and in the handbook edited by Brandrup and
Immergut (1989). However, it is noteworthy that as there is a minor difference in the
F values, the calculated solubility parameters may be different using different data
resources.

Epoxy oligomers and general rigid elastomers, such as natural rubber and buta-
diene rubber, are immiscible because of the difference in the chemical structure,
polarity, and molecular weight. According to Eq. 5, for an epoxy oligomer/rubber
system, the critical interaction parameter y. increases as the molecular weight of
rubber decreases; thus, it is possible to form a homogeneous system at lower
temperatures. This is the reason why liquid rubbers with a low molecular weight
are chosen to toughen epoxies. Moreover, epoxy oligomer molecule is polar with a
large cohesive energy and solubility parameter, while polybutadiene is nonpolar with
a small solubility parameter. In order to enhance the miscibility between epoxy
resins and rubber, liquid butadiene-acrylonitrile rubber is used. Functionalization of
liquid rubber can increase not only the interfacial adhesion by the reaction between
the functional groups on the liquid rubber and the epoxy or hardener but also the
cohesive energy of the functionalized rubber, resulting in an increase in the solubility
parameter of the functionalized rubber. Thus, carboxyl-terminated butadiene-acry-
lonitrile (CTBN) with different contents of acrylonitrile (AN) has been widely used
to modify epoxy resins (Yee and Pearson 1986; Bucknall and Partridge 1983;
Kinloch et al. 1983; Bucknall and Gilbert 1989; Gilbert and Bucknal 1991); Garg
and Mai 1988; Mathew et al. 2014). Other elastomers such as amino-terminated
butadiene-acrylonitrile (ATBN), epoxy-terminated butadiene-acrylonitrile (ETBN),
epoxidized natural rubber, and functionalized liquid natural rubber have also been
used (Yahyaie et al. 2013).

Surprisingly, little attention has been paid to the miscibility between epoxy resins
and liquid rubber. The miscibility between them is generally determined by visual
inspection. If the resulting solution is homogeneous and transparent, it is considered
to be miscible.

Bucknall and Partridge (1986) investigated the miscibility between three liquid
epoxy oligomers (di-, tri-, and tetrafunctional epoxies; Ciba-Geigy, UK) and CTBN
using the solubility parameter approach, and the structural formulae of the three
epoxies and CTBN are shown in Fig. 5.

The solubility parameter values for each oligomer and CTBN were calculated by
the Fedors method, which was similar to the well-known Small method, and the
results are shown in Table 1. It clearly showed that the miscibility between CTBN
and epoxy oligomers depended largely on the type of epoxy oligomers used. CTBN
was more miscible with epoxy I which had a similar solubility parameter, and the
incompatibility between epoxy II or epoxy Il and CTBN was indicated by the
difference in their respective & values. Lee et al. (1982) found it necessary to use a
more polar rubber and a two-step, pre-react method in order to achieve a uniform
dispersion of rubber particles in an epoxy III system.
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Fig. 5 Structural formulae of three liquid epoxy resins and CTBN (Bucknall and Partridge 1986)

Table 1 Calculated solubility parameters, molar volumes, and molecular weights for epoxy resins
and CTBN at 25 °C (Bucknall and Partridge 1986)

Compound 5 (H) Molar volume (cm*/mol) Molecular weight (g/mol)
Epoxy I 10.0 272 380

Epoxy II 10.9 180 300

Epoxy III 11.0 285 530

CTBN 9.9 3127 3320
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However, the concept of solubility parameter is suitable for nonpolar or weakly
polar systems. For a mixture consisting of polar components, a good miscibility can
be achieved only when the solubility parameter and polarity are close. The
intermolecular forces include the dispersion force, dipole force, and hydrogen
bond. If their contributions to cohesive energy are additive, then the condition for
the miscibility between two compounds is that the solubility parameters of individ-
ual components should be the same, a condition which is rarely met.

The simple one-component solubility parameter method is extremely limited in
dealing with polar compounds, while the three-component solubility parameter
method is very difficult to apply. Some scholars have experimentally investigated
the miscibility between epoxy oligomer and liquid rubber and phase behavior of the
mixture using cloud-point measurements. Wang and Zupko (1981) studied the
miscibility between diglycidyl ether of bisphenol A (DGEBA) epoxy monomers
and CTBN with two different AN contents. UCST-type behaviors were observed,
with the precipitation threshold located at a CTBN volume fraction of about 0.07.
However, this location was incorrectly assigned to the difference in the molecular
weights of both components and the corresponding variation of the combinatorial
entropy of mixing (Verchére et al. 1989). Besides, the position of the miscibility gap
was very sensitive to the AN content of CTBN. A decrease in the AN content from
17% to 10% led to an increase in the precipitation threshold temperature by about
73 °C, which was attributed to the increase in the difference in the solubility
parameters between the two components as the AN content decreased (Verchére
et al. 1989).

Montarnal et al. (1986) measured the cloud-point curves (CPC) of CTBN-
DGEBA oligomer systems and found that the terminal carboxyl groups of
CTBN could be capped with the epoxide groups of DGEBA, forming an adduct
of CTBN with DGEBA. Compared with the pure CTBN-DGEBA system, the
capped CTBN-DGEBA system showed a shift of miscibility gap to lower tempera-
tures. Thus, the generated adduct could increase the miscibility of both components.

Watzquez et al. (1987) investigated the variation of the cloud-point temperatures
with the CTBN content in DGEBA/DDS (diaminodiphenylsulfone) system.
DGEBA and CTBN were assumed to be monodisperse, and the free energy of
mixing was calculated by the Flory-Huggins equation. In order to avoid gelation,
an epoxy/amine ratio of 3.5 was used. Finally, the interaction parameter was
obtained as a function of temperature.

Vechére et al. (1989) investigated the effects of several formulation parameters
(i.e., the molecular weight of the DGEBA monomer, CTBN type, and the use of an
adduct of CTBN with DGEBA) on the miscibility gap of the system by measuring
CPC using a light transmittance device. Figure 6 shows the CPC for the mixture of
CTBN containing 8 wt% AN with epoxy monomers with different molecular masses
(i.e., variable 77, the average value of the repeat unit numbers () calculated from the
number-average molecular weight according to the structural formula of DGEBA,
top of Fig. 6). Obviously, 7 was proportional to the molecular mass of epoxy
monomer. A UCST-type phase diagram was observed for every case, which was
consistent with the results of Wang and Zupko (1981). Moreover, the location of



3 Miscibility and Phase Separation of Epoxy/Rubber Blends 81

o CH OH CH o
/N e i [’ 7\
CH,—CH—CH, o O c O O - CH,— CH—CH, o O c O O — CH,—CHz—CH,

| n |
CH, CHg

DGEBA

™0 g

100

50

0 | 0.03 | |
0 0.2 0.4 0.6 08 ¢ 1
m

Fig. 6 Cloud-point temperature versus mass fraction of CTBN for mixtures of CTBN with epoxy
monomers of different molar masses (different 7 values) (Verchére et al. 1989)

miscibility gap was extremely sensitive to the molecular mass of the epoxy mono-
mer. As the number-average molecular weight of epoxy monomers increased from
349 to 383 g/mol, the precipitation threshold temperature (the maximum of CPC)
increased by about 14 °C. An increase in 7 led to a change in the chemical
composition of epoxy molecules, such as an increase in the concentration of the
secondary OH groups, which in turn resulted in a negligible change in the solubility
parameter. However, the change in the molecular mass was shown to be the main
reason for the change in the miscibility gap location.

The use of CTBN containing less AN led to a decrease in miscibility, which could
be explained by the change in the solubility parameter. However, using CTBN as an
adduct with epoxy monomer led to an increase in miscibility due to the copolymer
effect. The systems containing CTBN adducts with diamine copolymers showed a
complex behavior with two maxima in CPCs.

Although cloud-point measurement is convenient to characterize phase behaviors
of epoxy/CTBN system, the resultant CPC is not thermodynamically binodal at
equilibrium because the parameters related to phase separation can be detected only
when the phase separation proceeds to a certain extent. For example, when light
scattering is used to follow the phase separation process, the scattering intensity will
produce a significant change only when the dispersed phase reaches a certain size.
Besides, the CPC location depends on the heating or cooling rate in the experiment.
In order to obtain the binodal curve at equilibrium, Yamanaka and Inoue (1990)
showed that the epoxy oligomer/pre-reacted CTBN mixture which was heteroge-
neous at room temperature became homogeneous as the temperature was increased
to, e.g., 100 °C, while when the homogeneous mixture was linearly cooled at a
constant rate, an onset of phase separation was observed under a light microscope
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when the temperature was reduced to 7 (the temperature at which phase separation
occurred). Obviously, 7; depended on the cooling rate, and a higher cooling rate
resulted in a lower T;. The intercept of T, in the plot of 7, against the heating rate
could be obtained, at which the heating rate was zero, and the intercept temperature
corresponded to the binodal temperature. Figure 7 indicates that the epoxy oligomer/
pre-reacted CTBN mixture showed a UCST-type phase diagram.

Phase Separation of Epoxy/Rubber Blends

Generally, the epoxy/CTBN mixture loaded with a curing agent is still a single-phase
system before curing. As the temperature increases, the curing reaction proceeds,
which results in an increase in molecular weight of epoxy. According to Eq. 5, this
leads to a decrease in critical interaction parameter y.., which is the essential cause of
phase separation. Quite different from the phase separation due to temperature
variation, the phase separation of epoxy/rubber blends generally occurs at a constant
temperature, and it is induced by the curing reaction that leads to an increment in
molecular weight of epoxy. Hence, this is called reaction-induced phase separation.

Because the molecular weight of rubber basically remains unchanged in the
curing process, Eq. 5 can be rewritten as

Ly 9

where A is a constant depending on the molecular weight of rubber. Obviously, the
critical interaction parameter y. decreases as the molecular weight of epoxy
increases, which means that phase separation occurs when the actual interaction
between epoxy and rubber exceeds y..
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The phase separation mechanism for epoxy/rubber blends has been experimen-
tally investigated by many researchers. For instance, Yamanaka and Inoue (1990)
investigated the phase separation of rubber in an epoxy matrix using light scattering
and concluded that phase separation took place via the spinodal decomposition
induced by the increase in the molecular weight of epoxy as the curing reaction
proceeded. However, Chen and Lee (1995) showed that the phase separation pro-
ceeds via a nucleation and growth mechanism in a similar system using optical light
microscopy. Such mechanism was also reported in the epoxy/rubber blends by
Kiefer (Kiefer et al. 1996).

Factors Affecting Phase Separation of Epoxy/Rubber System

The phase separation behavior of a mixture consisting of epoxy monomer and rubber
without a curing agent is similar to that of a general binary system, and phase
separation is generally induced by temperature change. However, the phase separa-
tion of epoxy/rubber system cured at a constant temperature is generally induced by
the increment in molecular weight of epoxy owing to the curing reaction. The curing
reaction in epoxy system is very complicated, and many factors can affect the phase
separation of the system.

Molecular Weight of Rubber

Although rubber does not participate in the curing reaction, its molecular weight has
a significant effect on its miscibility with epoxy monomer before curing, which
finally influences the phase separation of the curing system.

Chen et al. (1994) investigated the effect of rubber molecular weight on the
reaction-induced phase separation in rubber-modified epoxies by cloud-point mea-
surement. The liquid rubber used in this study was ETBN synthesized from three
carboxy-terminated butadiene-acrylonitrile random copolymers: CTBN-8 L (M,
= 2030), CTBN-8 (M,, = 3600), and CTBN-8H (M, = 6050), where CTBN-8 is the
standard commercial product Hycar™ 1300 x 8, “L” refers to a low molecular
weight, and “H” refers to a high molecular weight, respectively. Figure 8 shows the
CPCs for CTBN-8L, CTBN-8, and CTBN-8H mixed with the epoxy oligomer. It
was shown that increasing the molecular weight of rubber from ETBN-8L to ETBN-
8H led to a significant decrease in its miscibility with DGEBA due to the decrease in
the entropic contribution to free energy. A similar decrease was also observed in the
formulations containing the curing agent. Besides, an increase in molecular weight
of rubber also led to a decrease in cloud-point conversion (x., = 0.41 for ETBN-8L
and x., = 0.12 for ETBN-8H). The cloud-point viscosity, 7, decreased as x,
decreased, which was the key factor determining the final morphologies. The
times, conversions, and viscosities at the cloud point for different systems are listed
in Table 2, where the cloud-point time, ¢.,, was determined as the time at which a
decrease in the transmitted light intensity was recorded; the cloud-point interval,
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Table 2 Times, conversions, and viscosities at the cloud point (and cloud-point interval) for
rubbers of different molecular weights measured at 50 °C (Chen et al. 1994)

System {¢, (min) At,, (min) Xep Ax,, Ny (Pa-s)
ETBN-8 L 164 33.0 0.41 0.08 700
ETBN-8 133 8.3 0.29 0.02 102
ETBN-8H 12 7.0 0.12 0.01 11

At,,, as the interval from the onset to the time at which the intensity of transmitted

light was practically null; and #,, and Az, as the corresponding chemical conver-
sions, x., and Ax,,, using the kinetic curves, respectively.

The DGEBA-type epoxy modified by three different butadiene-acrylonitrile copol-
ymers with a number-average molecular weight of 2030, 3600, and 6050 g/mol was
cured with a cycloaliphatic diamine. The results indicated that increasing rubber molec-
ular weight resulted in a decrease in the conversion and viscosity of the system at the
cloud point, a primary morphology of a low concentration of particles with a large size, a
more complete segregation of the rubber from the matrix leading to a smaller decrease in
the glass transition temperature of the system, and a decrease in the toughening effect.

Functional Groups on Rubber

Wu et al. (2013) illuminated the role of phase domain size in toughening epoxy
thermosets with a block ionomer, i.e., sulfonated polystyrene-block-poly(ethylene-
co-butylene)-block-polystyrene (SSEBS) synthesized by sulfonation of SEBS with
67 wt% polystyrene. The morphology of epoxy/SSEBS blends can be controlled at a
nanometer or micrometer scale by adjusting the sulfonation degree of SSEBS. There
exists a critical sulfonation degree (10.8 mol%) for the formation of nanostructures
in these epoxy/SSEBS blends, exceeding which only microphase separation occurs
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and transparent nanostructured blends were formed. In the nanostructured blends
containing SSEBS with a high sulfonation degree, the size of phase domains
decreases with the sulfonation degree, leading to a decrease in fracture toughness.
However, the toughness of macrophase-separated blends containing SSEBS with a
low sulfonation degree is slightly improved. The epoxy blend with submicrometer
phase domains in the range of 0.05-1.0 pm containing SSEBS with a moderate
degree of sulfonation (5.8 mol%) has the maximum toughness.

Wise et al. (2000) compared the effects of different end groups of liquid rubber on
the phase separation behaviors of epoxy/rubber blends cured with amine, and it was
found that the carboxyl end groups of CTBN strongly accelerated the curing rate by
the impurity catalysis mechanism, whereas the amino-terminated ATBN retarded the
reaction. The glass transition behaviors of the blends were investigated by dynamic
mechanical thermal analysis (DMTA), and the results showed that the height of the
DMTA rubber peak was a linear function of the level of CTBN, indicating that
ca. 3% of CTBN was dissolved in the cured epoxy matrix.

Romo-Uribe et al. (2014) also investigated the effect of the end groups of two
liquid rubbers (silyl-dihydroxy terminated (PDMS-co-DPS-OH) and silyl-diglycidyl
ether terminated (PDMS-DGE)) on the curing kinetics and morphology of DGEBA-
based epoxy resin using shear rheometry. The results clearly suggested that the
elastomers induced a catalytic effect on the curing reaction, and the gel point
decreased with increasing curing temperature. The elastomers accelerated the curing
reaction of DGEBA, leading to significantly shorter gel times. This was especially
prominent for the hydroxyl-terminated elastomer in which the gel point at the highest
curing temperature (110 °C) was not detected due to the rapid curing reaction.

Ho and Wang (1994) used dispersed acrylate rubbers to reduce the stress of
cresol-formaldehyde novolac epoxy resins cured with phenolic novolac resin for
electronic encapsulation applications and found that the phase separation of the
resultant acrylate elastomers from epoxy resin was greatly affected by the size of
the alkyl group on the acrylate monomer.

Curing Agents

To achieve a desired performance, the epoxy oligomers must be converted into a
cross-linked polymer in the presence of a suitable curing agent, which is generally an
organic compound with at least two reactive groups in a molecule (Liu et al. 2014).
The curing agent can react with the epoxy and is directly coupled into the cross-
linked system as a structural member of the polymer (Mohan 2013), and thus the
performance of epoxy resins can be strongly affected by the curing agent. Different
epoxies with different properties can be obtained using different curing agents and
curing procedures, thus making epoxies one of the most extensively used thermo-
setting polymers in structural applications (Rao and Pathak 2006; Liu et al. 2009).

In the fabrication process of epoxy/rubber blends, epoxy oligomer and liquid
rubber are first mixed into a homogeneous solution and then loaded with the curing
agent. After well mixing, the mixture is heated to a given temperature and then
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cured. Therefore, the curing agent has an important effect on the phase separation
behavior of epoxy/rubber blends. However, unlike the rubber component, the curing
agent participates in the curing reaction of epoxy. Hence, the domain size of the
rubber phase in the epoxy/rubber blends can be considerably affected by the curing
agent used because it determines the kinetics of the curing reaction. Therefore, it is
difficult to obtain generalized rules for the phase separation behavior of epoxy/
rubber blends (Kim and Kim 1994).

The effect of curing agent on the phase separation of epoxy/rubber blends was
systematically investigated by Verchére et al. (1989). Figure 9 shows the CPCs for
different  values (r is defined as the equivalent ratio of the epoxy oligomer to the
amine curing agent) and the curve obtained in the absence of diamine (r — c0).
Increasing the diamine amount in the system (i.e., decreasing r) results in a signif-
icant increase in the location of miscibility gap. This may be attributed to the
increase in the number-average molecular weight, the polydispersity, and the differ-
ence in the solubility parameter between the two components caused by increasing
the amount of ethylene diamine (EDA). An interesting phenomenon is the presence
of a minimum in the CPC, leading to an increase in the cloud-point temperature with
the adduct amount when shifting to the right of the minimum. The adduct was
prepared by reacting the carboxyl groups of CTBN with an excess of DGEBA using
triphenylphosphine (TPP) as a catalyst. A similar trend was also observed when
EDA was replaced by diaminodiphenylsulfone (Watzquez et al. 1987), which could
be qualitatively explained by that the adduct also reacted with diamine, thus increas-
ing its molar mass. The larger the adduct amount in the formulation, the larger the
expected increase in its molar volume.

However, less research attention has been paid to the phase separation of epoxy
resins cured by anhydride, which is another major class of curing agents for epoxy.
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Fig. 10 SEM photographs of ATBN-modified epoxy blends cured at different temperatures: (a)
50 °C, (b) 70 °C, and (¢) 110 °C (Kim and Kim 1994)

The rate of anhydride curing of the epoxy is extremely slow at low temperatures.
Utilizing the great difference in the rate of curing reaction, Rohde et al. (2015)
prepared interpenetrating polymer networks comprising anhydride-cured epoxy
resin and polydicyclopentadiene, and the blend concurrently showed high tensile
strength, modulus, toughness, and impact strength.

Curing Protocols

Kim et al. (Kim and Kim 1994) investigated the effect of curing temperature on the
phase separation and morphology of epoxy blends modified by ATBN (Hycar
1300 x 16, B. F. Goodrich) containing 16 wt% AN, and the morphology of the
mixture cured at different temperatures is shown in Fig. 10. It was shown that the
domain correlation length of the 15 wt% ATBN-epoxy system decreased as the
isothermal curing temperature was increased, and larger spherical domains were
observed in the SEM micrographs of epoxy blends cured at a lower temperature.
This was in good agreement with the results of light scattering experiments. As the
driving force for phase separation derived from supercooling became smaller as the
curing temperature was increased, the conversion at the onset of phase separation
was higher at higher curing temperatures at which the supercooling degree was
lower. This led to a higher viscosity at the onset of phase separation at a higher
curing temperature, resulting in difficulty of diffusion. Therefore, the degree of
phase separation at a high curing temperature was low, and the average size of
dispersed rubber particles was small.

Ratna (2001) has demonstrated that the phase separation behavior of epoxy
blends modified by carboxyl-terminated poly(2-ethyl hexyl acylate) (CTPEHA)
liquid rubber depended on curing conditions. He observed the morphology of fully
cured epoxy blends cured at different temperatures and found that the size of discrete
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particles with a unimodal distribution increased with an increase in the curing
temperature, and phase separation started in the gelation region. Thus, particle
growth was not possible because of the diffusional restriction existing after the
gelation of the epoxy matrix. The impact strength of the modified blends increased
slowly with increasing curing temperature up to 140 °C and then decreased thereafter.
The sample cured at 180 °C showed significantly lower toughness. A similar result
was reported by De Graaf et al. (1995) in thermoplastic toughened epoxy systems.

Chan et al. (1984) also investigated the curing process and its effect on the
development of the morphology and transition of two rubber-modified epoxy sys-
tems. A two-step curing process was used to obtain fully cured blends with different
morphologies. More specifically, the resin was first isothermally cured at different
temperatures until the curing reaction was terminated and then post-cured at a
temperature above the maximum glass transition temperature of the system until
the curing reaction was totally completed. Two commercial rubbers (pre-reacted
carboxyl-terminated and amino-terminated rubbers) synthesized from the same
butadiene-acrylonitrile copolymer were used, and all blends were loaded with
15 parts per hundred parts resin (phr) of rubber. It was found that the mechanical
properties of ATBN-modified system were more sensitive to curing history than that
of pre-reacted CTBN-modified system, because the volume fraction of the dispersed
phase in the ATBN-modified system possessed a higher sensitivity to cure
conditions.

Grillet et al. (1992) investigated the effect of a two-step process and different cure
schedules on the morphology of a rubber-modified epoxy blend. A large difference
was found for the same initial rubber content: the dispersed particles showed
irregular contours with a broad diameter distribution when a two-step process was
used. However, no matter which curing schedule was used, the volume fraction of
the dissolved rubber in the epoxy matrix was the same.

Techniques for Studying Phase Separation of Epoxy/Rubber
Blends

Many techniques have been used to study the miscibility of epoxy/rubber blends,
including differential scanning calorimetry (DSC) (Jenninger et al. 2000), Fourier
transform infrared (FTIR) spectroscopy (Akbari et al. 2013), and dynamic mechan-
ical analysis (DMA) (Liu 2013). The microstructural evolution of the
polymerization-induced phase separation process can be successfully monitored by
scanning electron microscopy (SEM), transmission electron microscopy (TEM)
(Guo et al. 2001), atomic force microscopy (AFM), optical microscopy (OM),
rheological dynamic analysis, small-angle laser light scattering, and the combination
of the aforementioned techniques (Mezzeng et al. 2001; Jyotishkumar et al. 2010;
Liu et al. 2006; Choe et al. 2003; Bonnet et al. 1999; Tang et al. 2007; Amendt
et al. 2010).
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Optical Microscopy

Yamanaka and Inoue (1990) observed the phase separation behavior of a binary
mixture of epoxy oligomer and pre-reacted CTBN by optical microscopy. CTBN
was pre-reacted with an equal amount of epoxy oligomer at 150 °C for 2 h in a
nitrogen atmosphere, and the epoxy oligomer and pre-reacted CTBN were fully
mixed and spread on a cover glass. The mixture on the cover glass was inserted in a
heating-cooling stage mounted on a light microscope and programmed to provide a
linear temperature rise and fall. First, the temperature was increased to obtain a
homogeneous single-phase mixture and then cooled. During the cooling process, an
onset of phase separation was observed under the light microscope. Changing the
weight fraction of CTBN in the mixture resulted in the occurrence of phase separa-
tion at different temperatures. A phase diagram was obtained by plotting the
temperature versus the weight fraction of CTBN (Fig. 7). In addition, a mixture
loaded with DDM was also prepared in the same way, and the ternary mixture on the
cover glass was cured in a hot chamber at a constant temperature. The morphology
development in the curing process was recorded by an optical microscope. Figure 11
shows the light micrographs taken at various curing stages. The system was homo-
geneous (Fig. 11a) immediately after the temperature jumped from room temperature
to the curing temperature (100 °C, above UCST), and phase separation took place
after a certain time lag, resulting in a fairly regular microscopic texture (Fig. 11b).
However, the image contrast of the texture became strong and the periodic distance
decreased slightly with cure time (Fig. 11c—e¢).

Chen and Lee (1995) also investigated the phase separation of a rubber-modified
epoxy system during curing, and the morphological changes were recorded by real-
time optical microscopy. A drop of the mixture was quickly placed on a glass slide
while it was still warm and was covered with another glass slide. Both slides were
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Fig. 11 Light micrographs at various curing stages at 100 °C. Epoxy/pre-reacted CTBN/
DDM = 100/20/26. (a) 1 min, (b) 8 min, (¢) 17 min, (d) 32 min, and (e) 360 min (Yamanaka
and Inoue 1990)
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clamped together, and two pieces of 0.01 mm thick steel spacers were placed
between the top and bottom glass slides to control the sample thickness. This
assembly was transferred to a hot stage that was programmed to provide a linear
temperature rise and fall, as shown in Fig. 12. It was observed that the mixture
remained homogeneous during the initial curing period; and a thermodynamically
stable rubber-rich phase with a particle size of 7. or larger grew spontaneously at a
certain reaction extent. The changing and fixation of the two-phase morphology
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Fig. 12 The optical microscopy hot stage used to observe and record the real-time phase separation
process (Chen and Lee 1995)
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Fig. 13 Schematic diagram of the device used for the determination of CPC. F filter,
P photodetector, CP cloud point (Verchére et al. 1989)

during curing were the result of molecular weight buildup in the matrix of the epoxy-
rich phase. As curing reactions preceded phase separation, the increased viscosity
could be expected to significantly retard the long-range migration of molecules in the
subsequent phase separation.

Light Transmittance

Figure 13 shows a schematic diagram of the light transmission device used to obtain
CPC (Verchere et al. 1989) based on the decrease in the fraction of transmitted light
at the time of phase separation, due to the difference in the refractive index of both
phases (1.57 for pure DGEBA and 1.51 for pure CTBN). The sample chamber
containing a copper-constantan thermocouple (TC) was introduced into the metallic
block heated by electrical resistance or circulating oil coming from a thermostat, which
provided the possibility of heating or cooling at different rates. The sample was heated
to a temperature about 20 °C higher than the cloud point, maintained at that temper-
ature for 5—10 min, and then decreased at a cooling rate of 1 °C/min. The cloud point
was determined from the resulting intensity versus time curve shown in Fig. 13.

Light Scattering

Although light scattering is not as intuitive as optical microscopy, it is more sensitive
to follow the phase separation of epoxy/CTBN blends. Zhang et al. (1997)
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Fig. 14 Time-resolved small-angle light scattering apparatus (Zhang et al. 1997)

investigated the phase separation mechanisms and morphological development
during the curing of epoxy with a novel liquid rubber using a laser light scattering
apparatus (Fig. 14), which could record the change of the scattering profiles and
patterns over time during phase separation. They found that as the cure reaction
proceeded, the phase separation took place via the spinodal decomposition induced
by the polymerization of epoxy resin.

Kim and Kim (1994) also investigated the phase separation behavior of ATBN-
modified epoxy resin during the curing process by light scattering. Spinodal decompo-
sition was shown to be the dominant phase separation mechanism of ATBN-DGEBA
blends. Since the ATBN-DGEBA blends showed a UCST-type behavior, the degree of
phase separation cured at a low temperature was higher than that cured at a
high temperature. The domain correlation length decreased as the isothermal curing
temperature was increased. The phase separation started at the early reaction stage
when the ATBN content was about 10 wt%, which was in accordance with the phase
diagram.

Electron Microscopy

Electron microscopy (SEM and TEM) is an effective means to characterize the
morphology of the blends. SEM is often used to observe the final morphology of
the cured epoxy blends (Ben Saleh et al. 2014; Thomas et al. 2004). Before
observation, the sample is often etched by solvent to obtain a better contrast (Tanaka
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Fig. 15 SEM micrographs of the cryofractured surfaces of binary CTBN/epoxy blends with
different CTBN contents. (a) 5 wt%, (b) 10 wt%, (¢) 15 wt%, and (d) 20 wt% (Xu et al. 2013)

2000). Xu et al. (2013) explored the epoxy/CTBN blends with different CTBN
contents. The samples were fractured in liquid nitrogen and then etched in toluene
for 10 h so that the rubber particles dispersed in the matrix would be dissolved. The
samples were washed with fresh toluene and dried in a vacuum oven overnight at
room temperature. Finally, the surfaces were coated with a thin layer of gold before
observation. Figure 15 shows the SEM micrographs of the binary CTBN/epoxy
blend, where the holes were the CTBN phase etched by toluene. It was shown that
the average particle size of CTBN rubber increased with CTBN content.

TEM is often used to observe the fine structure of epoxy/rubber blends. Mathew
(Mathew et al. 2010) observed the morphology of epoxy blends toughened by liquid
natural rubber functionalized with hydroxyl groups by SEM. The blends showed
secondary phase separation, and the rubber particles dispersed in the epoxy matrix
contained cross-linked epoxy particles. A schematic representation of the secondary
phase separation of epoxy in the HLNR phase was shown. Unfortunately, the
morphology was not confirmed by TEM.

Because rubber phase usually contains unsaturated bonds, rubber-modified
epoxies are often stained with osmium tetroxide to enhance the contrast (Chan
et al. 1984; Zhao et al. 2015a). Zhao et al. (2015a, b) used epoxidized liquid rubber
prepared by epoxidization of liquid CTBN using hydrogen peroxide and formic acid
to toughen epoxy and observed the morphological features of cured blends using
TEM. The TEM samples were prepared using an ultramicrotome and stained with
0s0y4 vapor for 20 min to enhance the contrast between the polybutadiene phase and
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epoxy region. Figure 16 shows the microstructure of the cured blends with 10 wt%
of liquid rubber, in which the dark area was the rubber phase stained with OsO4. For
the blends with unmodified CTBN (Fig. 16a), the rubber particles were micro-sized
with relatively clear boundaries, whereas for the blends modified by epoxidized
CTBN with an epoxide value of 0.16, the rubber particles were nano-sized with
blurred boundaries (Fig. 16b). These phenomena could be attributed to the misci-
bility between epoxidized CTBN and epoxy resin.

In addition to the above methods, small-angle X-ray scattering (Chen et al. 1993,
1994), small-angle neutron scattering (Dean et al. 2006), and cloud-point, dielectric
relaxation spectroscopy, temperature-jump light-scattering, and rheometry measure-
ments (Barham et al. 2001; Plummer et al. 2001; Serrano et al. 2009; Miiller
et al. 2007; Yu et al. 2004) have also been widely used to investigate
polymerization-induced phase separation in thermosets.

Fig. 16 TEM images of
cured blends containing 10
wt% rubber. (a) CTBN
(unepoxidized); and (b)
epoxidized CTBN (with an
epoxide value of 0.16) (Zhao
et al. 2015a)
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Critical Comments

Despite a large number of studies investigating the phase separation of epoxy/rubber
blends, some important issues remain to be elucidated.

1. Most previous studies have been based on the Flory-Huggins quasi-lattice model.
Although this model is convenient and effective for calculating and predicting the
phase separation behavior of epoxy/rubber blends, it is too simple and has many
assumptions, resulting in a large difference between theoretical and experimental
results.

2. The change in the molecular weight of epoxy during the curing process is often
cited as the main reason for phase separation. In fact, the chemical composition of
epoxy changes continuously during the curing process because the curing agent
takes part in the curing reaction and is incorporated into the cured network, thus
resulting in a continuous change in the solubility of epoxy. Moreover, the
configuration of epoxy also evolves from initial linear molecule to branching,
finally to three-dimensional cross-linking.

3. The change in the molecular weight and configuration of epoxy results in a
remarkable change in the viscoelastic properties of the system, which play a
crucial role in the phase separation. This type of phase separation is called
“viscoelastic phase separation” (Tanaka 2000), which is characterized by some
unique coarsening behaviors like phase inversion. However, the viscoelastic
effect has rarely been considered in previous studies.

4. Many methods, including optical microscopy, light scattering, and light transmit-
tance, have been used to characterize the phase separation process of epoxy/
rubber blends. However, a potential problem with these methods is the time-lag
effect. Thus, only cloud-point curves can be measured, and the real-time thermo-
dynamic phase diagram cannot be obtained.

5. Previous studies have focused primarily on the systems cured by amines, and there
is little coverage on the epoxy/rubber blends cured by anhydride-type curing
agents.

Conclusions

The miscibility between epoxy monomer and liquid rubber CTBN at a given
temperature depends on many factors such as the functionality number and molec-
ular weight of epoxy monomer, the AN content, and the molecular weight and
dispersity of CTBN. DGEBA and CTBN exhibit an UCST-type phase separation
behavior.

The mixture of epoxy monomer with liquid rubber is a single-phase system
immediately after the addition of a curing agent. As the curing reaction proceeds,
phase separation is induced by the increase in the molecular weight of epoxy
superimposed by possible variation of the interaction parameter, y, with conversion,
which is called reaction-induced decomposition. Depending on the initial



96 S.-A. Xu

composition and curing conditions, phase separation occurs via the spinodal mech-
anism (Yamanaka and Inoue 1990; Chen and Lee 1995) or the nucleation and growth
mechanism.

The electron microscopy reveals that in cured resin, the spherical rubber domains
are dispersed somewhat regularly in an epoxy matrix, which may result from a
specific situation, the competitive progress of the spinodal decomposition and
polymerization, i.e., the coarsening process to irregular domain structure seems to
be suppressed by network formation in the epoxy phase. It is also shown that curing
at higher temperatures results in the suppression at an earlier stage of spinodal
decomposition and, hence, shorter interdomain spacing.

To better understand the phase separation mechanism, one needs to follow the
phase separation process over the entire particle size range. Thus, the use of a single
technique, typically light scattering or small-angle X-ray scattering, will lead to
conclusions only corresponding to a restricted observation window.

The preparation of high-performance epoxy/rubber blends requires a good under-
standing of the thermodynamics and kinetics of phase separation process and the
influencing factors, including the kinetics of curing reaction and the diffusion
kinetics of reactive constituents. However, these factors interplay with each other
in epoxy/rubber system. For example, as curing reaction proceeds, the molecular
weight and chemical structure of the matrix change continuously, and the increment
in the viscosity of the system results in a decrease in the diffusion rate of the reactive
species and consequently an increase in the driving force for phase separation. If
phase separation occurs before gelation, the morphologies and properties of the
resultant blends are determined by thermodynamic considerations (Yamanaka
et al. 1989).

The morphological development of epoxy/rubber blends depends largely on the
thermodynamics of phase separation (Zielinski et al. 1996; Park and Kim 1997). The
thermodynamic analysis of phase separation allows us to better understand the phase
behavior and to obtain the phase diagram of epoxy/rubber blends in the curing
process, which is fundamental to explain and control morphological development.
The phase diagram of epoxy/rubber blends is qualitatively different from that of
other materials due to the inherent polydispersity of polymers (Soulé et al. 2007,
Choi and Bae 1999). Several experimental variables that affect the thermodynamics
and/or kinetics of reaction-induced phase separation process, such as the type and
concentration of modifier (Koningsveld and Staverman 1968); molecular weight of
components; reactivity of curing agent; curing conditions, especially temperature
(Auad et al. 2003; Stefani et al. 2001; Remiro et al. 2001; Girard-Reydet et al. 1997);
initial miscibility between epoxy monomer and modifier; reaction rate; and viscosity,
among others, could directly influence the morphologies developed.

The competition between the curing rates and phase separation determines the
mechanism of the reaction-induced phase separation, i.e., nucleation and growth or
spinodal demixing (Williams et al. 1997; Araki et al. 1998). Controlling this
mechanism is crucial for the final morphologies and properties of the epoxy/rubber
blends. The influence of some parameters like composition and cure temperature on
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the final morphology has been investigated using scattering techniques (Inoue 1995;
Girard-Reydet et al. 1998). However, it is very difficult to obtain the information
about the continuously changing morphology in the course of reaction-induced
phase separation with these ex situ methods. Girard-Reydet et al. (1998) deduced
changes in morphology by means of in situ or real-time diffraction techniques using
different observation windows. In situ dielectrical measurements also provide infor-
mation about morphology using interfacial polarization due to phase separation
(Bascom et al. 1981; Sue 1991). These real-time techniques, however, are limited
to the rate of phase separation and the accompanying mechanism, without informa-
tion about the competing rate of network formation.
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Abstract

The investigations on the morphological features of epoxy/rubber blends are of
great importance as the morphology controls the property and performance of
these blends. The characterization techniques like optical microscopy (OM),
scanning electron microscopy (SEM), atomic force microscopy (AFM), and
transmission electron microscopy (TEM) are commonly used to evaluate the
morphology and phase distribution of the dispersed rubber particles in the
epoxy matrix. These characterization techniques are used to explore the morpho-
logical features in epoxy systems modified with different kinds of rubbers such as
liquid rubbers, preformed core—shell rubber particles, in situ-formed rubber
particles, etc. Moreover, several factors which affect the final two-phase mor-
phology in the epoxy/rubber blends are also explored using these techniques. The
fracture surface characteristics are also explored using morphological investiga-
tion of the fracture/fatigue surface of the epoxy/rubber blends to establish the
toughening mechanism operating in them. While both OM and SEM are widely
used to reveal the microstructure, AFM and TEM are used to trace out the
nanostructure in such blends. The current chapter gives a detailed discussion on
the use of such techniques to explore the morphology and the microscopic
toughening phenomena operates in epoxy/rubber blends on the basis of published
reports.
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Introduction

The performance of epoxy/rubber blends is strongly influenced by their morphology
(Manzione et al. 1981b; Verchere et al. 1991a). In liquid rubber-modified epoxy, the
generation of morphology is based on the phenomenon called “reaction-induced
phase separation” (Yamanaka et al. 1989). After adding the curing agent into the
mixture of epoxy prepolymer and liquid rubber, the epoxy resin begins to cross-link.
As the cross-linking progresses, the liquid rubber precipitates out from the epoxy
phase as discrete particulate phase. The developed two-phase morphology consists
of an elastomeric phase having diameter in micro- or nanometer range finely
dispersed in the epoxy matrix. The two-phase morphology developed in the
epoxy/rubber blends is affected by several factors such as the initial compatibility
between the epoxy resin and the rubber, reaction of epoxy with the end group of the
rubber, type and amount of the curing agent employed, cure history, degree of
pre-reaction between the rubber and the resin prior to the curing reaction, rubber
content, etc. Hence, the morphology in liquid rubber-modified epoxy can be tuned
through control over these factors (Bagheri and Pearson 2000). Better control over
the morphology in epoxy/liquid rubber blend is the key to ultimately balance their
properties and performance. A large number of research reports were available in
this area, and it is worthwhile to point out the major morphological findings in
epoxy/rubber blends. The various morphological parameters in epoxy/liquid rubber
blends like the total rubber content (Bartlet et al. 1985), the volume fraction of the
rubber phase (Manzione et al. 1981a), the rubber particle size and distribution
(Sultan and McGarry 1973; Pearson and Yee 1991), and the interparticle distance
(Bagheri and Pearson 2000) were investigated by researchers. Nowadays, preformed
core—shell rubber and in situ-formed rubber particles are used as toughening agents
instead of liquid rubber. The core—shell rubber particles consist of a soft rubber core
within a harder shell and are formed by emulsion polymerization prior to mixing
with epoxy. Hence, in epoxy/preformed rubber blends unlike in epoxy/liquid rubber
blend, the particle size and its distribution remain unchanged when the concentration
is altered (He et al. 1999; Kinloch et al. 2014). While in conventional epoxy/rubber
blends, liquid rubber forms 1-10 pm-sized particles upon curing; the preformed and
in situ-formed rubber offered nanosized particles below 100 nm.

Different techniques including optical microscopy (OM), scanning electron
microscopy (SEM), atomic force microscopy (AFM), and transmission electron
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microscopy (TEM) were extensively used to characterize the morphology in epoxy/
rubber blends. The current chapter aims to comprehend the use of various techniques
to establish the morphological features in different epoxy/rubber blends. The role of
different factors such as rubber content, nature of rubber, cure conditions, etc. on the
morphological parameters of epoxy/rubber blends will be discussed based on the
literature reports. The fracture toughness mechanism operate in epoxy/rubber blends
can also be established with the help of these morphological techniques. Moreover,
morphological studies to correlate the properties of epoxy/rubber blends will also be
reviewed and presented.

Techniques Used for Morphological Analysis

While optical microscopy (OM) is used to investigate the miscibility between the
blend components and the online monitoring of morphology changes during cure
reaction, scanning electron microscopy (SEM), atomic force microscopy (AFM),
and transmission electron microscopy (TEM) are used to determine the final mor-
phology and phase distribution of the dispersed rubber particles in epoxy/rubber
blends. Moreover, OM and SEM are used to investigate the microstructures of the
fracture surfaces of epoxy/rubber blends to correlate the morphological parameters
with the fracture properties and to elucidate the fracture mechanism.

Optical Microscopy (OM)

Optical microscopy is a simple technique to observe the miscibility between epoxy
prepolymer and liquid rubber and the reaction-induced phase separation thereafter
while varying the temperature. After the temperature jumps to the curing tempera-
ture, the homogenous resin/liquid rubber mixture starts to demix due to the increase
in the molecular weight of epoxy, which resulted in the poor miscibility between
liquid rubber and epoxy. The understanding of phase separation dynamics is of
crucial importance in achieving an optimum phase structure in epoxy/liquid rubber
blends. The optical images are also able to give supporting information to light-
scattering observations about the mechanism of demixing. The early stage research
on epoxy/liquid rubber blends was mainly focused on miscibility and phase-
separation studies.

The phase behavior of epoxy prepolymer and carboxyl-terminated (butadiene-co-
acrylonitrile) (CTBN) mixture was studied by Lee and Kyu (1990). Epoxy/CTBN
mixture without curing agent showed an upper critical solution temperature (UCST)
phase behavior, i.e., the mixture phase separates upon cooling but reverts to a single
phase upon heating. Figure 1 shows the microscopic image of a highly
interconnected phase structure in epoxy/20 wt.% CTBN mixture, when it was
suddenly brought from a single-phase (53 °C) to an unstable two-phase region
(23 °C). These interconnected phase structure is one of the familiar characteristics
of phase separation by spinodal decomposition.
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Fig. 1 An optical micrograph 50 um
of 20 wt.% CTBN mixture ed
revealing interconnected

domains (Lee and Kyu 1990)
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Also, the phase-separation behavior of epoxy/CTBN mixture in the presence of
4,4'-diaminodiphenylmethane (DDM) curing agent was investigated (Yamanaka and
Inoue 1990). Figure 2 shows optical micrographs of the mixture at various stages of
cure reaction in epoxy/CTBN mixture with DDM. Above UCST (100 °C) after a
certain time lag, the homogenous epoxy/CTBN system (Fig. 2a) started to phase
separate, resulting in a co-continuous structure which is characteristic of spinodal
decomposition (Fig. 2b). At the late stage of spinodal decomposition, the phase
connectivity will be interrupted to yield a droplet structure (Fig. 2c, d). Once the
epoxy network has been established in the matrix, further curing will proceed
without changing the position of the droplets (Fig. 2e). Later, a similar spinodal
decomposition mechanism was observed for a mixture of epoxy and amine-
terminated (butadiene-co-acrylonitrile) (ATBN) rubber with triethylene tetramine
(TETA) curing agent (Kim and Kim 1994).

Later, the mechanism of demixing in epoxy/hydroxyl-terminated butadiene—
acrylonitrile random copolymer (HTBN) mixture cured with methyltetrahy-
drophthalic anhydride was studied (Zhang et al. 1999). They confirmed the phase-
separation mechanism as “nucleation growth coupled with spinodal decomposition”
using optical microscopy coupled with light-scattering technique. The optical micro-
scopic pictures (Fig. 3) evident the start of phase separation at 9 min of isothermal
heating at 160 °C like a co-continuous structure and then it grows into droplets in a
bimodal distribution at about 11 min. From 0 to 9 min of isothermal curing at 160 °C,
the epoxy/HTBN system undergoes a nucleation growth mechanism as confirmed
from light-scattering measurements. During this initial stage of phase separation, the
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Fig. 2 Optical micrographs at various stages of curing at 100 °C for epoxy/pre-reacted CTBN/
DDM = 100/20/26. (a) 1 min, (b) 8 min, (¢) 17 min, (d) 32 min, (e) 360 min (Yamanaka and
Inoue 1990)

size of the precipitated phase is so small that it goes beyond the visual observation
range. Hence, these particles are not visible in optical microscope.

Ratna and Simon (2010) investigated the phase behavior of the epoxy/epoxy
functional dendritic hyperbranched polymer (HBP) blend with tetraglycidyl diamino
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18 min

Fig. 3 Optical micrographs for the epoxy/HTBN system cured at 160 °C at different time intervals:
(a) 9 min (b) 10 min (¢) 11 min (d) 12 min, (e) 15 min, (f) 18 min (Zhang et al. 1999)

diphenyl methane (DETDA) as curing agent using optical microscope (Fig. 4).
It was found that the HBP was not miscible with epoxy at room temperature, and
as the temperature increased to 120 °C, the system became homogeneous indicating
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at room temperature Heating
at 120° C- 0 time at 120° C- 20 min

at 120° C- 30 min

Fig. 4 Optical micrographs of epoxy/HBP/DETDA mixture (a) at room temperature (b) heating (c) at
120°C in zero time (d) at 120 °C after 20 min and (e) at 120 °C after 30 min (Ratna and Simon 2010)

miscibility of HBP with epoxy. However, as the blend was heated isothermally at
120 °C, the epoxy resin began to cross-link, and phase separation occurred leading to
the formation of a two-phase microstructure.
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With the advancement of nanotechnology, it has been a practice to incorporate the
nanofillers into the epoxy/rubber blends to further modify their properties. Recently,
the role of nanofiller on miscibility between epoxy resin and CTBN was studied
using optical microscopy (Vijayan et al. 2013). Vijayan et al. used optical micros-
copy to draw the phase diagram of epoxy and CTBN with and without nanoclay.
They found that the presence of nanoclay reduced the miscibility between epoxy and
CTBN as the UCST (upper critical solution temperature) phase diagram shifts
toward a higher temperature with increase in nanoclay loading. The presence of
nanofiller also altered the phase-separation kinetics in epoxy/CTBN blend (Vijayan
et al. 2012). An organically modified clay facilitated a faster phase separation of
CTBN from epoxy resin cured with anhydride due to the catalytic activity of the
nanoclay (Fig. 5). The faster phase separation has been accompanied by smaller-
sized CTBN domains in nanoclay filled epoxy/CTBN blends.

The different morphology generated in epoxy/liquid rubber blends as a function
of chemical structure and functionality of epoxy resin was investigated by Na¢
(1986). They used diglycidyl ether of bisphenol A (DR), triglycidyl ether of tris
(hydroxyphenyl) methane (TEN), and tetraglycidyl 4, 4’ diamino diphenylmethane
(TGDDM) as di-, tri-, and tetrafunctional epoxy, respectively. Pre-reacted CTBN
(endcapped with a difunctional brominated epoxy) was used in order to limit the
polymerization to epoxy/amine reactions. It was observed from the OM images that
the difunctional resin showed homogeneously dispersed rubber particles in the
epoxy matrix (Fig. 6a, d). At the same time, in tri- and tetrafunctional systems, the
rubbery domains were in the shape of a shell and core (Fig. 6b, c, ¢, f). According to
Nag¢ et al., if the epoxy cross-links formed during the cure reaction are relatively
close to each other, many rubbery segments were formed out of the main matrix and
resulted in agglomerates. These agglomerates were in the form of “cells” which
include a high concentration of rubber particles inside as seen in the trifunctional
system (Fig. 6b, e). In a trifunctional system, the dimensions of the formed network
cannot accommodate more than 6% rubber in it and therefore reject the rubber to
form the observed cells. This agglomeration was proposed to be a reason for
mechanical failure of this blend material.

Ratna and Banthia (2000) investigated the fracture surface of epoxy modified
with carboxyl-terminated poly(2-ethylhexyl acrylate) (CTPEHA) liquid rubber as a
function of the concentration of liquid rubber using OM. The fracture surfaces of
CTPEHA-modified epoxy consisted of two distinct phases in which the globular
particles are dispersed in a continuous epoxy matrix. They found that the number of
phase-separated particles increased with an increase in the concentration of
CTPEHA. It was found that the blend with 10 phr of CTPEHA contains rubber
particles uniformly distributed throughout the matrix, and this was explained as the
reason for the maximum impact and adhesion properties attained with 10 £ 5 phr
CTPEHA.

Optical microscopy is also used to evaluate the fracture propagation in the
damage surface, particularly for observing deformations that induce birefringence.
Optically isotropic, stress-free materials appear dark when viewed between
completely crossed polarizers, while deformed toughened epoxy is birefringent
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Fig. 6 Representative optical micrographs of (a) DR/4% rubber (b) TEN/4% rubber (¢) TGDDM/
4% rubber (d) DR/8% rubber (e) TEN/8% rubber (f) TGDDM/8% rubber (Na¢ 1986)

and transmits part of the light. OM of thin sections perpendicular to the fracture
surface of epoxy/CTBN blend showed that the cavitated particles generate shear
bands (Pearson and Yee 1986). Bagheri and Pearson (1995) investigated the shape
and size of generated plastic zone during fracture of liquid rubber-modified epoxies
using transmission optical microscopy (TOM). In this study, ductile and stiff inter-
face was introduced around CTBN particles in an epoxy matrix through endcapping
of the liquid rubber with flexible polypropylene glycol diepoxide (DGEP) epoxy
chains and rigid diglycidyl ether of bisphenol A (DGEBA), respectively. It was
observed that the nature of interface induced significant difference in size and shape
of the plastic zone generated in epoxy/CTBN blends (Fig. 7). Epoxy modified with
CTBN-DGEBA yielded a more feathery, less dense, and larger plastic zone size than
in CTBN-modified epoxy. At the same time, in CTBN-DGEP-modified epoxy with
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Fig. 7 TOM micrographs
taken from the midplane of the
crack tip damage zone in
epoxies modified by (a)
CTBN (b) CTBN-DGEBA
and (¢) CTBN-DGEP
(Bagheri and Pearson 1995)

superior fracture toughness, the shape of the plastic zone was different from those of
CTBN and CTBN-DGEBA-modified epoxies due to the difference in toughening
mechanisms.
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In another study, the subsurface fatigue damage of the epoxy/CTBN blend was
examined using optical microscopy (Azimi et al. 1996). The optical micrographs
confirmed the shear banding between cavitated rubber particles and the presence of a
birefringent zone indicating the matrix yielding. The micrographs also showed
lenticular features between rubber particles near the elastic/plastic interface which
were reminiscent of crazes.

Ma et al. (2008) investigated the optical micrograph of the thin section taken in
the midplane and near the crack tip of compact tension (CT) specimen of neat epoxy
and epoxy blended with 15 wt.% rubber nanoparticle in situ formed in epoxy by the
reaction of an oligomer diamine (piperidine) with epoxy (Fig. 8a, b). As shown in the
figure, there was no evidence of any birefringent characteristics in the case of neat
epoxy, implying no plastic deformation in the vicinity of the crack tip (Fig. 8a). At
the same time in the case of epoxy/15 wt.% in situ-formed rubber nanoparticle blend,
there was an obvious birefringent zone at the crack tip indicating plastic deformation
in the vicinity of the crack tip. The difference in the fracture behavior was corre-
spondent with the 500% enhanced energy release rate in rubber nanoparticle-
modified epoxy when compared with neat epoxy.

Fig. 8 Optical micrograph of
a thin section taken midplane
and near the arrested crack tip
of (a) the neat epoxy CT and
(b) the CT sample containing
15 wt.% rubber nanoparticles
under crossed polars

(Ma et al. 2008)
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Similarly, subcritical crack tip of epoxy toughened with both large CSR particles
(acrylic rubber core surrounded by poly methyl methacrylate (PMMA) shell) and
small CSR particles (butadiene—acrylic copolymer) were observed using TOM
(Quan and Ivankovic 2015). The absence of plastic zone at the crack tip of neat
epoxy is evident in the TOM images (Fig. 9a). As large CSR content was increased
above 16 vol.%, the damage zone was found to be comprised of two zones, an outer
larger gray zone surrounding an inner smaller dark zone closer to the crack tip with
pronounced featherlike features. The dark zone was explained to consist of shear
bands and voids, while the outer gray zone consists of only voids due to particles
debonding. The TOM (Fig. 9) was used to measure the depth of fracture damage
zone (FDZ), and it was found that the size of FDZ increased as the content of CSR
increased up to 30 vol.% and then decreased for volume fraction greater than 30 vol.%.
The sizes of damage zone were proportional to the values of fracture energy as seen in
Fig. 10.

Scanning Electron Microscopy (SEM)

The two-phase morphology of epoxy/rubber blends, consisting of rubbery particles
embedded in an epoxy matrix, was mostly studied using SEM analysis. Moreover,
the mechanical properties of the epoxy/rubber blends were correlated with micro-
structure through SEM. The role of various factors like the nature of the rubber,
rubber content, cure temperature, cure time, etc. on the morphology of epoxy/rubber
blends was studied with the help of SEM. Some of the most important results among
these studies are described below.

The compatibility of the rubber and epoxy can be controlled by the acrylonitrile
content in the copolymers of butadiene- and acrylonitrile-based liquid rubber as well
as the cure conditions. Manzione et al. (1981a) studied the effect of acrylonitrile
content of CTBN on the morphology using SEM. Epoxy modified with carboxyl-
terminated poly(butadiene-co-acrylonitrile) (CTBN(X8)) having acrylonitrile con-
tent of 17 wt.% showed a maximum in the average domain size at the intermediate
cure temperature (120 °C) and a slight maximum in volume fraction of phase-
separated rubber at the lowest cure temperature (90 °C) (Fig. 11a—c). At the same
time, cured resin with CTBN(X15) having acrylonitrile content of 10 wt.%, i.e., less
compatible with epoxy when compared to CTBN(XS8), showed maxima in both
domain size and volume fraction at the intermediate cure temperature (120 °C)
(Fig. 11d—f). They proposed a generalized representation of morphology as a
function of cure temperature and is presented in Fig. 11g. According to them, the
volume fraction of phase-separated rubber is maximum at intermediate temperatures.
Gelation halts phase separation and seals the morphology, and hence the temperature
of gelation determines the morphology.

Later a similar study was carried out by Russell and Chartoff (2005) using SEM
images of epoxy resin modified with CTBN having different acrylonitrile content.
The relationship between the acrylonitrile content and the morphology is shown in
Fig. 12. CTBN rubber having a low acrylonitrile content (10%) showed much larger
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Fig. 9 TOM images of the subcritical crack tip of double-notched four-point bending (DN—4PB)
samples of (a) epoxy (b) epoxy-8 vol.% large CSR particle, (¢) epoxy-16 vol.% large CSR particle, (d)
epoxy-22 vol.% large CSR particle, (e) epoxy-30 vol.% large CSR particle, (f) epoxy-38 vol.% large
CSR particle, (g) epoxy-22 vol.% large CSR particle-16 vol.% small CSR particle (Quan and
Ivankovic 2015)
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Fig. 10 Comparison of fracture energy and size of FDZ for epoxy (L0-S0), epoxy-8 vol.% large
CSR particle (L8-S0), epoxy-16 vol.% large CSR particle (L16-S0), epoxy-22 vol.% large CSR
particle (L22-S0), epoxy-30 vol.% large CSR particle (L30-S0), epoxy-38 vol.% large CSR
particle (L38-S0), and epoxy-22 vol.% large CSR particle-16 vol.% small CSR particle
(L22-S16) (Quan and Ivankovic 2015)

rubber particles and a broader particle size distribution than epoxy samples modified
with CTBN rubber that has a higher acrylonitrile content (18%). The presence of
higher level of the polar acrylonitrile units in CTBN required a higher degree of cure
before phase precipitation of a CTBN phase (Wise et al. 2000). This might result in a
smaller particle size because at higher degrees of cure the viscosity of the epoxy
phase is higher, which would reduce the ease of CTBN diffusion and of particle
agglomeration. Beyond the optimum acrylonitrile content (dependent on chemistry
of the rubber), the solubility parameter of the rubber became so close to that of the
epoxy that it could not phase separate from the matrix (Ratna and Banthia 2007).
Hence it resulted in a reduction of the impact performance of the blend as phase
separation is the necessary condition for toughening.

Verchere et al. (1991b) studied the morphological features in epoxy/epoxy-
terminated butadiene—acrylonitrile random copolymer (ETBN) blend as a function
of the cure schedule. It was observed that the concentration of dispersed rubber
particles decreased with increase in the cure temperature.

The reactive end groups in the rubber were found to affect the dynamics of the
reaction-induced phase separation and the final morphology of the blend.
Researchers studied the role of the end group of the liquid rubber on morphology
of the blend using SEM. While amine-terminated butadiene—acrylonitrile random
copolymers (ATBN)-modified epoxies showed a diffuse-appearing interface
between the dispersed rubber phase and the epoxy matrix, sharp interface boundaries
was shown by CTBN-modified epoxies (Kunz et al. 1982). The visually diffuse
interface in ATBN-modified epoxy was explained due to the segmental mixing of
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Fig. 11 SEM micrographs of rubber-modified epoxy cured at (a) 90, (b) 120, and (¢) 150 using
CTBN with acrylonitrile content of 17 wt.%; CTBN with acrylonitrile content of 10 wt.% cured at
(d) 90, (e) 120, and (f) 150, (g) a proposed generalized schematic representation of morphology as a
function of cure temperature (Manzione et al. 1981a)
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Fig. 12 SEM images of epoxy toughened with CTBN having acrylonitrile content of (a) 10% and
(b) 18% (cured at 120 °C) (Russell and Chartoff 2005)

rubber and epoxy between the two phases which would provide an interphase region
with a continuously varying relaxation spectrum. In another study, liquid rubbers
with different end groups but the same main chain (carboxyl-, epoxy-, amine-
terminated and nonfunctional butadiene—acrylonitrile random copolymers) were
employed in the same epoxy system (Chen et al. 1994). The mean particle diameter
calculated from SEM images was found to decrease in the order NFBN > ETBN
> CTBN > ATBN. The reactive groups of the rubber were found to have a major
role on the structure inside the particles, since most additive molecules are involved
in the particles and most rubber-reactive end groups react inside the particle. In
backscattered electron images (BSEI) obtained from osmium tetroxide-stained
polished surfaces in the scanning electron microscope, epoxy amine copolymer
island in each rubber particle was detected for NFBN-based system (Fig. 13).

The initial rubber composition was also found to affect the size of the phase-
separated rubber particles (Thomas et al. 2004; Tripathi and Srivastava 2007).
Thomas et al. (2004) carried out a detailed analysis on the variations of particle
size and related parameters based on the rubber content on anhydride-cured epoxy/
CTBN blends using SEM. The size of the phase-separated rubber was found to
increase with increasing CTBN content from 5 wt.% to 20 wt.% (Fig. 14). This
increase in size of the dispersed CTBN particle was due to the coalescence of the
dispersed rubber particles, and this effect was more prominent at higher concentra-
tion of the CTBN. They calculated the interfacial area of the dispersed CTBN phase
by using the formula 3}—?’, where @ is the volume fraction of dispersed phase and r is
the domain radius. The variation of interfacial area per unit volume as a function of
CTBN concentration is plotted in Fig. 15a. The interfacial area was found to increase
first and then decreased above 15 wt.%. The percentage distribution versus particle
size for 15 and 20 wt.% CTBN is shown in Fig. 15b. The size of the domain was
observed to range mostly from 0.5 to 1 pm in diameter with slight bimodal
distribution.

The relationships between microstructure and fracture behavior of toughened
thermoset were widely studied. SEM is a widely accepted technique to investigate
the nature of the fracture surface of epoxy/rubber blend to elucidate the fracture
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Fig. 13 Backscattered electron images (BSEI) of (a) epoxy/ATBN, (b) epoxy/CTBN, (c¢) epoxy/
ETBN, and (d) epoxy/NFBN blends. The stained white part is rich in rubber (Chen et al. 1994)

mechanisms operate in the system (Bascom et al. 1975, 1981; Wise et al. 2000;
Kinloch et al. 1983a, b). A detailed fractography analysis of epoxy/CTBN blend was
done by Kinloch et al. (1983a) as a function of temperature and test rate. Three main
types of crack growth have been identified based on the SEM analysis of fracture
surface of epoxy/CTBN blend, and they are brittle stable (type C, at low tempera-
ture), brittle unstable (type B, at intermediate test temperatures), and ductile stable
(type A, at relatively high temperatures/low rates). Figure 16 shows the SEM images
of type C and type A of crack growth in modified and unmodified epoxy. As the test
temperature was increased, the type of crack growth changed progressively from
type C to type A in both unmodified and CTBN-modified epoxy. However, the
fracture toughness for the modified epoxy was always significantly greater than that
of the unmodified epoxy.

Various toughening mechanisms that operate in epoxy/rubber blends were
discussed by various researchers, and well accepted among them are localized
shear yielding (Kinloch et al. 1983b; Pearson and Yee 1986a) and plastic void
growth in the epoxy matrix, initiated by cavitation or debonding of the rubber
particles (Huang and Kinloch 1992; Yee et al. 1993). Localized shear yielding
implies the shear banding within the epoxy matrix that is evident between the rubber
particles, then the epoxy matrix is ductile enough to support plastic deformation.
Matrix void growth occurs when the rubber particles either cavitate or debond from
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Fig. 14 SEM images of epoxy containing (a) 5 wt.% CTBN (magnification x 1,650), (b) 10 wt.%
CTBN (magnification x 1,925), (¢) 15 wt.% CTBN (magnification x 2,200), and (d) 20 wt.%
CTBN (magnification x 2,750) (Thomas et al. 2004)

the matrix, before the onset of strain hardening of the matrix. The SEM images
showing cavitation is given in Fig. 17. The rubber cavitation causes local constraint
relief in the blend. This constraint relief delayed the crack initiation process in the
matrix, and the surrounding epoxy matrix can undergo more plastic deformation and
absorb more plastic energy.

The rubber particle size and distribution, the interparticle distance, the matrix
cross-link density, etc. were found to influence the fracture mechanism and tough-
ness (Bagheri et al. 2009). Pearson et al. (Pearson and Yee 1986) reported the SEM
micrographs of the stress-whitened regions on the fracture surfaces of CTBN-
modified epoxy as a function of rubber content (Fig. 18). They observed that as
the rubber content increased, the voids became larger and more uniform in size. The
matrix surrounding the voids exhibited notable plastic deformation and became
larger as the particle—particle distance decreased.

Similarly, in epoxy/epoxidized natural rubber (ENR) blend, the observed trend in
fracture toughness with rubber content was explained on the basis of fracture surface
analysis using SEM (Mathew et al. 2014). The domain size of spherical ENR
particles increased with increasing ENR content (Fig. 19), and the smaller rubber
particles that were difficult to cavitate or debond from the epoxy matrix resulted in
maximum fracture toughness for 10 wt.% ENR-modified blends.

Since the toughening mechanism is rubber particle size dependent, the mecha-
nisms operated in nanosized rubber particle-toughened epoxy blend differ from that
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Fig. 15 (a) Interfacial area per unit volume as a function of wt.% of CTBN, (b) Percentage
distribution of particles versus particle size for epoxy/CTBN blend with 15 and 20 wt.% CTBN
(Thomas et al. 2004)

in micro-sized rubber particle-toughened epoxy. Both cryogenic (77 K)- and room
temperature (RT)-toughening effect of carboxylic nitrile—butadiene nano-rubber
(NR) particles on epoxy matrix was well understood from the SEM images
(Fig. 20a, b) of the fracture surfaces (Zhao et al. 2013). The shear-yielded
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Fig. 16 Scanning electron micrograph of (a) brittle stable (type C) crack growth in unmodified
epoxy, (b) brittle stable (type C) crack growth in rubber-modified epoxy of (¢) ductile stable (type
A) crack growth in unmodified epoxy and (d) ductile stable (type A) crack growth in rubber-
modified epoxy (Kinloch et al. 1983a)

Fig. 17 Cavitation in the
plastic zone as revealed in a
scanning electron micrograph
of a microtomed surface of
epoxy/CTBN blend (Yee

et al. 1993)

deformation was observed as the major toughening mechanism, and it produced
blunting of the crack tip as seen in Fig. 20, bringing about the reduction of stress
concentration near the crack tip which consequently improved the fracture toughness
of nanosized rubber particle-toughened epoxy.
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Fig. 18 SEM from the stress-whitened area of fractured specimen of (a) epoxy/10 phr CTBN (b)
epoxy/20 phr CTBN and (c¢) epoxy/30 phr CTBN. The white lines are due to tearing of the material
between two crack planes, causing a surface step (Pearson and Yee 1986)

Recently, Guan et al. (2014) reported a comparative study on the fracture
behaviors of epoxy filled with submicron liquid rubber (LR) and preformed
nanoscale-powered rubber (PR) using SEM images of their tensile fracture surfaces.
The study showed that the enhanced fracture toughness of the epoxy/rubber blend
was due to the local plastic deformations of matrix induced by debonding/cavitation
of rubber particles regardless of the rubber type. Furthermore, the SEM fracture
surfaces gave indication on the less plastic deformation of matrix induced by the PR
nanoparticles to consume fracture energy than the corresponding LR particles due to
the presence of agglomerates of PR nanoparticles in the matrix. The fracture
morphology of epoxy simultaneously modified with multi-scale rubber particles —
LR and PR — were also evaluated using SEM (Tang et al. 2013). SEM analysis gave
evidence that both LR and PR together could help in intensifying the hydrodynamic
forces around crack tip region, facilitating intensive cavitation/debonding of rubber,
and thus yielding massive matrix plastic deformation including matrix void growth
and shear banding. Relatively large stress-white zone and scalelike rough fracture
surface, which are identified in SEM images (Fig. 21), also contribute more to the
enhanced toughness in hybrid systems.

The crack growth behavior in CSR-modified epoxy was found to be dependent on
crosshead rates and CSR content (Xiao and Ye 2000). Figure 22 shows the fracture
surfaces of 15% CSR-modified epoxy at different crosshead rates. Two distinct
regions with characteristics of stress-whitening and smooth surfaces can be clearly
observed in Fig. 22. They estimated the length of this stress-whitened zone from the
SEM images, and it was found to be decreased at a high crosshead rate or for a low
rubber content (Table 1). They plotted lengths of averaged stress-whitened zone
against fracture toughness (Fig. 23). The variation of stress-whitened zone length
with the crosshead rate or rubber content is very well correlated with that of fracture
toughness values (expressed in stress intensity factor, Kic). Similar to liquid rubber-
toughened epoxy, the major toughening mechanisms identified in CSR-modified epoxy
system were rubber particle cavitation and its locally induced plastic deformation.
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Fig. 19 Scanning electron micrographs of the (a) neat epoxy and (b) 5, (¢) 10, (d) 15, and (e)
20 wt.% ENR/epoxy blend surfaces after fracture measurements (Mathew et al. 2014)

A detailed fracture surface analysis of preformed polysiloxane core—shell rubber
(S-CSR) particle-modified epoxy was done by Chen et al. (2013) using field
emission gun scanning electron microscopy (FEG-SEM). The toughening mecha-
nisms induced by the S-CSR particles were identified as localized plastic shear band
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Fig. 21 Higher-magnified SEM graphs of fracture surfaces taken from the “hackle” zone: (a) neat
epoxy, epoxy with (b) PR (9.2 wt.%), (¢) LR (9.2 wt.%), and (d) PR (9.2 wt.%) LR (9.2 wt.%) (Tang
et al. 2013)

yielding around the particles and cavitation of the particles followed by plastic void
growth of the epoxy matrix (Fig. 24). Cavitation, as opposed to particle debonding,
revealed the strong bonding between the S-CSR rubber particle and the surrounding
matrix. The core-to-shell adhesion must also be relatively high for the S-CSR
particles, as no debonding was observed. The fracture surfaces of the S-CSR
particle-modified epoxy tested at low temperature were similar to the samples tested
at room temperature. It was observed that all of the S-CSR particles are cavitated,
even at —109 °C, although the size of the cavities was reduced at low temperatures
due to a lesser extent of plastic void growth in the epoxy polymer.

Recently, the fracture surface of CSR nanoparticle-modified epoxy system was
studied using SEM (Quan and Ivankovic 2015). Two CSR particles of different sizes
were used (large CSR, 300 nm and small CSR, 50 nm). The fracture surfaces of CSR
particle-modified epoxy were covered with sea of voids, which were identified as
circular features (Fig. 25). It was observed that the initiation of voids could result
from three mechanisms: CSR shell debonding from matrix, CSR rubbery core
cavitation, and CSR core debonding from CSR shell.

SEM was also used to prove the synergistic effect of multiphase particles in
fracture toughness reported in nanofiller-modified epoxy/rubber blends. Liu
et al. (2004) investigated the fracture surface of nanoclay-modified epoxy/CTBN
blend. While in epoxy/CTBN blend, yielding and plastic deformation along with
cavitation were evident (Fig. 26a); crack bifurcation was observed as the dominant
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Fig. 22 Fracture surfaces of 15% CSR-modified epoxy specimens at different crosshead rates: (a)
500 mm/min, (b) 50 mm/min, (¢) 5 mm/min, and (d) 0.5 mm/min (Xiao and Ye 2000)

Table 1 The average length of stress-whitened zone as a function of CSR content and crosshead
rate (Xiao and Ye 2000)

Length of stress-whitened zone [mm]
Crosshead rate [mm/min] 5% 10% 15% 20%
0.5 0.2 1.1 20.3 14.6
5 0.14 0.7 4.0 4.2
50 0.1 0.4 1.0 22
500 0.0 0.1 0.4 0.9

toughening mechanism in epoxy/clay nanocomposite (Fig. 26b). Fracture surfaces of
nanoclay-modified epoxy/CTBN blend (Fig. 26¢) showed both features of fracture
surface of epoxy/CTBN blend and epoxy/clay nanocomposite.

At the same time, in nanosilica-modified epoxy/rubber blend, the nanosilica was
found to enhance the plastic deformation in the process zone that enlarges the zone
size in front of the crack tip (Fig. 27) (Liang and Pearson 2010). This enhancement
involved an increase in shear band density between rubber particles in the plastic
zone. The expanded plastic zone further shielded the crack tip and therefore
improved the fracture toughness.
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The fracture surface of glycidyl polyhedral oligomeric silsesquioxane (POSS)-
modified epoxy/CTBN blend was analyzed using SEM (Konnola et al. 2015). The
micrographs (Fig. 28) revealed that the rubber particles in hybrid were different from
the usually observed smooth quasisphere in the epoxy/rubber blend due to the high
cross-link density created by octafunctional POSS particles near rubber particles.
Also the rubber particle size in the hybrid was found to be smaller than that in epoxy/
CTBN blend due to the fact that the POSS particles prevent the coalescence of the
CTBN phase.

Atomic Force Microscopy (AFM)

AFM is a surface analysis technique used to get additional and supporting details to
SEM findings on phase morphology and failure mechanism in epoxy/rubber blends
(Nigam et al. 2003). Using AFM technique, only those rubber particles that transfix
the sample surface can be imaged. Since it is unlikely that an entire imaged rubber
particle is on the sample surface, rubber particle size determined using AFM may
sometimes lead to misleading conclusions. However, AFM can be effectively used
in providing valuable information about the presence of nano-phase dispersed rubber
particles, which are difficult to trace out in SEM images. AFM with the proper
scanning conditions is capable of studying the nano-dispersed rubber phase in detail.
Russell and Chartoff (2005) used AFM technique to find out the presence of rubber
particles below 40 nm in size in epoxy/CTBN blends for the first time (Fig. 29).
According to them, the portion of the rubber represented by these nanoscale particles
has been assumed by previous researchers to be the dissolved portion in the epoxy
phase rather than phase separated.

The rubber domains in isocyanate-functionalized polybutadiene (NCOTBP)-
modified epoxy in nanoscale dimension were better detected by AFM technique
(Fig. 30) (Soares et al. 2004). In the phase contrast AFM image (Fig. 30b) of epoxy
modified with NCOTBP, the black domains correspond to the soft rubbery phase.



128 P.P. Vijayan

™ Cate 29 2011
Mg+ HAB0KX Toma 172002

DT s AW Sgra A ® laen. Cute 14 Fob 2012
WO R Mg 1DIEX Tiwe 1RSI0 H . Tivw 104247

Fig. 24 FEG-SEM images of the fracture surface of the epoxy polymers modified with (a) 10 wt.%
and (b) 20 wt.% of S-CSR particles at 20 °C; 10 wt.% S-CSR particle-modified epoxy polymer tested
at (¢) —55 °C and (d) —109 °C; 20 wt.% S-CSR particle-modified epoxy polymer tested at
(e) =55 °C and (f) —109 °C (Chen et al. 2013)
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Fig. 25 SEM images of fracture surface for epoxy modified with (a) 22 vol.% of large CSR
(b) 22 vol.% of large CSR and 16 vol.% of small CSR (Quan and Ivankovic 2015)
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Fig. 26 SEM micrographs of fracture surface of (a) epoxy/20 phr CTBN (b) epoxy/3 phr clay
(¢) epoxy/20 phr CTBN/3 phr clay (Liu et al. 2004)

Fig. 27 Fracture surface
images of hybrid
epoxy-silica—rubber: rubber
cavitation inducing massive
matrix dilation (Liang and
Pearson 2010)
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Fig. 28 FESEM images of fracture surface of epoxy/CTBN-modified POSS hybrid epoxy
nanocomposite at different magnifications (Konnola et al. 2015)

2000 nm

1000 nm 1+

0nm 1000 nm 2000 nm
Fig. 29 2,000 nm scan of epoxy/CTBN blend showing the presence of nano-phase rubber particles
(Russell and Chartoff 2005)
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Fig. 30 AFM of the epoxy-NCOTPB network (a) topography and (b) phase contrast images
(Soares et al. 2004)

These domains present a typical size of 80 and 65 nm for the longer and shorter axis,
respectively.

The rubber particle size in preformed polysiloxane core—shell rubber (S-CSR)-
modified epoxy was investigated using AFM technique (Chen et al. 2013).
Moreover, the shell of the particle was detected as ring of lighter color surrounding
the darker soft cores, and the phase image indicated that this shell area is harder
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Fig. 31 AFM phase micrographs of the (a) unmodified epoxy polymer, and the epoxy polymers
modified with (b) 2 wt.% (¢) 10 wt.% and (d) 20 wt.% of S-CSR particles (Chen et al. 2013)

than the epoxy polymer (Fig. 31). The measured mean diameter of the core—shell
rubber particles was 0.18 pm, and the thickness of the shell was between 20 and
40 nm.

AFM can also be used to follow some hyperfine features observed in epoxy/
rubber blends which are unable to do with SEM. AFM could effectively be used to
observe occluded epoxy phase in micrometer-sized rubber particles (Chen
et al. 1994; Bascom et al. 1981; Thomas et al. 2011) and interface regions (Shaffer
et al. 1995) in epoxy/rubber blends, which are difficult to observe with SEM.
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0 Datatype  Height 2.00 pm 0 Datatype  Phase 2.00 pm
Z range 100.00 nm Z range 3.000°

0 Datatype  Height 2.00 um 0 Datatype  Phase 2.00 pm
Z range 100.00 nm Z range 3.000°

Fig. 32 AFM micrograph of (a) 5 phr CTBN/epoxy blend, (b) 20 phr CTBN—epoxy blend
(Thomas et al. 2011)

Figure 32 shows the AFM images of epoxy toughened with 5 and 20 phr CTBN,
where the inclusions of epoxy particles were noted inside the elastomer domains.

AFM was also found application in epoxy/rubber blend to detect the interface
region (Fig. 33) and the characteristic features of the fracture surface such as growth
of the rubber phase due to phase coalescence, fibrous structure of the matrix, cracks
on the surface, etc. (Fig. 34).
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Fig. 33 AFM image of a
cavitated particle in the
whitened zone of CTBN
pre-reacted with diglycidyl
ether of propylene glycol
(DGEP)/epoxy. The positions
where force distance
measurements were taken
have been labeled in the
matrix (A), in the cavity (B),
and in the interface region (C)
(Shaffer et al. 1995)

Fig. 34 AFM image of
tensile fracture surface of
epoxy cresol novolac resin
(ECN) modified with 25 wt.%
of carboxyl-terminated
polybutadiene (CTPB)
(Nigam et al. 2003)
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Transmission Electron Microscopy (TEM)

With the advancement of nanotechnology, researchers have focused on the genera-
tion of new nanostructured epoxy/liquid rubber blends. Effective functionalization
of liquid rubbers is required to tailor better compatibility between epoxy and rubber,
and it is a requisite to achieve fine nanostructured epoxy/rubber blends. Soares and
coworkers synthesized nanostructured epoxy/isocyanate-functionalized polybutadi-
ene (PBNCO) blends (Barcia et al. 2003; Soares et al. 2011). The characterization of
these nanosized rubber particle dispersed in epoxy was carried out using TEM in
addition to AFM and a homogeneous distribution of the nanometer-scale rubber
particles were detected (Fig. 35). The variation of shape and size of this dispersed
rubber particle was well clear from the TEM images. While for blend containing
5 phr of PBNCO, the shape of the domains was not well defined with an average size
of 5—10 nm; further increase in rubber content up to 20 phr resulted in more densely
packed spherical rubber domains.

Epoxidized CTBN (ECTBN) rubber obtained by the epoxidation of CTBN using
hydrogen peroxide and formic acid was found to be effective in producing nano-
structured epoxy/rubber blend (Zhao et al. 2015). The effect of degree of epoxidation

Fig. 35 TEM micrographs of modified epoxy network with (a) 5 phr, (b) 10 phr, (¢) 15 phrand (d)
20 phr of PBNCO (each scale bar equals 100 nm) (Soares et al. 2011)
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0.4 pm

Fig.36 TEM images of the epoxy blends containing 10 wt.% CTBN rubber epoxidized at different
degrees: (al) and (a2) Ev = 0 mol/100 g, (b1) and (b2) Ev = 0.16 mol/100 g, and (c1) and (¢2)
Ev = 0.30 mol/100 g: epoxidation degree is indicated by epoxide value (Ev) (Zhao et al. 2015)

of CTBN on the developed nanostructure morphology of epoxy/ECTBN blend was
well investigated using TEM (Fig. 36). While the blend modified with CTBN
showed micro-sized rubber particle and relatively clear the boundaries, the blends
modified with ECTBN (epoxide value, Ev = 0.16 mol/100 g and 0.30 mol/100 g)
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showed nanosized rubber particles with considerably blurred boundaries. This
change in phase morphology could be due to the increase in degree of compatibility
and reactivity between the rubber phase and epoxy resin upon epoxidation.

Another modifier derived from CTBN, which was able to form nanostructure in
epoxy matrix was synthesized by Heng et al. (2015). They prepared poly(ethylene
oxide)-block-carboxyl-terminated butadiene—acrylonitrile rubber diblock copolymer
(PEG-b-CTBN) via the esterification reaction of hydroxy-terminated methoxypo-
lyethylene glycols in the presence of CTBN with 4-dimethylaminopyridine as the
catalyst. Using TEM micrographs of the blends, they confirmed the homogenous
dispersion of spherical CTBN domains with an average size of about 10 nm in the
continuous epoxy matrix.

The rubber particle size distribution and precipitated rubber volume fraction
(Vp) was determined from TEM micrographs using quantitative methods (Yee and
Pearson 1986; Chen and Jan 1995). Chen and Jan (1995) calculated the particle size
distribution in different epoxy/hardener system modified with CTBN using an
average of 20-30 micrographs from each system by applying the Schwartz—
Saltykov quantitative method. The precipitated rubber volume fraction (Vp), the
fraction of material enclosed within the boundaries of the rubber particles, including
both the rubber itself and any resin trapped in the particles, was also calculated from
the TEM micrographs by Guy’s method. A very close value of Vp and volume
fraction of the initial CTBN revealed that the phase separation between rubber and
epoxy resin was complete.

Rubber nanoparticles were in situ synthesized in epoxy taking advantage of the
reaction of oligomer diamine with epoxy. TEM was used to estimate the size and the
dispersion state of in situ-formed rubber nanoparticles (Ma et al. 2008; Yu
et al. 2008). The diameter of these particles measured from TEM image was
2-3 nm (Fig. 37).

Rubber particle size in two different liquid rubber-modified epoxies was identi-
fied using TEM images (Minfeng et al. 2008). From the TEM images of epoxy resin
modified with carboxyl-randomized butadiene—acrylonitrile (CRBN) rubber and
hydroxyl-terminated butadiene—acrylonitrile rubber (HTBN), it was confirmed that
the rubber particle size of phase-separated CRBN particle (<200 nm) was much
smaller than that of HTBN particles (Fig. 38). The observed particle size difference
was explained due to the different reactivities of these two rubbers. CRBN could
easily form chemical interaction with epoxy and then decrease the chance of
agglomeration.

TEM images were used to compare the morphology including the dispersion state
and size of submicron liquid rubber (LR) and preformed nanoscale-powered rubber
(PR) in epoxy matrix (Fig. 39) (Guan et al. 2014). It was found that PR and LR
particles in the epoxy matrix appear as dark and white in color, respectively, in the
TEM images. Compared to PR particles (diameter of ~90 nm), the LR particles show
a good dispersion in the epoxy at 9.2 wt.%. The LR particles exhibited a significant
change in their size with the increase of rubber content (Fig. 39¢). This could be due
to the miscibility of LR in epoxy that resin would decrease the onset of gelation time
at low rubber content which resisted further coalescence of particles to form smaller
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Fig. 37 TEM images of the epoxy/rubber nanocomposite containing 15 wt.% rubber: (a) at
230 x 10° magnification; (b) at 660 x 10 magnification (Ma et al. 2008)

HTBN (5%) CRBN (5%)

Fig. 38 TEM images of epoxy/HTBN and epoxy/CRBN blends (20,000x) (Minfeng et al. 2008)

phase-separated rubber particles. At high content of LR, the solubility parameters
and surface tension of the rubbery phase should alter during the cure process, which
could promote the phase separation of rubber from matrix to produce the large LR
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Fig. 39 TEM micrographs of epoxy composites containing: (a) 9.2 wt.% PR, (b) 9.2 wt.% LR, and
(c, d) 14.8 wt.% LR (Guan et al. 2014)

particles. TEM image (Fig. 39d) also gave evidence of good interface between
rubber and matrix in LR-modified epoxy.

TEM was also used to get idea about the fracture propagation in the damage
surface in addition to the optical microscopic information. Although the formation of
crazes in epoxy matrix is unlikely due to their high cross-link density, craze-like
damage has been detected in transmission electron micrographs of subsurface of
fatigue damaged epoxy/CTBN blend (Azimi et al. 1996) (Fig. 40).

The cavitation and shear yielding as major toughening Mechanisms operating in
epoxy/rubber blends and the effect of the interfacial zone on these processes were
studied by Chen and Jan (1991). The interface between the rubber particle and the
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Fig. 40 Transmission
electron micrograph revealing
craze-like damage in the
fatigue damage zone (Azimi
et al. 1996)

epoxy matrix was modified by CTBN endcapped with various epoxies like rigid
diglycidyl ether of bisphenol A (Epon 828), a short-chain flexible diglycidyl ether of
propylene glycol (DER 736), and a long-chain flexible diglycidyl ether of propylene
glycol (DER 732). In order to elucidate more clearly the effect of the modifiers, the
same amount of modifier was directly added into epoxy resin instead of capping at
the CTBN chain end. The TEM images were used to characterize the particle/matrix
interface, and they observed that the width of the interfacial zone increased as the
CTBN-endcapped epoxide changed from Epon 828, DER 736 to DER 732 (Fig. 41).
The degree of cavitation was also found to increase as the width of the interfacial
zone increased (Fig. 42). Moreover, the interface zone was not pronounced in blends
where the modifier is directly added into epoxy resin.

Balakrishnan et al. (2005) reported a major morphological finding which is the
reason for the higher fracture toughness shown by nanoclay-filled epoxy/acrylic
rubber blend using TEM images. They found that the clay sheets tend to align around
the walls of the rubber particle in the hybrid (Fig. 43). These clay platelets helped the
rubber particles to withstand additional stretching forces before failure occurs at the
epoxy matrix—rubber particle interface. These aligned clay particles can act as
additional reinforcement to protect the interface from an external stretching force.
They proposed a combination of mechanisms for the toughening effect in clay-filled
epoxy/acrylic rubber blend including rubber particle cavitation, yielding, and plastic
deformation of matrix initiated by rubber particles, crack diversion by clay platelets,
and energy dissipation to create additional roughened area.
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Fig. 41 Higher magnification TEM images of the microtomed sections of (a) epoxy/CTBN
endcapped with DER732, (b) epoxy/CTBN endcapped with DER736, (¢) epoxy/CTBN endcapped
with Epon828, (d) epoxy matrix modified with DER732—CTBN, (e) epoxy matrix modified with
DER736—CTBN, (f) epoxy matrix modified with Epon 828—CTBN (Chen and Jan 1991)
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Fig. 42 Degree of cavitation 0.8
on fracture surface of the
toughened epoxy resins: (A) 07 I—
epoxy/CTBN endcapped with ’
DER732, (B) epoxy/CTBN
endcapped with DER736, (C) 06 —
epoxy/CTBN endcapped with €
Epon828, (D) epoxy matrix =
modified with c 05—
DER732-CTBN, (E) epoxy =
matrix modified with ’% 04 —
DER736-CTBN, (F) epoxy o
matrix modified with Epon S
828—CTBN (Chen and Jan $ 0.3 —
1991) 53
o
02 — —
01 |— —
0

A B C D E F
Epoxy resins

Fig. 43 Association of clay and rubber particles in hybrid epoxy system with 0.75% by mass
nanoclay and acrylic rubber phr 16. TEM micrographs at (a) lower and (b) higher magnification
(Balakrishnan et al. 2005)
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Conclusions

In order to explore the process of phase separation and the final morphology in
various epoxy/rubber blends, researchers have been effectively using microscopic
techniques like OM, SEM, AFM, and TEM. Such investigations have been con-
cisely presented in the current chapter. The existing literature on morphological
studies of epoxy blends with liquid rubbers, preformed core—shell rubber particles,
and in situ-formed rubber particles have been discussed. Moreover, the morpholog-
ical studies on epoxy/rubber blends modified with nanofillers have also been
included in this chapter.

The use of microscopic techniques allows one to correlate the mechanical per-
formances of epoxy/rubber blends including their toughness. The supporting evi-
dence in predicting the demixing mechanism in epoxy modified with various liquid
rubbers could be drawn from optical microscopic images. OM has also been used to
observe the phase behavior in nanofiller-modified epoxy/rubber blends. The trans-
mission optical microscopy (TOM) has been found to be very effective in evaluating
the fracture propagation in the damage surface. From TOM images, it has been
possible to measure and compare the depth of fracture damage zone (FDZ) for epoxy
and epoxy/rubber blends. It has been found that the size of the damage zone was
proportional to the fracture energy of the blends. The difference in the size and shape
of the plastic zone generated during fracture in epoxy/rubber blend induced by the
nature of the interface has been identified using TOM. The various factors which
affect the dynamics of phase separation and final morphology in epoxy/rubber
blends have been well established using SEM. The features of fracture surfaces
observed using SEM have been used to explore the toughening mechanism which
operates in epoxy/rubber blends and nanofiller-modified epoxy/rubber blends. The
nature of interface in epoxy/CTBN blend has been analyzed using AFM and TEM.
While OM and SEM have been effectively worked out to explore the morphological
features in microscale, AFM and TEM offered it in the nanometer scale. TEM and
AFM could be effectively used to observe hyperfine features in epoxy/rubber blends.
The use of these techniques together allows successful identification, and confirma-
tion of both micro- and nanoscopic morphological features existing in epoxy/rubber
blends.
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Abstract

Epoxy resin is a kind of widely used thermoset resins known for its excellent
properties. While its inherent brittleness largely limited its application, the incor-
poration of rubber phases into epoxy resins is a classical method and could
effectively make up the shortcomings. In order to acquire a deeper understanding
of the mechanism of these properties, it is necessary for epoxy/rubber blends to be
structurally well characterized. This chapter focuses on the practical aspects of
using the five spectroscopic methods most often applied, Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy,
Raman spectroscopy, optical microscopy (OM), and X-ray scattering spectros-
copy, in the structural investigation and microstructures of epoxy/rubber blends to
study the driving forces producing miscibility in the blends. The application of
other spectroscopic methods is also discussed. It should be mentioned that the
study of driving forces producing miscibility in epoxy/rubber blends is based on
the application of at least a few different types of spectroscopic methods during
the same study.
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Introduction

Epoxy resin (EP) is a vague term, which normally contains at least two epoxide
groups known as the characteristic group. The epoxide group can also be referred to
as a glycidyl, epoxy, or oxirane group. The term epoxy resin is applied to both
prepolymers and cured resins. The invention of epoxy resins has experienced a long
period of time, while its industrial application was the last sixty or seventy years.
During the development, various epoxy resins have been invented. According to
their chemical structure, epoxy resins can be divided into the following five catego-
ries: glycidyl ether resins, glycidyl ester resins, glycidyl amine resins, alicyclic
epoxides, and aliphatic epoxides. Due to the raw materials readily available and at
low cost, diglycidyl ether of bisphenol A (DGEBA)-based epoxy resin is the most
important class in the application of epoxy; its structure is shown in Fig. 1. Among
all the thermosetting resins, epoxy resins are unique due to several factors (Potter
1970), viz., minimum pressure needed for fabrication of products, shrinkage much
lower and hence lower residual stress in the cured product, the use of a wide range of
temperature by judicious selection of curing agent with good control over the degree
of cross-linking, availability of the resin ranging from low viscous liquid to tack-free
solid, etc. (Ratna and Banthia 2004). Since these unique characteristics and useful
properties like good thermal and mechanical properties, high chemical and corrosion
resistance, outstanding adhesion to various substrates, flexibility, low cure shrink-
age, and good electrical properties, epoxy resin has become an essential class of
thermosetting resins and widely utilized in engineering composites, coatings, struc-
tural adhesives, electronics, etc.

However, undesirable properties of EP are their inherently brittle and poor
resistance to crack propagation, which adversely affects most physical and

CH,
Hzc\o—/g—gz{»o—@—%@—o— ¢ HZ]— — )¢ —@—0 _& & el
CH;

DGEBA

Fig. 1 The chemical structure of DGEBA
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mechanical properties. Thereby, toughening epoxy resin has become a widespread
concern subject all over the world. In light of these problems, a second phase
(elastomer, particulate, thermoplastic, liquid crystal, etc.) was incorporated. Consid-
ering the effect and miscibility of epoxy and modifiers, the most successful was the
incorporation of a second reactive elastomeric phase into the brittle epoxy matrix.
The various types of elastomeric materials which have been studied with a view to
rubber modification of epoxy resins are the following: reactive liquid rubbers,
urethane rubber, polyacrylated elastomers, and silicone rubber.

Liquid rubbers with reactive groups in the terminal positions or pendant to the
main chain are the most classical modifiers for toughening epoxy. Besides the most
effective carboxyl group (Bucknall and Yoshii 1978), several functional groups
including epoxy, phenol, vinyl, hydroxyl (Thomas et al. 2008), and amine have
also been studied; two types of liquid rubber are shown in Fig. 2. In these cases, the
rubbers are initially miscible with the matrix. When the reaction starts, the rubber
first reacted with resin. With the curing reaction, the molecular weight of epoxy
increases, and then reaction-induced phase separation occurs. Thus, the cured
thermoset possesses a dispersed rubbery phase (Unnikrishnan and Thachil 2006).
The methods of liquid rubber modifying epoxy can be divided into prereacted type
and non-prereactive type, and the former effect is better. Three types of liquid
polybutadiene, hydroxyl-terminated polybutadiene (HTPB), isocyanate end-capped
HTPB (NCOTPB), and epoxide end-capped HTPB (CPBER), were used to modify
epoxy by Barcia (et al. 2003). The study denotes that epoxy modified with HTPB
and CPBER presents a heterogeneous system with a two-phase morphology, while
NCOPBER (EP-NCOTPB-EP) shows transparent epoxy networks with no discern-
ible phase-separated morphology. Besides, the diameters of rubber phase modified
with CPBER are substantially smaller than that with HTPB. The different morpho-
logical characteristics observed in these modified systems were attributed to the
different structures. Ramos et al. (2005) have modified epoxy resin by carboxyl-
terminated butadiene-acrylonitrile copolymer (CTBN) and hydroxyl-terminated
polybutadiene (HTPB). The results modified with CTBN showed dispersed phase
size between 1 and 4 pm, while the HTPB-modified ER presented large difference in

Fig. 2 The chemical r.c . CH CH.—C c o
structure of liquid rubbers H,—CH=CH—CH, - 2= | H » H2_(|3H h

CH=CH, CN

Poly(butadiene-co-acrylonitrile)

Polybutadiene

R: The reactive functional groups
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rubber particle size that ranges from 10 to 50 pm. Recently, in order to further
increase the miscibility of liquid rubber and epoxy, block copolymers were used to
modify epoxy resins. These block copolymers generally comprised by reactive
liquid rubber and epoxy-miscible blocks (e.g., poly(ethylene oxide) (PEO) and
poly(e-caprolactone) (PCL)) (Clark et al. 1984; Luo et al. 1994; Guo and
Groeninckx 2001; Zheng et al. 2003). It has been recognized that block copolymer
could form nanostructures following either self-assembly (Hillmyer et al. 1997,
Lipic et al. 1998) or reaction-induced microphase-separation (Grubbs et al. 2000;
Mijovic et al. 2000) mechanism. Compared to epoxy modified with liquid rubber,
rubber phase was homogenously dispersed in the epoxy resin matrix at the nano-
meter scale because of the covalent bond between miscible blocks and rubber
and the special interaction between miscible blocks and epoxy. Apart from the
miscibility and effect that significantly increased, the amount of rubber becomes
smaller achieving the same effects. The miscibility nanostructured blends of epoxy
resin with poly(e-caprolactone)-block-poly(n-butyl acrylate) diblock copolymer
were studied by Xu (Xu and Zheng 2007). It is shown that all the subchains of the
block copolymer were miscible with epoxy before curing; however, after curing only
the PBA blocks were separated out, whereas the PCL blocks remained miscible with
epoxy resin. Heng et al. (2015) prepared a poly(ethylene oxide)-block-carboxyl-
terminated butadiene-acrylonitrile rubber diblock copolymer and used it to simulta-
neously enhance tensile strength and fracture toughness of epoxy resins.

Urethane rubber is a series of elastomeric material that contains many urethane
groups in the main chain. Urethane polymers are traditionally and most commonly
formed by reacting a di- or polyisocyanate with a polyol. Both the isocyanates and
polyols used to make polyurethanes contain on average two or more functional groups
per molecule. Due to the different type and ratio of raw material, various chemical
structures of urethane rubber were prepared. According to the chemical structure of
raw material, it can be divided into polyester urethane rubber and polyether urethane
rubber. Urethane rubber has superior low-temperature elasticity; excellent tribological
behavior; high temperature, oil, solvent, and ozone resistance; and thermal stability.
Therefore, urethane-rubber-modified epoxy resins by the interpenetrating polymer
networks (IPNs) have been rapidly developed. IPNs are a combination of two or
more polymers in network form, held together by permanent entanglements with only
occasional covalent bonds between different chains of the two or more types of
polymers (Chen et al. 2011). IPNs can be prepared either simultaneously or sequen-
tially; the two different processes of preparing IPNs are illustrated in Fig. 3. One of the
polymers synthesized and/or cross-linked in the immediate presence of the others
(Raymond and Bui 1998). In IPNs system, two or more networks are at least partially
interlaced on a molecular scale and cannot be separated unless chemical bonds are
broken. It is held together by permanent entanglement and shows excellent thermal
stability and mechanical properties because of a synergistic effect induced by the
forced compatibility of individual components (Chen et al. 2010). Frisch et al. first
reported the simultaneous interpenetrating networks (SINs) composed of polyurethane
(PU) and EP (Frisch et al. 1974a, Fig. 3a). Then graft IPNs were researched by Hsieh
and Han (1990) and Raymond and Bui (1998). Graft IPNs occurred when the side
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Fig. 3 The two different processes of preparing IPNs

chains of one polymer were connected to the main chain of another polymer in the
IPNs. Mahesh et al. (2003) prepared graft IPNs of epoxy and polyurethane, which
proceeded through the reaction between isocyanate group of polyurethane prepolymer
and pendant hydroxyl group of the epoxy resin. Results showed that the system
presented heterogeneous microstructure and the incorporation of polyurethane
increased the mechanical strength and decreased the glass transition temperature,
thermal stability, and heat distortion temperature, whereas the incorporation of
bismaleimide having ester linkages into polyurethane-modified epoxy increased ther-
mal stability and tensile and flexural properties and decreased the impact strength, the
glass transition temperature, and heat distortion temperature. Influencing factors on the
compatibility of IPNs had also been widely studied (Frisch et al. 1969, 1974a, b, 1977,
1982; Kim et al. 1975; Klempner et al. 1985; Wang et al. 1985; Werner 1989), such as
the amount of soft segments of PU, the types of soft and hard segments of PU, the
amount and types of chain extender and its pendant group, the types of epoxy, cure
agents, etc.

Polyacrylate rubber is a general term for a type of specialty rubber, which may
consist of one or more of the following monomers — ethyl acrylate, EA; butyl acrylate,
BA; and methoxy ethyl acrylate, MEA — the structure of which are given as seen in
Fig. 4. These are coupled with reactive groups, which may be epoxy or carboxyl
groups or combinations thereof. The excellent heat, oxidation, ozone, and lubricating
and transmission fluid resistance make it a significantly toughening effect on epoxy
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Fig. 4 Structure of the monomers of polyacrylate rubber

and become a worldwide hot topic. Polyacrylate-rubber-modified epoxy resins can be
achieved by two methods, incorporating reactive groups on the acrylate copolymer to
react with epoxy group or hydroxyl groups on epoxy resins and applying core—shell
structure polyacrylate elastic particles (miscible blocks were incorporated and reacted
with the functional groups on the surface of polyacrylate elastic particles) as tough-
ening agent. For the former method, the molecular weight of modifier and the amount
of reactive groups will affect the miscibility of modifier and epoxy. The more reactive
groups and smaller molecular weight of modifier, the better miscibility of modifier and
epoxy and the better effect achieved. For the latter method, the effect of the modifi-
cation is related to the particle size, particle spacing, interface adhesion, etc. Wang
et al. (1992a) have synthesized polyfunctional poly(n-butyl acrylates) (containing
epoxy and carboxyl group) by photopolymerization and used it to toughen epoxy
resin cured with diamino diphenyl methane (DDM). They found that there is an
optimum functionality for maximum impact resistance in epoxy and carboxyl-
functionalized and epoxy-functionalized liquid-rubber-modified systems. Lee and
coworkers (1986) obtained similar results using n-butyl acrylate/acrylic acid copoly-
mers. They reported that improvement of adhesion strength could be achieved by
incorporating the nBA/AA copolymer in a DGEBA epoxy matrix and that an optimum
functionality existed to achieve the highest interfacial adhesion.

Different from the previously mentioned elastomers, silicone rubber has an
organic backbone made of silicone and oxygen atoms and belongs to a family
compound known as silicones. Typical structure of silicone rubber is shown in
Fig. 5. As a kind of specialty elastomer, more and more attentions have been focused
on silicone rubber known for its retention of flexibility; resilience in a wide temper-
ature range; superior ozone, weather, chemical, fuel, and oil resistance; excellent
electrical insulation; and low surface energy. However, pure polydimethylsiloxane
(PDMS) had very little use as a toughening agent because of the poor compatibility
between soft segments of PDMS and polar hard segments in epoxy. The solubility
parameter of PDMS is much lower than that of the epoxy resin. To improve the
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Fig. 5 The structure of the R R R
monomers of silicone rubber | | |

R: Ph, H, CH;, OCH;
R*: Reactive functional groups

compatibility of polysiloxanes with epoxy resins, various methods have been devel-
oped, including using silane coupling agents (Alagar et al. 2004; Prabu and Alagar
2005); introduction of functional groups, such as hydroxyl (Huang et al. 2001; Wu
et al. 2002), amino (Shon and Kwon 2009), epoxy (Jang and Crivello 2003), and
isocyanate (Shih et al. 1999) group; using polysiloxane-containing block copoly-
mers (Gonzalez et al. 2004; Murias et al. 2012); and making use of sol-gel method to
bridge the polysiloxane and the epoxy phases (Lin and Huang 1996). Hydroxyl-
terminated silicone oligomer-bridged epoxy resins, which synthesized through the
reaction between epoxy groups and hydroxyl groups on epoxy resins and hydroxyl
groups on silicone oligomer, were studied by Chen (Chen et al. 2014). The diameter
of the silicone phases considerably increased with the addition of modifiers. The
toughness of the silicone-modified system increased considerably with a suitable
diameter of silicone phases. Ren et al. (2014) synthesized a series of siloxane epoxy
resins through reaction of poly(methylphenylsiloxane) with epoxy resin. The elon-
gations at break improved markedly and the thermal stability was better than that of
epoxy resin. The particle size of silicone had a significant effect on the mechanical
properties of the modified epoxy resin.

It is well known that epoxy/rubber composites are heterogeneous systems, and
their properties are mainly determined by the dispersed rubber phases. Thus, the
study on the driving force for phase separation appears to be very essential. The
driving force for phase separation is ascribed to the unfavorable entropic contribu-
tion to the mixing free energy due to the molecular weight of infinity for cross-linked
components. Nonetheless, the miscibility of rubber/epoxy blends will also be
changed by controlling the intermolecular specific interactions (e.g., hydrogen
bonding) and the formation of covalent bond between rubbers and epoxy, which
can be measured by highly sensitive optical techniques, such as infrared (IR),
nuclear magnetic resonance (NMR), Raman and X-ray spectroscopies, optical
microscopy (OM), small-angle light-scattering (SALS) technology, X-ray diffraction
(XRD) technology, etc.

The present paper reviews the characterization of polymer blends by spectros-
copy. As the most important and commonly used spectroscopic technologies in
epoxy/rubber blends systems, infrared (IR), nuclear magnetic resonance (NMR),
and Raman spectroscopies were introduced. And the driving forces producing
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miscibility in epoxy/rubber blends, the reaction between epoxy and modifiers, and
their chemical structures are discussed in detail.

Spectroscopic Analysis of Epoxy/Rubber Blends
Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy is certainly one of the most important and widely used analytical
techniques available to scientists. Liquids, solutions, pastes, powders, films, fibers, and
surfaces can all be examined with a judicious choice of sampling technique. Infrared
spectroscopy, which allows to qualitatively and quantitatively synthesis samples, is a
technique based on the vibrations of the atoms of a molecule. The infrared spectrum is
commonly obtained by passing infrared electromagnetic radiation through a sample
that possesses a permanent or induced dipole moment and determining what fraction of
the incident radiation is absorbed at a particular energy (Stuart 2004). The energy of
every peak appeared in the absorption spectrum corresponds to frequency of the
vibration of a molecule part. An IR spectrometer usually records the energy of the
radiation that is transmitted through a sample as a function of the wave number or
frequency. Fourier transform infrared (FTIR) spectroscopy, which employs an interfer-
ometer and exploits the well-established mathematical process of Fourier transforma-
tion, has become the most widely utilized infrared spectrum. It has dramatically
improved the quality of infrared spectra and minimized the time required to obtain data.

The basic components of an FTIR spectrometer are shown schematically in
Fig. 6. The radiation emerging from the source is passed through an interferometer
to the sample before reaching a detector. Upon amplification of the signal, in which
high-frequency contributions have been eliminated by a filter, the data are converted
to digital form by an analog-to-digital converter and transferred to the computer for
Fourier transformation.

FTIR spectrum can be divided into three main regions: the near infrared
(13,000-4000 cm '), the mid-infrared (4000-400 cm '), and the far infrared
(<400 cm™ ). Although many infrared applications employ the mid-infrared region,
the near- and far-infrared regions also provide important information about certain
materials. Generally, there are less infrared bands in the 4000-1800 cm™' region,
while many bands are between 1800 and 400 cm™'. Hence, the scale is sometimes
changed so that the region between 4000 and 1800 cm ™" is contracted and the region
between 1800 and 400 cm ™' is expanded to emphasize features of interest. The
ordinate scale may be presented in % transmittance with 100% at the top of the
spectrum. There is a choice of absorbance or transmittance as a measure of band
intensity, and transmittance is traditionally used for spectral interpretation, while
absorbance is used for quantitative work.

" Analog-to-digital _-
| Source H InterferometerH Sample |—| DetectorH Amplifier l— converter

Fig. 6 The basic components of an FTIR spectrometer
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Sample Preparation

The method of sample preparation is determined by the state of the sample. For the cured
epoxy/rubber blends, the samples for FTIR analysis are prepared by grinding a small
portion of the dry blended powders with powdered potassium bromide (KBr), then
compressed to form pellets. Foruncured blends, samples are spin coated onto a KBr disk
directly or from a solution of the blends dissolved in an appropriate solvent (the
concentration depends on the required film thickness). The thickness of the homoge-
neous film should be uniform and adjusted to avoid overabsorption in the range of
interest. The solvent and water in samples also should be evaporated as much as possible
to reduce the impact on the results. However, care must be taken as the heating of
samples may cause degradation. Besides, films of the epoxy/rubber blends can also be
used directly for FTIR studies. FTIR spectra are usually recorded in the mid-infrared
(4000 cm ™' to 400 cm ™ ") with a resolution of 4 cm ™' at room temperature.

Typical FTIR Spectra of Epoxy Resin and Rubber
With the development of epoxy/rubber system, different kinds of epoxy resins and
rubbers have been synthesized. The description and interpretation of the infrared
spectra of them have been published by many scientists (Bakar et al. 2008; Ismail
et al. 2009). Here, some typical FTIR spectra are listed.

Figure 7 shows the typical FTIR spectra of diglycidyl ether of bisphenol A-based
epoxy resin and HTPB, respectively (Thomas et al. 2012). The main peaks observed
in pure epoxy resin occur at 913 and 826 cm ™' due to the oxirane group. The peaks
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Fig.7 The typical FTIR spectra of DGEBA and HTPB (Reprinted with permission from Industrial
& Engineering Chemistry Research. (2012) 51, 12178-12191. Copyright 2012 American Chemical
Society (Thomas et al. 2012))
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Fig. 8 The typical FTIR spectrum of CTBN (Reprinted with permission from RSC Advances.
(2015) 5, 42362-42368. Copyright 2015 Royal Society of Chemistry (Heng et al. 2015))

at 1297-1184 and 1087 cm ™' were attributed to the asymmetrical and symmetrical
stretching vibration of aryl alkyl ether (C—O-C), respectively. A peak near
1220 cm™' was noted due to the stretching vibrations of C—O bond. 3056, 1582,
787, and 750 cm ™" were due to the stretching of aromatic rings. And the asymmet-
rical and symmetrical stretching vibrations of CH,, (CH3) ,C, and CHj; of quaternary
carbon were also observed at 2872, 2929, 1381, and 2962 cm ™! (Ahmad et al. 2005).

The main absorption peaks of HTPB are the broad O—H band in the region of
3400-3500 cm ™' and band at 1640 cm™ ' ascribed to C = C (double bond) and
vinylene group. The absorption peaks near 2913 cm™' and 2842 cm™' are due to
C-H stretching vibrations in CH, groups. The band at 3004 cm ™' is due to C-H
stretching vibrations near C = C double bond.

The FTIR spectrum of CTBN was shown in Fig. 8 (Heng et al. 2015). The
carbonyls (C = O) and -CH = CH, are characteristic of the stretching vibration at
1715 and 1641 cm™', respectively. The band at 2237 cm™' is attributed to the
stretching vibration of -CN group in CTBN. The bands at 970 and 724 cm™'
are ascribed to the out-of-plane bending vibration = C-H bonds in trans-1,4 and
cis-1,4+ moieties in CTBN, respectively. The weak absorption at 917 cm™" is attrib-
uted to the out-of-plane bending vibration of 1,2-structures in the CTBN subchains.

FTIR Analysis of Epoxy/Rubber Blends
As an intuitive and simple method, FTIR has been widely used and reported in epoxy/
rubber blends (Kar and Banthia 2005; He and Wang 2009). Through the analysis of
FTIR, the compatibility and its influence factors of epoxy/rubber blends, the behavior
of phase separation, chemical structure and reaction mechanism analysis, the real-time
process of a reaction, the thermogravimetric process, etc., could be researched.
Chemical structure and reaction mechanism analysis are important applications of
Fourier transform infrared spectroscopy. Two different types of epoxy-terminated
polybutadiene were synthesized and used to modify epoxy resin by Barcia
et al. (2002, 2003). The processes were shown in Fig. 9. In order to characterize
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Fig. 10 FTIR spectroscopy of the products (Reprinted with permission from Polymer. (2003) 44,
5811-5819. Copyright 2003 Elsevier (Barcia et al. 2003), Reprinted with permission from Journal
of Applied Polymer Science. (2002) 83, 838—849. Copyright 2002 John Wiley and Sons (Barcia et
al. 2002))

the chemical structure and reaction mechanism, the products were measured by
Fourier transform infrared (FTIR) spectroscopy, shown in Fig. 10.

In Fig. 10a, the disappearance of the peak at 3500 cm ™' (due to OH stretching
vibrations) and the presence of absorptions at 3330-3057 cm ™' (characteristic of
urethane groups), 2265 cm™ ' (related to the isocyanate groups), and 1735 cm ™!
(belonging to the carbonyl stretching of the urethane group) indicated the successful
functionalization of HTPB with TDI and the OH groups of HTPB were completely
reacted. For Fig. 10b, the absorption at 2265 cm ™' disappeared, while the peak of the
oxirane ring appeared at 910 cm ™!, confirming successful synthesis of NCOPBER.
An absorption at 1730 cm™", characteristic of carbonyl group of ester, is observed in
the spectrum of CTPB, indicating the incorporation of maleic anhydride into the
HTPB chain.

FTIR was also employed to study the real-time process of a reaction. Zeng
et al. (2008) researched the different cure processes of epoxy modified by CTBN
and amine-terminated butadiene-acrylonitrile copolymer (ATBN). The intensity of the
epoxy absorption band was decreased after being cured, which means the reaction
between epoxy and the modifiers occurred. The reaction was accelerated with the
addition of both HTBN and CTBN (Fig. 11). The intensity of the epoxy absorption
band decreased most quickly in the sample modified with CTBN. The high reactivity
-COOH group of CTBN reacted much better than the -OH group of HTBN. For
Fig. 11e, the absorption band at 1710 cm™" could be attributed to -COOH group of
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Fig. 11 FTIR spectra of the composites cured at 150 °C: (a) EP (0 min), (b) EP (1 h), (¢) HTBN
95/5 (0 min), (d) EP/HTBN 95/5 (1 h), (e) EP/CTBN 95/5 (0 min), (fy EP/CTBN 95/5 (1 h)
(Reprinted with permission from Radiation Physics and Chemistry. (2008) 77, 245-251. Copyright
2008 Elsevier (Minfeng et al. 2008))

CTBN. For Fig. 11f, the absorption band at such wave number could be attributed to
the superposition of -COOH and the functional group ester formed during cure.

He et al. (2012) studied the effect of annealing on phase separation of epoxy/
ATBN adhesive. Real-time Fourier transform infrared (FTIR) measurement was
utilized to confirm the drive force of phase-separation behavior (Fig. 12). It shows
that the annealing at 50 °C did not create any obvious spectrum change (Fig. 12a).
This result means that the sample does not undergo a further cross-linking at this
temperature. However, the annealing at 150 °C had generated apparent changes in
the IR spectrum (Fig. 12b); significant changes of the spectrum in the region of
3100-3700 cm ™' with the annealing time were observed (Fig. 2¢). The absorption in
this region is related to the different existing condition of the hydroxyl (OH) groups.
Usually free OH groups have a band at a high frequency around 3650 cm ™', while
OH groups in hydrogen bonds have a broad band at a lower frequency of
3200-3400 cm™'. Figure 12 apparently showed that the ATBN cured epoxy
contained large amount of OH groups which was produced from the reaction
between the epoxy groups and the amine groups. Because of the relatively short
length of the epoxy hard segments, OH group will mostly be located in the small
region of hard domains, meaning a high OH concentration in this area. This feature
will be beneficial for the formation of hydrogen bonding interaction between the
hydroxyl groups. It explains a broad absorption band from 3200 to 3400 cm ™' in the
IR spectrum of the RT-cured sample. However, when the sample was annealed at
150 °C, which was much higher than the glass transition temperature of the epoxy
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Adhesion and Adhesives. (2012) 38, 11-16. Copyright 2012 Elsevier (He et al. 2008))

hard domain, the hard domain would be dissociated and the hard segments will mix
with the soft segments of ATBN. This process would disperse the OH groups into the
nonpolar matrix of the ATBN soft domain, preventing the OH groups from the
formation of hydrogen bonds and resulting in a shift of the absorption to a higher
frequency of ~3500 cm ™', This phenomenon in reverse proved the existence of the
hard and soft domains once again in the RT-cured samples, and the improved mixing
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of soft and hard segments in the 150 °C annealed samples. On the other hand, the
annealing of the sample at 50 °C did not show this effect. This is because that the
annealing temperature is much lower than the Tg of the hard domain (~95 °C). At
this temperature, the hard domain will not dissociate. So the results’ measurement
indicated that this phenomenon was related to the disassociation of hydrogen
bonding within the hard domain caused by the increased mixing of the hard
segments into the soft domains by the high-temperature annealing.

Using FTIR Ismail et al. (2009) also tried to study the compatibilizing effect of
epoxy resin on polypropylene/recycled acrylonitrile butadiene rubber blends
(PP/NBRr). The results showed the OH stretching peak area in PP/NBRr-EP blends
is larger than that in PP/NBRr blends and the peak of epoxy group appeared, which
indicated the occurrence of reaction between epoxy and NBRr. At the same time, PP
is more compatible with the epoxy resin because it contains a long nonpolar
hydrocarbon chain. Therefore, the interfacial interaction between PP and NBR was
improved by addition of epoxy resin into the PP/NBRr blends, and the
compatibilizing effect of epoxy resin might be due to the chemical reaction between
EP and NBRr and nonpolar physical interaction between EP and PP.

Combined with other tests, such as transmission electron microscopy (TEM),
scanning electron microscope (SEM), and optical microscopy (OM), FTIR can be
used to research the effect of types and reactivity of functional groups on the compat-
ibility of epoxy/rubber blends. CTBN and HTBN were chosen to modify epoxy by
Zeng etal. (2008). FTIR result showed both of CTBN and HTBN could be reacted with
epoxy. The highly reactive -COOH group of CTBN reacted much better than the -OH
group of HTBN. The micrograph synthesis showed that rubber particle size of
EP/CTBN system is much smaller than that of EP/HTBN, indicating better interface
adhesion and compatibility between the EP/CTBN blend. The different morphology
observed in the two systems may be attributed to the different reactivities of these two
rubbers: CTBN easily forms chemical interaction with EP and then decreases the
chance of agglomeration, which was evidenced by FTIR. Polypropylene glycol/poly
(ethylene glycol) copolymer (POPE) was functionalized with isocyanate groups by
Soares et al. (2008) and polyether-based modifiers (with and without NCO groups)
were used to improve the impact resistance of epoxy. The results showed POPE/EP
blend presented two distinct phases while NCO-modified POPE/EP appeared visually
transparent and homogeneous. This indicated that the preformed block copolymer was
miscible with the epoxy matrix. Considering the result of FTIR, this behavior demon-
strates that the isocyanate-functionalized polyether improved the interfacial adhesion
and reduced the chance of phase separation even during the curing process.

The thermogravimetric process of epoxy/rubber can also be studied by FTIR
(Grassie et al. 1979; Radhakrishnan 1999; Camino et al. 2001; Hamdani et al. 2009;
Bao and Cai 2014). Chen et al. (2014) studied the TGA-FTIR spectra of the
pyrolysis products of EG, epoxy resins with 40 wt% an epoxy-silicone copolymer
with an epoxy value of 0.02-0.07 mol per 100 g and a siloxane content of 70%)
(PSHG4) and epoxy resins with 40 wt% Z-6018 (a mixture of phenyl, propyl
silsesquioxanes (>60%) and a hydroxyl-terminated linear siloxane) (PSDG,) at
different times (Fig. 13). The synthesis of the pyrolysis products of EG showed
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Fig. 13 FTIR spectra of volatile products recorded at the indicated temperatures for the decom-
position of silicone-modified epoxy resins in a nitrogen atmosphere: (a) EG, (b) PSHGy, (¢) PSDG4
(Reprinted with permission from RSC Advances. (2014) 4, 60685-60693. Copyright 2014 Royal
Society of Chemistry (Chen et al. 2014))

water vapor was a predominant product. During the second step of thermal degra-
dation, the characteristic peak of water still existed until 55 min (550 °C). The
resultant water could be associated with the dehydration of the two hydroxy propyl
groups of the phenoxy resin. The evolved gases also show bands at 2990-3020 cm ™!
and 1000-1300 cm ™" which are related to the sp? and sp> C—H stretching vibrations
of para-disubstituted aromatic and aliphatic groups. The spectrum also revealed the
presence of aldehyde-containing compounds by overlapping (C = O)-H stretches
(around 2700 cm ™" to 2900 cm ™' and 1724 cm ") in the IR spectrum. The peaks that
appeared at 3010 cm™' and 1316 cm ™' are the characteristic peaks of CH,. The
spectrum showed the appearance of bands at 1608 cm ™' at 340 °C and at 820 cm ™',
which could be attributed to the C = C stretching vibrations and the aromatic C-H
stretching of para-disubstituted aromatic compounds, respectively. At 55 min
(600 °C) the characteristic peaks of CO, and N-H appeared and the thermal
degradation rates of these products were very low. As shown in Fig. 13b, c, the
evolved gas analysis for PSHG, or PSDG, exhibited characteristic bands of com-
pounds containing an -OH group (e.g., H,O, phenol; 3500-3900 cm™ "), methyl-
substituted compounds (CH,/CHj stretching, 2890-3000 cm™'), CO, (2330,

2360 cm™'), compounds containing an aromatic ring (1320-1580 cm™',
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823 c¢m™'), hydrocarbons (C-H stretching at 1113 cm™', 1248 cm™', and
1172 em™"), and N-C (675 cm™"). Consequently, it is noted that the main evolved
gas products for EG were different from epoxy resins modified by SH023 or Z-6018.
The main evolved gas products of EG were composed of small molecules, such as
CO,. In another aspect, epoxy resins modified by SH023 or Z-6018 released mainly
methyl-substituted, carbonyl, and aromatic gas products, which have higher molec-
ular weights compared with that of the EG gas products.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance is one of the most powerful and flexible techniques with
many applications (Abragam 1961; Rutledge 1997; Grant and Harris 2002). It can
provide detailed structural information and physicochemical study of organic com-
pounds, both small molecules and polymers, at atomic resolution. Information of
chemical interest arises from the fact that nuclei of atoms in different chemical
environments are also generally in quite different magnetic environments and come
into resonance with a fixed frequency oscillator at different values of the applied
magnetic field, thus giving access to details of the electronic structure of a molecule.
In using NMR, it is possible not only to observe local nuclear interactions (e.g.,
dipole—dipole, chemical shift) to distinguish fine structural differences that elude
these other measurements but also to study longer-range structure via spin diffusion,
which allows the characterization of molecular homogeneity on a scale from the
molecular level to a few hundred angstroms (Guo 1996).

An NMR spectrometer consists basically of a magnet, radio-frequency (RF)
transmitter or oscillator, and a suitable RF detector. When a sample of a material
comprised of atoms having nuclei with certain magnetic properties is placed in the
magnet pole gap and subjected to the RF field of the oscillator, absorption of RF energy
(resonance) occurs at particular combinations of the oscillator frequency and the
magnetic field strength, and an RF signal is picked up by the detector. NMR uses the
very weak interaction between a nucleus and the rest of the universe. The interaction
between the magnetic moment of a nucleus and the RF field of an NMR receiver circuit
is extremely weak. At first glance, this seems to be an enormous disadvantage as, for an
equivalent sample mass, NMR has a much lower signal-to-noise ratio relative to many
other spectroscopic techniques. However, the weak interaction also yields extremely
high resolution. The weak interaction isolates the nucleus from external perturbation
for long periods; relaxation times of the order of seconds are common and, conversely,
line widths can be less than 1 Hz. Small changes to the environment at an NMR-active
nucleus can be detected and identified. So it is obvious that NMR is a sensitive and
effective method for deducing subtle details of molecular structure.

Sample Preparation

'H-, °C-, and *Si-solution-state NMR techniques have been used to study epoxy/
rubber blends. Solution-state NMR usually employs a 300600 MHz NMR spectrom-
eter. Several milligrams of pure sample is weighed and dissolved in 2 ml of deuterated
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solvent (typically fully deuterated chloroform, acetone, benzene, or dichlorobenzene),
then the solution is moved to high-precision glass sample tubes and sealed.

NMR Analysis of Epoxy/Rubber Blends

As mentioned above, NMR spectroscopy could afford more detailed information than
FTIR spectrum. Apart from the qualitative analysis of chemical structure of epoxy/
rubber blends, the stereoregularity and molecular weight can also be studied. Com-
bining NMR and FTIR, more detail and comprehensive information of chemical
structure and functional groups could be achieved, which is conducive to study the
driving forces producing miscibility in epoxy/rubber blends. '>C-NMR can directly
achieve the information of functional groups without H atoms (C = O, C = C = C,
N = C = 0, etc.) and molecular skeleton which cannot be obtained from "H-NMR.
Since the range of chemical shift is wider, the resolution capability is better than 'H-
NMR. Besides, 2’Si-NMR is usually used in epoxy/silicone rubber system.

From the chemical shift in the NMR spectroscopy, the chemical structure of
epoxy/rubber blends can also be qualitatively analyzed. Diglycidyl ether of
bisphenol A epoxy was modified with hydroxyl-terminated polydimethylsiloxane
(HPDMS), through ring-opening addition polymerization reaction by Ahmad
et al. (2005). The structural elucidation of the siloxane-modified epoxy resin was
carried out by 'H-NMR spectroscopic techniques with CDCl; as solvent (Fig. 14).
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Fig. 14 '"HNMR spectra of epoxy siloxane (Reprinted with permission from Progress in Organic
Coatings. (2005) 54, 248-255. Copyright 2005 Elsevier (Ahmad et al. 2005))
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Epoxy siloxane resin (‘"H-NMR, CDCl3) § (ppm): 7.11-6.8 (aromatic ring pro-
tons), 5.58 (OH), 4.28-4.24 (CH-OH), 4.19 (—CH,-O-Ar), 3.55-3.48 (—CH,OH),
3.33-3.29 (—CH oxirane), 2.8-2.69 (—CH oxirane), 2.5 (CH,-O-Si), 1.56 (—CH3),
and 0.064 (—CH;-Si).

Researchers also tried to report the stereoregularity of the material in epoxy/
rubber blend. Typical 'H-NMR spectra of the CTBN and epoxidized CTBN
(ECTBN) were reported by Zhao et al. (2015), shown in Fig. 15. The '"H NMR
spectrum of CTBN shows two signals at &, = 5.43 ppm and 8. = 4.98 ppm, which
are associated with the olefinic protons of the 1,4- and 1,2-butadiene units, respec-
tively (Fig. 15a). Besides, the two signals (a and d) at 5, = 7.26 ppm and 83 = 2.03

ppm can be attributed to the protons attached to the deuterated chloroform and
-H,C- groups for 1,4-butadiene units, respectively. The '"H-NMR spectrum of
ECTBN shows two new signals at 8, = 2.96 ppm and &; = 2.72 ppm (Fig. 15b),
which can be related with the protons attached to the cis- and trans-epoxy groups,
respectively, thereby conforming the occurrence of CTBN epoxidation. In addition,
three new signals at 8, = 2.17 ppm, §; = 1.70 ppm, and §; = 1.58 ppm correspond

Fig. 15 'H-NMR spectra of
the CTBN (a) and ECTBN (b)
(Reprinted with permission d
from Iranian Polymer Journal.
(2015) 24, 425-435. b
Copyright 2015 Springer l

(Zhao et al. 2015))
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to -H,C- groups for 1,4-epoxidized butadiene units and -HC- aliphatic groups for
epoxidized units, respectively. Besides, the new signals at 8, = 7.25 ppm, &, =
7.17 ppm, and 8, = 2.35 ppm could be attributed to the protons attached to the
residual toluene solvent after rotary evaporation.

Through the synthesis of the ratio of integration intensity in '"H-NMR spectros-
copy of modifiers used in epoxy/rubber, the overall molecular weight of the modifier
could also be estimated (Xu and Zheng 2007; Yang et al. 2009). PCL-b-PBN-b-PCL
triblock copolymer was synthesized and used to toughen epoxy thermosets via the
formation of nanostructures by Yang et al. (2009). The 'H-NMR spectrum of the
copolymer is shown in Fig. 16. The resonances of protons from PCL and PBN
blocks are indicated in this spectrum. In terms of the ratio of integration intensity
of the terminal hydroxymethylene proton (—CH,—OH, & = 3.86 ppm) to other
methylene protons of PCL (OCOCH,CH,CH,CH,CH,, & = 1.35-1.41 ppm;
OCOCH,CH,CH,CH,CH,, & = 1.60-1.68 ppm; OCOCH,(CH,)4, & =
2.28-2.38 ppm; OCO(CH,) 4CH,, & = 4.04-4.07 ppm), the length of PCL can be
calculated to be Mn ~ 2600. According to the length of PCL, the overall molecular
weight of the triblock copolymer was estimated to be Mn = 7700, which is in a
good agreement with the value predicted with the feed ratio.

Chemical shift (ppm)

Fig. 16 'H-NMR spectrum of PCL-b-PBN-b-PCL triblock copolymer (Reprinted with permission
from Polymer. (2009) 50, 4089—4100. Copyright 2009 Elsevier (Yang et al. 2009))
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Fig. 17 "“C-NMR spectrum of CTPEHA (Reprinted with permission from Journal of Applied
Polymer Science. (2001) 80, 1792—1801. Copyright 2001 John Wiley & Sons, Inc. (Ratna et al. 2001))

Apart from 'H-NMR, "*C-NMR spectrum is always a most widely used nuclear
magnetic resonance spectroscopy (Lin and Huang 1996; Ratna et al. 2001; Kumar
et al. 2002; Bhuniya and Adhikari 2003; Ahmad et al. 2005; Park et al. 2005; Deng
et al. 2012). Carboxyl-terminated poly(2-ethylhexyl acrylate) (CTPEHA) was syn-
thesized by bulk polymerization in the form of liquid rubber and characterized by
BC-NMR spectroscopic analysis (Ratna et al. 2001). The '*C-NMR spectrum for
CTPEHA is shown in Fig. 17. The NMR spectrum clearly shows two peaks for
carboxyl and ester carbon. The peaks at 174—174.4 and 166 ppm can be attributed to
the presence of the ester and carboxylic acid carbon, respectively. The higher
intensity of the ester peak can be explained due to that the carboxyl groups are
present only in the terminal position, whereas every repeat unit of the oligomer has
an ester group. The peak at 77 ppm is due to the solvent CDCI;. The peaks at 41 and
36 ppm are due to the carbon atom attached to -O and the -C = O group, respec-
tively. The rest of the peaks at 30—10 ppm are for aliphatic carbon atoms.

29Si-NMR is usually applied in epoxy/silicone rubber system (Chiang and Ma
2002; Lee et al. 2006; Liu et al. 2010; Ma et al. 2010a, b). The microstructures of
modified epoxy composite were studied by solid-state *’S-NMR spectrum (Chiang
and Ma 2002). Figure 18 displays the solid-state *’Si-NMR spectrum of the epoxy
nanocomposite. In condensed siloxane species for tetracthoxysilane (TEOS), silicon
atoms through mono-, di-, tri-, and tetrasubstituted siloxane bonds are designated as
Q', Q% Q°, and Q respectively. The chemical shifts of Q?, Q°, and Q* are —91,
—101, and —109 ppm, respectively. For 3-isocyanatopropyltriethoxysilane and
diethylphosphatoethyl-triethoxysilane, mono-, di-, tri-, and tetrasubstituted siloxane
bonds are designated as T!, T2, T3, T*. The chemical shifts of T? and T are —56 and
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Fig. 18 Solid-state *’Si-NMR spectrum of modified epoxy nanocomposite (Reprinted with per-

mission from European Polymer Journal. (2002) 38, 2219-2224. Copyright 2002 Elsevier (Chiang
et al. 2002))

—65 ppm, respectively, and conform to the literature values. Results revealed that
pp p y.
Q*, Q°, and T? are the major microstructures forming the network structure.

Raman Spectroscopy

Raman effect, which was first discovery in 1927, is a light-scattering effect. In the
Raman effect, incident light is elastically scattered from a sample and shifted in
frequency by the energy of its characteristic molecular vibrations. The advent of
laser light sources with monochromatic photons at high flux densities was a mile-
stone in the history of Raman spectroscopy and resulted in dramatically improved
scattering signals. Although both Raman spectroscopy and Fourier transform infra-
red spectroscopy are molecular vibrational spectroscopy, their principles are largely
different. Fourier transform infrared spectroscopy is absorption spectra, while
Raman spectroscopy is the scattering spectrum. Raman spectrometers are used to
analyze light scattered by molecules.

When the sample was irradiated by an exciting monochromatic beam, part of the
incident light will be scattered, and the energy of the molecules also will be changed
(Fig. 19). In order to induce in the molecule a virtual energy state, the exciting
monochromatic beam must be of high intensity (laser beam). Most of the molecules
relax directly back to the E, state, whereby light of the same wavelength as the
exciting light is emitted (Rayleigh scattering). Only a very small percentage of the
excited molecules relax back to a vibrationally excited state; hence, the emitted
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Fig. 19 Diagram of the energy state in Raman scattering

photons have smaller energy than the exciting photons (Stokes scattering). Mole-
cules, which were originally in a vibrationally excited state, can after excitation relax
to the ground state, emitting photons of higher energy than the exciting ones (anti-
Stokes scattering). The latter two are collectively referred to as Raman scattering.
Only Stokes scattering will be recorded in the experiments. Because the energy of
Stokes scattering photons is smaller than incident light, the frequency will shift to
lower wave number. In the Raman spectra, the variation of the wave number is the
abscissa, and the ordinate is the strength of the Stokes scattering.

Because Raman scattering is always of very low intensity, its investigation
requires high-quality instrumentation. A Raman spectrometer has to combine very
good filter characteristics for eliminating Rayleigh and Tyndall scattering with high
sensitivity for detecting very weak Raman bands. Currently, there are three types of
Raman instruments available on the market: Raman grating spectrometer with single
channel detector, FT-Raman spectrometer with NIR excitation, and Raman grating
polychromator with multichannel detector. All three types of the instruments have
particular advantages and disadvantages for a given analytical task.

As with optical spectroscopy, the Raman effect can be applied noninvasively under
ambient conditions in almost every environment. Compared with infrared absorption
spectroscopy, measuring a Raman spectrum does not require special sample prepara-
tion techniques and is especially suitable for aqueous solutions. Besides, the major
advantage of Raman spectroscopy is the high spatial resolution that can be obtained,
typically in the order of 1 pm (compared to approximately 10 pm in case of IR).

Sample Preparation
In the past few years, the range of excitation wavelengths has been extended to the
near-infrared (NIR) region, in which background fluorescence is reduced and photo-
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induced degradation from the sample is diminished. High-intensity NIR diode lasers
are ecasily available, making this region attractive for compact, low-cost Raman
instrumentation. In many cases, the sample does not need special treatment. Pow-
ders, blocks, tablets, or films can be directly used to measure. Liquid sample could
first be mounted in a transparent container (e.g., tube without fluorescent).

Raman Analysis of Epoxy/Rubber Blends

Compared with FTIR spectrum, the relationship between frequency and functional
groups is almost the same in Raman spectroscopy. The differences are that some
spectral bands are observed both in Raman and FTIR spectrum with different
intensity, while some are just in one spectrum. For example, the symmetrically
substituted C = C and N = N bands could not be found in FTIR spectroscopy
while observed in Raman. IR spectroscopy allows the study of the absolute and
relative concentrations of epoxy groups in polymers. For epoxy polymer blends that
contain other polymers with IR spectra absorption band at 915 cm™' (characteristic
vibration of the epoxy ring), the quantitative analysis of the epoxy group concen-
tration using the intensity of these bands is quite difficult. As a consequence, Raman
spectra are often used to follow the reaction of epoxides with carboxylic acids
instead of IR. A number of bands in the Raman spectra were used for quantitative
and qualitative analysis of the reaction, including kinetic measurements. The results
obtained can be used for the analysis of epoxide reactions on a rubber surface and,
moreover, in a rubber resin mixture and plastic constructions.

The effect of the epoxidation reaction on the microstructure of the epoxidized
and hydroxyl-terminated polybutadiene resin (brand name Poly bd resin) chains
was studied by Bussi and Ishida through FTIR spectroscopy, FT-Raman spectros-
copy, and '"H-NMR (Bussi and Ishida 1994). The results of FTIR and Raman
showed that the internal oxirane exhibits two characteristic absorption frequencies
in the region of 600-1200 cm™', a broad, weak, symmetric in-plane ring defor-
mation (I) at 816 cm ™' and a stronger antisymmetric mode (II) at 885 cm™'. In
general, (I) and (II) appear at lower frequency for an internal oxirane than for a
terminal oxirane. The position of the lower frequency band was used to distinguish
between monosubstituted (epoxidized vinyl unsaturation), disubstituted (epoxi-
dized cis- or trans-unsaturation), and trisubstituted oxirane. Along with "H-NMR,
it is known that only cis- and trans-units undergo epoxidation, while vinyl units
remain unaffected.

Optical Microscopy (OM)

OM is a technology that gets an image-magnified small specimen with visible light
and using a system of lenses. It consists of transmission and reflection modes, and
the former is only used to research transparent materials. Compared with transmis-
sion electron microscopy and scanning electronic microscopy, OM is a powerful tool
for analyzing fracture surface morphology and toughening mechanisms of epoxy
resin (EP)/rubber composites.
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Sample Preparation

A petrographic polishing technique was employed to investigate damage zones
around crack tips and the behavior of rubber particles in the damage zone. The
details of this technique have been published by Holik et al. (1979). The technique is
briefly explained as follows. A section in the vicinity of the damaged specimen is cut
out using a low-speed diamond saw. The section taken from the damaged specimen
is potted in a clear epoxy resin which cures at room temperature. The surface of this
sample is ground and finely polished using alumina powder. Then, the surface of the
polished sample is mounted onto a clean slide glass using clear epoxy resin adhesive.
This sample is allowed to cure overnight at room temperature. Excess resin is
removed using a diamond saw, and the sample is again ground and polished until
the plane of interest is finally reached. To best observe dispersed particles in the
matrix resin, the thin section should be 20-200 um thick. The sample can be polished
down to about 100 pm to measure the damage zones. A thinner sample is needed to
observe the shapes of individual rubber particles.

Synthesis and Application of OM

OM is a very simple and facile approach to analyzing the microstructure, toughness
mechanism (Liang and Pearson 2010; Le et al. 2010), and fracture behaviors (Chen
and Lee 1995; Azimi et al. 1996; Klug and Seferis 1999; Ma et al. 2008) of EP/rubber
composites; for example, the damage zone around crack tip and rubber particles near
the damage zones of EP/CTBN composites (Lee et al. 2002), residual microstress
between EP and rubber particles (Wang et al. 1992b), fracture mechanisms of epoxy-
based ternary composites filled with rigid-soft particles (Tang et al. 2012), morphology
of ternary blends of epoxy, poly(ether sulfone), and acrylonitrile butadiene rubber
(Horiuchi et al. 1994), epoxy modified by CTBN (Chonkaew and Sombatsompop
2012), fracture surface of epoxy adhesive modified with acrylate-based liquid rubber
(Ratna and Banthia 2000), silicone-modified epoxy (Sobhani et al. 2012), morphology
of a three-component hybrid system with cubic silsesquioxane epoxy nanocomposites
and core—shell rubber (CSR) particles (Choi et al. 2004).

The phase-separation process of a rubber-modified epoxy system during curing
was studied by Chen (Chen and Lee 1995). The morphological changes were
recorded in real time by means of optical microscopy. Optical micrographs show
that a binary mixture of the epoxy oligomer and CTBN liquid rubber was heteroge-
neous at room temperature. The well-dispersed spherical CTBN domains gave the
epoxy-CTBN systems (without dicyandiamide (DICY), the curing agent) a turbid or
snowy appearance. When the temperature was elevated, e.g., to 80 °C, the mixture
changed to a homogeneous system. When the homogeneous mixture was cooled
down slowly, the clear solution became cloudy, at which point, depending on
cooling rate, rubber particles formed. The rubber droplets appeared as tiny dots at
the beginning, and then the diameter of the droplets grew gradually to around 10 pm.
Owing to the low viscosity of DGEBA, some smaller spherical domains migrated
into larger domains and coalesced.

Figure 20 shows representative optical micrographs observed at various stages for
the curing B-8-2 (epoxy/DICY/CTBN = 100/4/2 phr) system at 150 °C.



172 Z.Heng et al.

Fig. 20 Transmission light micrographs of B-8-2 sample cured at 150 °C. (a) 35 min, (b) 74 min,
(c) 101 min (Reprinted with permission from Polymer. (1995) 36, 55-65. Copyright 1995 Elsevier
(Chen et al. 1995))

Immediately after the temperature jumped from room temperature to the curing
temperature, the epoxy/rubber mixture was homogeneous (Fig. 20a). The DICY
powder (melt temperature 209-212 °C) was dispersed as islands in the epoxy/rubber
mixture. At the early stage, the spherical CTBN domains dissolved, shrank, and
disappeared. In the meantime, the DICY powder dissolved gradually as the cure
continued. After a certain time elapsed, many tiny spots appeared, resulting in a
fairly regular microscopic texture, i.e., phase separation (Fig. 20b). Then the image
contrast of the texture became strong and the average diameter of the spots grew
gradually with cure time (Fig. 20c). Finally, the diameter of the spherical second
phase was fixed around 3 pm. The final morphology was arrested well before
gelation.

Ratna and Banthia (2000) investigated the adhesive and mechanical properties of
epoxy resins modified with carboxyl-terminated poly(2-ethylhexyl acrylate)
(CTPEHA) liquid rubber. The adhesive and impact properties initially increased
and reached a maximum with 10—15 phr of CTPEHA before decreasing. To correlate
the molecular and morphological parameters with the fracture properties of the
toughened networks, the microstructures of the fracture surfaces of various
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Fig. 21 Micrographs of the fracture surfaces of (a) unmodified epoxy, (b) 10 phr CTPEHA
containing epoxy, (¢) 20 phr CTPEHA containing epoxy, (d) 30 phr CTPEHA containing epoxy
(Reprinted with permission from Polymer International. (2000) 49, 281-287. Copyright 2000 John
Wiley and Sons (Ratna et al. 2000))

CTPEHA liquid-rubber-modified networks were analyzed by optical microscopy
(OM). The micrographs for unmodified and modified networks are shown in Fig. 21.
The fracture surface of the unmodified epoxy is homogeneous without any dispersed
particles, whereas the fracture surfaces of modified networks consist of two distinct
phases: globular particles are dispersed in a continuous epoxy matrix. The number of
particles increases with an increase in the concentration of CTPEHA. The modified
epoxy networks having 10 phr of liquid rubber contain rubber particles uniformly
distributed throughout the matrix. The aggregation starts at higher concentration.
This explains why the impact and adhesion properties attain a maximum value at
about 10—15 phr and subsequently decrease.

Toughness mechanism of EPs modified by ATBN rubber and recycled tire
particles was studied by Abadyan et al. (2012). When 7.5 phr small particles
(ATBN) and 2.5 phr large particles (recycled tire) were incorporated, the fracture
toughness (Kjc) measurement of the composites revealed synergistic toughening in
the composites. Transmission optical micrographs (Fig. 22) showed different tough-
ening mechanisms for the blends; fine ATBN particles increased the toughness by
increasing the size of the damage zone and respective plastic deformation in the
vicinity of the crack tip. However, in the case of hybrid resin, coarse recycled rubber
particles acted as large stress concentrators and resulted in the branching of the
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Fig. 22 TOM micrographs taken from the midplane of the crack-tip damage zones under bright-
field conditions. On the left are (a) recycled-rubber-modified (T10), (b) ATBN-modified (A10), and
(¢) hybrid-modified (A*10) systems specimens, respectively. On the right are the corresponding
crack wakes at higher magnifications. The crack-growth direction is from bottom to top. It shows
that T10 system has no evidence of a process zone at the crack tip, A10 system is typical for rubber-
toughened epoxies, where the cavitated particles induce massive shear deformation and A*10
specimen illustrates a highly branched damage zone, where the crack deflects and branches toward
the large rubber particles (Reprinted with permission from Journal of Applied Polymer Science.
(2012) 125, 2467-2475. Copyright 2012 John Wiley and Sons (Abadyan et al. 2000))

original crack tip. Mode mixity at the branch tips led to synergistic K;c in the hybrid
system. The ductility of the matrix played an effective role in the nature of the crack-
tip damage zone in the hybrid epoxies.
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X-Ray Scattering

A very popular method of characterizing the polymer blends for their phase behavior
is X-ray scattering. We know that blends may be made of a pair of polymers in which
either one or both components are crystalline. The state of compatibility for such
blends may be deduced by X-ray scattering studies. A survey of recent studies
indicates that several binary blends of crystalline and amorphous polymers have
been investigated using X-ray scattering techniques, both small-angle X-ray scatter-
ing (SAXS) and wide-angle X-ray scattering (WAXS).

Small-Angle X-Ray Scattering (SAXS)

Good examples of the application of SAXS are the analysis of the formation and
changes of nanostructures in the epoxy/rubber (Grubbs et al. 2000; Hsu and Liang
2007; Xu and Zheng 2007; Yang et al. 2009). The nanostructures in epoxy/rubber
thermosets were investigated by means of SAXS (Xu and Zheng 2007). The SAXS
profiles of the thermosets containing 10, 20, 30, and 40 wt% of PCL-b-PBA diblock
copolymer are shown in Fig. 23. It is seen that the well-defined scattering peaks were
observed in all the cases, indicating that the thermosets containing PCL-b-PBA are

Fig. 23 SAXS profiles of the
thermosets containing PCL-b- 1
PBA diblock copolymer. Each l
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microphase separated. In addition, it is noted that all the SAXS profiles possess the
multiple scattering maxima as denoted with the arrows, indicating that the thermo-
sets could possess long-range ordered microstructures. The positions of the scatter-
ing maxima remain essentially constant, apart from slight shifts to the higher q
values with increasing the content of PCL-b-PBA. According to the position of the
primary scattering peaks, the principal domain spacing d,, can be obtained to be
39.7, 36.9, 32.4, and 31.7 nm for the thermosets containing 10, 20, 30, and 40 wt%
PCL-b-PBA diblock copolymer, respectively. It is noted that the average distance
between neighboring domains decreased with increasing the content of the diblock
copolymer. The slight shifts of the scattering maxima could be associated with local
rearrangement leading to an enhancement of the long-range order. The scattering
peaks of the thermosets situated at q values of 1, V3, and V9 relative to the first-order
scattering peak positions (q,,) are discernible. It is plausible to propose that these are
the lattice scattering peaks of spherical (or cylindrical) nanophases arranged in cubic
lattices such as body-centered cubic (bcc), face-centered cubic (fcc), or simple cubic
symmetries. In addition, hexagonally packed cylinder morphology is also possible.

The changes of the microstructures of epoxy/rubber blends before and after
being cured have been studied by Grubbs et al. (2000). Neat BIx87 (symmetric
poly(1,2-butadiene)-block-poly(epoxy-1,4-isoprene-ran-1,4-isoprene) copolymer, 87
represents the percentage of isoprene repeat units epoxidized) self-assembles into a
lamellar (L) morphology with a principal spacing d* =23.1 nm at room temperature
(Fig. 24). As diglycidyl ether of bisphenol A epoxy (BPA348) and 4,4-

Fig. 24 SAXS patterns for
uncured BIx87/BPA348/
MDA blends: (a) BIx87, (b)
75 wt%, (¢) 65 wt%, (d) 50
wt%, () 35 wt%, and (f) 15
wt% BIx87. Marked values
indicate multiples of g*.
Unlabeled markers
correspond to multiples
annotated on patterns above
given pattern. Assigned
microstructures: L lamellae,
H hexagonal cylinders,

S ordered spheres, M spherical
micelles. Patterns are
progressively shifted two
decades vertically for clarity
(Reprinted with permission
from Macromolecules. (2000)
33, 9522-9534. Copyright
2000 American Chemical
Society (Grubbs et al. 2000))

a100% V4

b 75%

.
¢ 3
2
*©
-

C 65%

+
H
d 50‘70 *
H
S
*

| (arbitray units)

e 35%

f 15%

sused 3ol syl sl s oued 2ol s ced s oved uooed s oced soseed yaved yoomed soised sised gried s

T T T T T T

) ] ) L) T T % ] ] ¥
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
q* (A™)

T



5 Spectroscopic Analysis of Epoxy/Rubber Blends 177

Fig. 25 SAXS patterns for
cured BIx87/BPA348/MDA
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methylenedianiline (MDA) selectively swell the PIOx (poly-(epoxy-1,4-isoprene-
ran-1,4-isoprene)) block, interfacial curvature increases as cylindrical (H), spherical
(S), and micellar (M) morphologies are expressed. The presence of local SAXS
maxima at values of V4q* and Y9q* points to the presence of lamellar morphologies
at high copolymer concentrations (Fig. 24b). At concentrations between 40 and
70 wt%, scattering maxima at ratios of q*:V4q*:\7q* indicate self-assembly of the
blends into hexagonal cylindrical morphologies (Fig. 24c, d). At lower concentra-
tions, the breadth of the scattering maxima preclude differentiation between ordered
spherical and spherical micellar arrangements, but it is clear from the length scales
involved that the spheres are well dispersed in the epoxy matrix (Fig. 24e, f). After
complete cure, the same range of morphologies is retained, yet, as was observed with
symmetric copolymers, there is a shift toward morphologies with decreased interfa-
cial curvature (Fig. 25). For example, at 65 wt% BIx87, the uncured blend self-
assembles into a cylindrical morphology (Fig. 24¢). After completion of the curing
process, SAXS patterns for this blend exhibit maxima in the ratio q*:V4q*:\9q*,
consistent with the less-curved lamellar morphology (Fig. 25b).

Wide-Angle X-Ray Scattering (WAXS)

For wide-angle X-ray scattering, measurements are usually done in reflection mode.
The intensity counts collected were corrected for polarization and absorption and in
respect to air scatter. The corrected intensity was smoothed and plotted versus the
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scattering angle (20). The position of the “peak maximum” was computed from the
Bragg diffraction equation:

nA = 2dsin® (1)

where n = order of reflection, 4 = wavelength of radiation, d = interplanar dis-
tance, and 6 = Bragg’s diffraction angle.

The average interchain separation < R > in Angstrom that gives rise to the
strong maximum in the equatorial scan can be calculated from the following
equation:

<R> = 5/8(1/Sin0) )

where 6 = diffraction maximum angle.

The half-width < HW > of the WAXS amorphous maximum is the qualitative
expression of the distribution of < R > and is calculated from the diffraction plot of
scattering angle (20) versus intensity. Using the Bragg’s equation, the “d” spacings
are determined for the strong maximum at half-height intensity. The half-width is the
difference between these two calculated “d” spacings. An example of the calculation
for < R > and < HW > for an amorphous system is shown in Fig. 26.

Wide-angle X-ray scattering is also a useful method in the study of epoxy/
rubber (Nigam et al. 1998, 1999). WAXS has been applied to investigate the
mechanism of toughening of epoxy cresol novolac resin (ECN) due to the addition
of carboxyl-terminated polybutadiene (CTPB) liquid functional rubber (Nigam
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Fig. 26 Calculation of < R > and < HW > of'an amorphous system (Reprinted with permission
from Journal of Applied Polymer Science. (1998) 70, 537-543. Copyright 1998 John Wiley and
Sons (Nigam et al. 1998))
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et al. 1998). The WAXS studies of neat epoxy and the ECN-CTPB blends showed
a steady increase of < HW > with increasing rubber concentration up to 15 wt%,
beyond which < HW > increases abruptly. Interchain spacing < R > also shows
a similar trend as the CTPB concentration in the blends is increased. From 5 to
15 wt% CTPB, the blends show a slow increase in < R >, which is then followed
by a sharp rise in the case of 25 wt% rubber. Nature of changes in the < HW >
and < R > values thus signifies the development of a new molecular structure and
stretching of the molecular chains further apart, resulting in an increase of
interchain spacing. In the case of ECN-CTPB blends, miscibility values were
obtained by calculating the crystallinity of the systems from WAXS profile data.
The combination of X-ray and FTIR techniques has been demonstrated to be
accurate and reliable methods for characterization of toughened epoxy as well as
understanding the mechanism of toughening.

Other Spectroscopic Methods

Apart from the above test methods, some other spectroscopy was also used in epoxy/
rubber blend. For example, Lee et al. (2010) used X-ray diffraction (XRD) to study
the effect of incorporating CTBN into epoxy/clay. The interlayer distance of the
CTBN-epoxy-clay system was larger than epoxy-clay blend. It seems to be due to
the interaction between the —OH groups in the clay surface, which have hydrophilic
properties, and the functional groups of CTBN. The nature of the developing
morphology of modified epoxies was analyzed by small-angle laser light-scattering
(SALLS) technique (Thomas et al. 2012). The SALLS technique is effectively
employed to analyze the phase-separation nature of certain elastomer-modified
epoxies, in which the elastomers are initially completely miscible and structure
growth takes place during cure (Zhang et al. 1999). Small-angle light-scattering
(SALS) technology is a powerful tool to analyze the reaction-induced phase-sepa-
ration process during curing of EPs and their composites (Boisserie and March-
essault 1977; Kim and Kim 1990; Zhang et al. 1999; Hartwig et al. 2005; Lee
et al. 2005; Peng et al. 2007).

Conclusions

Epoxy resin has been widely used in many applications such as composite materials,
coatings, structural adhesives, and microelectronics due to its good mechanical
properties, excellent chemical resistance, heat stability, excellent adhesion charac-
teristics, and high electrical insulation. However, the major drawback of epoxy resin
is the brittleness caused by its high degree of cross-linking. This inherent brittleness
results in the poor impact strength of epoxy composites and the poor shear strength
of epoxy-based adhesives. The incorporation of rubber phases into epoxy resins
could effectively solve these problems, which enlarges their applications and favors
the continuous development as a high-performance material with excellent potential
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in various fields. In order to acquire a deeper understanding of the mechanism of
these properties, it is necessary for epoxy/rubber blends to be structurally well
characterized. This chapter focuses on the practical aspects of using the five spec-
troscopic methods most often applied — Fourier transform infrared (FTIR) spectros-
copy, nuclear magnetic resonance (NMR) spectroscopy, Raman spectroscopy,
optical microscopy (OM), and X-ray scattering spectroscopy — in the structural
investigation and microstructures of epoxy/rubber blends to study the driving forces
producing miscibility in the blends. The application of other spectroscopic methods
is also discussed. This paper provides hands-on information about these valuable
research tools, emphasizing practical aspects such as sample preparation or typical
measurement conditions, their limitations and advantages, and interpretation of
results. The usefulness of these methods in the driving force of miscibility, the
compatibility of epoxy/rubber blends, chemical structure and reaction mechanism
analysis, study of the real-time process of a reaction, thermogravimetric process,
toughness mechanism, fracture behavior, microstructure, behavior of phase separa-
tion, etc., is discussed. It should also be mentioned that the study of driving forces
producing miscibility in epoxy/rubber blends is based on the application of at least a
few different types of spectroscopic methods during the same study.
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Abstract

This chapter is an introduction to the rheology of epoxies and rubbers, their
blends, classification, and types. Principles of theology and polymer rheology are
illustrated through conclusive plots and graphs. Rheology of rubbers, epoxies,
and their blends are discussed with respect to their molecular structure, mobility,
and conformational states. Rheology is explained with respect to the established
viscoelasticity models for epoxies and their blends. A detailed account of rheom-
eters and measurements is given. Miscibility, phase separation, and thermody-
namics of epoxy-rubber systems form an integral part of this chapter. A
correlation is drawn between rheology and shear behavior of these systems.
Rheological insights on processing, manufacturing methods, curing reactions,
and curing schedules are detailed for epoxy-rubber blend systems. Functional and
product applications of rheology of epoxy/rubber blends are listed at the end.
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Introduction

Rheology is the science of deformation and flow of matter (Billmeyer 2015). Large
deformation and flow kinetics dominate the shaping of the polymer in processing.
The rheological behavior is related to the molecular orientations and mechanisms,
which are as follows:

1. Hookean elasticity, where the stretching of the bonds and deformation of the bond
angle of the polymers in question are restricted and the material behaves like a
rigid body.

2. Viscoelasticity, where the polymer deformation is reversible but time dependent.

3. Rubberlike elasticity, where flow is restricted and small scale movement of chain
segments is possible.

4. Viscous flow, large deformation of the polymer associated with irreversible
molecular chain slippage.

These explanations for the mechanical properties of the amorphous polymers
differ from those of crystalline and semicrystalline polymers which are not dealt with
here due to our focus on rheology of epoxies and epoxy-rubber blends. A knowledge
of rheology of epoxy-rubber blends is important for the processing methods like
thermoforming, extrusion, and injection molding.

The phenomena of viscous flow can be understood as the relationship between
the shear stress S and the rate of shear Y that govern the viscosity 5 (Bauer and
Collins 1967) as follows:

S=nY (1)

If viscosity is independent of the rate of shear, the liquid is said to be Newtonian or
to exhibit ideal flow behavior. Shear thinning or pseudoplastic behavior is a
reversible decrease in viscosity with increasing shear rate. Shear thinning is said
to happen when long chains of the polymer are disturbed from their equilibrium
conformation positions, causing elongation of chains in the direction of shear. The
opposite of shear thinning is called shear thickening or dilatant behavior in which
viscosity increases with increase in shear rate. This effect is not observed in
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polymers. Figure 1 shows the relationship between viscosity and shear rate for
different fluids.

Figure 2 shows the relationship between yield stress and shear rate in fluids. The
two effects are time independent. The Newtonian behavior is characterized by a
linear relationship between the yield stress and shear rate. Another deviation from
the Newtonian flow is the result of a yield value, a critical stress only above which
flow occurs. But the flow may be non-Newtonian or Newtonian. For polymers, it
will be pseudoplastic like in thermoplastics or near Newtonian, like in epoxies and
their blends. Bingham refers to an elastic-perfect plastic behavior, a situation beyond
which the strain increases phenomenally with no further increase in stress. Plastics
generally exhibit yielding beyond which the stress strain curve is nonlinear. Some of
the polymers exhibit reversible time-dependent changes in viscosity when sheared at
constant stress values. Viscosity decreases with time in a thixotropic fluid, and
increases with time in a rheopectic fluid, under constant shear stress. Epoxies that
cure under heat and pressure may exhibit a thixotropic behavior in the beginning and
a rheopectic behavior just before gelation. Low molecular weight fluids exhibit a
relationship between viscosity and temperature as follows:

n = AT ©)
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Here, A and R are constants, E is the activation energy for viscous flow, and T is the
absolute temperature. For a more illustrative discussion on the molecular theories of
flow, the reader is referred to the work of Eyring (Glasstone et al. 1941).

Epoxy Resins and Hardeners

The chemical formulae of some of the popular epoxies and their hardeners are given
below to appraise the reader about their functional groups, reactions, and their
potential for blending with rubbers (Lee and Neville 1967).

Figures 3, 4, 5, 6, 7, and 8 provide the structures of epoxies and their hardeners
used in synthesizing resins of good thermal stability and mechanical properties. As
hardeners with higher functionality are used, the thermal stability of the resin thus
synthesized also increases.

<|:H3 CH,

H,C — CHCH,O C O OCH,CHCH,0 (|;4©— OCH,HC —CH,
\/ | | | \/
o CH, OH CH, o

n
Diglycidyl ether of Bisphenol-A
Fig. 3 Chemical structure of DGEBA epoxy resin
F?g. 4 Struc.ture? of NHs5-CHs-CHo-NH-CHo-CHo-NHo
diethylene triamine
Fig. 5 Chemical formula of H
triethylene tetramine HZN/\/N\/\N/\/ NH,

H

Fig. 6 Structure of diamino

HoN NH»
diphenyl sulphone \Q /Q/
o
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Liquid and Particle Rubber Additives

The chemical formulae of liquid and particle rubbers are given below. These are blended
with epoxies for obtaining superior fracture toughness (Blow and Hepburn 1982).

Figures 9 and 10 detail the structures of various rubbers used in blending with
epoxies. Figure 9 provides the details about the liquid rubbers whereas Fig. 10 that of
solid rubbers that are mixed with the epoxies to obtain blends with good fracture
toughness.

Fig. 7 Chemical structure of HoN NH,
diamino diphenyl methane

Fig. 8 Illustration of

(0] (0] 0
anhydride curing agents used
for curing epoxies
O O (0]
o} o o

MTHPA MHHPA NMA

CN

HoNR — CH, — CHJ)5— CH, — CH=—= CH—— CH, ——RNH,
Amino-terminated nitrile-butadiene rubber
HOOC-(CH,-CH=CH-CH,),, (CH,CH),— COOH
| n
CN
Carboxyl terminated nitrile butadiene rubber.
CN

HO — CH,— CHJ¥+—+¢ CH, — CH=— CH— CH, —)m—OH
Hydroxyl Terminated Nitrile Butadiene Rubber

Fig. 9 Chemical formulae of ATBN, CTBN, and HTBN liquid rubbers

Fig. 10 Structure of EPDM CHj

rubber molecule |
%CHZ— CHZH CH,—CH %CH— CH %’
X y z

CH,

\
CH—CH,
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Large Deformation and Flow

The large deformation and flow of glassy amorphous polymers in general and

epoxies in particular are further classified into the following:

P. Krishnan

1. Chemo-rheology, which is defined as the study of viscoelastic behavior of
chemically reacting systems that cure under heat or pressure or both. This study
covers knowledge of the changes in viscosity due to chemical reactions and
processing conditions (chemo-viscosity) and characterization of growth of the
infinite molecular network and gelation into a glassy state. The chemo-viscosity
of thermosetting resins is affected by many variables like pressure, temperature,
time, shear rate, and filler properties. The effect of cure on the chemo-viscosity
are twofold; the viscosity initially decreases due to increased thermal effects and
eventually increases due to formation of the cross-linked network via the curing
reaction. This is seen schematically for the chemo-viscosity of an epoxy resin
during curing in Fig. 11. Initially, during plasticization, the viscosity of the resin
decreases due to shear heating and thermal effects (Stage I). As the temperature
increases and time proceeds, the curing reaction begins and the decrease in
viscosity due to heating is compensated by the increase in viscosity due to the
gelation process from a fluidic state. At the point of minimum viscosity the epoxy
is sprayed or applied to the mold (which is Stage II). Finally, the viscosity of the
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Fig. 11 Viscosity versus curing gel time and temperature in epoxies under curing



6 Rheology of Epoxy/Rubber Blends 191

resin increases as the material is transformed into an infusible solid (which is
Stage III). The gelation and cure effects on viscosity may be determined by the
activation energies of the reaction and of viscous flow. The effects of temperature
and time on the chemo-viscosity can also be described explicitly in terms of the
extent of cure from knowledge of the kinetics of the cure and temperature. The
determination of gel point and viscosity modeling has been dealt with by
Ivankovic et al. in detail (Ivankovic 2003).

2. Microrheology, which is a technique used to measure the rheological properties of a
medium, such as microviscosity, through the measurement of the path of a flow
tracer (a micrometer-sized particle or a rubber particle). It relates microstructure of
the polymer with its flow (Bucknall 1977). Microrheology is a rheology method that
uses colloidal tracer particles, dispersed within a sample, as useful probes. Tracer
rubber particles (with diameters ranging from 0.3 to 2.0 pm) may be naturally
present in the system, as in suspensions and emulsions, or added to the medium
intentionally. The motion of the tracer particles reflects the rheological properties of
their local environment. In purely viscous samples, tracer particles freely diffuse
through the whole sample. In cured or gelled samples their mobility is restricted.

Theories of Large Deformation and Flow

Flory (1953) has made significant contributions to the study of thermodynamics and
the statistical thermodynamics of polymer solutions. The entropy, heat, and free
energy of mixing can be calculated based on the Flory-Huggins Theory (Huggins
1958). In polymer systems, the activation energy for viscous flow is almost a
constant for small or incremental ranges of temperature. For pure liquids, the change
in the viscosity with temperature is associated with the concurrent change in volume.
The WLF theory (Williams 1955) is based on the change of viscosity with respect to
the free volume. The temperature dependence of fluid viscosity is expressed in terms
of the glass transition temperature or T, or another reference temperature and
universal constants. The polymer fluid possesses a viscosity that is dependent on
temperature and molecular weight in an independent manner; the WLF equation can
be written for low shear rates as

Logn = 34logZy — {17.44 (T-Ty)/51.6 + T-Ty} + K 3)

Where k’ is a constant depending upon the type of the polymer. The equation holds
good for a temperature range from T, to about T, + 100 K.

Here, 17.44 (T-T4)/51.6 + T-T, is called the shift factor or at which is closely the
relaxation time. Time and temperature affect the viscoelastic properties only through
the shift factor. For glassy amorphous polymers the shift factor does not vary
noticeably with the relaxation time. The molecular structure decides the dependence
of the shift factor on the absolute temperature.
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The WLF equation for log viscosity varies linearly above Tg

Log (n/ng) =-a(T-Ty)/b+ T-Ty. )

Where “a” and “b” are numerical constants. Here # is the viscosity above the glass
transition temperature and that of #,, its value below the T,.

For high molecular weight epoxies, Eq. 2 can be written by substituting # with the
relaxation time 7= (Aklonis and MacKnight 1983; Ferry 1970).

Here, at = 7/7, = E/R (1/T- 1/T,), where T is the given temperature and T, is the
reference temperature. Viscoelasticity or stress relaxation (could also mean creep
here) is associated with a molecular relaxation process. When the relaxation time is
shorter the material relaxes spontaneously. On the other hand, higher activation
energy indicates that the shift factor varies to a greater extent with temperature
(Woo 1993). Most polymeric materials exhibit a simple linear viscoelastic behavior.
However, rubber toughened epoxies can be expected to exhibit nonlinear viscoelas-
tic behavior especially under high stresses and high temperatures. The Schapery and
Springer theories are normally applied to model the nonlinear time-temperature
viscoelastic behavior of epoxy-rubber blend composites. However, under a dynamic
shear deformation the epoxy rubber blends behave in a linear or near linear visco-
elastic manner which is a rate-dependent phenomenon (Woo 1993). Generally,
epoxies are more linear than their rubber blends.

Relaxation times are dependent on stress while that of retardation times on
deformation. The following equation defines retardation times:

Y=Y V™ Q)

Where, Y is the deformation and Yo its initial value. The symbols t and 7, indicate
time and retardation time. When stress is removed, the sample returns to its original
shape along the exponential curve.

Epoxies are amorphous and highly cross-linked. They exhibit a mechanical
behavior similar to that of glassy amorphous polymers up to the glass transition
temperature, T,. The deformation behavior and the time-temperature effects in
epoxies and rubber modified epoxies have been studied earlier by many investigators
(Kinloch 1983; Bucknall 1977; Marshall et al. 1970). Below the glass transition
temperature, the following equations may be employed to calculate the shear moduli
and shear stress:

w(T) = E(T)/2(1+ v) ©)
7(T) = oy(T) / V3 (7

Argon’s theory for glassy amorphous polymers (Argon 1973) predicts the rela-
tionship between the shear yield stress = and shear modulus p. It has been shown that

(r/n)/® = AB (T/p) ®)



6 Rheology of Epoxy/Rubber Blends 193
Where T is the absolute temperature. The constants A and B are given by

A =1[(0.77)/ (1-v) ]/ ©)
B= A16(1-v)kIn(Y,/Y) /3nw’a’ (10)

Where v is the Poisson ratio, o the solid angle of rotation of the molecular segment
between the initial and activated configuration, a the mean molecular radius, and k is
the Boltzmann constant. ¥ is the shear strain rate, and Y, is a preexponential
frequency factor usually taken to be about 10'® s™'. The mean molecular radius a
of the epoxy molecule can then be calculated from Eq. 10. Argon’s theory also gives
the parameter to determine the critical separation at yield of a pair of kinks or wedge
disclinations on the epoxy molecule. Argon’s theory does not hold near and above
the glass transition temperature as it is approached from a glassy state. On the other
hand, Bowden’s work (Bowden 1973) predicts the yield behavior of epoxies. Here,
the critical step in the yield process is that of thermally activated nucleation under
stress of small, disk-shaped, sheared regions in the polymer. The applicability of
Bowden’s theory is better than that of Argon’s in the vicinity of the glass transition
temperature or T,. Kitagawa expanded and generalized Bowden’s theory by show-
ing that the relationship between 7 and p can be represented by a power law relation
of the form

Tor/T 7o = (Top/ T py)" (11)

Where T, is the reference temperature, and 7 , and p, are the shear yield stress and
shear modulus, respectively, at T, (Kitagawa 1977). He was rather partially success-
ful in showing that the n exponent was independent of temperature and possessed a
value of 1.63 for all glassy polymers. A more recent author (Padmanabhan 1996) has
shown that the n exponent for epoxies is of the range 1.67-1.69 and the other
parameters for epoxies are in the range shown in Table 1. The Z* parameter or the
wedge disclination parameter indicating the flexibility or rigidity of the epoxy
molecules has been shown to be comparable to that of the glassy amorphous poly-
mers like polycarbonates.

Robertson and Joynson (1966) developed a molecular theory of yield behavior of
rigid polymers which is regarded as a slightly more elaborate version of the Eyring
viscosity theory. It incorporates structural ideas rather than phenomenological

Table 1 Deformation data of various epoxies

*

B a Z
Material v A (MPaK™") A) A)
Formulation I 0.43 0.192 0.104 6.4 13.06
Formulation IT 0.39 0.18 0.923 6.6 13.44
DGEBA + TETA® 0.35 0.12-0.17 0.25-0.28 4-4.4 8.25-9.03

@ Molecular radius
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models. Conformational states are involved in the theory in relation to the energy
states. In isotropic polymers, there is no preferred orientation of the structural
elements which take part in the yield process. Robertson explained the rate depen-
dence of yield stress in terms of an effective viscosity which is pressure, temperature,
and shear stress dependent. This theory explains the yield behavior in relation to the
low strain viscoelastic relaxation behavior. His theory can be applied to highly cross-
linked epoxies with reasonable approximation as they are glassy amorphous poly-
mers. This theory has also been reported by Ward (Ward 1971).

Viscoelastic Models for Epoxies and Epoxy Rubber Blends

Viscoelasticity of polymers is well documented in the book by Christensen (2010).
The standard linear solid model combines aspects of the Maxwell and Kelvin—Voigt
models to describe the overall behavior of a system under a given set of loading
conditions. The behavior of a material applied to an instantaneous stress is shown as
having an instant response. Instantaneous release of a stress also results in a
discontinuous decrease in strain. The shape of the time-dependent strain curve
characterizes the behavior of the model over time, depending upon how the model
is loaded. Although this model can be used to accurately predict the general shape of
the strain curve, as well as behavior for long time and instantaneous loads, the model
lacks the ability to accurately model material systems numerically.

Though many rheological models based on the integral or the differential
approach do exist, the Zener model is seen to explain creep and stress relaxation
better than that of the Maxwell or Kelvin—Voigt model. The Zener model is shown in
Fig. 12, which is a three-parameter model or a linear solid model.

Further, a Burgers material which is a viscoelastic material that obeys Eq. 12
consists of a Maxwell material and a Kelvin material in series. It is named after the

Fig. 12 Three-parameter 3-parameter model
viscoelastic model of epoxies (also called standard linear solid or Zener model)
and blends
o
o

2 equivalent representations
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Dutch physicist Johannes Martinus Burger. Given the four rheological constants, the
Burgers model has the constitutive equation

6 + (B+4)S + A6 =(n+n)y +  (n3da+nalds) ¥ (12)

Where o is the stress and vy is the rate of deformation. A and # are constants, and the
stress or rate derivatives are marked with a “.” or “..” above them.

The viscoelastic model for epoxies and rubber toughened epoxies obey a Zener
three-parameter model, a Burgers model or a five-parameter model like the Mats
Berg model which is a nonlinear five-parameter friction model. Epoxies are linear or
near linear in their mechanical behavior and obey the Zener model. However, the
rubber toughened epoxies generally do not exhibit this behavior as the rubber
additions are anywhere between 1 Wt% and about 20 Wt% of the epoxy weight.
Rubber additions are not made beyond this point as the matrix would then be all
rubber with the epoxy appearing as a dispersed phase. The Burgers model or Mats
Berg model would be a closer approximation for the mechanical behavior of rubber
toughened epoxies provided the rubber additions are not marginal. Rubbers gener-
ally possess low T, values and generally lower the T, of the epoxy-rubber blends.
But, the T, of the rubber dispersions alone in the blend show an increase compared to
their homogeneous values. However, the T, of the epoxies in a rubber blend show a
decrease. Figure 13 shows the glass transition versus chain segment movement for
rigid polymers. This schematic diagram also explains the rubbery behavior of a rigid
polymer above the T,. As cured epoxies do not flow and melt above the T, but turn
rubbery and char later at higher temperatures, there is restriction on the mobility of
the chain segments that are highly cross-linked. Figure 14 schematically shows the
modulus loss of rigid polymers that are crystalline, highly cross-linked, or differing
in molecular weight. Measuring modulus loss versus temperature provides an
approximate range of T,, which is often called as engineers T,. Modulus loss for
epoxies is not complete like in low molecular weight polymers but is rather slow
after a drop near the engineers T,. This is due to the rubbery behavior till thermal
degradation leading to charring occurs.
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Fig. 13 Glass transition during viscoelastic transition
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Fig. 14 Modulus versus
temperature for highly cross- 9
linked epoxies 10
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Viscometers, Rheometers, and Measurements

Some of the basic laws on fluid flow are given here before a detailed understanding
on rheometry is attempted. Darcy’s law is a phenomenologically derived constitutive
equation that describes the flow of a fluid through a porous medium. It also provides
information on percolation, permeability, and Darcy’s coefficient. Flow of epoxies
and their blends through porous foams is best described through Darcy’s law. One of
the key definitions that the reader must understand before proceeding any further is
the melt flow index. The melt flow index (MF]I) is the measure of the ease of flow of a
polymer melt. It is defined as the mass of polymer, in grams, flowing in 10 min
through a capillary of a specific diameter and length by a pressure applied through a
prescribed alternative gravimetric weight for alternative prescribed temperatures.
Polymer processors correlate the value of MFI with the polymer grade that they have
to choose for different processes, and usually this value is not accompanied by the
units, because it is taken for granted to be grams per 10 min. Similarly, the test load
conditions of MFI measurement is normally expressed in kilograms rather than any
other units. The method is described in two similar standards (ASTM D1238 2013;
ISO 1133 2005)
The methods used for measuring the viscosity of a polymer solution are:

. Capillary pipette

. Falling sphere

. Capillary extrusion

. Parallel plate

. Falling coaxial cylinder
. Stress relaxation

. Rotating cylinder

. Tensile creep

0 N N kA~ W



6 Rheology of Epoxy/Rubber Blends 197

The important methods employ the capillary or rotational devices.

Viscosity varies with shear rate for broad and narrow distribution of molecular
weights as shown in Fig. 15. An elementary capillary rheometer or extrusion
plastometer is used to determine the flow rate of a polymer in terms of the melt
index which is defined as the mass rate of the polymer through a specified capillary
under controlled conditions of temperature and pressure. Figures 16, 17, and 18
illustrate the equipment used for determining the MFI and viscosity. Capillary
rheometers are generally rugged and possess good precision, but their disadvantage

Broad Molecular Weight Distribution

Narrow molecular Weight distribution

<=3~ unonwn—< aor

Log Shear Rate

Fig. 15 Viscosity versus shear rate for two different molecular weight distributions
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Fig. 16 Equipment for MFI and capillary rheometer
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TYPES OF RHEOMETERS

Rotational Extensional Capillary

v » b
l.; ‘) t - i i x
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(high viscosity materials)

For viscoelastic properties For viscous properties

Rotary motion Rotating drum Capillary action

Capillary flow: Flow through a narrow
space. Different piston speeds (shear
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Extensional flows: very
sensitive to crystallinity &
polymer long-chain branching
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Fig. 17 Rheometer classifications

Torque/Pressure
Transducer

Temp
Seraor
Haater

Motor
{Sinusoidal Dscilaticns)

b

Fig. 18 Torque transducers for vulcanized and nonvulcanized rubbers

is that the shear stress in the capillary varies from zero at the center to a maximum
near the walls of the tube. Rotational devices, on the other hand, are least precise at
high shear stresses and rotational speeds, as heat develops due to dissipation of



6 Rheology of Epoxy/Rubber Blends 199

energy. As a result, the specimen moves out of the region of high shear stress. This
effect is called the Weisenberg effect. In the rubber industry, a rotational Mooney
viscometer is used. The Brabender plastograph, a closer device is used to study the
changes in the flow of rubber during mastication or milling. Figures 16, 17, and 18
illustrate the classification of rheometers used for polymers and blends and the
rubber torque transducers used for most of the rubber materials.

A test method (ASTM D 4440 2015) outlines the use of dynamic mechanical
instrumentation in determining and reporting the rheological properties of ther-
moplastic resins and other types of molten polymers. It may be used as a method
for determining the complex viscosity and other significant viscoelastic charac-
teristics of such materials as a function of frequency, strain amplitude, temper-
ature, and time. Such properties may be influenced by fillers and other additives.
It is noteworthy here that there is no specific standard for epoxies and their
blends.

» ISO 1133: 2005 Plastics — Determination of the melt mass-flow rate (MFR) and
the melt volume-flow rate (MVR) of thermoplastics

» ISO 11443: 2005 Plastics — Determination of the fluidity of plastics using
capillary and slit-die theometers

» ISO 20965: 2005 Plastics — Determination of the transient extensional viscosity
of polymer melts [tensile drawing method]

* ISO 16790: 2004 Plastics — Determination of drawing characteristics of thermo-
plastics in the molten state [fiber-spinning method]

» ISO 17744:2004 Plastics — PVT determination of specific volume as a function of
temperature and pressure (PVT diagram) — Piston apparatus method

Following standards held by other TC61 rheology committees are:

» ISO 6721-10: 1999 Plastics — Determination of dynamic mechanical properties —
Part 10: Complex shear viscosity using a parallel plate oscillatory rheometer

» ISO 11403-2 Plastics — Acquisition and presentation of comparable multipoint
data — Part 2: Thermal and processing properties

Some investigators have successfully used a parallel plate rheometer with a
diameter of 12.5 mm for the analysis of epoxy—rubber—DDM blend systems (George
etal. 2014, 2015). A transducer measured the viscous response of the material under
the form of a torque exerted by the fluid on the upper plate. A frequency of 1 Hz and
0.5% strain were used for the measurements. Freshly prepared samples (about
5-10 mg) were placed in the parallel plates, and the analysis was done isothermally
at different temperatures (90, 110, and 130 °C). Nonisothermal analyses have also
been carried out (Thomas 2014). Some investigators (Vlassopoulos et al. 1998) have
successfully carried out multiple wave form dynamic rheology measurements for the
epoxy-rubber blends and studied their curing kinetics.
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Evolution of Epoxy-Rubber Phases

The evolution of a nanophase separation in epoxy-rubber blends during curing has
been dealt in detail (Konnola et al. 2015a). There are various possible interactions in
an epoxy-rubber blend or a nanocomposite (Gupta 2010). Four possible interactions
have been suggested in a polymer blend or a nanocomposite. They are:

1. Polymer-polymer interaction
2. Polymer-solvent interaction
3. Polymer-particle interaction
4. Particle-particle interaction

A steric interaction occurs in a system due to the adsorption or grafting of
polymers on particle surfaces, or vice versa. The strength of the interaction is a
function of the mixing interaction and the volume exclusion term. The nature of the
mixing interaction force depends on the nature of the continuous phase or the
solvent. If the polymer is miscible in the solvent, then the interaction will lead to a
negative free energy of mixing and, immiscibility of the polymer in the solvent is due
to thermodynamic incompatibility (Gupta 2010). Figure 19a, b provide an insight
into the liquid epoxy-rubber nanophase separation in a blend. A research article
details the rheological aspects of epoxy-rubber blends and their nanocomposites
(Frohlich 2003). Thirdly, the epoxy-solid rubber interactions between epoxy resins
and ethylene-propylene-diene monomer (EPDM) rubbers have been exploited to a
lesser extent as they have been understood to a lesser extent. Figure 20 shows one
such rubber particle reinforcement of epoxies resulting in a tough matrix
(Padmanabhan 2015). Here, the particles are mixed homogeneously along with the
resin and the hardener and allowed to cure. The question of evolution and phase
separation of the rubber particles does not arise at all, and the particle size can be
chosen for the anticipated scale of fracture mechanisms for an optimized toughness
value. Figure 21 illustrates the CTBN toughening of an epoxy matrix. The CTBN
rubber particle size is known to show an increase in particle size with its molecular

Fig. 19 Epoxy-liquid rubber phase separation during curing
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Fig. 20 Epoxy-solid EPDM
rubber blend showing a
cracked rubber particle

Fig.21 A micrograph CTBN
liquid rubber toughened
epoxy matrix (Mag 3000)

Dats 17 Agr 2007
2 Time 105822

weight, as shown in Fig. 22. Curing of an epoxy and its accelerated curing due to the
presence of CTBN rubber has been documented by a research group (Calabrese and
Valenza 2003a).

Thermodynamics of Epoxy-Rubber Blends

The enthalpy of mixing for an epoxy-liquid rubber is based on the measurements of
cohesive energy density (CED) for liquids. The CED is the energy of vaporization of
unit volume of the liquid, usually expressed in J/cm®.

CED = & = AHy,— RT/ Vjq (13)

Where AH,,, is the enthalpy of vaporization, R is the universal gas constant, T the
absolute temperature, and Vj;q the molar volume of the liquid mixture. The quantity, J,
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Fig. 22 A schematic of A
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is called the solubility parameter whose units are (J/cm®)"’?. Here, de-mixing of liquids

is attributed to the tendency of the molecules to attract their own species more strongly
than a dissimilar species. The most important factor is the difference in solubility
parameter between the rubber and the resin (Platzer 1970; White and Patel 1975;
Rowe et al. 1970). When the difference is too small, the phase separation tends to be
incomplete. However, if the difference is too large, the rubber will not disperse in the
resin to form a homogeneous solution. The preferred difference is about 1 (J/em®)””. A
rubber of adequate molecular weight of say over 3,500 will dissolve in the resin as the
molecular weight is not too high and also go through a phase separation. Phase
separation is necessary for the matrix to exhibit high fracture resistance. The molecular
weight of the resin influences the phase separation to some extent.

In an epoxy-liquid rubber solution, the focus is on the equilibrium between two
liquid phases, both of which contain an amorphous polymer (epoxy) and one or more
solvents. When the temperature is raised due to the exothermic reaction and then
lowered due to curing, the miscibility is reduced first and then phase separation
occurs as the epoxy gels and cures into a solid structure. The maximum temperature
for phase separation is designated as the upper critical solution temperature. The
minimum temperature up to which phase separation occurs is designated as the
lower critical solution temperature. Phase separation in epoxy rubber blend systems
is discussed in details elsewhere (Konnola et al. 2015b). The condition for equilib-
rium between two phases in a binary polymer system is that the partial molar free
energy of each component be equal in each phase. The critical concentration at
which phase separation first appears is at a small volume fraction when the chain
segment number is approximately 10*. The Flory-Huggins interaction parameter, X1
exceeds ¥ for low molecular weights and is about % for high molecular weights.

Feedback from Fracture Mechanisms in Processing

The addition of rubbers to epoxy matrices is about 45 years old as far as the recorded
literature goes (McGarry 1970). The typical fracture energy of a brittle epoxy is
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found to be approximately 100-200 J/m* compared with that required to break a
covalent bond which is about 1 J/m?. This suggests that a plastic zone exists at the
crack tip, and viscoelastic processes contribute to the observed value. Thus only a
proper understanding of the fracture and failure processes in these materials can lead
to a better feedback on the development of tougher epoxies for utilization in
applications (Bandhyopadhyay 1990). In glassy amorphous polymers there are
two major energy absorbing processes: shear yielding and crazing. However, with
rubber additions, the tensile yield strength decreases from about 70-100 MPa to
40—60 MPa. The elastic modulus also decreases from about 2—3 GPa by about 30%.
These figures hold good for a CTBN liquid rubber additions of about 15 phr. The
rubber particles can be seen under a scanning electron microscope (SEM) clearly by
osmium staining the specimens for better clarity. The enhanced toughness in the
epoxy-rubber blend is due to the dilational deformation of the rubber particles and
the epoxy. The fracture tends to get brittle and does not provide any toughening at
lower temperatures in the range of — 20 °C. At room temperature, the crack tip plastic
zone size has been proven to be about 25-75 pm. Such modified epoxy resins have
been found to produce a fracture toughness value which is 10-30 times more than
the unmodified epoxies (Garg and Mai 1988). The fracture toughness of a modified
epoxy can go up to 6 kJ/m?. The toughening mechanisms of a modified epoxy are:

(i) Shear band formation near the rubber particle
(i) Fracture of rubber particles after cavitation
(iii) Stretching, de-bonding, and tearing of rubber particles
(iv) Trans-particle fracture
(v) Crack deflection by hard rubber
(vi) Voided cavitated rubber particles
(vii) Crazing, a localized yielding process and fibrillation that lead to an
interpenetrating local fracture
(viii) Plastic zone at crack tip
(ix) Diffuse shear yielding
(x) Shear band craze interaction

Further, the deformation and fracture behavior of a rubber toughened epoxy has
been well documented (Nicholson 1991; Kinloch 1983; Kinloch and Young 1983;
Pearson and Yee 1986; Kinloch et al. 1983). Though crazing in epoxies is not as
serious an issue as in thermoplastics like high impact polystyrene (HIPS), an
interesting account of crazing is provided by an investigator (Bucknall 1977), and
craze-like features in epoxies are briefly documented in another publication (Lilley
and Holloway 1973). However, crazing in epoxy blends and nanocomposites of
epoxy-rubber blends could be an interesting topic for research and development of
strong and tough matrices for engineering applications. Figure 23 shows one such
mechanism of reinforcement of epoxies by rubber particles.

Some of these fracture mechanisms are important in processing. They can occur
during processing and have to be avoided through proper precautions. It is also seen
that some of them do occur as a part of the processing process and cannot be
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Rubber Particle
Craze

Fig. 23 Mechanism of reinforcement of epoxies by rubber particles

removed as they are a manifestation of the technique. Hence the post-yield visco-
elastic behavior also gains significance.

Of the fracture mechanisms that we witnessed in the deformation of epoxies and
blends, shear, shear banding, stretching, and tearing have to be considered with a
special interest when the processing of epoxy-rubber blends have to be carried out
with vacuum based, pressure based, and other techniques. As we gather that
stretching and tearing of the rubber particles have to be avoided, shear and shear
banding cannot be avoided. Shear that is inevitable can be understood from the
point of view of transverse shear, shear near the walls, planar shear, and shear flow.
For example, in compression molding which is a pressure-based technique, lami-
nations and moldings depend on transverse shear which can be significant. This
transverse shear across the laminations in a fiber-reinforced plastic containing a
epoxy-rubber phase might result in considerable rubber particle fracture during the
processing stage. Further the evolution of the rubber particles during curing under
enormous pressure will not be as predicted under normal circumstances. However,
the situation in an open contact molding provides for equilibrium evolution of the
phase-separated blend. The vacuum-based techniques indirectly rely on pressure
and so have to be studied with respect to the evolution under vacuum. The situation
is considered very complex in injection and compression moldings where temper-
ature, divergent and convergent shear flow, transverse flow, and rheotribology
(www.tainstruments.com) play a significant role in the evolution of the phase-
separated product. Tribology complements rheology, providing information on
solid-solid interactions that adds an insight into the bulk fluid measurements of
rheology. Tribology is especially concerned with quantifying the coefficient of
friction as a function of sliding speed and load forces, under dry or lubricated
conditions. This provides useful information about lubrication, wear, and tactility.
Recent tribo-rheometry accessories rely on the control and measurement of angular
velocity, forces, torque, and temperature of the rheometers. The system measures
Stribeck curves, static friction, and coefficient of friction which are all useful for
characterizing polymers. For the present application, the contact friction between
the walls and the epoxy-rubber blend is a matter of interest for all the above said
techniques. In fiber reinforced systems where the matrix is a rubber toughened
epoxy, enough attention must be paid to rheotribology as the interfacial friction can


http://www.tainstruments.com/

6 Rheology of Epoxy/Rubber Blends 205

be a key governing factor requiring the correct lubricants or release agents at the
mold walls.

The rheology of rubber epoxy blends is dealt with in detail by some investigators
(Gabriel and Advani 2003) where the structure property correlation is illustrated in
detail. The reader is also referred to the works of Agarwal (1989) on specialty
polymers and polymer processing for a detailed treatise on processing of blends
and the thermal aspects of rheology. It must be noted at this stage that investigations
that report inspection of a sample after processing to check for possible fracture or
damage are scanty compared to the reports that are published after mechanical
testing. The later ones merely conclude that the fracture or damage is due to
mechanical testing and not by processing parameters, which is incorrect. Investiga-
tions conducted carefully on this aspect will reveal the mechanisms that genuinely
arise out of processing prior to testing. Figure 24 reveals the shear development in
hot and cold runners during injection molding, where the central zone is considered
low shear. Figure 25 shows the convergent and divergent flows during compression

Runner Cross Sections

Cooler, yet still molten,
Frozen layer plastic material

h T R

Frozen layer

High shear heated region

Fig. 24 Shear development and flow in injection molding

Fig. 25 Flow in compression
molding, convergent, and
divergent flow
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molding where the pressure developed in the blend can rise up to a few mega pascals.
In compression molding, rheotribology and fracture mechanisms are expected to
play a major role during processing, and a careful delineation of these is required
before mechanical testing to eliminate the processing induced defects from those
arising due to mechanical testing. Techniques that involve the use of moderate
temperature and pressure, viz. vacuum bagging, contact molding, and vacuum
infusion techniques are preferred while working with low and medium viscosity
epoxy blends in order to mitigate the processing induced aberrations and avoid
features like the rubber particle crushing. Pultrusion is also a favored technique, and
reports of rheokinetic behavior analysis of pultrusion modeling of CTBN/epoxy
blends are available (Calabrese and Valenza 2003b).

Microinjection molding of thermoplastics (www. Intechopen.com) is more than a
decade old process. Microinjection molding using epoxy blends is off late gaining
attention as miniaturization has reached a stage in the field of micromechanical,
micro electro mechanical systems (MEMS), and electronic systems that demands
better knowledge and implementation of microrheology. Mobile phone parts,
microrobot parts, microgears in watches, neuro chips, microdevices for medical
applications, and microelectronic circuits in general demand the use of parts fabri-
cated through microinjection molding (www. Intechopen.com). The design of
microchannels, microcavities, and the flow and cure simulation prior to manufacture
have been dealt in details by some investigators. Many investigations exploiting this
domain are awaited.

The prepreg manufacture of fiber-toughened epoxy matrix materials employs
chemo-rheology extensively. Modified epoxy resin prepregs exhibit both viscous
and elastic properties. During the curing process, their viscosity increases quickly in
the gel region. The viscosity can be related to the degree of cure. Rheological
equipment can be used to measure the epoxy-rubber blend properties effectively.
The requirements for a rheological instrument to measure the rheological properties
of the polymer successfully depend on the technique. The 50 mm parallel plates are
beneficial for low viscosity, and the 25 mm parallel plates are good for high
viscosity. This means that initially 50 mm parallel plates are used at the A-stage,
and after B-staging or prepregging 25 mm plates are used for complete curing or
C-staging studies. The viscosity of the polymer materials can be measured in the
continuous rotation or oscillation mode. This ensures a good understanding of the
rheological aspects when a prepreg is cured in an autoclave (Ciba Geigy 1983). Low
viscosity epoxy systems are very popular in resin transfer molding (RTM) processes
as the resin admixture is normally a one part system that is heated to lower the
viscosity and cured after transfer into cavities. The RTM process is used extensively
for the encapsulation purposes in nonhermetic and sometimes flexible electronic
packaging (see Fig. 26) (Padmanabhan 2016). Here again, the process-induced
inherent defects must be delineated from those arising out of mechanical and/or
electrical testing alone, in order to understand the defects and eliminate or reduce
them. Needless to say, some of the process-induced defects lead to a more serious
defect upon testing. The fracture and failure progression studies thus gain
significance.
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Fig. 26 Encapsulations of
ICs with epoxy blends

Applications of Epoxy-Rubber Blend Systems

Epoxy-rubber blends are used in functions that demand a very high fracture tough-
ness with no deterrence to strength and stiffness even at elevated temperatures and
hygrothermal environments. Tetra functional epoxy resin systems blended with
silicone rubbers are an example of a good hygrothermal ceiling for novel applica-
tions. When used with high performance fibers like carbon (Padmanabhan and
Kishore 1995), Kevlar (Padmanabhan 2012), or Zylon (Padmanabhan 2002), they
find immense applications in laminated and sandwich aerostructures. High perfor-
mance automobiles, electronic appliances, medical devices, MEMS devices, and
mechanical equipment and devices require their parts to be made of epoxy-rubber
blends for superior electrical insulation and mechanical properties like toughness
and strength.

Conclusions

Rheology of epoxies and rubbers, their blends, classification, and types were intro-
duced in this chapter. Principles of rheology and polymer rheology were illustrated
through conclusive plots, graphs, and schematic sketches. Rheology of rubbers,
epoxies, and their blends were discussed with respect to their molecular structure,
mobility, and conformational states as proven by literature. Rheology was explained
with respect to the established viscoelasticity models for epoxies and their blends.
Linearity and nonlinearity due to rubber additions were illustrated. A detailed
account of rheometers and measurements was given. Miscibility, phase separation,
and thermodynamics of epoxy-rubber systems that form an integral part of this
chapter were discussed in detail. A correlation was drawn between rheology and
shear behavior of these systems. Rheological insights on processing, manufacturing
methods, curing reactions, and curing schedules were provided for epoxy-rubber
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blend systems. Functional and product applications of rheology of epoxy/rubber
blends were listed at the end to kindle interest in the tertiary reader.

Implications on Future Research

Some of the unsolved problems like: (i) the effect of pressure on chemo-viscosity,
(i1) system pressure and relevance to high pressure injection molding and transfer
molding processes, (iii) flow behavior and correlation of molecular theories of high
molecular weight polymer fluids, (iv) delineation of deformation mechanisms at the
processing stage and testing stage, (v) issues in micromolding of epoxy rubber
blends, (vi) issues in RTM of epoxy rubber blends, (vii) development of very high
temperature moisture resistant HT epoxy-silicone rubber blends, (viii) exploitation
of crazing in epoxy-rubber blends for development of high toughness systems,
(ix) nano-rheological aspects of epoxy-rubber blends, and (x) influence of
hygrothermal attack on epoxy-rubber blends, need attention. It is hoped that
researchers who are more adept than this author would address these issues and
lead to a complete understanding of the subject and its exploitation.
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Abstract

During the past decades, the toughening of epoxy resins has received increasing
attention because many different applications demand epoxy materials with improved
mechanical properties. Different approaches have been employed to toughen the
epoxy system: agents as liquid rubbers, block copolymers, core—shell particles,
glass beads, epoxidized thermoplastics, hyperbranched organic, and hybrid com-
pounds and combinations of them have been considered as toughening agents for
epoxy systems. The morphology of epoxy resins and, consequently, their mechanical
properties strongly depend on the cure kinetics, and in the case of soluble liquid
rubbers, phase separation takes place as the polymerization proceeds. Subsequently,
the evolution of size and distribution of the rubber particles in the epoxy during the
curing reaction represents a critical point for the success of the effect of rubber systems
in terms of mechanical improvement of neat resin system. Therefore, different
methods have been studied and developed to control the cure kinetic parameters of
epoxy resins, in order to develop models and control their final morphology and
properties. Among them, some of the most used are those based on chemical changes
such as differential scanning calorimetry (DSC) and infrared (IR) spectroscopy
methods, as well as those centered on bulk property changes such as rheological
and pressure—volume—temperature (PVT) methods. In this chapter, these methods are
discussed and the results obtained on toughening various types of epoxy systems are
compared. Moreover, the studies are extended to nanostructured systems, where the
presence of the nanofiller plays a crucial role in the evolution of the reaction kinetics.

Keywords
Rubber ¢ Epoxy ¢ DSC « Cure kinetics * Rheology

D. Puglia (><) » J.M. Kenny

Civil and Environmental Engineering Department, Materials Engineering Center, UdR INSTM,
University of Perugia, Terni, Italy

e-mail: debora.puglia@unipg.it; jose.kenny@unipg.it

© Springer International Publishing AG 2017 211
J. Parameswaranpillai et al. (eds.), Handbook of Epoxy Blends,
DOI 10.1007/978-3-319-40043-3_8


mailto:debora.puglia@unipg.it
mailto:jose.kenny@unipg.it

212 D. Puglia and J.M. Kenny

Contents
INtrOdUCHION .. ..ot 212
CUIe KINGHICS .. .ee ettt ettt e 216
Differential Scanning Calorimetry and Kinetic Analysis ...............coooiiiiiiiniaa.... 218
Pressure—Volume—Temperature (PVT) Measurements and Real-Time
FTIR SPECIIOSCOPY .ottt e ettt e et ettt e e 224
Rheological Studies: Chemoreological Modeling of Cure Reaction ....................... 226
CONCIUSIONS .. ..ottt ettt ettt et e e 232
L () 17 233
Introduction

High performance epoxy resin systems are becoming increasingly important as
matrix materials for advanced composites used in aerospace, electronics, automo-
tive, and other industries. Because of their excellent properties such as good
mechanical behavior, very high adhesive properties, excellent chemical and solvent
resistance, dimensional and thermal stability, and high electrical resistance epoxy
thermosetting materials are widely used as adhesives, encapsulates, and matrices for
composite materials (Fischer et al. 2011). However, the thermoset epoxies are
generally brittle because of the highly cross-linked structure. While rigidity and
strength are desired for many engineering applications, brittleness or lack of crack
growth resistance eliminates wider usage of epoxies. Therefore, toughening of
epoxies has become a necessity to ensure the feasibility of these materials for
practical applications. In the application level, epoxy thermosets are usually modi-
fied, incorporating a rubber or a thermoplastic polymer in order to improve their
toughness, strength, stiffness, or other properties of thermosetting systems (Ratna
and Banthia 2004; Bagheri et al. 2009). Rubber modification has been found as a
very successful approach to overcome the inherent brittl