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Epoxy resins are a class of versatile thermosetting poly-
mers with high strength, low creep, low cure shrinkage,
and excellent chemical resistance. Nowadays, they are
widely used in fiber reinforced resin matrix composites,
structural adhesives, and surface coating materials. Un-
fortunately, the inherent toughness of cross-linked epoxy
resins is relatively low. It is therefore desirable to enhance
toughness without adversely affecting the other useful
properties of this polymer [1, 2]. Modification with re-
active liquid rubbers is one of the most frequent methods
to toughen the rigid polymer. In this method, the rubber
modifier is initially dissolved into the matrix. Then the
rubber phase separates as discrete particulate phase due
to the decreasing of solubility between rubber and cross-
linked epoxy resins caused by the increase in molecular
weight of the epoxy resins [3]. Reactive liquid rubbers,
such as carboxyl-terminated butadiene and acrylonitrile
copolymer liquid rubber (CTBN), amine-terminated
butadiene and acrylonitrile copolymer liquid rubber
(ATBN), or hydroxyl-terminated polybutadiene (HTPB)
liquid rubber, have been proved as effective toughening
modifier for epoxy resins [4–6]. However, the main de-
ficiency of these rubbers is the high unsaturation in their
molecular structure and the traces of free carcinogenic
acrylonitrile. Moreover, for the ambient temperature
curing epoxy resins–aliphatic amine system, the reaction
between terminated carboxyl group and epoxy resins
need be catalyzed additionally [7]. So, liquid rubbers
possessing saturated structure and higher reactive, such as
carboxyl terminated poly(2-ethylhexyl acrylate), amine
randomized poly(2-ethylhexyl acrylate), copolymer of n-
butyl acrylate and glycidylmethacrylate and copolymer of
n-butyl acrylate, glycidylmethacrylate and styrene, etc.,
have been as alternatives to CTBN and ATBN [8–12].

In our previous works, a novel acrylate liquid rub-
ber containing pendant epoxy groups had been synthe-
sized by copolymerization of ethyl acrylate, butyl acry-
late, and glycidylacrylate by solution polymerization [13].
In the present paper, the acrylate liquid rubber was
used to toughen the bisphenol A diglycidyl ether epoxy
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Figure 1 Molecular formula of acrylate liquid rubber containing pendant
epoxy group.

resins with triethanolamine as hardener. The toughen-
ing efficiency and phase morphology were investigated
by mechanical properties testing and Scanning Electron
Microscope.

The acrylate liquid rubber was synthesized by copoly-
merization of ethyl acrylate, butyl acrylate, and glycidy-
lacrylate by solution polymerization. The Mn of the rub-
ber is about 6300 and the content of epoxy group is
1.2 m mol/g, and its molecular formula is presented in
Fig. 1.

Process of modification is described as follows. Epoxy
resin and liquid rubber (3–20 phr) were first mixed to-
gether and heated at approximately 80 ◦C for 20 min in
oil bath, then the mixture were degassed in a vacuum oven
for 20 min. Once the mixture had cooled to approximately
40 ◦C, the hardener of 12 phr was added with vigorous
stirring for 5 min. After that, the mixture was casted into
a polytetrafluoroethylene (PTFE) mold, and reacted at
80 ◦C for 2 hr, at 100 ◦C for 2 hr, and at 120 ◦C for 2 hr,
respectively. The post-cured treatment was carried out at
140 ◦C for 2 hr in the oven equipped with temperature
controller.

The toughness properties of epoxy resins, such as im-
pact strength and fracture toughness (GIC), were mea-
sured according to Izod unnotched impact test method
(GB/T2571-1995 of China) and double cantalever beam
test [14], respectively. Impact fractured surface of modi-
fied epoxy resins samples was sputter coated with gold and
examined using a Scanning Electron Microscope (AM-
RAY Model-1000B). Glass transition temperature (Tg)
was determined via Differential Scanning Calorimetry
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Figure 2 Dependence of impact strength and fracture toughness for modified epoxy resin samples on concentration of liquid rubber.

(MDSC2910, TA Instrument) with a scanning rate of
15 K/min.

The toughening efficiency was firstly investigated and
the dependence of impact strength and fracture toughness
GIC for modified epoxy resins samples on concentration
of liquid rubber is shown in Fig. 2.

As can be seen from Fig. 2, impact strength and frac-
ture toughness GIC of the modified epoxy resins sam-
ples are higher than that of the unmodified epoxy resin
samples. The value passes through a maximum when the
concentration of acrylate liquid rubber is 5 phr. The mod-
ified epoxy resins containing 5 phr rubber shows maxi-
mum impact strength of 48.0 kJ/m2 and maximum GIC

of 2480 J/m, which are about 63 and 350% higher than
that of the unmodified epoxy resins sample, respectively.
It indicated this acrylate liquid rubber containing pen-
dant epoxy group is effective to reduce the brittleness of
epoxy resin–triethanolamine curing system. This can be
attributed to the different phase morphology of the un-

modified and modified epoxy resins samples. The SEM
photographs for the fracture surfaces of unmodified and
modified epoxy networks are presented in Fig. 3.

For the case of unmodified epoxy resins, smooth glassy
fractured surface with cracks in different planes can be
seen in the SEM photograph of fractured surface. The
brittle fracture may explain its low impact strength. On the
contrary, image of fractured surface for modified epoxy
resins with 5 phr acrylate liquid rubber shows discrete
distribution of rubber globular in the connected epoxy
resin phase. Due to inherent epoxy group of this novel
liquid rubber, good adhesion can exist between rubber
globular particles with connected epoxy resins phase. So
the rubber globular particles dispersed in the connected
epoxy resins phase can act as centers for dissipation of
mechanical energy by cavitations and shear yielding [15].
It can be proved by the existence of cavitations of rubber
particles and corresponding stress whitened zone around
rubber particles as described in Fig. 3. This two-phase

Figure 3 SEM photographs of fracture surfaces of parent resin and rubber modified epoxy resin (left: unmodified epoxy; right: 5 phr liquid rubber modified
epoxy).
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T AB L E I Mechanical properties and Tg of epoxy resins modified with
liquid rubber

Concentration of rubber (phr) 0 5 10 15 20
Tensile strength (MPa) 69.3 63.8 54.3 51.2 51.3
Tensile modulus (GPa) 2.7 2.6 2.4 2.3 2.3
Elongation at break (%) 3.6 5.1 3.8 3.1 3.0
Flexural strength (MPa) 121.7 110.0 101.8 92.5 78.5
Tg (◦C) 78.4 71.1 70.1 70.4 69.8

Note. Tg: glass transition temperature.

structure can be considered to enhance the shear yielding
at the crack tip through changing in stress state in the
region around rubber particles. So this can be considered
as the most important reason for the high impact strength
and fracture toughness (GIC) of the modified epoxy resins
samples.

Besides the toughness of modified epoxy resins, the
flexural strength, tensile properties, and thermal proper-
ties of unmodified and modified epoxy resins were also
investigated and the results were listed in Table I.

It is clear that the tensile strength, tensile modulus,
flexural strength, and glass transition temperature of the
modified networks decrease with the increasing concen-
tration of acrylate liquid rubber. One reason is that the
presence of rubber particles with low modulus and Tg dis-
persed in the connected epoxy resins phase, the other is
that the “soften effect” of connected epoxy resins phase
due to unavoidable dissolution of some amount of rubber.
This result is in accordance with the effect as described
in others modified epoxy networks with liquid rubber [7,
11]. But the interesting result is that the improvement in
elongation at break, impact strength and fracture tough-
ness (GIC), is achieved without significant loss in mechan-
ical and thermal properties of the modified epoxy resins
with the appropriate concentration of 5 phr acrylate liquid
rubber. This may be attributed to the uniform two-phase
structured as presented in Fig. 3. In conclusion, the above
results demonstrate that the acrylate liquid rubber con-
taining pendant epoxy groups is effective to enhance the

toughness of epoxy resin–triethanolamine curing system
without significant reduction of mechanical and thermal
properties.
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