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Abstract Toughening of a diglycidyl ether of bisphenol-A
(DGEBA)-based epoxy resin with liquid carboxyl-termi-
nated butadiene acrylonitrile (CTBN) copolymer has been
investigated. For this purpose six blend samples were
prepared by mixing DGEBA with different concentrations
of CTBN from 0 to 25 phr with an increment of 5 phr. The
samples were cured with dicyandiamide curing agent
accelerated by Monuron. The reactions between oxirane
groups of DGEBA and carboxyl groups of CTBN were
followed by Fourier-transform infrared (FTIR) spectros-
copy. Tensile, impact, fracture toughness and dynamic
mechanical analysis of neat as well as the modified epoxies
have been studied to observe the effect of CTBN modifi-
cation. The tensile strength of the blend systems increased
by 26 % when 5 phr CTBN was added, and it remained
almost unchanged up to 15 phr of CTBN. The elongation-
at-break and Izod notched impact strength increased sig-
nificantly, whereas tensile modulus decreased gradually
upon the addition of CTBN. The maximum toughness of
the prepared samples was achieved at optimum concen-
tration of 15 phr of CTBN, whereas the fracture toughness
(Kic) remained stable for all blend compositions of more
than 10 phr of CTBN. The glass transition temperature (7)
of the epoxy resin significantly increased (11.3 °C) upon
the inclusion of 25 phr of CTBN. Fractured surfaces of
tensile test samples have been studied by scanning electron
microscopic analysis. This latter test showed a two-phase
morphology where the rubber particles were distributed in
the epoxy resin with a tendency towards co-continuous
phase upon the inclusion of 25 phr of CTBN.
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Introduction

Epoxy resins are widely used as coatings, structural adhe-
sives, electronic and electrical materials [1], automotive,
construction, aerospace industries [2] and advanced com-
posite materials in many applications [3, 4], due to their
appropriate material properties including excellent
mechanical and electrical properties [1], thermal and
chemical stability [5], high strength, and resistance to creep
[6]. They can be formulated to perform adequately in
extreme environments that include solvents, temperature
extremes, and ultraviolet radiation and are relatively easy
to process and apply [7].

However, one of the most undesirable properties of
epoxy resins is their very poor fracture toughness. The
cured neat epoxy matrices are often very brittle and show
poor resistance to crack propagation and this adversely
affects most physical and mechanical properties [1, 8].
Therefore, much research [9—11] has been carried out to
enhance the toughness of the cured epoxy resins without a
significant loss in other properties [12]. One of the most
well-known methods is to incorporate various amounts of a
reactive rubber into the epoxy matrix [3, 5]. When the
curing reactions of epoxy and a liquid rubber proceed
under controlled sets of conditions, phase separation occurs
between the epoxy matrix and rubber particles [6, 13].

Among the liquid rubbers, carboxyl-terminated copoly-
mer of acrylonitrile and butadiene (CTBN) has been lar-
gely used as a modifier for epoxy resins cured with
Jeffamine [14], polyamine [15, 16] and diaminodiphenyl
sulfone [17]. The effects of CTBN addition on mechanical
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and dielectric properties of NiZn ferrite powders in CTBN-
modified epoxy resin coatings were also investigated [18].
The enhancement in toughness was achieved due to the
phase separation of elastomeric phase, at some stages of
the curing process, into particles of very small sizes.

Many applications benefit from elastomer-modified
epoxy resins including structural automotive composite
parts, prepregs, aerospace adhesives, coatings, marine,
construction, etc.

Verchere et al. [19] have studied the influence of several
formulation parameters, i.e., molecular weight of the di-
glycidyl ether of bisphenol-A (DGEBA) monomer and type
of CTBN on the miscibility gap of the system. They used two
kinds of diamine (ethylenediamine and isophoronediamine)
for curing an epoxy resin. They have shown that the misci-
bility of epoxy monomers with a particular rubber is very
sensitive towards the molar mass of the epoxy molecule.
Wise et al. [20] investigated the toughening of DGEBA with
three types of chain-end functionalized liquid rubber (CTBN
X13, CTBN X8 and ATBN X16). They used diaminodi-
phenylmethane (DDM) and aniline as curing agents.

Ramos et al. [4] prepared a series of different blends
such as CTBN-modified epoxy, in proportions ranging
between 5 and 20 phr; epoxy modified with hydroxyl-ter-
minated polybutadiene (HTPB), in proportions between 5
and 10 phr and piperidine was chosen as the curing agent.
Their results showed that the impact resistance of CTBN-
modified epoxy was superior to that of the pure epoxy resin
and for the blends with HTPB, the impact resistance
increased with elastomer concentration up to three parts per
hundred parts of resin.

Tripathi and Srivastava [13] have modified DGEBA
with CTBN and, in another report [5] they toughened the
blend of DGEBA and cycloaliphatic epoxy resin with
varying weight ratios (0-25 wt%) of CTBN. They used an
aromatic amine hardener (4,4'-diaminodiphenyl sulfone) as
a curing agent. They achieved better-toughened properties
by incorporation of the elastomer of about 20 phr.

The effect of nanoclay and CTBN rubber on the reac-
tion-induced phase separation and cure kinetics of an
epoxy/cyclic anhydride system have been recently inves-
tigated [21]. The results showed that the phase-separated
CTBN rubber hindered the cure reaction and had 3 %
higher activation energy for epoxy/CTBN than an unfilled
system and the accelerating effect of clay on the cure
process was enhanced.

The shape memory behavior of CTBN-epoxy resin
system cured with a cycloaliphatic amine hardener has
been recently investigated by Kavitha et al. [22]. They
showed that the CTBN-modified epoxy shape memory
polymers exhibited a significant increase in the number of
shape memory cycles, which is attributed to the toughening
effect of the CTBN phase.
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One of the conventional epoxy-curing agents is dic-
yandiamide (dicy) which is widely used as a latent curing
agent in heat-cured epoxy resins for laminates or prepreg
fabrications, coatings, and adhesives [23-25]. The curing
reactions of various epoxy/dicyandiamide systems have
been investigated by many investigators [26—28], but there
are no significant reports on using this curing agent in
CTBN-modified epoxy resins.

In this study, toughening of a DGEBA epoxy resin with
CTBN has been studied. The mixture of DGEBA/CTBN is
cured with dicyandiamide which is novel and has not been
yet studied well. A major problem in utilization of dic-
yandiamide is its poor solubility in epoxy resins and ten-
dency to separate and form a white precipitate after the
curing process. Large particle size and poor mixing
adversely affect the mechanical properties of dicyandia-
mide-cured resins and the sedimentation of this curing
reagent’s crystals affects the degree of cross-linking [29].
In this paper, we used simultaneity, a way to overcome this
problem in dicyandiamide curing of CTBN-toughened
epoxy resin.

Experimental
Materials

The epoxy resin used was a DGEBA (Epikote 828, sup-
plied by Momentive, USA) with its epoxy group content of
5.34 mmol/g. Dicyandiamide curing agent was from Merck
and Monuron (3-(4-chlorophenyl)-1-1-dimethylurea) (99 %)
was used as an accelerator, purchased from Aldrich and
used as received.

The liquid elastomer used was a CTBN copolymer and
was purchased from Zibo Qilong Chemical Industry Co. of
China. It contained 27 % acrylonitrile and 0.40 mmol/g
carboxyl and had the viscosity of 60 Pas at 70 °C.
Scheme 1 shows the structures of the materials used in the
study.

Samples preparation

In order to investigate the effect of CTBN on dicyandia-
mide-cured DGEBA, six formulations were prepared
(Table 1). Epoxy resin, a required amount of CTBN and
7 phr of dicyandiamide were mixed and pre-cured at
140 °C for 2.5 h. The solubility of the curing reagent in
epoxy resin increased at high temperature of 140 °C and
both components reacted with DGEBA [27]. The viscosity
of the mixture increased and prevented the dicyandiamide
from sedimentation. The temperature was then reduced and
by addition of 2.5 phr of Monuron and stirring of the
mixture at low temperature for 5 min, a clear homogeneous
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Scheme 1 Structures of diglycidyl ether of bisphenol-A, dicyandiamide and Monuron and CTBN

mixture was obtained. The whole mixture was degassed in
a vacuum oven for 10 min and it was then poured into a
preheated desired iron mold which was greased and the
mixture was cured in a hot air oven at 120 °C for 2 h.

Characterization and instruments
Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used
to show the extent of reaction of epoxy resin with liquid
rubber (CTBN). For this test the spectra were obtained with
a Bruker (Equinox 55) FTIR.

Epoxide equivalent weight (EEW) analysis

The commercial epoxides were titrated as per ASTM D
1652 to determine their respective EEW values [30]. An
amount of 100 g tetraethylammonium bromide was dis-
solved in 400 mL glacial acetic acid. About 0.4 g of each
of the samples was dissolved in 10 mL methylene chloride
in a flask. Ten millimeter of the above tetraethylammonium
bromide solution was then added to the flask containing
blend samples. Six to eight drops of crystal violet indicator
were added into the same flask, stirred well and titrated

against 0.16 N perchloric acid solution to an end point
transition from sharp violet to green. This test was per-
formed on 12 samples after pre-curing at 140 °C for 2.5 h
(6 samples containing epoxy/CTBN/dicyandiamide and 6
samples containing epoxy/CTBN).

Tensile and impact tests

Dumbbell-shaped cured samples were used for the deter-
mination of tensile properties according to the ASTM D
638 standard on a universal testing machine (UTM)
(150 kN, Santam, Iran). The crosshead speed of the
machine was kept at 5 mm/min. The reported values were
taken from an average of five specimens.

A minimum of three specimens, each with a dimension
of 63.5 x 12.7 x 3.5 mm®, were prepared and tested by
the Izod notched impact method, following the ASTM D
256 procedure, by using Zwick impact tester model 5102.

Fracture toughness test

Three-point single-edge notch bend (SENB) specimens
were chosen for the fracture toughness measurements.
According to ASTM D 5045 requirements, the rectangular
specimens, each with 56.4 x 12.7 x 6.8 mm°> dimension,

Table 1 The composition of

Sample code  Epoxy resin (phr) CTBN (phr) Dicyandiamide (phr) Monuron (phr)

dicyandiamide-cured epoxy/ Sample no.

CTBN blends 1 EC00 100
2 ECO05 100
3 ECI10 100
4 EC15 100
5 EC20 100
6 EC25 100

0 7 2.5
5 7 2.5
10 7 2.5
15 7 25
20 7 25
25 7 25
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were in such a size to assure plane strain conditions. An
initial crack (6.5 mm) was machined in specimens and a
natural crack was generated by tapping on a fresh razor
blade placed in the notch. The samples were tested using
150 kN Santam UTM machine in the flexure mode at a
crosshead rate of 10 mm/min. All tests were carried out at
ambient temperature. The following relationship was used
to determine fracture toughness in terms of plane strain
critical-stress-intensity factor, Kic:

Pq

Kic = Wf (x) (1)

where Pg is the critical load for crack propagation (kN); B

is the specimen thickness (cm); W is the specimen width

(cm); and f{x) is a non-dimensional shape factor given by;

[1.99 — x(1 — x) (2.15 — 3.93x + 2.7x%)]
(1+2x) (1 —x)*?

F(x) = 6% 2)

where x = a/W and a is the crack length (cm) [31].
Dynamic mechanical thermal analysis

The glass transition temperatures of cured samples were
determined by dynamic mechanical analysis (DMA) with a
Tritec 2000B DMA, Triton which is a well-known method
for determining viscoelastic properties by applying a con-
trolled sinusoidal strain to a sample and measuring the
resulting stress. DMA gives both storage modulus and loss
modulus characteristics as a function of temperature. The
measurements were carried out at a heating rate of 5 °C/min
from —100 to 200 °C at fixed frequency of 1 Hz. The sam-
ples were rectangular bars of sizes 13 x 10 x 1.5 mm®.

Scanning electron microscopic analysis

The fractured tensile test samples were sputter coated with
gold prior to scanning electron microscopy (SEM) study.
A VEGA model SEM made by Tescan Company was used
to examine the fractured surface of specimens and the SEM
filament voltage was set at 20 kV and several micrographs
were obtained for each sample.

Results and discussion
Fourier-transform infrared spectroscopic analysis

Fourier-transform infrared spectra of neat CTBN, neat
epoxy and epoxy resin reacted with 15 phr CTBN (without
curing agent) is demonstrated in Fig. la—c. For better
understanding, the schematic diagram for the reaction
between oxirane groups of DGEBA and carboxyl groups of
CTBN is illustrated in Scheme 2.
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Fig. 1 FTIR spectra of a neat CTBN, b neat epoxy, ¢ epoxy resin
reacted with 15 phr CTBN (without curing agent)

Figure la (neat CTBN) shows two peaks at 1,738 and
1,708 cm ™! related to the carboxylic group of CTBN, but
these absorption bands are not observed in the FTIR
spectra of epoxy resin reaction with 15 phr CTBN
(Fig. Ic). On the other hand, the peak at 1,732 cm™'
(Fig. 1c) might be indicative of the formation of ester
functional group [13]. As depicted in Fig. la the presence
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Scheme 2 The reaction between oxirane groups of DGEBA and carboxyl groups of CTBN

of an absorption band near 3,200 cm~! and another one at

2,237 cm™! can be ascribed to ~OH and —COOH groups
and —-C=N of CTBN, respectively.

Figure 1b (neat epoxy) shows two peaks at 914 and
830 cm™! which can be ascribed to the oxirane group of
epoxy resin [13]. When CTBN is added to epoxy resin,
generally it is expected that the oxirane ring is opened by
the carboxyl functional group of the CTBN as it is shown in
Scheme 2, but as can be seen in Fig. 1b (neat epoxy), c
(epoxy resin reaction with 15 phr CTBN), no significant
differences could be observed between those peaks (914
and 830 cm_l). This observation could be the result of
either the incomplete reaction between the epoxy ring and
carboxyl group or it can be said that the amount of epoxy
ring reacted with carboxyl functional group was not high
enough to be observed in FTIR. To verify whether the
reaction was complete or not, the acid number of the mix-
ture was examined. Thus, we understood that there were no
unreacted carboxyl groups remaining in the reaction

mixture; therefore, the second reason could be responsible
of this situation. It can be said that since the end groups of
CTBN is less than that of epoxy groups, so the end groups of
epoxy that reacted with CTBN is low and for this reason we
cannot see a significant change in oxirane peak. To support
this reasoning, the following formula is given:

Epoxy group content (mol)

Carboxyl group content (mol)
Epoxy group content (mmol/g) X %wt of Epoxy

- Carboxyl group content (mmol/g) x %wt of CTBN

(3)
Epoxy group content (mol)
Carboxyl group content (mol)
_ Epoxy group content (mmol/g)
~ Carboxyl group content (mmol/g)
phr value of Epoxy
X (4)
phr value of CTBN
gs,‘.‘::,:‘:r:::;:iw @ Springer
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The values of epoxy group content in epoxy resin and
carboxyl group content in CTBN are 5.34 and 0.40 mmol/
g, respectively. For sample with 15 phr of CTBN (EC15),
the value of epoxy/carboxyl ratio is calculated and it is
observed that epoxy group content value is much larger
than the carboxyl group content (Eq. 5)

Epoxy group content (mol)
Carboxyl group content (mol)
_ 5.34mmol/g " 100phr

0.40 mmol/g 15 phr

89.0 (5)

In other words, if by assuming that all carboxyl groups
have reacted with the epoxy groups, then it is just 1.1 % of
the epoxy groups that are used in reaction and for this
reason we cannot see a significant change in oxirane peak
in FTIR.

Epoxide equivalent weight analysis

The EEWs of 12 samples (6 samples containing epoxy/
CTBN/dicyandiamide and 6 samples containing epoxy/
CTBN) were determined via the standard titration method
and the results are shown in Fig. 2. Epoxy/CTBN without
dicyandiamide samples were prepared just for comparison
with those containing this curing agent in order to make
sure that in the mixing of epoxy with CTBN in the presence
of dicyandiamide, no reaction takes place between the
epoxy and the curing agent. Any change in EEW of epoxy/
CTBN blends is related to the reaction of epoxy resin with
CTBN.

According to Fig. 2, while the concentration of CTBN is
increased, the samples containing epoxy and CTBN with-
out dicyandiamide after reaction at 140 °C for 2.5 h have
equal amounts of EEW. This observation is in accordance
with the justifications made for FTIR analysis. On the other
hand, as it is evident from Fig. 2, in the samples containing
dicyandiamide, when its concentration remains unchanged,

250
A r'y
200 ’,/_4“’_/.—/*—:
3
5
= 150
=
w
w
100 1
A With dicyandiamide
¢ Without dicyandiamide
50 . . - - .
0 5 10 15 20 25 30

CTBN (phr)

Fig. 2 Variation of EEW with CTBN concentration
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the values of EEWs are increased slightly; but this behavior
is not observed for the samples without dicyandiamide. The
increase in the amount of EEWs is meant to reduce the
epoxy groups, therefore it can be concluded that the pres-
ence of liquid rubber (CTBN) in the system of epoxy/
dicyandiamide can increase the rate of epoxy curing.

Mechanical properties

Figure 3 shows the stress—strain curves of one sample as
representative of each CTBN-modified epoxy resins as well
as neat epoxy sample. Brittle fracture, i.e., absence of
yielding and non-linear viscoelastic behavior are confir-
mations for the neat epoxy resin; whereas, the CTBN-
modified epoxy resins exhibit large deformation and higher
strain-at-break. It can be observed from Fig. 3 that CTBN
improved the toughening of epoxy resin.

Tensile strength, modulus, elongation-at-break and
toughness (the area under the stress—strain curve) and
impact strength are plotted with the variation of CTBN
content in the blend of epoxy/rubber samples and have
been illustrated in Figs. 4, 5, 6, 7, 8, respectively. Figure 4
shows the tensile strength initially increased from 42 to
57 MPa by about 26 % compared with neat epoxy as 5 phr
CTBN was added in the blend of epoxy and CTBN. An
increase in tensile strength up to 15 phr might have dem-
onstrated some types of interaction between the rubber
particles (CTBN) with epoxy resin, which might have been
mechanically stronger than the unmodified blend system
[12]. Beyond 15 phr, the reduction in the values of modi-
fied blends may be ascribed to the lowering in cross-linking
density of the epoxy network as the modifier occupies the
reaction centers during modification. For the decrease in
the tensile strength, different discussions were given by
Huang and Kinloch [32] and Shukla and Srivastava [12].
Kinloch et al. concluded that the value of tensile strength is
appreciably reduced by the presence of microvoids, but

70
5 phr CTEN

60 1

10 phr CTBN

15phr CTBN

Neat epoxy

50 1
40 4 20 phr CTBN

30 1 25phr CTBN

Stress (MPa)

0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Strain (mm/mm)

Fig. 3 Typical stress—strain curves of epoxy resins containing
different amounts of CTBN
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Fig. 4 Variation of tensile strength of dicyandiamide-cured modified
epoxies with CTBN concentration

Srivastava et al. concluded that the lowered tensile strength
can be interpreted with the stress concentration effect of the
rubber particles.

A continuous decrease in modulus was observed as the
concentration of the CTBN phase increased (Fig. 5). The
modulus decreased from 2.89 to about 0.89 GPa with
increasing CTBN content. In other words, when 25 phr
CTBN was added in the blend, the value of modulus
decreased by about 225 % compared with the neat epoxy
resin. It is indeed important to note that the modulus of neat
dicyandiamide-cured epoxy was higher than the values
reported for other systems [5, 13]. The decrease in modulus
can be due to lower modulus of elastomer phase than the
modulus of the epoxy phase that this phenomenon may be
due to the increase in the relative amount of dissolved
rubber as rubber content increases. Generally, when a
rubber modifier (like CTBN) is added to the epoxy resin, its
elastomeric character enforces a decrease in modulus,
significantly. In agreement with many studies [13, 33], the
tensile modulus decreases with increases in soft rubber
content.

3500
3000
2500
2000

1500

Modulus (MPa)

1000 i

500

0 1 1 1 1
0 5 10 15 20 25

CTBN (phr)

Fig. 5 Variation of tensile modulus of modified epoxies with CTBN
concentration

Fig. 6 Variation of elongation-at-break of modified epoxies with
CTBN concentration
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Fig. 7 Variation of toughness of modified epoxies with CTBN
concentration

The elongation-at-break of the modified epoxies
increased continuously with increasing rubber phase con-
tent in the blend samples (Fig. 6). The elongation-at-break
increases from about 1.60 to 3.87 % with increasing CTBN
content from 0 to 25 phr. This increasing could be a reason
for a good adhesion via a chemical reaction between the
rubber and epoxy phase.

The area under the stress—strain curves, which is a
measure of toughness, is indicated in Fig. 7 as a function of
CTBN content. From Fig. 7, it can be observed that all
modified epoxies have higher toughness than the neat
epoxy resin. The blend network containing a 15 phr CTBN
has a maximum toughness value of 45.77 kJ/m* which is
about 58 % higher than that of neat epoxy. The increase in
toughness may be due to the amount of elastic energy
stored in the rubber particles during stretching [13].
Beyond 15 phr, the reduction in the values of toughness
can be seen and this behavior is in agreement with the
reported results [S5, 13]. It is worth mentioning that the
toughness reported in Fig. 7 is calculated from the area
under the stress—strain curves. Since the modulus and
strength decrease following the addition of CTBN beyond

&3.
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Fig. 8 Variation of impact resistance of modified epoxies with
CTBN concentration

15 phr, it is expected to see that the toughness would be
decreased as well. But, the better evaluation of true
toughness of a system is to measure the fracture toughness,
Kjc, the results of which will be explained further and we
will see that the fracture toughness is not reduced beyond
15 phr of CTBN addition. Overall, the results of tensile
properties indicate that the dicyandiamide-cured epoxy
resin containing CTBN particles ranging between 10 and
15 phr showed well-balanced properties.

Figure 8 illustrates the Izod impact strength of the not-
ched modified epoxy samples as function of CTBN con-
tent. It is evident from Fig. 8 that the impact strength of the
modified networks is significantly greater than that of
the neat resin. The impact strength values ranged from
7.19 J/m for the neat epoxy to 19.20 J/m for 15 phr CTBN
content. In other words, at 25 phr rubber, a threefold
increase in the impact strength was observed. The impact
behavior of the blend samples may be explained according
to the two-phase nature of the system [5]. These might
dissipate at the crack tip by these multiple deformations,
which reflect an increase in the values of impact strength
[12]. Thus, the rubber particles are able to prevent the crack
growing to a catastrophic size [5]. The deformation of the
rubber particles in the epoxy resin seemed to be responsible
for the stress transfer. Shear yielding of the matrix is
another reasonable mechanism that could have happened.

Fracture toughness

The variation of fracture toughness (Kjc) as a function of
CTBN concentration is displayed in Fig. 9. This figure
reveals that the values of Kjc for the CTBN-modified
epoxy resins are much higher than Kjc of the unmodified
epoxy which reflects the poor crack resistance of the neat
epoxy resin systems. It is also revealed that the values of
Kjc increased up to 15 phr of CTBN added in the blend

&8
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system and then a slight reduction in the values of Kjc was
observed as it is evident in Fig. 9. In general, above 10 phr
CTBN content, all blend samples have shown approxi-
mately the same values of Kjc. This may indicate that in all
blend samples the increase in Kjc values can be attributed
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Fig. 11 Effect of CTBN concentration on storage modulus of
dicyandiamide-cured epoxy resin
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to the percolation of rubber particles around the polymer The differences between Izod impact strength test and
chains of the epoxy resin [5]. Huang and Kinloch [32] fracture toughness test might be attributed to the fact that
concluded that the increasing of fracture toughness (Kic) the tests were performed under different conditions. Kjc
can be interpreted by the presence of the microvoids. was realized at a relatively low speed, whereas the impact
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Fig. 12 continued

was tested at a high speed. From these two tests it may be
realized that this system shows different responses in high-
speed (impact) and slow-speed conditions. In other words,
when blend samples are tested at a high speed, the rubber
particles would not have had time to respond to this type of
loading.

Dynamic mechanical thermal analysis

Dynamic mechanical loss factor (tan ¢) and storage mod-
ulus (E') of neat epoxy resin as well as 15 and 25 phr of
CTBN-modified epoxies as a function of temperature are
depicted in Figs. 10 and 11, respectively. The glass tran-
sition temperature (at maximum point of tan ¢ curve at
1 Hz) is 116.1 °C for the neat epoxy, which is lower than
the T, of the modified epoxy. The addition of 15 and 25 phr
CTBN in the epoxy increased the T, of the epoxy phase by
about 6.3 and 11.3 °C, respectively. In other words, the
addition of CTBN in epoxy system causes a significant
increase in the glass transition temperature. Different
effects have been reported before [13]. The full width at
half maximum (FWHM) of the tan § peak of 25 phr of
CTBN-modified epoxy is much higher than that of the neat
epoxy. This suggests that this sample has a wider distri-
bution of the local cross-link density than the neat epoxy
resin [34].
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Figure 11 shows that the neat epoxy has higher initial
storage modulus. In all samples, the values of E' decrease
with increases in temperature. A significant drop in mod-
ified epoxies at about —30 °C may be attributed to the T, of
CTBN. Also, at any given temperature the gradual drop of
storage modulus with the addition of CTBN denotes the
increase in flexibility of modified epoxy which could be
due to lower modulus of liquid rubber or plasticizing effect
of CTBN liquid rubber. The neat epoxy exhibits higher
rubbery plateau values of storage modulus and 25 phr
modified epoxy resin showed much lower values. This
means that the modified resins displayed lower equivalent
average cross-link density and this might be the reason of
their lower tensile modulus.

Scanning electron microscopic analysis

The fractured surfaces of blend samples from tensile test
were studied using SEM. Generic fracture surfaces of the
unmodified and modified epoxy resin containing CTBN
ranging between 5 and 25 phr, with an increment of 5 phr
CTBN, are shown in Fig. 12. The pattern of morphology
observed for the unmodified epoxy matrix (Fig. 12a) shows
smooth and glassy fractured surfaces with ripples. The
fractured surfaces of the CTBN-modified epoxy matrix
showed two-phase morphology with a scattered rubber
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phase (CTBN spherical particles) and a rigid continuous
phase (epoxy matrix). The soft elastomeric phase was
phase separated from the hard epoxy matrix during the
early stage of cure [13].

The size of rubber particles in blend sample containing
15 phr of CTBN (Fig. 10d) was larger than rubber particles
in blend samples containing 5 and 10 phr of CTBN
(Fig. 12b, c). This increase in the size of the scattered
rubber particles could be associated with the coalescence of
the dispersed rubber particles.

From Fig. 12f (systems with 25 phr of CTBN) it can be
observed that with the amount of rubber higher than the
optimum, the second rubbery phase became more and more
aggregated leading to a phase of less distinct epoxy matrix
[13] with a tendency towards co-continuous phase. This
condition led to the flexibility of the blend resulting in
reduced mechanical properties like tensile strength, tensile
modulus and toughness.

Different mechanisms like crazing, shear banding and
elastic deformation of the rubber particles have been pro-
posed and these mechanisms were thought to act alone or
in combination, to produce the toughening effect in rubber-
modified epoxies [13].

Conclusion

Toughening of dicyandiamide-cured DGEBA with liquid
CTBN copolymer has been investigated by varying the
composition of CTBN from 0 to 25 phr. The samples were
cured with dicyandiamide and Monuron accelerator. To
avoid the sedimentation of dicyandiamide, the mixture of
epoxy/dicyandiamide/CTBN was heated for a certain per-
iod of time. FTIR spectra and EEWs of samples showed the
reaction between oxirane groups of DGEBA and carboxyl
groups of CTBN. The results showed that the tensile
strength of the modified epoxy increased by about 26 %
compared with the neat epoxy resin, when 5 phr of CTBN
was used. Tensile modulus decreased gradually by adding
CTBN but, the elongation-at-break increased by 59 % and
Izod impact strength increased by 63 % with increases in
CTBN content compared with the neat epoxy resin. The
maximum toughness was achieved at optimum concentra-
tion of 15 phr of CTBN, whereas the fracture toughness
(Kic) increased up to 10 phr of CTBN and it more or less
remained constant (1.5 MPa m'?) for higher CTBN con-
tent. The glass transition temperature (1) of the modified
epoxy was significantly increased upon the inclusion of
CTBN. The SEM analysis showed a two-phase morphol-
ogy where the rubber particles were dispersed in the epoxy
matrix and a tendency towards co-continuous phase was
observed upon the inclusion of 25 phr of CTBN.
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