
1.  INTRODUCTION
Epoxy resins, a member of the thermoset group, have widely 
used as matrix materials in the production of polymer ma-
trix composite materials [1]. The high-performance protec-
tive coatings, structural adhesives, structural materials are 
other areas of use. Among polymer matrices, epoxy resins 
are preferred over other thermoset matrices in terms of their 
thermal stability, mechanical properties and processability 
[2]. They are commonly cured with amine-based agents to 
form rigid network polymers [3]. However, other hardener 
groups such as acids and anhydrides are also used for cur-
ing epoxy resins [4]. When epoxy resins are subjected to a 
curing process, they form a high cross-linking rate and turn 
into an amorphous thermoset material. These cross-linked 
structures are majorly brittle. In addition, they are very 
poorly resistant to crack formation and growth [5]. This be-
havior limits their use in aerospace, defense, and automotive 
applications. It is a common effort to add any rubber type 
to the matrix to increase the toughness of the epoxy. On 
this topic, controlling the curing reactions to induce phase 
separation of the rubber has been extensively studied in the 
literature [4, 6-14]. Carboxy-terminated butadiene acrylo-

nitrile (CTBN) was used in most of these studies to modify 
the epoxy.  Modification methods of the epoxy matrix tradi-
tionally involve two main steps. Firstly, CTBN and epoxy are 
mixed, and a pre-polymer blend is obtained. Secondly, the 
curing agent is added to this pre-blend and then carried out 
to the curing process.  When the toughening rigid CTBN/
epoxy network is   examined under a microscope, a distribu-
tion and dispersed rubber phase in the epoxy matrix is   seen. 
The fracture behavior of final products produced by CTBN/
epoxy blends depends on the size of the rubber particles [12, 
15-17]. 

The Chemical bond formation is required for an efficient 
stress transfer between CTBN and epoxy [18]. This bond 
formation may occur at low and high temperatures de-
pending on the type of curing agent. During the curing of 
the CTBN/epoxy blend, the separation of the rubber phase 
from the epoxy matrix occurs. The molecular weight of the 
epoxy increases with the decrease of the configurational en-
tropy in the curing process [19-23]. It leads to a decrease in 
the solubility of CTBN with the increase of the molecular 
weight of the epoxy. Chemical reactions controlling cross-
link density between epoxy and curing agent are effective 
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in the precipitation of rubber particles. In addition, the par-
ticle size and distribution of rubbers formed in the epoxy 
matrix depend on the curing procedure and the interaction 
between the rubber and epoxy resin [24-26]. 

The epoxy systems are used in the polymer industry. The 
mechanical properties of the final product produced with 
these systems depend on the nature of the curing agent used, 
and anhydride- and amine-based curing agents are widely 
used in the composite industry. The aim of the study is to 
investigate the tensile and fracture properties of CTBN/ep-
oxy cured with anhydride- and amine-based curing agents. 
The mechanical properties of the blends depend on the ho-
mogeneous dispersion of CTBN in epoxy and the curing 
and post-curing processes. The fracture tests by using linear 
fracture mechanics (LEFM), and tensile tests were carried 
out on the blends. Relationships between fracture toughness 
and the average rubber particle size have been reported.

2. MATERIALS AND METHODS

2.1. Materials
For this study,  diglycidyl ether of bisphenol A resins with 
low viscosity in the two different standards (trade name; 
EPIKOTE™ 828 LVEL and Laminating resin MGS L285) 
were preferred. Hexahydrophthalic anhydride (trade name; 
EPIKURE™ H866) and 3-aminomethyl-3,5,5-trimethylcy-
clohexylamine (trade name; L285) are curing agents of these 
epoxy resins.

Table 1. The properties of the CTBN liquid rubber

Properties Values

Viscosity, (40 °C) Pa.s 7-12

Carboxyl content， mmol/g 0.58~0.65

Nitrile group content，% 8.0~12.0

Water content，% ≤ 0.05

Volatile content，% ≤ 2.0

To modify the epoxy, the liquid rubber used is carboxyl-terminated butadi-
ene–acrylonitrile copolymer (CTBN) purchased from Zibo Qilong, China. The 
properties of CTBN liquid rubber given in Table 1.

Figure 1.  The chemical structure of components (a) diglycidyl ether of 
bisphenol A (DGEBA), (b) 3-aminomethyl-3,5,5-trimethylcyclohexylamine, 
(c) hexahydrophthalic anhydride  and (d) carboxyl terminated butadiene 

acrylonitrile (CTBN) used in this study.

2.2. Production of epoxy/CTBN blends
0, 1, 3, 5, 7, 10, and 15 wt.% CTBN was added to the MGS 
LR285 and the 828 LVEL epoxy resins. The CTBN/MGS 
LR285 and CTBN/828 LVEL blends were heated up to 25 °C 
and 60 °C, respectively. Afterward, both blends were mixed 
together continuously until a clear blend was obtained, then 
the blends were degassed at 25 °C by vacuum for about 10 
minutes. After, it was used curing processes, offering the 
high mechanical properties provided by the resin manu-
facturers for both the blends. A stoichiometric amount of 
amine-based L285 and anhydride-based H866 curing agents 
were added to CTBN/MGS LR285 and CTBN/828 LVEL 
blends, respectively. Both blends containing curing agents 
were stirred slowly. The CTBN/MGS LR285/L285 blends 
were cured at 60 °C for 1 hour, and then post-cured for 3 
hours at 90 °C. Then, the other CTBN/828 LVEL/H866 
blends were cured at 120 °C for 3 hours, and then post-cured 
for 3 hours at 150 °C. The ratios of components in CTBN/
epoxy blends cured by anhydride- and amine-based were 
given in Table 2 and Table 3, respectively.

Table 2. The ratios of CTBN/epoxy blends cured by anhydride-based

Sample 
Codes

Trade 
name of 

resin

Trade name 
of curing 

agent

Bisphenol-A 
Epoxy resin,

wt.%

CTBN*,

wt.%

Anhydri-
de-based

curing agent 
wt.%

8H0

828 LVEL H866 80

0

20

8H1 1

8H3 3

8H5 5

8H7 7

8H10 10

8H15 15

* 0-15 wt.% CTBN was added onto the combination of the curing agent/
epoxy in stoichiometric amount (20/80).

Table 3. The ratios of CTBN/epoxy blends cured by amine-based

Sample 
Codes

Trade 
name of 

resin

Trade 
name of 
curing 
agent

Bisphenol-A 
Epoxy resin,

wt.%

CTBN*,

wt.%

Amine-ba-
sed

curing agent 
wt.%

ML0

MGS 
LR285

L285 60

0

40

ML1 1

ML3 3

ML5 5

ML7 7

ML10 10

ML15 15

* 0-15 wt.% CTBN was added onto the combination of the curing agent/
epoxy in stoichiometric amount (40/60).

2.3. Mechanical characterization
The static tensile properties of the composites were deter-
mined at room temperature (24 °C) using a Shimadzu tes-
ter (AGS-X Series) with a crosshead speed of 2 mm/min, 
according to ASTM D638. Three samples of each compo-
sition were tested, and the average value and standard de-
viation were reported. The Mode-I critical stress intensity 
factor (KIC) was measured using single edge notched bend 
(SENB) samples of 10×20×88 mm3, which ensures the plane 
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strain condition according to ASTM D5045.  Dimensions of 
tensile and fracture test samples used in mechanical char-
acterization were given in Figure 2. The SENB sample and 
three-point flexural test fixture used in the fracture tough-
ness measurements were shown in Figure 3.

Figure 2. Dimensions of tensile (a) and fracture (b) test samples used in 
mechanical characterization

Figure 3. Fracture toughness measurements on SENB sample

The sharp crack was generated by a fresh razor blade, which 
was fixed to tool holder of universal milling machine, on the 
notch in the middle of the rectangular bar. The fracture tests 
were conducted on the same Shimadzu tester at a crosshead 
speed of 10 mm/min. The KIC values were calculated using 
the following relationship:
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where, KQ is a provisional fracture toughness, f(x) the shape 
factor, PQ the peak load, B the sample thickness, W the sam-
ple width, a the crack length, σYS the yield strength. Eq. (4) 
was satisfied for the dimensions of produced SENB samples. 
The SENB samples were loaded up to break on a Shimadzu 
tester (AGS-X Series) under a crosshead speed of 10 mm/
min. The value of the strain energy release rate (GIC) was 
calculated from the knowledge of the values of KIC and E, 
using the relationship:

 (5)

where υ is the Poisson’s ratio and was taken to be 0.35 in 
value [27, 28]. 

2.4. Differential scanning calorimetry analysis 
Differential scanning calorimetric (DSC) analysis was em-
ployed to study the curing processes of the pure epoxy and 
10 wt.% CTBN/epoxy blend. The DSC measurements were 
performed with a METTLER TOLEDO DSC 1-STAR Sys-
tem calorimeter by using a computer for data acquisition. 
Isothermal heating measurements were carried out in a ni-
trogen flow of 50 ml/min. The heating was made from 25 °C 
to the temperature of the isotherm at a heating rate of 5 °C/
min. The curing process of the pure epoxy and CTBN/epoxy 
blends govern the mechanical and thermal properties that 
are crucial in applications.

2.5.  Examination of Fracture Surfaces
Dispersion and distribution of rubber particles in the frac-
ture surfaces of CTBN/epoxy blends was studied with a 
Nikon optical microscope. To obtain microstructures show-
ing the dispersion and distribution of particles, TSView that 
is a modular software specialized for image acquisition, pro-
cessing and analysis was used. The fracture surface scrutiny 
of samples was achieved with image acquisition and image 
processing modules of the software. The average particle 
size was defined by measuring the sizes of 20 randomly cho-
sen the rubber particles from acquired the microstructure 
images.

3. RESULTS AND DISCUSSION

3.1. Tensile Properties
The stress-strain curves of pure epoxy and CTBN/ep-
oxy blends cured with anhydride-and amine-based curing 
agents are shown in Figure 4 and Figure 5, respectively. The 
significant tensile properties calculated from these curves 
are presented in Table 4 and Table 5. It is well known from 
the literature [10, 13, 15, 29, 30] that modification of epoxy 
with rubber decreases the tensile strength and elasticity 
modulus. Generally, this reduction is attributed to the low 
modulus of elasticity of the rubber phase and the reduc-
tion of the crosslink density of the epoxy during curing. As 
expected, the tensile strength and modulus of elasticity of 
pure epoxy and CTBN/epoxy blends cured with both curing 
agents decreased as the rate of CTBN addition by weight in-
creased. As seen from Figure 4, the strain of epoxy increased 
with the addition of 7 wt.% and 10 wt.% CTBN/epoxy cured 
by anhydrite-based agent. 

The inclusion of 1 wt.% and 3 wt.% CTBN in the epoxy 
cured by amine-based agent led to increases in the strain, as 
shown in Figure 5. Moreover, the tensile strength and elas-
ticity modulus of the CTBN/epoxy matrix slightly decreases 
with the addition of 1 wt.% and 3 wt.% CTBN, whereas a 
major increase in the strain was observed at the same sam-
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ples. The ductility of the epoxy matrix can be achieved by 
reducing the crosslink density [31]. In addition, the crosslink 
density is affected by the epoxy equivalent weights of the ep-
oxies. Pearson and Yee [32] examined the effect of the epoxy 
equivalent by varying the crosslink density of CTBN/epoxy 
blends cured with different DDS. They reported greater 
ductility with low cross-linked epoxies.

Figure 4. The stress-strain curves of pure epoxy and CTBN/epoxy blends 
cured by anhydrite-based agent

Table 4. Tensile test results of CTBN/epoxy blends cured by anhydri-
de-based agent

Sample
Codes

Tensile Strength 
(σ), MPa

Strain (ϵ), 
%

Modulus (E), 
GPa

8H0 72.58±3.21 4.06±0.58 3.00±0.05

8H1 66.80±2.98 3.16±0.34 2.92±0.04

8H3 64.23±4.08 3.93±0.22 2.88±0.01

8H5 63.08±2.87 3.84±0.17 2.69±0.05

8H7 63.77±1.26 4.37±0.97 2.52±0.03

8H10 54.13±5.33 4.26±0.55 2.33±0.05

8H15 52.99±2.29 3.88±0.15 2.08±0.05

Figure 5. The stress-strain curves of pure epoxy and CTBN/epoxy blends 
cured by amine-based agent

Table 5. Tensile test results of CTBN/epoxy blends cured by amine-based 
agent

Sample
Codes

Tensile Strength 
(σ), MPa

Strain (ϵ), 
%

Modulus (E), 
GPa

ML0 76.89±3.21 6.78±0.78 3.20±0.05

ML1 75.91±1.09 7.54±1.99 3.05±0.01

ML3 69.31±1.30 7.43±1.28 3.01±0.04

ML5 64.99±0.69 6.28±1.77 2.97±0.02

ML7 64.63±0.62 5.93±1.02 2.96±0.03

ML10 52.86±1.36 5.57±0.75 2.94±0.05

ML15 50.85±0.95 4.33±0.21 2.86±0.02

The ductility value increased more in ML1 and ML3 sam-
ples with lower CTBN content than the 8H7 and 8H10 sam-
ples with high CTBN content. It can be said that less cross-
link density occurs at low rubber content in CTBN/epoxies 
produced with the amine-based agent. Compared to the 
CTBN/epoxy blends cured by anhydrite- and amine-based 
agent, the blends cured by amine-based agent presents high-
er tensile strength, strain at break and elasticity modulus. 
The mechanical properties of the CTBN/epoxy blends cured 
by amine-based agent were found to be more consistent and 
higher compared to using an anhydrite-based agents.

3.2. Fracture toughness
For pure epoxy and CTBN/epoxy blends cured with an-
hydride- and amine-based agents, fracture toughness (KIC) 
and critical strain energy release rate (GIC) are given in Fig-
ure 6 and Figure 7, respectively. The 8H0 and ML0 samples 
show low fracture toughness of 1.24±0.05 MPam1/2 and 
0.80±0.30 MPam1/2 respectively. The addition of CTBN to 
the epoxy cured with the amine-based agent significantly 
increased the KIC to 2.66±0.78 MPam1/2, approximately 3.5 
times. However, the enhancement in fracture toughness 
could not be achieved with CTBN/epoxy blends cured by 
the anhydride-based agent. The KIC and GIC values gradu-
ally decreased as CTBN was added to the anhydride/epoxy 
system. The presence of CTBN in the amine/epoxy system 
progressively increased fracture toughness but a decrease 
in KIC was observed with the addition of more than 10% by 
weight of CTBN. The improvement in fracture toughness 
has been attributed to matrix shear banding [33], cavitation 
[34], and rubber fractures [35]. In addition, the stress dis-
sipation between the rubber phase and polymer chains is 
improved due to the percolation of rubber particles in the 
epoxy matrix. This improvement restricts crack growth 
leading to increased fracture toughness [30].  As shown in 
Table 5, the improvements in fracture toughness of CTBN/
epoxy blends were within 70-300% in literature studies [13, 
14, 24, 26, 30, 36, 37]. 

The CTBN modification at rates ranging from 5-15% by 
weight has shown remarkable results in terms of increased 
toughness. When more than 15 wt.% CTBN is added to pure 
epoxy, it was seen a trend for a decrease in the toughness of 
the epoxy due to rubber agglomeration and phase inversion 
[38]. This demonstrates that the CTBN curing effect reveals 
its saturation and reactive rubber types as a liquid rubber 
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modifier are a useful method for obtaining polymer blends 
with high fracture toughness. The effects of rubber parti-
cle size on the toughness of both epoxy systems modified 
with CTBN were analyzed over fracture surface studies and 
toughening mechanisms and discussed in the subsequent 
section.

Figure 6. Fracture toughness (KIC) and critical strain energy release rate 
(GIC) of pure epoxy and its CTBN blends cured by anhydrite-based agent

Figure 7. Fracture toughness (KIC) and critical strain energy release rate 
(GIC) of pure epoxy and its CTBN blends cured by amine-based agent

Table 5. The increases in fracture toughness of CTBN epoxy blends accor-
ding to related literature

References
Rubber 
Types

Rubber 
Content

Fracture tou-
ghness of pure 

epoxy,
(KIC), MPa m1/2

Fracture tough-
ness of CTBN/
epoxy blend,

(KIC), MPa m1/2

Incre-
ase,

%

Wang et al [13] CTBN 10 wt.% 0.75 1.28 70.7

Zhang et al [14] CTBN 10 wt.% 0.77 1.47 90.8

Tripathi et al [30] CTBN 15 wt.% 0.90 3.6 300

Chikhi et al [24] ATBN* 12.5 phr 0.90 1.5 66.7

Thomas et al [26] HTPB* 10 wt.% 0.90 2.5 178

Yahyaie et al [37] ETPB* 7.5 wt.% 0.65 1.80 176

Saleh et al [36] LENR* 5 wt.% 0.80 3.1 288

This study CTBN 10 wt.% 0.80±0.30 2.66±0.78 202

*Amine-terminated butadiene acrylonitrile (ATBN), Hydroxyl-terminated 
polybutadiene (HTPB), Epoxy-terminated polybutadiene (ETPB), Epoxidized 
natural rubber (LENR)

3.3. Effect of Rubber Particle Size
The growth of rubber particles in the epoxy matrix is af-
fected by the curing reaction rate of the epoxy [23]. 10 wt.% 
CTBN modified epoxy blend were cured with both amine-
based and anhydride-based agents and analyzed by DSC. 
Figure 8 shows the accelerating effect of 10 wt.% CTBN car-
boxyl groups on the curing of amine/epoxy and anhydride/
epoxy. The presence of CTBN in the epoxy matrix shifts 
the peak exotherm. With the increased reaction rate, these 
peaks are shifted to lower temperatures, while are shifted to 
higher temperatures with decreasing reaction rates. It was 
found that the peak exotherm did not change in the CTBN/
epoxy blend cured by anhydride-based agent. 

Figure 8. DSC scanning of 10 wt.% CTBN modified and unmodified 
anhydrite/epoxy (a) and amine/epoxy (b) systems

It was concluded that the reaction rate in the anhydride/ep-
oxy system was not affected by the presence of CTBN. In the 
CTBN/epoxy blend cured by amine-based agent, the peak 
exotherm was shifted to a higher temperature. The presence 
of CTBN reduced the curing reaction rate in the amine-ep-
oxy system. In the anhydride/epoxy system, the heat of po-
lymerization slightly decreased. This confirms that the final 
reaction status for CTBN is not significantly affected by 
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the presence of CTBN. It was observed that the heat of po-
lymerization was reduced dramatically with the addition of 
CTBN in the amine/epoxy system.

In CTBN/epoxy blends cured with anhydride- and amine-
based agents, the average size (APS) of rubber particles 
formed by the phase separation mechanism [22] in the 
epoxy matrix was affected by the CTBN ratio by weight. 
Figure 9 shows the change of fracture toughness with APS 
according to the curing agent type. The APS of 8H1, 8H3 
8H5, 8H7, 8H10 and 8H15 samples was obtained in about 
0.10, 0.32, 0.53, 0.67, 0.95 and 0.37 micron, respectively. The 
APS increased up to 10 wt.% CTBN rate but decreased af-
ter this rate. Figure 10 shows that the rubber particle is ho-
mogeneously distributed in the matrix in the 8H1 and 8H5 
samples compared to the 8H10 and 8H15 samples. The APS 
in 8H1 and 8H5 samples are close to each other. However, 
in the 8H10 and 8H15 samples, the rubber particles were 
dispersed in the matrix with different APS. The CTBN ra-
tio in the samples cured by anhydride-based agent affected 
the size and distribution of the particles. However, it did not 
contribute to increasing the fracture toughness of the epoxy. 
As the weight of the CTBN ratio increased in anhydride/
epoxy systems, fracture toughness gradually decreased.

The average particle sizes of ML1, ML3, ML5, ML7, ML10 
and ML15 samples were obtained in about 0.12, 0.37, 0.61, 
2.7, 7.3 and 4.5 micron, respectively. As with the samples 
cured by anhydride-based agent, APS first increased up to 
10 wt.% CTBN, but a decrease was detected after this rate. 
Figure 11 shows that the rubber particles in ML1, ML5 and 
ML10 samples are homogeneously distributed into the ma-
trix, except for the ML15 sample. The CTBN ratio in the 
samples cured by amine-based agent affected the size and 
distribution of the particles. In contrast to the samples cured 
by anhydride-based agent, the rise of the CTBN ratio con-
tributed to increasing the fracture toughness of the epoxy. 
As the weight of the CTBN ratio increased in amine/epoxy 
systems except for the 15 wt.% CTBN ratio, fracture tough-
ness gradually increased.

Figure 9. Comparison of average rubber particle size versus and fracture 
toughness versus CTBN ratios

The effect of CTBN modification had different results on 

fracture toughness of anhydride/epoxy and amine/epoxy 
systems. The morphology of CTBN/epoxy blends cured 
at different temperatures is shown in Figure 10 and Figure 
11. The APS of rubbers formed in CTBN/epoxy blends de-
creased as the isothermal curing temperature increased, and 
larger APS of rubber was observed in optical micrographs 
of epoxy mixtures cured at a lower temperature. The phase 
separation in epoxy/rubber blends occurs at a constant tem-
perature. The rubber phase separation is initiated by the re-
action caused curing agent. The phase separation has been 
reported to progress through the mechanism of nucleation 
and growth in the epoxy matrix [39, 40]. The curing rate in 
epoxy systems cured by anhydride-based agent is extremely 
high at elevated temperatures. A high curing temperature 
leads to a higher viscosity at the initiating of rubber phase 
separation. This leads to the diffusion difficulty required for 
the growth of rubber particles [41]. Therefore, in the anhy-
dride/epoxy system, under the effect of a high curing tem-
perature, the degree of phase separation was low, resulting 
in a low APS of the rubber formed. The rubber APS in ep-
oxy/rubber blends is determines by the reaction kinetics in 
which the curing agent is involved. Therefore, the fracture 
behavior of epoxy/rubber blends depending on APS should 
be investigated experimentally. 

4. CONCLUSIONS
The CTBN modification effect on the tensile and fracture 
properties of CTBN/epoxy blends cured by anhydride- and 
amine-based agent was investigated, and the results ob-
tained from the study were summarized below:

1. The curing temperature is a necessary procedure for ob-
taining the optimal toughening effect of rubber, particularly 
in epoxies cured by anhydrite-based agent. The anhydride/
epoxy systems cured at high temperatures of 120 °C cause 
smaller rubber particle sizes compared to amine/epoxy sys-
tems cured at low curing temperatures of 90 °C. Therefore, 
the presence of the rubber phase, which has relatively small 
particle sizes in the epoxy matrix, decreases the fracture 
toughness.

2. The fracture toughness is dependent on CTBN rubber 
particle size and distribution.

3. The fracture toughness of CTBN/epoxy blends cured by 
anhydride-based agent decreased as CTBN addition in-
creased in the epoxy matrix.

4. In fracture surfaces examination, large rubber particles 
have been found to be more effective than small particles in 
producing an enriched toughness effect.

5. The microstructure of the dispersed particles in the 
CTBN modified anhydrite/epoxy system was not found to 
be significantly changed by different CTBN content.

6. In amine/epoxy systems cured at low curing tempera-
tures, CTBN decreased the cross-linking reaction rate by 
shifting the exotherm peak to high temperature. This situa-
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Figure 10. The optical microscope images of the fracture surfaces of CTBN/epoxy blends cured by anhydride –based agent.

Figure 11. The optical microscope images of the fracture surfaces of CTBN/epoxy blends cured by amine-based agent.
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tion had a positive effect on the growth of rubber particles. 
However, the exotherm peak did not shift in anhydride/ep-
oxy systems, so this effect was not observed.

7. It was found from optic micrographs that the average size 
of rubber particles in the 10 wt% CTBN modified anhydrite/
epoxy system was 0.95 μm, which is smaller than the aver-
age size of rubber particles for the 10 wt.% CTBN modified 
amine/epoxy system (7.3 μm).

8. As the CTBN rate increased in anhydride/epoxy and 
amine/epoxy systems, a decrease in tensile strength and 
elasticity modulus was found. The deformation abilities of 
both epoxy systems were improved by the optimized addi-
tion of CTBN.
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