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Abstract Systematic study about the effect of acryloni-

trile–butadiene rubber (NBR) concentration on the fracture

toughness and thermal behavior of epoxy resin is con-

ducted in this study. NBR is solved in an aromatic

hydrocarbon solvent and is added to epoxy resin. We used

diethylene-teriamin as the curing agent for epoxy resin.

Tensile test results, performed followed by molding pro-

cedure, show that the toughness is improved owing to the

increase of rubber content. Scanning electron microscopy

(SEM) and atomic force microscopy besides thermogravi-

metric analysis (TG) are used to investigate the epoxy/

rubber interface and chemical decomposition of the resul-

tant mixture. The thermal behavior of cured epoxy resin

was analyzed via TG instrument at different heating rates.

Thermogravimetry curves showed that the thermal

decomposition of epoxy system was occurred in only one

stage regardless of the rubber content. The apparent acti-

vation energies of the rubber/epoxy systems containing 0,

5, and 10 phr of rubber were determined by Flynn–Wall–

Ozawa, Kissinger–Akahira–Sunose, and Friedman meth-

ods. The results prove that the thermal stability of epoxy

resin was decreased with enhancing the rubber content.

However, the trend of changing activation energy versus

conversions is totally different followed by adding the

elastomer to the system compared to neat epoxy resin.

Moreover, the results obtained via our proposed facile

solution blending method are compared to those of resins

modified with nano-powdered elastomer.

Keywords NBR elastomer � Epoxy resin � Compound �
Solution blending � Thermal degradation

Introduction

Epoxy resins are considered as one of the most important

classes of thermosetting polymers and are employed as

structural adhesives, matrices in fiber-reinforced compos-

ites, coatings for metals, and other engineering application.

They are relatively brittle and show poor resistant against

crack initiation and growth. To address this defect, resin

formulators have developed a technological method that

permits thermoset resins to be toughened by the addition of

a second elastomeric phase [1–5]. Also, their low shrinkage

upon curing (less than 0.5 %) has made them a good

candidate for molding over curing process [6]. There are

several approaches to enhance the epoxy resin toughness

[6–12] which include: chemical modification of the epoxy

backbone to make it more flexible, increasing the molec-

ular mass of epoxy, lowering the cross-link density of

matrix, incorporation of a dispersed toughener phase in the

cured polymer matrix, and inclusion of inorganic fillers

into the neat resin. Amongst these approaches, toughening

mechanism by rubber particles has so far shown to be the

most effective method. These toughening agents could

include reactive or nonreactive rubber parts [8–11]. Pow-

dered thermoset coatings are solvent free and unlike the

conventional liquid coatings have zero volatile organic

content (VOC) [13, 14].
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It is generally accepted that the degradation of epoxy

resin starts by the dehydration of secondary alcoholic

groups followed by hemolytic session of the formed allelic

bond. Repetition of the epoxy network bond session leads

to the evaporation of low molecular mass fragments;

whereas, polymerization of unsaturated bonds resulting

from dehydration and subsequent aromatization contributes

to charring [15].

For many years, it has been well established that through

different toughening mechanisms, the incorporation of a

second phase of either soft or rigid fillers can confer greatly

enhanced fracture toughness to epoxies. Typically, the fillers

are of micron size [16] and due to their small size and large

surface area, nanoparticles are unique fillers yielding totally

different effects and improved physical properties compared

to conventional fillers with sizes in the micrometer range. Of

particular importance, nanoparticles present in the polymer

must be well distributed in order to change the polymer

properties. Since the thermal and thermal-oxidative stability

are related to both the initial degradation temperature and

the degradation rate of a polymer [17], the determination of

activation energy and reaction order associated with degra-

dation is an interesting topic.

Recently, according to Khoee et al. [18], the adhesion

strength increased dramatically by addition of copoly(sty-

rene–butylacrylate–ethylenglycoldimethacrylate) (St–BA–

EGDMA) nanoparticles to pure epoxy adhesive. The

highest adhesion strength was obtained in the samples

containing 20 wt% elastomeric (St–BA–EGDMA) nano-

particles. It was found that reinforcement with nanoparti-

cles improved the fracture toughness. In addition, Liu et al.

[19] introduced a novel powdered rubber product in nano-

scale particle size for the first time to be applied in friction

materials. Since its industrialization, the novel rubber

product has been already successfully applied to areas such

as thermoplastics and thermosets toughening. The results

of constant speed friction test and dynamometer test

showed that nano powdered rubber can substantially

improve the properties of friction materials. Balakrishnan

et al. [20] studied the influence of both the rubber tough-

ener and clay concentration on the morphology and

mechanical properties of three-phase, rubber-modified

epoxy nanocomposites. Their results showed that the ten-

sile modulus and strength was increased and ductility was

decreased with increasing the organoclay content, while

rubber has the opposite effects on the properties of epoxy

resin. Lee et al. [21] studied the thermal decomposition

kinetics of diglycidyl ether of bisphenol A (DGEBA) with

methylene di-aniline (MDA) hardener using Ozawa, Kis-

singer, and Friedman methods. Moreover, they studied the

kinetic parameters and the results were compared. The

thermal stability of the epoxy system was increased with

increasing the rubber-modified MDA content.

Study the thermal degradation properties of both soft

and hard thermoset resins by kinetics models has always

been of great interest in literature due to the complicated

structure of such systems [22–24]. In our previous work,

we studied the effects of nano-CaCO3 on morphology, cure

behavior, adhesion, and hardness of polyester/epoxy sys-

tems. The most important finding based on the rheological

studies was the catalytic effect of nano-CaCO3 on cure

reaction of polyester/epoxy, leading to shorter curing time.

Moreover, the kinetic analyses of rheograms revealed a

marked decrease in the activation energy of the cure pro-

cess upon raising nano-CaCO3 content [14].

This paper discusses the effects of adding acrylonitrile–

butadiene rubber (NBR) to the epoxy resin. The objective

of this study is to examine the influence of rubber con-

centration on morphology, toughness, and thermal prop-

erties followed by the elastomer solution blending. We

used solution blending method as a replacement of micro/

nano elastomer particle addition to thermoset resin to

compare the results with previous reports of micro/nano

particles modification method. We examined the effect of

changing the elastomer content on morphology and frac-

ture behavior of resultant toughened epoxy systems. Also,

thermal behavior of resultant compounds has been studied

via thermogravimetric analysis (TG) and decomposition

kinetics were studied using FWO, KAS, and Friedman

methods.

Experimental

Material

The following materials were used in this study: epoxy

resin based on diglycidylether bisphenol A(LY 441)

obtained from Huntsman Co. Germany, and diethylenete-

riamine as the curing agent of epoxy resin was also pur-

chased from Huntsman Co., Germany. NBR with

acrylonitrile content of 33 %, in powdered form was pro-

vided from Jahan Tormoz Kashan Co., Iran. We used a

solvent mixture including toluene:n-butanol:butyl acetate

(40:20:40); all purchased from Merck Co. and used as

received.

Preparation of cured samples

Table 1 shows the epoxy/rubber compounds containing

various amounts of rubber concentrations. NBR powder

was first swelled in the solvent mixture including: tolu-

ene:n-butanol:butyl acetate (40:20:40). Then, epoxy resin

was added to the mixture and the composition was stirred

by homogenizer for 15 min at 3,000 rpm to form a stable

transparent dispersion. The prepared compounds were
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containing 0, 5 and 10 phr of rubber in epoxy resin. Epoxy

compounds were then mixed with diethyleneteriamie as

curing agent (Table 1). Increasing the rubber content leads

to the change of samples color from light yellow to white.

The mixture was then heated up to 80 �C under vacuum to

totally remove the solvent. Followed by completing com-

pounds mixing; the mixture was poured into a silicone

mold and cured at 80 �C for 2 h in an oven. The time and

temperature were optimized followed by different steps to

complete the curing and to reduce the porosity content

caused by solvent evaporation during curing. The oven is

then turned off and the samples are allowed to be slowly

cooled down to the room temperature as post curing step

for the samples. All samples passed the same thermal

history during molding.

Morphology observation

Scanning electron microscopy (SEM) imaging was per-

formed employing Vegall model apparatus by Tescan Co.

equipped with an energy beam of 20 kV. The prepared

samples were cryogenically fractured in liquid nitrogen and

then coated via gold vapor deposition method using a

vacuum sputter, model K450X manufactured by Emitech

Co. before SEM observation. Atomic force microscopy

(AFM) results were obtained using a Dualscope DS

95-200, DME and the experiments were all performed in a

tapping mode. Samples for AFM were all developed on a

freshly cleaved mica surface. All measurements were made

at ambient temperature.

Measurement of mechanical properties

The cured specimens were approximately prepared in size

of 11 mm (width) by 4.5 mm (thickness) by 5 cm (length).

The tensile experiments were all conducted at room tem-

perature at speed of 5 mm min-1 employing Gotech tensile

machine and stress–strain curves were obtained four times

on each sample according to ASTM D638. We could cal-

culate tensile modulus, tensile strength, fracture strain, and

toughness via this method.

Thermal analysis

The thermal degradation of the blends was analyzed using

STA PT1600 thermogravimetric analyzer (Germany)

according to ASTM D6370 under nitrogen atmosphere.

Non-isothermal analysis was performed in a temperature

range of 25–500 �C, at different heating rates (10, 20, and

30 �C min-1) for each sample. Nitrogen flow was main-

tained at 33 mL min-1 and samples of ca. 20 mg were

used for all measurements.

Kinetics of non-isothermal degradation

All kinetic analyses of non-isothermal data (TG, DTG) are

based on the Eq. (1) [25].

da
dt
¼ b

da
dT
¼ Af að ÞExp

�E

RT

� �
ð1Þ

In Eq. (1), a is the degree of conversion; A is the pre-

exponential factor; E is the activation energy; R is the gas

constant; T is the reaction temperature; and f(a) is the

differential conversion function and b = dT

dt
= const. is the

linear heating rate. In Eq. (1), such a forced description is

perhaps one of the reasons for obtaining activation

parameters depending on degree of conversion.

Isoconversional methods

The second methods including isoconversional methods of

FWO, Friedman and KAS are in fact, a ‘‘model-free’’

method; since they assume that in these models conversion

function, f(a), does not change with changing heating rate

for different values of a. In this method, the temperatures

corresponding to fixed values of a, is measured from

experiments at different heating rates b.

Friedman method (FR) [26]

The differential isoconversional method suggested by

Friedman (FR method) is based on Eq. (2):

Lnb
da
dt
¼ LnAþ Lnf að Þ � E

RT
ð2Þ

In Eq. (2), for a = const., followed by plotting Lnðb da
dt
Þ

versus (1/T), obtained from the curves recorded at several

heating rates, a straight line is obtained whose slope allows

evaluation of the activation energy.

Flynn–Wall–Ozawa method (FWO) [27]

The isoconversional integral method suggested indepen-

dently by Flynn and Wall and Ozawa [28] uses Doyle’s

Table 1 Samples specification and preparation condition

Sample NBR/phr three samples Curing agent/phr Mixing time/min Mixing speed/rpm Curing temperature/�C

Epoxy/NBR 0, 5, 10 15 15 3,000 80

Thermal and morphological characteristics 187
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approximation [29] of the temperature integral. This

method is based on the Eqs. (3) and (4).

lnb ¼ ln
AE

RgðaÞ

� �
� 5:331� 1:053

E

RT

� �
ð3Þ

where

g að Þ ¼
Za

0

da
f að Þ ð4Þ

where in Eq. (3) for a = const., the plot of lnb vs. (1/T)

obtained from the curves recorded at several heating rates,

should give a straight line whose slope allows evaluation of

the activation energy.

Kissinger–Akahira–Sunose method (KAS) [30, 31]

Equation (5) shows the conversional integral method based

on the Coats–Redfern approximation [32] of the tempera-

ture integral.

ln
b
T2

� �
¼ ln

AR

EgðaÞ

� �
� E

RT
ð5Þ

In Eq. (5), for a = const., the plot of Ln b
T2

� �
vs. (1/T),

obtained from curves recorded at several heating rates

results in a straight line whose slope could be used to

evaluate the activation energy.

Results and discussion

Morphological observation

SEM was used in order to study the effect of NBR particles

on final epoxy morphological structure (Fig. 1). Figure 1a, b

shows the fracture surface of 5 phr rubber-filled epoxy, and

Fig. 2c, d shows the fracture surface of 10 phr rubber-filled

epoxy at different magnifications. The observations show

that large changing occurred in the toughness with

increasing the rubber content due to the reduction in cracks

in related samples. In addition, Fig. 1 shows that a large

number of holes were developed where the rubber content

is decreased. The main reason for this criterion is that more

solvent is remaining in the material after rubber feeding to

the solvent and the epoxy matrix is well homogenized with

rubber; since the holes are developed by the solvent

evaporation and the elastomer is remained unchanged in

the system.

3D-AFM representation of treated sample films (Fig. 2)

shows a slightly increase in surface roughness followed by

Fig. 1 Scanning electron

microscopy images of the

fractured surface of compounds

containing: a, b 5 phr; and c,

d 10 phr of NBR
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elastomer addition. Compounds containing NBR content of

5 (Fig. 2a) and 10 phr (Fig. 2b) are not totally smooth as

depicted in 3D representation of the rubber/epoxy com-

pound surface. The related root-mean square (Rq) param-

eter of the compounds could also come as evidence that

surface roughness is improved by the rubber content. The

relation observed between rubber content and surface

roughness is a proof that the holes and surface roughness

are developed by rubber particles and they are not only the

result of solvent evaporation of compounds. These show a

micrograph of a fractured rubber modified epoxy sample,

and this phenomenon can be described by different

methods.

Since the images are obtained from the fractured surface

of compound, it is more probable to be the effect of elas-

tomeric parts. Holes in the stress whitened region pre-

sumably result from the rupture of elastomeric particles.

Under tensile stress, the rubber particle should contract

laterally more than the matrix but proper bonding between

the rubber particle and matrix (observed by homogenous

solution mixing in our solvent) prevents the rubber particle

from soothe operation and it causes developing a stress on

the rubber particle. The rubber particle tears and releases

this stress, resulting in removal of rubber particles which

appears as depressions on the fractured surface. The cavi-

tation in the rubber particle makes it easy to see the two

phase (rubber particles dispersed in epoxy matrix) mor-

phology [20]. Changing the holes content and roughness of

fractured with rubber increment in samples thickness could

justify the presence of rubber particles in holes as separated

phase after curing. The holes are mostly formed on the

surface and they are not depending on rubber content. In

addition, such holes in the system could cause serious

defects and reduction in elongation at break of the samples

compared to neat epoxy which is not the case in our system

of study (Table 2). Rubber modification has increased the

elongation at break which is the evidence of rubber

incorporation and toughness improvement.

Secondly, the reactive liquid rubbers, usually carboxyl-

terminated nitrile butadiene copolymers (HyproTM CTBNs)

might react with excess of epoxy resin. The resulting epoxy

mixtures are then used to formulate the adhesive, the

impregnating, or laminating resin system. During curing a

phase separation occurs and small rubber domains are

formed. The toughening mechanisms of this secondary

rubbery phase are well understood [21], and we do not

mean to focus on co-curing or toughness mechanisms

development in this paper. However, these phenomena are

the most probable toughening mechanism here and they are

probable to occur during curing in the system of our study.

Effect of rubber content on mechanical characteristics

Figure 3 shows the comparison of tensile behavior of cured

specimens containing different rubber contents including:

0, 5, and 10 phr rubber content. This figure represents

stress versus strain curves in the experiment for three dif-

ferent samples tested at each loading fraction in our study.

The addition of NBR to epoxy resin leads to tensile

modules and strength changing. Increasing in the amount

of rubber from 0 to 5 and from 5 to 10 phr caused the

decrease of tensile module (Table 2).

In the case of tensile strength, the trend is totally dif-

ferent and increasing in the amount of rubber content from

0 to 5 and from 5 to 10 phr causes decrease in tensile

strength from 47.5 to 12 and from 12 to 10 MPa,

respectively.

The mechanism for toughening indicates that the rubber

particles cause cavitation and thus act as initiator for

yielding in the epoxy matrix [16, 33]. It means that the

previously blended elastomer changed to fine dispersed

particles and it results in cavitations and strong toughening

Ra = 0.0424 (v)

a b

Rq = 0.0563 (v)
Ra = 0.0845 (v)
Rq = 0.1192 (v)

Fig. 2 3D AFM topographic

representation and roughness

parameters of compounds

containing a 5 phr, and b 10 phr

of NBR

Table 2 Tensile parameters of compounds after curing

Sample Tensile modulus/MPa Tensile strength/MPa Strain at break/% Fracture energy/mJ

Pure epoxy 714 ± 5 47.5 ± 0.7 4.2 ± 0.01 4,367 ± 55

Epoxy ? 5 phr 250 ± 10 12 ± 0.2 8.5 ± 0.04 1216 ± 30

Epoxy ? 10 phr 150 ± 8 10 ± 0.07 18 ± 1 485 ± 25
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phenomenon. Since, increasing the rubber content and

changing the rubber particles sizes to finer ones, has caused

decreasing the cracks and cracks propagation (Fig. 1).

Analysis of thermal properties

TG curves were employed to evaluate the thermal stability

of compounds. Figure 4 shows the TG plots of materials,

recorded under nitrogen atmosphere. As shown, a decrease

in initial decomposition temperature of epoxy networks

was observed followed by incorporation of rubber into the

resin system. The composites exhibited substantial

decrease especially in initial decomposition temperature

and the maximum decomposition temperature, and only a

slight increase in the final decomposition temperature was

recorded followed by rubber incorporation to the system. Tf

of higher value is probably due to the decomposition of the

physically cross-linking moiety of elastomer particles with

epoxy resin matrix (Table 3). The temperature at which

50 wt% mass loss occurred (T50) for the samples contain-

ing 5 and 10 wt% of rubber content, was also lower than

that of the corresponding unmodified epoxy resin. It sug-

gests that the presence of rubber could result in lower

thermal stability than neat epoxy material in spite of more

toughening behavior observation.

Activation energy (Ea) calculated from three models

varies greatly with conversion. If Ea does not vary greatly

with conversion, it is possible to describe the whole reac-

tion interval by a single kinetic model even if the real

reaction mechanism is complex. Therefore, we must use

different models for this analysis. The activation energy

calculated from models based on a single heating rate

showed smaller amounts compared to models based on

multiple rates and they are employed for our analysis. To

compare the kinetic parameters, the results of the analytical

methods are summarized in Table 4. Whereas three dif-

ferent models including KAS’s, FWO’s, and Friedman’s

values are reported here; the activation energies obtained

from KAS, FWO, and Friedman methods show almost the

same value.

Figure 4 also shows the comparison of derivative ther-

mogravimetry (DTG) curves at the heating rate of 20 �C

min-1. DTG curves shifted to lower temperatures and the

decomposition starting temperature appeared at a lower

point with increasing the rubber content. TG curves

showed that the thermal decomposition of the epoxy sys-

tem occurred in one stage regardless of the rubber content.

The apparent activation energies for the rubber/epoxy

system containing 0, 5, and 10 phr of rubber, were deter-

mined by FWO, KAS, and Friedman methods. The thermal

stability of the epoxy system reduced with increasing the

content of rubber that led to a decrease in activation

energy. As a result, a functional dependency of apparent

activation energy on conversion was obtained, which can

indicate the complexity of the reaction mechanism. Integral

isoconversional methods, such as KAS, FWO are suited for

the analysis of TG curves since they do not require the

experimental data to be differentiated beforehand [26].

The activation energies of Friedman (Fig. 5) and FWO

(The curves are not shown here) methods for the thermal

decomposition are determined from the slope of Ln(b) vs.

1,000/T. Friedman model curves are shown in Fig. 5, and

we avoid showing the detailed modeling procedure of other

two methods here since they are given in Table 4 in details.

The activation energies of KAS method for thermal

decomposition are determined from the slope of Ln b
T2

� �
vs.

1,000/T (the curves are not shown here). It is apparent that

the data-points are well fitted to the straight lines
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(r [ 0.99). Nearly, the same slopes over the whole a range

of 0.4–0.8 indicate that the same reaction mechanism is

acting on decomposition of the cross-linked chains with

constant activation energy. In all compounds, the deter-

mined activation energies were decreased with increasing

the conversion.

The resulting dependency of Ea on a for all investigated

system is displayed in Fig. 6. It can be observed that Ea of

modified epoxy system was decreased compared to neat

resin (Table 4). Obviously, the kinetic parameters calcu-

lated by different methods did not show any significant

difference. However, a slight disagreement between the

results obtained from Friedman and Kissinger models

might be due to the different mathematical approaches used

to calculate the parameters. Therefore, the small differ-

ences among r values, which are mainly due to inherent

experimental errors, cannot be used to discriminate

amongst the kinetic models. For a given value of a, E val-

ues of Friedman is almost the same as E values evaluated

by the integral isoconversional methods in this study.

Elastomers generally have a low thermal stability and

the addition of elastomer to the epoxy with high thermal

stability makes a reduction in the thermal properties [34]. It

is against to the results reported by Ma et al. [34], that the

slope of elastomeric nanoparticle (ENP)-modified phenolic

resin (PR) increased with increasing the ENP content, and

their activation energies of curing reaction were also

increased. The values of activation energies fall between

those for homolytic scission and dehydration of epoxy

resins, which is probably caused by the complete reaction

of epoxy groups with NBR. These results are arguments for

the quasichemical approximation according to which the

degradation of a mechanical property of a polymeric

material is due to a chemical reaction that can be described

by equations from chemical kinetics. However, the exact

physical meaning of the kinetic parameters is not clear yet

in the literature; since, the exact mechanisms of thermal

decomposition of thermoset resins cannot be easily defined.

While the physical meaning of all the kinetic parameters

for thermoplastics are easily interpreted because the

apparent mass loss is directly related to the mechanism of

thermal decomposition, which is the emission of gaseous

products after the chemical session. However, for cross-

linked thermoset polymers, the decomposition follows

Table 3 Thermal properties of modified and unmodified epoxy res-

ins obtained from TG and DTG curves

Sample/phr Ti/
oCa T50/oCb Tmax/oCc Tf/�Cd

0 185 370 385 480

5 175 360 377 490

10 170 350 370 498

a Initial decomposition temperature is the temperature at which initial

loss of mass was observed
b Temperature at which 50 % mass loss was recorded by DTG with

heating rate of 20 �C min-1 under N2 atmosphere
c Temperature at which maximum mass loss was recorded by DTG

with a heating rate of 20 �C min-1 under N2 atmosphere
d Temperature at which final mass loss was recorded by TG with

heating rate of 20 �C min-1 under N2 atmosphere

Table 4 Activation energies determined by Friedman, F–W–O, and

KAS methods

Conversion a Epoxy ? 0 % NBR

Friedman F–W–O KAS

E r E r E r

0.4 210.2 0.9995 211.1 0.9985 211.9 0.9888

0.45 220.5 0.9953 221.4 0.9937 222.3 0.9857

0.5 225.1 0.9927 226.4 0.9945 227.3 0.9845

0.55 222.8 0.9978 223.2 0.9973 224.1 0.9975

0.60 217.2 0.9898 222.2 0.9958 222.7 0.9968

0.65 211.2 0.9997 218.1 0.9994 218.5 0.9969

0.70 193.8 0.9939 212.2 0.9995 212.5 0.9956

0.75 193.8 0.9942 194.7 0.9978 196.1 0.9988

0.8 178.6 0.9847 179.5 0.9989 179.9 0.9991

Epoxy ? 5 % NBR

Friedman F–W–O KAS

E R E r E r

240.9 0.9852 241.7 0.9745 242.6 0.9884

219.69 0.9815 220.5 0.9867 221.4 0.9991

196.2 0.9877 197.6 0.9889 198.4 0.9841

179.9 0.9832 181.7 0.9793 182.1 0.9849

163.2 0.9871 164.9 0.9978 165.4 0.9934

151.2 0.9848 152.4 0.9937 153.8 0.9757

150.3 0.9730 151.1 0.9876 152.5 0.9867

154.7 0.9863 155.9 0.9797 156.5 0.9888

164.3 0.9869 165.5 0.9874 166.1 0.9885

Epoxy ? 10 % NBR

Friedman F–W–O KAS

E R E r E r

181.7 0.9989 183.9 0.9846 184.3 0.9846

176.1 0.9975 177.9 0.9845 178.3 0.9845

164.6 0.9968 166.8 0.9888 167.7 0.9888

150.5 0.9986 152.7 0.9868 153.5 0.9845

137.7 0.9943 139.8 0.9888 140.7 0.9943

126.9 0.9935 128.6 0.9985 129.1 0.9935

127.1 0.9988 128.3 0.9857 128.8 0.9988

131.1 0.9991 131.5 0.9992 131.9 0.9991

137.3 0.9982 135.9 0.9987 136.8 0.9845
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several processes, each with its own kinetic parameters.

Therefore the kinetic parameters are somewhat apparent

values, and there are some differences according to various

analytical methods. Increasing the activation could be

related to two main reasons as previously reported in the

literature. First, it could be increased followed by the
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cross-links formation between epoxy and rubber phase or

due to the humidity presence in the sample during the reac-

tion [21]. Second, the activation energy could be increased

due to the reaction of amine group with the curing agent [34],

which is observed at the end of the curves in our system of

study.

Conclusions

The influence of NBR as epoxy resin toughener on mor-

phology, tensile and thermal degradation properties of this

resin was studied. NBR was solved in a suitable solvent

and then was added to epoxy resin. Followed by examining

the fracture behavior, we obtained a large changing in

epoxy toughness with increasing the rubber content. In the

case of tensile strength, the trend was different from

modules behavior, and the addition of rubber caused

decrease in tensile strength. TG curves showed that the

thermal decomposition of the epoxy system was occurred

in only one stage regardless of rubber-modified epoxy

content. TG and data were analyzed kinetically by three

different methods, each of which gave different apparent

kinetic parameters. The thermal stability of the epoxy

system reduced with increasing the rubber content due to

the NBR presence which might be the reason of rubber

existence as a part of blend with lower thermal stability

component. We merely observed an increase in thermal

stabilities of the blended samples only as high conversion

ratios which might be due to the epoxy/NBR cross-link

formation.
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