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ABSTRACT: Poly(acrylonitrile-styrene-butadiene) (ABS) was used to modify diglycidyl ether of bisphenol-A (DGEBA) type epoxy

resin, and the modified epoxy resin was used as the matrix for making multiwaled carbon tubes (MWCNTs) reinforced composites

and were cured with diamino diphenyl sulfone (DDS) for better mechanical and thermal properties. The samples were characterized

by using infrared spectroscopy, pressure volume temperature analyzer (PVT), thermogravimetric analyzer (TGA), dynamic mechanical

analyzer (DMA), thermo mechanical analyzer (TMA), universal testing machine (UTM), and scanning electron microscopy (SEM).

Infrared spectroscopy was employed to follow the curing progress in epoxy blend and hybrid composites by determining the decrease

of the band intensity due to the epoxide groups. Thermal and dimensional stability was not much affected by the addition of

MWCNTs. The hybrid composite induces a significant increase in both impact strength (45%) and fracture toughness (56%) of the

epoxy matrix. Field emission scanning electron micrographs (FESEM) of fractured surfaces were examined to understand the tough-

ening mechanism. FESEM micrographs reveal a synergetic effect of both ABS and MWCNTs on the toughness of brittle epoxy matrix.
VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Epoxy resins are widely used in industrial applications, as con-

struction materials, in automobile industry, aerospace applica-

tions, adhesives, coatings, electronic circuit board laminates, etc.

due to their good stiffness, low shrinkage, dimensional stability,

good chemical and water resistance, low cost, ease of processing,

fine adhesion to many substrates, low specific weight, and long

pot life period.1–4 However, cured epoxy resins have low tough-

ness and poor crack resistance that prevent their wider applica-

tions. The most common method to increase the fracture

toughness is the incorporation of rubber that separates from the

matrix during curing, leading to different morphologies.5–7 The

advantage of rubber toughening in thermosets is that fracture

toughness can be improved. Here, the dispersed rubber prevents

the crack propagation and there by enhances the toughness.

However, rubber modification will lead to significant reduction

in the modulus and thermal stability of the material. Recently,

many attempts have been made to toughen thermosetting resins

with high performance thermoplastics,8–10 because of their high

modulus and glass transition temperatures. Different types of

thermoplastics have been used to modify epoxy resin such as

poly-ether-sulfone, poly-ether-imide, poly(acrylonitrile-styrene-

butadiene) (ABS), etc.11–14 The final properties of epoxy blends

greatly depend on final morphology of the polymer blends,

which depends on the selection of the thermoplastic polymer,

content of thermoplastic, the epoxy precursors, the hardener,

and the curing temperature.15

A new approach aiming to overcome this basic problem is

related to nanotechnology and uses of fillers in the nanometer

scale. Recently, many researchers showed that addition of nano
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fillers not only increase the toughness but also strengthen the

obtained composites.16–19 The discovery of carbon nanotubes

and carbon nanostructured materials has inspired scientists to

develop advanced materials for a range of potential applications

because of their high aspect ratio, low density, and their excep-

tional physical properties (electrical, thermal, and mechani-

cal).19–23 CNT have already been employed for devices ranging

from loud speakers, solar cells, high-reliability touch screens,

flexible displays, etc.24–26 Different polymer multiwalled carbon

nanotubes (MWCNTs) composites have been synthesized by

incorporating MWCNTs into various polymer matrices, such as

polyamides, polyimides, epoxy resins, polyurethane, and poly-

propylene.19,27–31 These polymers based on nanocomposites

gain their high properties, particularly mechanical properties, at

low filler content owing to the high aspect ratio and high sur-

face area to the volume ratio of the nano-sized particles.

Recently, researches were inspired by the new concept ‘‘hybrid

composites’’ for improved toughness. There were few studies al-

ready reported based on the concept of hybrid composites. For

instance, the simultaneous addition of clay and rubber in epoxy

resin,32 addition of clay and core shell rubber particles in epoxy

resin,33 addition of clay and PMMA in epoxy resin,34,35 addition

of nano silica, and CTBN in epoxy resin.36 Such materials are

often referred to as hybrid composites because they contain

both soft and hard particles. According to the literature, a syn-

ergetic effect in toughness was observed in hybrid composites.

Current research is directed toward the use of both ABS and

MWCNTs in an epoxy-amine system to achieve enhanced

toughness.

The curing kinetics, phase separation, volume shrinkage, ther-

mal and mechanical properties of ABS/epoxy blends, and ep-

oxy/MWCNTs composites have been discussed in detail in our

previous studies.4,14,37,38 It has been proved that 3.6 wt % ABS/

epoxy blend possesses superior mechanical and thermal proper-

ties compared to the other blends. The main objective of this

study is to explore the effect of MWCNTs loading in 3.6 wt %

ABS/epoxy blend matrix. The cure behaviour, volume shrinkage,

thermal, mechanical, and morphological properties of the

hybrid composites were investigated as a function of MWCNTs

composition. The relationship between morphology and the

thermo-mechanical properties of hybrid composites has been

discussed. Further, the toughening mechanism was also investi-

gated in detail. The resulting hybrid composites were found to

have superior toughness while retaining the thermo-mechanical

properties of the epoxy blend and neat crosslinked epoxy.

EXPERIMENTAL SECTION

Materials

The matrix material used in the experiments consists of digly-

cidyl ether of bisphenol-A (DGEBA) (Lapox L-12, Atul, India)

and 4,40-diamino diphenyl sulfone (DDS) (Lapox K-10, Atul).

The toughener ABS (Poly lac PA-757K) was manufactured by

Chi Mei Corporation, Taiwan. The used poly (acrylonitrile-bu-

tadiene-styrene) (ABS) is a commercially available thermoplastic

polymer consisting of 70 wt % polystyrene (PS), 25 wt % acry-

lonitrile, and 5 wt % agglomerated polybutadiene. The molecu-

lar weight of the soluble part of ABS was determined to be Mn

¼ 51300 g/mol and Mw ¼ 125200 g/mol (PDI ¼ 2,44, GPC, PS

standard), and the density was determined to be 1.051 g/cm3 by

means of an Helium Pycnometer. The used MWCNTs

(Baytube
VR
150P) was procured from Bayer Material Science AG

(Leverkusen, Germany) synthesised by catalytic carbon vapour

disposition process. Baytubes have purity >95 % and an average

diameter 13–16 nm with length >1 lm.

Preparation of Hybrid Composites

Blend of epoxy resin/ABS containing 3.6 wt % ABS were pre-

pared using the melt mixing technique. ABS was mixed with ep-

oxy resin at 180�C under constant stirring. After proper mixing,

MWCNTs were dispersed in the blend and mixed at 180�C
using a sonicator for 15 min. In a second step, DDS was added

to MWCNTs/epoxy blend mixture with an epoxy:amine ratio of

2 : 1. After dissolving the DDS in MWCNTs/ABS/epoxy resin

solution, the composites were cured in an air oven for 3 h at

180�C followed by postcuring at 200�C for 2 h. Composites

with MWCNTs content 0.1, 0.3, and 0.5 g in the ABS/epoxy-

hardener mixture (100 g DGEBA þ 5 g ABS þ 35 g DDS) were

prepared, and the samples were named according to the final

MWCNTs concentration as 0.07 wt % MWCNTs, 0.21 wt %

MWCNTs, and 0.36 wt % MWCNTs. (For comparison, a sample

without ABS and MWCNTs, named as neat epoxy, and a sample

with ABS only, named as epoxy blend, were prepared.)

For Fourier transform infrared spectrometer (FTIR), differential

scanning calorimetry (DSC), and pressure-volume-temperature

(PVT) observations, the freshly prepared mixtures were imme-

diately used or stored before use in a freezer at �20�C. For

other experiments, the freshly prepared mixtures were cured in

the air oven at 180�C for 3 h and then postcured at 200�C for

further 2 h. The resultant composites were then allowed to cool

slowly to room temperature.

CHARACTERIZATION TECHNIQUES

Fourier Transform Infrared Spectrometry

In situ curing studies were carried out by using Infrared Fourier

spectrometer EQUINOX 55 (Bruker Optik GmbH). A few milli-

grams of sample are placed in a sample holder, and in situ FTIR

was run at 150�C for 3 h. Please note that at 180�C, the reac-

tion between epoxy and amine is too fast to be followed by in

situ FTIR analysis.

Pressure-Volume-Temperature Analysis

The pressure-volume-temperature (PVT) measurements were

done using a fully automated GNOMIX high pressure mercury

dilatometer. Below 200�C, the absolute accuracy of the instru-

ment is of 0.002 cm3/g. In practice, the change in specific vol-

ume is small as 0.0002 cm3/g can be resolved reliably. The cross-

linking reaction was characterized in the so-called data

acquisition mode at 10 MPa and 180�C by following the volume

shrinkage of the samples as a function of time. To check

whether any crosslinking has taken place during the sample

preparation stages, the experimental initial specific volumes

were compared with those calculated initial specific volumes

from the densities of the individual components by assuming

an additive behavior (Table I). The lower values for
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experimental specific volumes indicate a certain degree of cross-

linking; however, the deviation was within the acceptable

range (1%).

Thermogravimetric Analysis

Thermal stability of the hybrid composites was analyzed by

thermogravimetric analyzer (TGA). TA instrument TGA Q 5000

was used to monitor the degradation. The measurements were

performed on 3–5 mg of the samples from room temperature

(25�C) to 800�C/min at a heating rate of 10 K/min and under

nitrogen atmosphere.

Dynamic Mechanical Analysis

The investigation of thermo mechanical behavior properties was

performed using TA instruments DMA 2980 dynamic mechani-

cal thermal analyzer. Rectangular specimens of 40 � 10 � 3

mm3 were used for the analysis. The analysis was done in single

cantilever mode at a frequency of 1 Hz, from �100 to 300�C
and at a heating rate of 1 K/min.

Thermo Mechanical Analysis

The thermomechanical properties of neat epoxy, epoxy blend,

and hybrid composites were measured using a TA instrument Q

400, thermo mechanical analyser. The samples were scanned

from 50 to 250�C at a heating rate of 1 K/min. Rectangular

specimens of 20 � 10 � 3 mm3 were used for the analysis.

Impact Strength

Charpy impact strength of the unmodified and modified epoxy

resin was measured following the specifications ISO 179/1eA.

Impact tests were performed on Zorn Stendal impact testing

machine. The dimensions of the specimens were approximately

40 � 8 � 4 mm3.

Fracture Toughness

Fracture toughness of the specimens was determined according

to ASTM D 5045-99. The measurements were taken with a uni-

versal testing machine Zwick (UPM - Z010). The material is

taken in the form of rectangular sheet, the specimen thickness,

d ¼ 4 mm was taken, and it is identical with the sheet thick-

ness. The sample width, b ¼ 2d. In the specimen geometry, the

crack length, a, is selected in such a way that 0.45 < a/b <

0.55. The analysis was done in bending mode at room tempera-

ture. The value of (KIc) was calculated using eq. (1).

Stress intensity factor;KIc ¼ QPa1=2

bd
(1)

where P is the load at the initiation of crack, a is the crack

length, b is the breadth of the specimen, d is the thickness of

the specimen, and Q is geometry constant. Q is calculated using

the following equation,

Q ¼ 1:99� 0:41 a=bð Þ þ 18:7 a=bð Þ2�38:48 a=bð Þ3þ53:85 a=bð Þ4
(2)

Field emission Scanning Electron Microscopy

The morphology of fractured surface of crosslinked epoxy com-

posites were examined using a ULTRA field emission scanning

electron microscopy (FESEM) (model ULTRA plus, Carl Zeiss

NTS GmbH, Germany). The samples were coated with platinum

by vapor deposition using a SCD 500 Sputter Coater (BAL-TEC

AG, Liechtenstein).

RESULTS AND DISCUSSION

Spectroscopic Analysis

Figure 1(a) shows the FTIR spectra of 0.36 wt % MWCNTs-

modified hybrid epoxy composites, which is a represent of all

Table I. Experimental and Calculated Initial Specific Volume for Neat

Epoxy, Blend, and Hybrid Composite at 1808C

Specimen
Specific volume

experimental (VE0)
Specific volume
calculated (VT0)

Neat epoxy 0.8926 0.9000

Epoxy blend 0.8934 0.9037

0.36 wt % MWCNTs
hybrid composites

0.8965 0.9018

Figure 1. (a) FTIR spectra for 0.36 wt % MWCNTs/ABS/epoxy hybrid

nanocomposite. (b) Exponential decay behavior of epoxy resin in epoxy/

amine mixture during curing (lines are the fitted curves). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the composites studied. From the figure, the intense signal of

the epoxy ring is centered at 913/cm due to the asymmetrical

ring stretching, in which the CAC bond stretches during the

contraction of the CAO bond.39 The epoxide band at 913/cm is

very evident at the beginning of the experiment (t ¼ 0), gradu-

ally disappears with curing time and almost is not detectable af-

ter 90 min, indicating the time for the consumption of epoxide

groups. On the other hand, the strong absorbances at 1625 and

3367/cm of the NH2 groups from the DDS also reduce with

curing time and almost disappear after 90 min, again indicating

the time for complete epoxy/amine conversion. However, during

polymerization, the spectrum between 3100 and 3600 becomes

complex, and the unreacted amines and hydroxyl groups over-

lap to a broad band and the absorbance at 1625/cm forms after

short curing time a shoulder to the strong absorption at 1594/

cm caused by phenyl ring.40 Therefore, the rate of epoxy/amine

polymerization can be estimated by following the loss of epoxy

band intensity with respect to cure time. In Figure 1(b), we

compare the loss of epoxide band with respect to cure time for

all the composites studied by FTIR. We observe similar behavior

for all the systems studied that is a rapid decrease of epoxide

band intensity within the first 45 min followed by a slow

decrease in the next hour. However, the band does not com-

pletely disappear and the intensity levels off.

To evaluate the cure reaction more detailed, the loss of epoxide

band with respect to cure time was simulated with Maxwells

equation.

y ¼ y0 þ A1 exp �x=t1ð Þ (3)

As t ¼ a, y ¼ y0. Here, A1 is the magnifier and t1 is the reaction

time of the cure reaction and could indicate the rate of the

reaction in blends and composites. As shown in Figure 1(b), the

simulation results gave a good fit to the experimental data. The

fit parameters, t1, A1, y0, and R2 to assess the quality of fit are

given in Table II. The decay time t1 increases with filler addition

due to the decrease in rate of the epoxy/amine reaction by the

presence of ABS and MWCNTs. In blends, the presence of ABS

dilutes the epoxy-DDS reaction volume and hence progressively

decreases the rate of epoxy/amine reaction.4 On the other hand,

in hybrid composites, dispersed MWCNTs can act as a physical

hindrance to the mobility of monomers and lower mobility of

monomer may reduce the rate of epoxy/amine reaction; off

course dilution effect of ABS cannot be neglected.41,42

Pressure Volume Temperature Studies

Pressure-volume-temperature characterization is a well-known

tool for the investigation of the change in specific volume with

respect to cure time for epoxy systems. Figure 2(a) gives the

change in specific volume data obtained for neat epoxy, blend,

and 0.36 wt % MWCNTs/ABS/epoxy hybrid composites with

respect to cure time. A temperature of 180�C and a pressure of

Table II. First-Order Decay Constants for ABS Modified Epoxy Blends

Specimen T1 Y0 A1 R2

Neat
epoxy

30.42 6 1.81 3.71 6 0.24 15.04 6 0.34 0.997

3.6 wt %
ABS

32.99 6 1.65 3.75 6 0.20 14.68 6 0.27 0.998

Hybrid
composite

38.40 6 3.10 2.48 6 0.41 16.57 6 0.47 0.996

Figure 2. (a) Specific volume versus curing time for PVT test at 180�C.
(b) Volume shrinkage versus curing time for PVT test at 180�C. (c) Nor-

malized shrinkage versus curing time for PVT test at 180�C.
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10 MPa were applied for 13 h, during which a sharp decrease in

the specific volume was observed for both epoxy blend and

hybrid composite due to the in situ epoxy-amine reaction (vol-

ume shrinkage).4 After heating for 2 h, the specific volume

reached an almost constant value for composites. The absolute

specific volume increases with lower density thermoplastic con-

tent. The beginning of the final plateau region corresponds to

the vitrification process; although at this stage, the curing reac-

tion could continue slowly.

From the specific volume values, the percentage volume shrink-

age of the composites at any time t could be calculated as

DVð Þ ¼ VT0 � VEð Þ=VT0ð Þ � 100 (4)

where VT0 is the theoretical specific volume of the composites

at time t ¼ 0 and VE is the experimental specific volume for

the composites at any time t. Since epoxy is the matrix material,

the measured volume shrinkage is always the shrinkage of the

epoxy phase. From Figure 2(b), there is not much influence of

MWCNTs on volume shrinkage of the epoxy phase has been

observed. However, in our previous study, we observe a pro-

found influence of MWCNTs on the volume shrinkage of the

epoxy phase due to generation of constrained epoxy polymer

layers around the filler surface. The influence of MWCNTs may

be overlapped by the presence of ABS in the hybrid composites.

Furthermore, we have calculated the normalized shrinkage,

(DVN) with respect to the epoxy volume content in the com-

posite using the eq. (5).4

DVNð Þ ¼ DVð Þ=wt% of epoxy phaseÞ � 100 (5)

Figure 2(c) reveals normalized shrinkage values as a function of

the MWCNTs content; again, the % normalized shrinkage

remains comparable for MWCNTs hybrid composites with

respect to neat epoxy and epoxy blend. Again supporting the

fact that both ABS and MWCNTs have not much influence on

the % shrinkage of epoxy phase.

Thermogravimetric Analysis

Thermal stability of neat epoxy, epoxy blend, and hybrid com-

posites were studied by thermogravimetric analysis (TGA) in

nitrogen atmosphere. The TGA curves for all the composites are

Figure 3. TGA of neat epoxy, blend, and hybrid composites.

Figure 4. (a) Log E0 versus temperature plot for neat epoxy, blend, and

hybrid composites. (b) Log E00 versus temperature plot for neat epoxy,

blend, and hybrid composites. (c) Tan d versus temperature plot for neat

epoxy, blend, and hybrid composites.
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given in Figure 3. There is no deterioration in thermal stability

of the hybrid composite as compared with that of the neat ma-

terial. Thermal stability can be expressed in terms of parameters

like initial decomposition temperature, final degradation tem-

perature, and final residue.43 From the graph, it is clear that the

initial decomposition temperature (Ti), final degradation tem-

perature (Tmax), and residual weight fraction for all the compo-

sites remain the same at various temperatures indicating that

the thermal stability of cured epoxy blends was not affected by

the addition of MWCNTs. The average weight loss of around 1–

2% up to 300�C is due to the release of moisture. On the other

hand, the weight loss above 350�C is related to the decomposi-

tion of the polymer.43

Dynamic Mechanical Analysis

Dynamic storage modulus (E0) measures the load bearing

capacity of a composite material. The log storage modulus (log

E0) recorded as a function of temperature for unmodified and

modified epoxy resin, is shown in Figure 4(a). The log E0 of the
MWCNTs hybrid composites were found to be higher than neat

materials below the glass transition region (Tg). This may be due

to the increase in the stiffness of the matrix with the reinforce-

ment effect imparted by the MWCNTs.43 After the Tg modulus

decreases due to the segmental motion of the polymer chains.

The storage modulus of the hybrid composites in the rubbery

region was slightly less than neat materials. Also, storage modu-

lus in the rubbery region is an indirect measure of crosslink den-

sity.44 The lower value of storage modulus in this region indi-

cates that the crosslink density of the hybrid composites is low.

In this case, lower crosslink density of the blend and hybrid com-

posites with respect to neat epoxy is well understood from the

decrease in Tg of the epoxy phase (spectra of storage modulus).

The presence of ABS and MWCNTs in the hybrid composites

hinders the curing reaction of epoxy resin with amine due to the

dilution effect of ABS phase and MWCNTs–epoxy interactions,

which decreases the Tg of epoxy rich phase.

Loss modulus (E00) is a measure of the viscous response of the

material. The log of loss modulus (E00) is recorded as a function

of temperature for all the system studied and is shown in Figure

4(b). From the Figure, blends and hybrid composites exhibit

two transition peaks corresponding to SAN rich phase and ep-

oxy rich phase, respectively. The peak at lower temperature is

due to thermoplastic rich phase and that at higher temperature

is due to the epoxy rich phase.45 There is a shift in the epoxy

Tg toward the lower temperatures on increasing the MWCNTs

content due to the hindering of the reaction between epoxy and

amine by the presence of MWCNTs.

The ratio of the loss modulus to the storage modulus is meas-

ured as tan d. The tan d against temperature plots is given in

Figure 4(c). For neat epoxy, there exists a well-defined tan d
relaxation peak centred at 212�C, which is ascribed to the glass

transition temperature (Tg) of the cured epoxy resin. The blend

and hybrid composites exhibit two tan d relaxation peaks corre-

sponding of epoxy rich (around 200�C) phase and thermoplas-

tic rich phase (near 110�C).

The tan d peak heights, peak widths at half-height, and peak areas

are summarized in Table III. The tan d peak height for cross-linked

blend and hybrid composites are found to be higher than for the

unmodified amine-cross-linked epoxy resin. The increase in the

height of the tan d peak of hybrid composites is associated with

changes in the crosslink density. The addition of the thermoplastic

and MWCNTs to the epoxy monomer reduces the crosslinking

degree attained by the polymer matrix, which results in higher seg-

mental mobility at the Tg; hence, the peak height increases.
45

The molecular weight between the crosslinks (Mc), which is an

indirect measure of crosslink density of epoxy resin, can be cal-

culated from the Tg of epoxy rich phase using the following

equation.46

Mc ¼ 3:9� 104

Tg � Tg0
(6)

where Tg is the glass transition temperature of the crosslinked

epoxy resin and Tg0 is the glass transition temperature of

uncrosslinked polymer having same composition as crosslinked

polymer. The value of Tg0 was taken as 91�C for DGEBA/DDS

system.47 The effective crosslink density (te) was calculated

from Mc using the following equation.46

te ¼ qNA

Mc
(7)

where q is the density and NA is Avogadro’s number.

The molecular weight between the crosslinks (Mc) and the effec-

tive crosslink density (te) are summarized in Table III. The

increase in Mc and consequent decrease in crosslink density for

hybrid composites is evident from the table.

Thermal Expansion Behavior

The thermo mechanical analysis (TMA) thermograms of the

cured epoxy composites are shown in Figure 5. From the ther-

mograms, the dimensional change increases with increase in

temperature. The response of the hybrid composite samples is

Table III. Parameters Obtained From Tan d Profile

Materials
Tan d peak

height
Tan d peak width
at half height

Tan d peak
area

Tan d
peak (�C) Mc (g/mol)

te � 1027

(chains/m3)

Neat 0.89 16 17.88 212 322.31 2.24

Blend 0.90 16 17.92 207 336.20 2.15

0.07 wt % 1.07 14 19.03 195 375.00 1.93

0.21 wt % 1.04 14 18.05 200 357.79 2.02

0.36 wt % 0.95 15 17.67 203 348.21 2.07
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greater than neat epoxy but is comparable with pure blend. The

change in dimension with respect to temperature can be

explained by the concept of molecule interaction. With the

increase in temperature, molecular vibration in the material

increases, which causes an increase in the intermolecular dis-

tance.14 The addition of the thermoplastic and MWCNTs to the

epoxy monomer reduces the crosslinking degree attained by the

polymer matrix, which results in higher molecular vibration by

the application of heat. On the other hand, for 0.36 wt %

MWCNTs modified hybrid composites, their might be enough

MWCNTs to restrict the mobilization of MWCNTs/epoxy mole-

cules, which limits the amplitude of vibration especially at high

temperatures (between 60 and 180�C). During heating, the

composites expand and then undergoe a glassy-to-rubbery

transformation (Tg); it then continues to expand in the rubbery

phase with a greater liner expansion coefficient, showing the

normal expansion behaviour of rubber state.

Mechanical Tests

Impact strength of a material describes the energy required to

break the specimen under sudden load. The magnitude of the

impact strength reflects the ability of the material to resist

impact. The Charpy impact tests were carried out for epoxy

composites. The impact energies of DDS cured hybrid epoxy/

MWCNTs composites are shown in Figure 6. All MWCNTs

composites have significantly higher impact strength compared

to the neat materials. This indicates a synergetic effect, which

shows the capability of both ABS and MWCNTs for the use of

high-performance applications. A maximum of around 45%

increase in impact strength was achieved with 0.07 wt %

MWCNTs respect to epoxy neat epoxy. On the other hand, for

0.21 and 0.36 wt % MWCNTs, the impact strength decreases,

because when more MWCNTs are present, the possibility of pull

out and debonding between the filler and matrix increased.

Fracture toughness is the resistance of material to crack initia-

tion and propagation. The fracture toughness was expressed as

stress intensity factor KIC. Plots of KIC against MWCNTs content

in the cured blends are presented in Figure 7. From the figure, it

can be seen that fracture toughness of the epoxy resin was

improved by the addition of MWCNTs in the blend. A maxi-

mum increase of around 56% in KIC was observed with respect

to neat crosslinked epoxy system. These results are in according

to the literature that is an improvement in toughness was

observed (most of the cases) in epoxy hybrid composites.48–50

The important factors influencing the fracture toughness are the

morphology of the blends, amount of modifier added, the inter-

facial adhesion between the phases, and the curing conditions.14

Heterogeneous morphology is very much important for getting

improved fracture toughness. Figure 8 reveals the FESEM

micrographs of samples observed under microscope after the

KIC fracture test. Figure 8(a) reveals the fracture surface of

unmodified epoxy resin, which was smooth, with free and regu-

lar crack propagation, indicating the characteristics of a brittle

Figure 5. Dimensional change versus temperature plot for neat epoxy,

blend, and hybrid composites. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Impact strength of neat epoxy, blend, and hybrid composites.

Figure 7. Fracture toughness (KIC) of neat epoxy, blend, and hybrid

composites.
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material. From our previous studies, we got maximum tough-

ness for 3.6 wt % ABS-modified epoxy blend.14 The SEM of

fractured surface is given in Figure 8(b), revealed the two-phase

morphology for the 3.6 wt % ABS-modified epoxy blend. The

ABS particles may act as stress concentrators on the application

of external load and will lead to ductile tearing of thermoplastic

and also plastic deformation of the matrix surrounding the ABS

particles. This will contribute to river marks and hence offer

more roughness to the fracture surface and hence more ductility

to the epoxy matrix. The high degree of roughness on the frac-

tured surface also indicates the crack deviation from its original

plane, resulting in an increased surface area of the crack, which

may also increase the toughness. Another important factor to

be mentioned is the formation of nanocavities around 100 nm

during the fracture process. The nanocavities in the ABS

domains are very clear from the micrographs; the formation of

nanocavities may take up a significant amount of applied stress

and hence elevates the fracture toughness. The cavitation pro-

cess in ABS may be due the presence of rubber content (5 wt

%) in ABS phase and is a phenomenon frequently observed in

rubber modified epoxy blends.51

The fracture surface of the MWCNTs/ABS/epoxy hybrid compo-

sites is shown in Figure 8(c–e) as for the epoxy blend the

FESEM micrographs for hybrid composites were rougher and

presented ductile drawing, plastic deformation, and nanocavita-

tion. The micrographs reveal fracture surfaces with and without

MWCNTs. It is quite unpredictable for the localization of

MWCNTs in polymer blends, because there are many factors

affecting it, such as polarity, viscosity, mixing sequence, phase

Figure 8. Field emission scanning electron microscopy of failed surfaces of neat epoxy, blend, and hybrid composites. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Continued
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separation, and so on. Therefore, the MWCNTs might localize

in epoxy phase, ABS phase, or both of them. From the micro-

graphs, it can be seen that the carbon nanotubes are fractured,

and also some are pulled out of the epoxy matrix but are dis-

persed in the blend matrix and are separated from one another.

Nanotube pull out was observed in all MWCNTs hybrid compo-

sites this is understandable given the nonfunctionalized charac-

ter of the MWCNTs, indicating poor adhesion between the ma-

trix and MWCNTs.52–54 The presence of MWCNTs enhances the

rubber cavitation process, and the dark circles shown in micro-

graphs are considered as rubber particle cavitation. The stress

whitening is due to rubber particle cavitation and matrix dila-

tion, is essential to the energy absorbing mechanism, and hence

elevates the fracture toughness.36 Another main toughening

mechanism seems to be nanotube pull out, other than caviation

are ductile drawing, rivers bands, and plastic deformation.54

Nanotube pull-out, thermoplastic tearing, and cavitation were

largely observed in these composites and were considered to be

the main sources of energy dissipation leading to the improved

toughness. For 0.21 and 0.36 wt % MWCNTs/ABS/epoxy hybrid

composites [Figure 8(d,e)], we observe regions with nonuni-

form dispersion of thermoplastic domains. In these regions,

MWCNTs are selectively dispersed and agglomerated and with

extensive thermoplastic cavitations, and these observations

increased the possibility of pull out and debonding between the

filler and matrix and hence decreased mechanical properties.

CONCLUSION

Thermoplastic modification is an effective way to improve the

mechanical and thermal properties epoxy systems. DDS-cured

ABS/epoxy blend posses a heterogeneous two-phase structure in

which ABS particles were uniformly dispersed in the continuous

epoxy matrix. The dynamic mechanical analysis of the blend

reveals two Tgs corresponding to epoxy- and ABS-rich phases,

which confirms the two-phase morphology in blends. For

hybrid composites, MWCNTs localize in epoxy phase, ABS

phase, or both of them. From the experimental results, it can be

stated that the addition of MWCNTs decreases the rate of the

reaction and is reflected in all the properties studied, especially

from the decrease in epoxy Tg from the dynamic mechanical

analysis (DMA). The improvement in storage modulus by the

addition of nanofillers provided better load bearing capacity for

the composites. The thermal and dimensional stability of the

hybrid composites are comparable with that of neat crosslinked

epoxy and the blend. The impact and fracture toughness were

significantly improved for the hybrid composites. Nanotube pull

out, thermoplastic tearing, and cavitation were largely observed

in these hybrid composites and could be the main sources of

energy dissipation leading to the improved toughness. To con-

clude this study reveals potential of ‘‘hybrid composites’’ in

composite industry.
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