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The current research on carbon nano beads (CNB) is focused on various applications such as high
strength nanocomposites, electronic devices, lubricants, semiconductors, and high-performance batte-
ries, etc. The commercial uses of CNB are yet juvenile for the market. Only limited results have been
published so far on CNB reinforced polymers [1]. This study highlights the synthesis of uniform size,
spherical CNB using chemical vapour deposition (CVD) method. The synthesized CNB are introduced into
epoxy matrix by ultrasonic dual mode mixing route to produce CNB/epoxy nanocomposite. The CNB are
characterized by X-ray diffraction, Energy dispersive X-ray analysis and field emission scanning electron
microscope (FESEM). Morphology, thermal and mechanical properties of the CNB/epoxy nanocomposites
is characterized by FESEM, Thermo-gravimetric analyzer and tensile and bending tests respectively. A
noticeable improvement in thermal and mechanical properties of CNB reinforced epoxy matrix with low
nanofiller content is observed. Several toughening mechanisms such as particle pull out, crack deflection,
particle bridging, crack pinning, shear yielding or plastic deformation, and microcracking are identified.
But, only the crack deflection, particle bridging and shear yielding or plastic deformations are recognized
as the leading toughening mechanisms for CNB/epoxy nanocomposite. These results can be considered
as symptomatic of a potential CNB espousal in new composites.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past few decades lots of research has been performed
worldwide to reinforce polymeric materials with various types of
micro-fillers and nanofillers to enhance their thermal, mechanical
and electrical properties for diverse engineering applications [2e9].
The micro-fillers that have been explored include Al2O3, Al, and Cu
etc., [10]. Similarly, the investigated nanofillers include Al2O3, TiO2,
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SiO2, ZrO2 nanoparticles [11e14], carbon nanotubes [4], nanoclays
[5,6] and more recently graphene, etc., [7e9]. The superiority of
nanofillers over micro-fillers is well known. The nanofillers espe-
cially carbon nanostructures have a great potential to improve
thermal stability, mechanical properties like strength, modulus,
toughness, wear, creep and fatigue resistance, etc. Although the
carbon nanotubes (CNTs) constitute a well-known material for
improving the mechanical properties of the polymers, but the
cross-linking density of epoxy matrix is seriously hampered due to
incorporation of high aspect ratio CNTs especially beyond 1 wt%
[15]. But, the addition of spherical nanoparticles (which offers less
hindrance to the cross-linking density of epoxy due to their low
aspect ratio ~1) beyond 10 wt% is found quite effective for
ponse and toughening mechanisms of a carbon nano bead reinforced
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improvement in mechanical and thermal properties of the poly-
mers [3,11e13]. Over the past two decades various shaped carbon
nanomaterials have been synthesized, characterized and studied in
different environments. Though carbon spheres have been identi-
fied for decades, but the investigation on synthesis of spherical
shaped carbon has turned out to be newsworthy in last few years.
These spherical shaped carbon materials have been denoted as
nanosized carbon spheres [1,16e18], carbon nano beads [19e21],
carbon spherules [22] and nano balls [23], etc. The interest in
synthesis of carbon nano spheres relates to their high conductivity,
thermal stability, strength and lightweight. These carbon nano
spheres also have been used in high strength composites, catalyst
carriers, lubricants, electronic devices [1,24e26].

In view of the above, an attempt has been made to synthesize
carbon nano beads in order to tune the thermal and mechanical
properties of the epoxy matrix. In the present study, the incorpo-
ration of CNB in epoxy matrix leads to the significant improvement
in thermal stability, tensile and fracture properties of the epoxy
composite at very low nanofiller content (2 wt%). Several tough-
ening mechanisms are identified and discussed for organic partic-
ulate filled thermosetting polymers. These results suggest that CNB
illustrate momentous potential as a reinforcing ingredient in
polymeric composites.

2. Experimental

2.1. Materials

Cobalt (II) acetate tetrahydrate, citric acid monohydrate and
nitric acid were procured from SIGMAeALDRICH, India. Two
component epoxy paste adhesive: Araldite AW 106 Resin/Hardener
HV 953U was purchased from Huntsman Advanced Materials
Americas Inc., USA.

2.2. Synthesis of carbon nano beads (CNB)

Metal containing catalysts were synthesized by aqueous solegel
method. 2.365 g of citric acid monohydrate and 10 g of cobalt (II)
acetate were blended while stirring gently at a gelation tempera-
ture ~80 �C till the formation of a gel. The gel was dried in an oven at
120 �C for 6 h and then calcined in air for 5 h at 350 �C. The calcined
sample was converted to fine powder (catalyst) using pestle and
mortar. Alumina boat containing catalyst was placed in a tubular
furnace at 600 �C under ammonia gas flowing at a rate of 60 sccm
and then temperature was increased to 630 �C at a heating rate of
8 �C/min before passing acetylene gas with ammonia gas for 10min
at a flow rate of 20 sccm for growing carbon nano structures (CNS).
The CNS were dispersed in nitric acid solution (6 M HNO3) using
ultrasonic bath followed by addition of double distilled (DD) water
and kept at ambient conditions for 48 h, including continuous
removal of floating waste in the suspension (CNS settle down at the
bottom) and again diluting it with DD water until its pH value
reaches ~7. Then the suspensionwas kept in an oven at 40 �C till its
complete drying.

2.3. Solution-blended CNB/epoxy nanocomposites

Four times volume of methyl ethyl ketone (MEK) was blended
with epoxy resin using magnetic stirring. Varying amount of 0.5, 1,
2 and 3 wt% of CNB was blended with mixture of epoxy resin and
MEK using optimized ultrasonic dual mode mixing (UDMM) pro-
cess. The choice of optimized UDMM is based on our previous result
[13]. Ultrasonic cavitation by a Vibracell ultrasonic processor
(Sonics & Materials, Inc.) along with magnetic stirring was
employed to prepare CNB/epoxy nanocomposites. After the UDMM
Please cite this article in press as: M.S. Goyat, et al., Thermomechanical res
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process for 1 h, the MEK was removed under high vacuum of
1.33� 10�4 to 1.33� 10�5 bars for 2 h, and the well dispersed blend
was cooled to room temperature (23 �C). The removal of MEK was
confirmed by following amethod described in our earlier work [11].
Hardener was mixed in a stoichiometric ratio to the well dispersed
blend. Then, glass rod stirring was employed for 10min followed by
degassing at room temperature to remove the entrapped air. The
resulting composite was poured into molds and allowed to cure in
hot air oven for 16 h at 40 �C.

3. Characterizations

3.1. Spectroscopic analysis

The dried carbonaceous material was characterized using X-ray
diffractometer (XRD) (Bruker D8 Advance Diffractometer, Ger-
many) with operating voltage of 40 kV and current of 40 mA, under
Cu-Ka radiation having wavelength 1.54 Å. A dwell time of 2 s per
step was used. The elemental analysis of carbonaceous material
was performed using energy dispersive X-ray analysis (EDAX). The
samples were plasma coated with a thin layer of gold ~6 nm for
electrical conduction and to reduce the surface charging during
analysis.

3.2. Morphology of CNB and CNB/epoxy nanocomposites

Morphology of CNB was observed by field-emission scanning
electron microscope (FESEM) Quanta 200F (FEI, USA) with accel-
erating voltage of 20 kV and working distance of ~10 mm. The
dispersion of CNB in the epoxy matrix and tensile test specimen's
fracture surfaces were studied by FESEM with accelerating voltage
of 15 kV to avoid the degradation of polymer material during
analysis. The samples were plasma coated with a thin layer of gold
~6 nm for electrical conduction.

3.3. Thermo-gravimetric (TG) analysis

The TG analysis was carried out with PerkineElmer thermal
analyzer (Pyris Diamond, TG/DTG, USA). Alumina powder was used
as a reference material and the initial sample mass was 10 mg. All
measurements were performed under a nitrogen atmosphere
(200 ml/min nitrogen flow) from room temperature to 700 �C at a
heating rate of 10 �C/min. Thermal stability was determined using
TG and differential thermo-gravimetric (DTG) curves. Data reported
in this study is an average of at least 3 measurements with samples
from different batches.

3.4. Tensile testing

Tensile testing of CNB/epoxy nanocomposites was carried out
following the ASTM D-638(V) standard [14]. Dumbbell-shaped
tensile specimens of size 63.5 mm � 10 mm � 3.2 mm (length,
width and thickness) were tested by a computer controlled uni-
versal tester H25KS (Tinius Olsen, India) with 25 kN load cell at a
crosshead speed of 1 mm/min. The stressestrain curves of the
tensile test specimens were used for determination of tensile
strength, elastic modulus and strain-to-break% [14]. The room
temperature was 23 �C and the relative humidity was 57.3%. Data
reported in this study is an average of at least 3 measurements with
samples from different batches.

3.5. Bending testing

Fracture toughness and fracture energy was measured as per
ASTM D5045 standard. Single-edge-notch 3-point bending test
ponse and toughening mechanisms of a carbon nano bead reinforced
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specimens of size 55 mm� 12.5 mm� 6.25 mm (length, width and
thickness) were tested using a computer controlled universal tester
H25KS (Tinius Olsen, India) with 25 kN load cell at a crosshead
speed of 10 mm/min. The temperature was 23 �C and the relative
humidity was 57.3%. Data reported in this study is an average of at
least 3 measurements with samples from different batches.

4. Results and discussion

4.1. Spectroscopic investigation

The wide angle X-ray diffraction pattern of carbonaceous ma-
terial is shown in Fig. 1(a). The pattern reveals two broad peaks at
26.6� and 43.3�, which corresponds to partial crystalline nature of
small size carbon beads. The peak at 26.6� matches with an inter-
layer d-spacing of ~0.33 nm, which indicates the ordering of carbon
plane and is in good agreementwith graphitic nature of carbon [27].

The EDAX spectrum as shown in Fig. 1(b) indicates the presence
of C, O and Au elements in the carbonaceous material. Where, the
presence of Au is due to gold coating on sample. The presence of
95.56 wt% (98.90 At.%) of C indicates the formation of carbon nano
structure. The very small content of oxygen about 1.15 wt% may
promote the clustering of the nanostructures and also it may
slightly reduce the reinforcing effect of the nanostructures in epoxy
matrix.

4.2. Morphology of CNB, and CNB/epoxy nanocomposites

Fig. 2(a) and (b) reveals a large number of uniform and almost
spherical CNB of diameter about 80e90 nm with smooth surface.
The CNB grow like a chain. The CNB of almost equivalent sizes are
interconnected with each other in random fashion to form
agglomerated carbon clusters.

Good dispersion of nanoparticles in polymeric matrix plays a
vital role to take the advantage of nanoscale particles in order to
achieve enhanced properties. The number and agglomerate size of
carbon particles may increase with the increasing particle content.
Fig. 3 shows the dispersion of 2wt% CNB/epoxy nanocomposite. Fig.
3(a) reveals a noticeable amount of clustering of nano beads in
epoxy matrix, while the comparatively magnified image of FESEM
as shown in Fig. 3(b) reveals most of the nano beads are individ-
ually dispersed except few agglomerates. Further addition of nano
beads (3 wt%) in epoxy matrix leads to a significant clustering of
beads which is not shown here. This may be attributed to the strong
interaction of carbonecarbon spheres. It infers that the optimized
UDMM does not provide enough energy so that it can break up all
strong inter-connected carbonecarbon particles. This becomes
even more challenging if the content of carbon particles increased
from 2 to 3 wt%.
Fig. 1. (a) XRD pattern of carbon nano beads and
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4.3. Thermal properties

The characteristic TGA plots of neat epoxy and CNB/epoxy
nanocomposites are shown in Fig. 4. The initial decomposition
temperature (IDT), maximum decomposition temperature (MDT)
and characteristic yield percentage (CYP) of the nanocomposites
has been measured using the TGA curves (Fig. 4) and are shown in
Fig. 5. The IDT steadily increases with the increase of CNB content in
epoxy. The increase of IDT is an indicative of homogeneous
dispersion of CNB in epoxy matrix, which may act as obstacles to
heat flow through thematrix [11]. The presence of CNB in the epoxy
matrix may delay the predominant random chain scission of the
epoxy matrix [28] and also results in the delay of the initial step of
thermal degradation. However, the MDT increases with the in-
crease of CNB content up to 2 wt% and is followed by a slight
decrease in it for 3 wt% of CNB. A slight decrease in MDT of 3 wt%
CNB/epoxy nanocomposite compared to 2 wt% CNB/epoxy nano-
composite may be due to the non-homogeneous dispersion of CNB
in epoxy matrix for higher content of particles. The CYP depicts the
change in the weight % of neat epoxy and CNB/epoxy nano-
composites at 700 �C. Since CNB does not decompose at 700 �C, the
final weight should increase with the increasing CNB content while
the stoichiometry of the epoxy matrix was maintained [29].
Therefore, the CYP of nanocomposite increases with the increase of
CNB content up to 2 wt%. But, the CYP in case of 3 wt% CNB/epoxy
nanocomposite decreases and this decrease endorses the non-
stoichiometry of the epoxy matrix.

In general, the degradation of epoxy network occurs in a two
stages. The first stage occurs at the temperature between 35 �C and
310 �C, which is ascribed to the evaporation of residual solvent and
adsorbed humidity [30]. The second stage takes place from 310 �C
to 450 �C, which is ascribed to the thermal degradation of the cured
epoxy network [30]. Mostly, the incorporation of foreign particles
in epoxy reduces its cross-linking density to some extent especially
when the particle content is high and particles are not dispersed
homogeneously. The reduction in cross-linking density results in
lower decomposition temperature [29]. Similar to the neat epoxy,
the nanocomposites revealed two-stage degradation in DTG plots
as shown in Fig. 6. However, for the nanocomposites, temperature
at maximum rate of mass loss highlighted by dotted line is
enhanced with respect to neat epoxy and also the formation of
residue is obviously increased.

4.4. Mechanical properties

Tensile stress vs strain curves for neat epoxy and CNB/epoxy
nanocomposites with CNB content ranging from 0.5 to 3 wt% are
shown in Fig. 7. The effect of CNB content on ultimate tensile
strength, Young's modulus and strain-to-break% of the resulting
(b) EDAX spectrum of carbon nano beads.

ponse and toughening mechanisms of a carbon nano bead reinforced
rg/10.1016/j.matchemphys.2015.09.038



Fig. 3. FESEM images of 2 wt% CNB/epoxy nanocomposite at (a) lower and (b) higher magnification.

Fig. 4. TGA plots of CNB/epoxy nanocomposites.

Fig. 5. Trend of initial decomposition temperature (IDT), maximum decomposition
temperature (MDT) and characteristic yield percentage (CYP) of CNB/epoxy nano-
composites with respect to CNB content.

Fig. 2. FESEM images of CNB at (a) lower and (b) higher magnification.
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Fig. 6. DTG plots of CNB/epoxy nanocomposites.

Fig. 8. Tensile properties of the CNB/epoxy nanocomposites: Ultimate tensile strength
vs CNB content, Young's modulus vs CNB content and Strain-to-break% vs CNB content.

Fig. 9. 3-point bending fracture properties of the CNB/epoxy nanocomposites: Mode I
fracture toughness vs CNB content and Mode I fracture energy vs CNB content.
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nanocomposites is shown in Fig. 8, where the error bars denote the
maximum andminimumvalues. The addition of CNB is effective for
increasing the tensile strength and modulus of the epoxy at low
nanofiller loading (0.5e2wt%). But, beyond 2wt% loading, a decline
in performance is observed but it is still better than that of the neat
epoxy. The maximum enhancement in tensile strength and
modulus (~25% and ~47% respectively at 2 wt% of CNB) is impres-
sive. The strain-to-break% gradually decreases with the increase of
CNB content in epoxy, which means the flexibility of the matrix, is
compromised at the cost of enhancement in strength. The
maximum decrease in strain-to-break% is ~21%.

The effect of CNB content on fracture toughness (KIc) and frac-
ture energy (GIc) of the nanocomposites is shown in Fig. 9, where
the error bars denote the maximum and minimum values. The KIc
of neat epoxy is ~0.53 MPam1/2. The addition of CNB into the epoxy
results in an increase in KIc value to ~0.79 MPa m1/2 at ~2 wt% of
CNB, which corresponds to a ~49% increase in fracture toughness,
which is quite interesting. For higher CNB content (3 wt%), the
improvement in KIc reduces to ~0.69 MPa m1/2, but it is still higher
than that of the base matrix. To attain analogous percentage of
Fig. 7. Quasi-static stress vs strain profile of CNB/epoxy nanocomposites.
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enhancement (~49%) in KIc, the required wt% of silica nanoparticles
in epoxy matrix was found greater than 10 wt% [2] which is 5-fold
greater than for CNB. Similarly, to obtain a 49% increase in KIc, the
loading content of alumina (5%) and titania (10%) nanoparticles [2]
in epoxy is ~2 to 10-fold greater than CNB.

The fracture energy of the nanocomposite has been calculated
with the help of following relation: GIc ¼ K2

Ic½ð1� m2Þ=E�, where m is
Poisson's ratio [9]. The fracture energy (GIc) enumerates the energy
required for crack propagation in a material. The calculated GIc of
neat epoxy is 280 J/m2. Addition of CNB into the epoxy results in a
significant increase in GIc of the nanocomposite to 545 J/m2 at 2 wt
% of CNB. However, further addition of CNB to 3 wt% leads to a
decline in the fracture energy of the nanocomposite. The maximum
enhancement in the fracture energy of CNB/epoxy nanocomposite
is ~95% at 2 wt% of CNB. This noticeable enhanced energy release
rate of the CNB/epoxy nanocomposite material is comparable with
tough polymers [31]. These results exhibit the potential of CNB in
toughening the epoxy polymer at very low nanofiller content (2 wt
%). A consistent tendency demonstrated in the results for tensile
strength, elastic modulus, fracture toughness, fracture energy and
fracture surface roughness is that the CNB fillers quickly lose effi-
ciency beyond a loading content of 2 wt%. This is happening due to
clustering of CNB. Because, the CNB agglomeration aids to diminish
the interfacial contact area at CNB/epoxy matrix interface and
ponse and toughening mechanisms of a carbon nano bead reinforced
rg/10.1016/j.matchemphys.2015.09.038
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hence, it weakens the ability of the CNB to reinforce the composite.
The clustering of CNB leads to poor interaction between the
nanofiller and epoxy matrix. The clusters of CNB can act as defect
centers in the epoxy matrix causing a detrimental effect on the
mechanical properties.

4.5. Fracture mechanisms

Numerous mechanisms for energy dissipation are well-known
and accepted for thermosetting polymers and particulate filled
thermosetting polymers [3]. Some of the known extrinsic tough-
ening mechanisms contributing in inorganic nanoparticles-
modified epoxy are particle pull out, crack deflection, particle
bridging, crack pinning, shear yielding or plastic deformation, and
microcracking [3]. All these known reinforcing mechanisms are
scrutinized and discussed for CNB/epoxy nanocomposites in the
following sub-sections.

Most commonly, three different fracture zones observed in case
of thermosetting polymers such as (i) mirror, (ii) mist and (iii)
hackle [31] on the tensile fracture surfaces. All these fracture zones
can be easily seen on the tensile fracture surfaces of 2 wt% CNB/
epoxy nanocomposite as shown in Fig. 10(a). A crack nucleates at a
minute flaw and propagates normal to the tensile axis. In initial
stage of fracture, the crack grows very slowly and then accelerates
which creates very smooth fracture surfaces known as the mirror
zone [32] (shown by red color dashed semicircle and denoted by X).
This fracture zone is surrounded by a little rougher and very thin
region known as the mist zone (shown by yellow color dashed
semicircle and denoted by Y). A very rough and thick region, sur-
rounding the mist zone is known as hackle zone (denoted by Z),
which forms when the crack reached its fastest speed and excess
stored energy dissipates in form of bifurcation [32]. A magnified
FESEM image of the mirror zone of nanocomposite (Fig. 10(b)) is
showing formation of crazes, which is a basic characteristic of a
thermosetting polymer.

4.5.1. Particle pull-out
Particle pull-out occurs due to debonding between the nano-

particles and epoxy matrix, which creates almost hemi-spherical
holes or nanocavities on the fracture surface [33]. Usually, any
debonding phenomenon in themirror or hackle zone is expected to
increase the resistance to the crack propagation [34]. This mecha-
nism is reported for weak nanoparticleematrix interface in the
literature [33], which can be explained as the crack propagation at
very low velocity in themirror zone results in debonding in fracture
surface morphology. This mechanism (indicated by ‘A’) hardly ap-
pears in the mirror and hackle zone of the CNB/epoxy nano-
composite (Fig. 10(c) and (d)), which justifies the formation of
strong interface between CNB filler and epoxy matrix. The exposed
particle top surface (toughening mechanism indicated by B) which
is almost same as the toughening mechanism A. Because, if on one
half of a fracture surface, hemi-spherical holes or nanocavities
present than on the other half of the fracture surface, the top sur-
face of the nanoparticle should be exposed. It happens due to
debonding between the nanoparticles and epoxy matrix [35].
Hence, the toughening mechanism B does not appear to be either
the main toughening mechanism (Fig. 10(c) and (d)).

4.5.2. Crack deflection
Crack deflection process at rigid particles in amatrix is proposed

to play a significant role in toughening of the resulting composite
[36,37]. This theory assumes that a crack can be deflected at an
obstacle and then can be forced to move out of initial crack prop-
agation plane by tilting as well as twisting. Such deflection results
in a change in the stress state, if crack tilts then stress state will be
Please cite this article in press as: M.S. Goyat, et al., Thermomechanical res
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changed from mode I to mixed-mode (mode I/II: tensile/in-plane
shear), and if the crack twists then stress state will be mode I/III
(tensile/anti-plane shear). Crack propagation under mixed mode
conditions needs a higher driving force compared tomode I [36,37],
which leads to a higher fracture toughness of the composite. The
tilting and twisting process consequently continues at other par-
ticles if the crack is following a three-dimensional pathway. This
process leads to an enhancement in total fracture surface area and
thus absorbs extra energy compared to neat polymer matrices,
which can be estimated by comparing fracture toughness with
surface roughness of the composite. The change in fracture surface
of the composite can be obtained by determining the average
roughness (Ra) of the fracture surface. The increase in average
roughness of the fracture surface is an indication of crack deflection
process's existence. Nanoparticles covered by polymer layer
(toughening mechanism C), indicates that the crack may propagate
through the polymer matrix above or below the poles of the
nanoparticles resulting in the more energy consumption due to
crack deflection [31]. The mechanism C seems the dominating one
because, the magnified FESEM image of mirror and hackle zone of
fracture surface of 3 wt% CNB/epoxy nanocomposite clearly reveals
it.

The average roughness of fracture surfaces of the CNB/epoxy
nanocomposites was also measured by randomly selecting at least
3 different specimens of each composition to further confirm the
possibility of crack bending toughening mechanism. Fig. 11 shows
the average surface roughness vs CNB content, which indicates a
~107% increase in surface roughness as the CNB content is increased
from 0 to 2 wt%. This significant increase in the roughness of
fracture surface of the nanocomposites with increase in CNB con-
tent indicates the presence of crack deflection which plays a major
role in toughening the material. This process leads to an
enhancement in total fracture surface area and thus absorbs extra
energy compared to neat polymer matrices [36,37]. Some studies
reported that an increase in the fracture surface area provides a
linear relationship between the average surface roughness and the
toughening contribution [38,39]. But, in the present study, at
higher CNB content the fracture surface roughness shows a decline
compared to the value at 2 wt% CNB loading, which is happening
due to significant clustering of CNB at higher content. These results
specify that the CNB is highly effective in reinforcing and hardening
the epoxy polymer while also quashing crack propagation and
toughening of the epoxy matrix.

4.5.3. Particle bridging
Particle bridging mechanism (indicated by D) [40] was initially

used to explain the increase in toughness at high particle volume
fraction [41] According to this mechanism, when crack propagates
through a composite (containing rigid nanoparticles) then the
particles cover the crack path and induce surface tractions, which in
fact reduce the stress intensity factor at the crack tip and results in
the enhanced toughness of the composite. This type of mechanism
can only be observed for strong nanoparticleematrix interface,
because only strong interface can bridge the crack and not allow it
to further propagate in the surrounding region. ThemechanismD is
frequently observed in the mirror and hackle zone of fracture sur-
face of 3 wt% CNB/epoxy nanocomposite (Fig. 10(c)e(e)). Therefore,
it may be considered as one of the main toughening mechanisms,
because the formation of strong interface between CNB and epoxy
matrix is already verified in form of the enhanced tensile strength.

4.5.4. Shear yielding/plastic deformation
The presence of rigid spherical particles may cause enhanced

shear yielding/plastic deformation of an epoxy matrix. The spher-
ical rigid particles generate almost similar tensile-stress
ponse and toughening mechanisms of a carbon nano bead reinforced
rg/10.1016/j.matchemphys.2015.09.038



Fig. 10. FESEM images of tensile fracture surface of 2 wt% CNB/epoxy nanocomposite at (a) low and (b) high magnification; where Xemirror zone, Yemist zone and Zehackle zone.
Magnified mirror zone (c) and (e). Magnified hackle zone (d) and (f). Toughening mechanisms are indicated by letters AeG. Crack propagation direction is indicated by red color
arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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concentrations in the epoxy matrix as rubbery particles. But the
maximum stress concentrations reside at poles of perfectly boun-
ded particles and at equator in case of weakly bounded particles
[42]. The stress concentrations around these particles lead to plastic
shear deformation which goes on increasing with the increase in
particle content in the epoxy matrix [43]. Increased plastic defor-
mation by the presence of spherical particles has been suggested as
a main mechanism to obtain an improved toughness. Shear
yielding or plastic deformation mechanism (indicated by E) is
clearly visible in both the mirror and hackle zones of fracture sur-
face of 3 wt% CNB/epoxy nanocomposite (Fig. 10(c)e(f)). Based on
Please cite this article in press as: M.S. Goyat, et al., Thermomechanical res
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these observations it can be considered as one of the leading
toughening mechanisms.

4.5.5. Crack pinning
Crack pinning theory was suggested by Lange [44] and further

extended by Evans [45] and Green [46]. According to this theory,
rigid spherical particles can act as pinning points when crack
propagates through a composite. When crack propagates through a
composite then the crack front bowing occurs between the rigid
particles whereas crack still remains pinned at the positionwhere it
has encountered the particle. During initial stage of the crack
ponse and toughening mechanisms of a carbon nano bead reinforced
rg/10.1016/j.matchemphys.2015.09.038



Fig. 11. Average roughness of the fracture surface of CNB/epoxy nanocomposites vs the
CNB content.
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propagation, length of the crack is enhanced due to change in its
shape between pinning positions. Besides secondary cracks, gen-
eration of a new fracture surface may happen. Secondary cracks
combine after passing an obstacle in form of a particle and leading
to a fracture step in form of a tail. Extra energy is absorbed during
this process, which results in increased fracture toughness of the
composite [3]. The crack pinning (indicated by F) hardly appears in
the hackle zone of the CNB/epoxy nanocomposite (Fig. 10(d)),
which indicates that this mechanism can't be considered as the
main mechanism.

4.5.6. Micro-cracking
Micro-cracking near the crack tip can be a vital toughening

mechanism in order to increase the toughness of a particle rein-
forced matrix [33]. In an epoxy matrix modified by rigid spherical
particles, the stress concentration can be maximized at equator of
hole-like spheres, thus, it is logical to expect annular micro-
cracking in the polymer matrix. It is reported that micro-cracking
is a very efficient crack-tip shielding mechanism for epoxy matrix
reinforced with rigid particles [47]. The micro-cracking (indicated
by G) hardly appears in the mirror zone of the CNB/epoxy nano-
composite (Fig. 10(e)). Hence, this toughening mechanism can't be
considered either as the main toughening mechanism.

5. Conclusions

Significant enhancement in thermal stability and mechanical
properties of epoxy nanocomposite can be achieved especially at
low carbon nano bead content. Several extrinsic toughening
mechanisms such as particle pull out, crack deflection, particle
bridging, crack pinning, shear yielding or plastic deformation, and
microcracking had been previously identified in organic particulate
filled thermosetting polymer. The crack deflection, particle
bridging and shear yielding or plastic deformations were recog-
nized as the leading toughening mechanisms for CNB/epoxy
nanocomposite. There is a substantial room for further improve-
ment in material properties. Based on this study, further research
can be continued in two directions: (1) Synthesis of uniform size
non-agglomerated CNB of less than 20 nm remains a challenge (the
size of CNB in present study lies in the range of 80e90 nm).
Consequently, new and advanced techniques are obligatory to
synthesize bulk quantities of very small size and non-agglomerated
CNB. (2) The dispersion of pristine or non-functionalized CNB in
semi-viscous epoxy matrices is very challenging beyond the
Please cite this article in press as: M.S. Goyat, et al., Thermomechanical res
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nanofiller content of 2 wt%. So, chemical functionalization of
nanofiller surface is very important for better dispersion and
interfacial load transfer at higher nanofiller content. The above
mentioned advances will enable CNB to be exploited to their
maximum capability to attain their full potential in epoxy based
polymer nanocomposites.
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