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Abstract

Multiwalled carbon nanotubes (MWCNTs), functionalized carbon nanotubes (FCNTs) and graphene oxide-carbon nanotube
(GCNTs) hybrid Bucky paper (BP) reinforced acrylonitrile-butadiene-styrene (ABS) composites are prepared via vacuum
filtration followed by hot compression molding. The nanomechanical, electrical and thermal properties of these BP reinforced
ABS composites are studied. The nanoindentation hardness and elastic modulus of GCNTs-ABS hybrid composites reached to
389.984+91.79 MPa and 7669.6+1179.12 MPa respectively. Other nanomechanical parameters such as plastic index parameter,
elastic recovery, the ratio of residual displacement after load removal and displacement at maximum load are also investigated.
The improved nanomechanical properties are correlated with Raman spectroscopy and scanning electron microscopy (SEM). It is
found that GCNTs and their composites showed the higher value of defect density. The maximum value of defect density range
for GCNTs and GCNTs-ABS is (297.4 to 159.6) and (16.0 to11.6), respectively. The higher defect density of GCNTs indicates
that the interfacial interaction between the ABS, which was further correlated with electrical and thermal properties. Additionally,
the through-plane electrical conductivities of MWCNTs, FCNTs and GCNTs based ABS composites were 6.5+0.6, 4.5+0.7 and
6.97£1.2 S/em respectively and thermal conductivities of MWCNTs, FCNTs and GCNTs reinforced ABS composites; 1.80, 1.70
and 1.98 W/mK respectively. These GCNTs-ABS composites with this value of thermal conductivity can be used in various
applications of efficient heat dissipative materials for electronic devices.

Keywords Bucky paper - Multiwalled carbon nanotube (MWCNTS) - Functionalized carbon nanotube (FCNTs) - Graphene
oxide-carbon nanotube (GCNTSs)

Introduction

In the past few years, reinforcement of nanofillers in polymer
composites has been drawing much more attention due to their
extraordinary properties. The nanofiller-reinforcement en-
hances the mechanical, electrical and thermal properties of
polymer composites. Incorporation of different type of carbon
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nanomaterials such as carbon nanofiber, carbon nanotubes
(CNTs), graphene, graphene oxide (GO) and reduced graphene
oxide (RGO) has shown potential to improve the mechanical
properties of polymer matrices [1-6]. Among all the carbon-
based nanomaterials, CNTs show the excellent combination of
properties like strength and Young’s modulus [7-10].
Multiwalled carbon nanotubes (MWCNTSs) have been widely
utilized as the reinforcing filler for high strength polymer com-
posites [11-16]. Previous studies on MWCNTSs based polymer
composites showed that the utilization of MWCNTS in com-
posites strongly depend upon uniform dispersion of CNTs
throughout the polymer matrix [17-19]. The enhancements in
properties of polymer composites are strongly dependent upon
filler-matrix interaction. However, CNTs suffer the problem of
poor dispersion due to van der Waals force of attraction arises
as a result of 7t-7t interactions along their axis [20-22].
Graphene, a two-dimensional carbon material, is known as
the thinnest material which is one atom thick sp® layer of
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hybridized carbon atoms. Graphene has excellent structural,
mechanical, thermal, electrical and optical properties which
have attracted extensive interest in the field of research
[23-28]. Due to these superior features graphene and
graphene-like nanomaterials have been used in many applica-
tions like polymer nanocomposites [29], supercapacitors [30,
31], nanoelectronics [32], energy storage devices [33], batte-
ries [34] and sensors. However, the main drawbacks of using
graphene are their restacking. To avoid these problems, i.e.
agglomerations in CNTs and restacking in graphene, a hybrid
material of graphene oxide and CNTs have been synthesized
by implementing various previously reported techniques
[35-38].

Agglomeration and interfacial restacking problems are ex-
pected to overcome by using the hybrid nanofillers in polymer
nanocomposites, simultaneously. Currently, most commonly
used nanofillers for polymer composites are one dimensional
(1D) single-walled and multiwall carbon nanotubes, two-
dimensional (2D) graphene oxide and reduced graphene ox-
ide. The hybridization of 1D CNTs and 2D graphene oxide
flakes lead to the 3D hybrid nanomaterials (GCNTs), which
possess excellent performance and properties of individual
nanomaterial [39].

In previous literature, polymer-hybrid nanocomposites had
shown the extraordinary mechanical and energy absorbing
properties [40—45]. Graphene and CNTs hybrid was found
to be quickly dispersed in water [46]. Shin et al. [47] studied
the toughness properties of composite fibers prepared by the
self-alignment of reduced graphene oxide-MWCNTSs
(GCNTs). The result represents that the toughness was in-
creased by the addition of GCNTs flakes in solution spun
polymer fibers. The value of toughness was increased due to
the interconnected network structure between GCNTs.
Chatterjee et al. [48] studied the mechanical properties of
graphene nanoplatelets and CNTs hybrid epoxy composites
prepared by the in-situ polymerization. The CNTs-graphene
nanoplatelets ratio (9:1) represents the remarkable improve-
ment in fracture toughness (increased up to 76%). Gong et al.
[49] studied the synergetic effect of reduced graphene oxide
(RGO)-double walled carbon nanotube (DWCNTS) on the
toughness of polymer nanocomposites. The tensile strength
and toughness of RGO-DWCNTs nanocomposites reached
to 374.1+22.8 MPa and 9.2 + 0.8 MJ/m’ respectively. Kim
etal. [50] studied the enhancement in mechanical properties of
MWCNTs-Et-GO/LLDPE (linear low-density polyethylene)
composites. This structure represents the attachment of
MWCNTs with GO and ethylene diamine (Et-GO). The ten-
sile strength of Et-GO-MWCNTSs/LLDPE composite with 1%
loading enhanced up to 147.8% as compared to pure LLDPE.
Yingkui Yang et al. [51] studied the nanomechanical and
thermal properties of covalently-functionalized graphene
polymer composites. Functionalized graphene (FG) was ob-
tained by grafting m-isopropenyl-«, o'dimethyl benzyl

@ Springer

isocyanate (m-TMI) to graphene oxide (GO) followed by the
chemical and solvothermal reduction of GO. The FG sheets
were formed, which were hydrophobic in nature and stable in
polar solvents such as N, N dimethylformamide. The vinyl-
benzyl groups of m-TMI were attached to FG copolymerized
with methyl methacrylate to produce graphene/poly (methyl
methacrylate) (PMMA) composites. Well-dispersed FG sheet
in PMMA formed strong interfacial bonds with the matrix,
contributing to increases in elastic modulus (i.e. 72.9%) and
indentation hardness (i.e. 51.2%) on the addition of at 1% wt
FG sheet. Fan et al. [52] studied the nanomechanical proper-
ties of graphene nanosheet (GNS)/hydroxyapatite (HA) nano-
rod composites (GNS/HA). The mechanical properties of HA
and GNS/HA coatings deposited on the glass slides by spin
coating were examined using nanoindentation technology on
a TI-950 tribo indenter system. The value of hardness and
Young’s modulus was found to be 242.06 +7.28 MPa and
6.20+1.67 GPa, respectively in GNS/HA nanorod
composite.

Herein, we report the electrical, thermal and nanomechan-
ical properties of MWCNTs, FCNTs and GCNTs reinforced
ABS polymer nanocomposites prepared by vacuum filtration
followed by hot compression molding to avoid the agglomer-
ation problem in CNTs. The three dimensional (3D) network
structure of GCNTs hybrid were studied by scanning electron
microscope (SEM). Raman spectroscopic analysis was carried
out to correlate the morphological and physical properties
with nanomechanical properties of carbon nanofiller based
ABS composites. The nanomechanical, electrical and thermal
conductivity of GCNTs, MWCNTs and FCNTS filled ABS
composites were studied and a synergistic effect is
investigated.

Materials

ABS is a tri-polymer of acrylonitrile, butadiene, and styrene
(density-1.068 g/cm3 and melt flow index (MFI) 100 °C/
10 kg) which was obtained from Bhansali group (India).
MWCNTSs were synthesized using toluene (C;Hg 99% pure)
as a hydrocarbon source and ferrocene ((C1oH;() Fe, 99%) as
a catalyst precursor in an in-house built CVD set up [53]. N-N
dimethylformamide (DMF) (C;H,NO, 99%), nitric acid
(HNO3, 65%), and acetone (C3HgO, 99.9%) were obtained
from Sigma Aldrich and used without further purification.

Synthesis of acid functionalized MWCNTs, FCNTs and
GCNTs hybrid

First, MWCNTs were synthesized by CVD method in which
toluene was used as hydrocarbon source and ferrocene as a
catalyst. The diameter of MWCNTs was in the range of 10—
100 nm. The average diameter of CNTs was approximate
25.8 nm and the average bundle length 350 um [54]. As
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produced MWCNTSs were treated with the nitric acid (HNOs,
60% conc.) for 24 h in the refluxing apparatus at 70 °C, to
attach carboxylic (COOH) group on the MWCNTs surface
[55]. These acid functionalized CNTs were washed repeatedly
with DI water to reach neutral pH and thereafter dried in the
oven at 100 °C for 12 h. These acid functionalized CNTs were
designated as FCNTs.

Second, graphene oxide was synthesized by improved
Hummer method [56]. GO-CNTs (GCNTs) hybrid was syn-
thesized using the ultra-sonication technique and produced
GO and CNTs were added to ethanol solution in 1:1 ratio
and ultrasonicated for 8 h and discussed elsewhere [18]. The
final sample was denoted as GCNTs hybrid.

Preparation of MWCNTs, FCNTs and GCNTs bucky
papers

Buckypaper (BP) is a freestanding thin porous network of
randomly entangled CNTs cohesively bound by van der
Waals’s force of interactions. BPs were prepared from
MWCNTs, FCNTs and GCNTs nanofillers individually.
These three different carbon nanofillers were separately dis-
persed in a solvent medium and subsequent vacuum filtered
through filter paper.

As shown in Fig. 1 for the synthesis of BP of MWCNTs,
FCNTs,and GCNTs, these were separately suspended in the
acetone and sonicated in an ultrasonic bath for 3 h. Further, the
suspended material was filtered with vacuum filtration tech-
nique by applying an adequate pressure. Later, samples were
dried in an oven at 70 °C for overnight. The thickness of all
BPs was in the range of 90-100 um. Before characterization,
ABS and the BPs were placed in an oven at 100 °C for 24 h to

remove absorbed moisture as well as solvent. The concentra-
tion of carbon filler and ABS are 60:40%.

Preparation of carbon nanomaterials based bucky
paper reinforced ABS composites

ABS granules were dissolved in 50 ml of DMF solution using
magnetic stirrer for 6 h. After complete dissolution of ABS
granules, it was coated on both sides of BPs.

This consolidation cycle is optimization for minimizing the
internal porosity and improving the impregnation of the poly-
mer in BPs. As prepared BP-ABS composite papers were cut
into small specimens according to the mold’s dimension
(50 mmX50 mm) for composite preparation as shown in
Fig. 2. After cutting, these were stacked into the mold and
pressure was applied of 100 kg/cm? using the hydraulic press
at temperature 265 °C, the sample was cooled down at the
room temperature slowly.

Characterizations

Surface morphology of different MWCNTs-ABS, FCNTs-
ABS and GCNTs-ABS based BP composites were examined
by Scanning Electron Microscope (SEM, model EVO-MA10
ZEISS). Raman spectra of the composite samples were obtain-
ed using in-via Raman spectrometer, UK, using the two exci-
tation of laser source of 785 nm (1.58 eV) and 514 nm
(2.34 eV) wavelengths and Raman spectrum was recorded
by scanning in 500 to 3200 cm™' region. The nano-
indentation study was carried out by IBIS-Nano-indentation

Fig. 1 Schematic diagram of the
preparation of Bucky paper
(MWCNTs, FCNTs, and
GCNTs)
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Fig.2 Systematic diagram for the
formation of MWCNTs-ABS,
FCNTs-ABS and GCNTs-ABS
composite samples
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systems equipped with a Berkovich indenter, and other details
are given elsewhere [57].

Electrical conductivity of the composites was measured by
the four-point probe technique (Keithley 224 programmable
current source). The voltage drop (V) between the two points
of distance 1.5 cm was measured by Keithley 197 A and by
auto ranging microvolt digital multimeter. The densities of the
samples were measured by conventional Archimedes’s prin-
ciple and found to very close to its theoretical value. Thermal
diffusivity measurement was carried out by laser flash system
Linseis (LFA 1023) on the polished samples of the disc, di-
mension 12.75 mm diameter and thickness 2.25 mm. Specific
heat measurement was performed by differential scanning cal-
orimeter (204 F1 pheonix). The thermal conductivity was cal-
culated from the equation.

R

‘= (1)

where o is the thermal diffusivity, is the thermal conduc-
tivity, Cp is the specific heat and p is the density.

Results and discussion
Mechanical properties by nanoindentation

Nanoindentation is an important technique to study the me-
chanical properties of polymer composites. The nanomechan-
ical testing provides information about various mechanical
properties such as hardness (H), elastic modulus (E), load
displacement curve, elastic recovery, etc. The load displace-
ment curves for ABS, MWCNTs-ABS, FCNTs-ABS and
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GCNTs-ABS at minimum indentation load of 1mN are stud-
ied and shown in Fig. 3a-d.

Load versus displacement curves are used to investigate the
elastic and plastic properties of polymer composites. Elastic
modulus and hardness is a function of slope for unloading
curve in nanoindentation measurements (Fig. 3). Figure 3a
shows that maximum displacement is an indicator of the soft
matrix that consequently leads to the low Young’s modulus.
The GCNTs-ABS had the least displacement that is attributed
to the highest Young’s modulus under the same indentation
conditions similar for others. It is because of lower displace-
ment signifies the strengthening of the matrix in presence of
different carbon nanofillers [58]. In the current study, the
curve shifts toward the left and lower displacements as a result
of matrix strengthening as previously discussed by Ostovan
et al. [59].

It is depicted in Fig. 4a that the value of H for pure
ABS, MWCNT-ABS, FCNTs-ABS, and GCNTs-ABS is
248.594+26.32 MPa, 306.32+26.74 MPa, 341.10+40.09
MPa, and 389.98+91.79 MPa, respectively. A similar
trend is been observed in Fig. 4b for elastic modulus
property of the smaples; ABS, MWCNT-ABS, FCNTs-
ABS and GCNT-ABS composites and the values are
4505.724261.96 MPa, 6096.99+185.96MPa, 6600.18
+1184.45 MPa and 7669.61£1179.12 MPa, respectively.
Thus, an overall improvement in elastic modulus is
35.32% for MWCNTs-ABS, 46.49% for FCNTs-ABS,
70.22% for GCNTs-ABS and similarly the overall im-
provement in hardness is 23.02% for MWCNTs-ABS,
36.99% for FCNTs-ABS and 56.62% for GCNTs-ABS
in reference with pure ABS polymer. In addition to elastic
modulus and hardness properties, the wear resistance is
also an important parameter in determining the behavior
of polymer composites.
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Fig. 3 Load versus displacement
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The lower value of H/E in MWCNTSs-ABS composite
signifies that the fraction of work is being consumed in
plastic deformation. On the other hand, the value of H/E
in GCNTs-ABS composite (0.051) indicate less plastic de-
formation as compared to pure ABS and FCNTs-ABS
composites. The H versus E curve of all carbon nanofiller

reinforced ABS composites is shown in Fig. 4d. The H and
E follow linear behavior point towards the toughness of the

structure.

Load versus displacement curves are used to calculate the
hyes/hmax, €lastic recovery (ER) and the stiffness. The value of
ER is calculated by using the relation

Fig. 4 Variation of (a) hardness,
(b) elastic modulus, (¢) (H/E) at (a)
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hmax_hres
YFER = T X

max

100 (2)
Where, h,ax is the maximum displacement of load and h,
is the residual displacement after removing load. The ratio
of hes/hpmax curves of various polymer composites are
shown in Fig. 5a. A value of this parameter varies from
0.52—0.62 which corresponds to the elastic and plastic be-
havior. The lesser limits are resultant of the elastic behav-
ior, and upper limit corresponds to rigid plastic behavior.
Elastic recovery of material depends upon the elastic be-
havior of material. In this work value of ER for different
carbon nanofiller reinforced ABS composites vary in the
range of 38.5-49.42% (Fig. 5b). The estimation of contact
stiffness (dP/dh),,.x has been verified with the elastic and
plastic properties of the polymer. Stiffness is defined as the
resistance of an elastic body to deformation under the load.
The variations in the stiffness of composite samples are
shown in Fig. 5c. The value of the stiffness for pure ABS
polymer is 5.2 + 0.08X 10> N m 'which increased for
GCNTs-ABS composite sample up to 7.65+1.22 X
10° Nm™".

The deformation energy (U,) of different carbon nanofillers
(MWCNTs, FCNTs, GCNTs reinforced ABS) composites is
shown in Fig. 5d. Generally, U, of the polymer composites is
estimated by the area that is surrounded by loading—unloading
curve in the load-displacement profile. Here in this work, de-
formation energy is calculated by the relation given in Eq. (3)
[60, 61].

1

Ur <_

1
wotan®p

1

\/ﬁps/z

. G)

)

Where ) is the geometry constant, and it has the value of 1.3
for the pyramidal indenter, P is the load and ¢ is the half angle
of the Berkovich Indenter and has a value of 65.3". The vari-
ation in deformation energy with different carbon nanofillers
(MWCNTs, FCNTs, and GCNTs) loading in ABS is shown in
Fig. 5d. The values of U, are found to be in the range of 1.50
+0.08 X 107" to 1.190.17 X10™"° J. The value of H and U,
strongly depended upon the ER. The results for U, are also in
good agreement with results for H. The GCNTs-ABS com-
posites possess excellent mechanical properties which are fur-
ther correlated with the Raman study. The Raman analysis
technique was used to determine the value of defect density
and defect density generated the interfacial bonding.

Raman spectroscopic analysis

Carbon nanofillers and their reinforced ABS composites are
characterized using Raman spectroscopy at two laser excita-
tion energy. To obtain information about the interaction be-
tween carbon nanofiller and ABS matrix as shown in Fig. 6.
Raman spectra of carbon nanofillers reinforced ABS compos-
ite showed three characteristics peaks: First-D band (1304—
1350 cm™ ') attributed to the defects in nanofillers including
sp> hybridized, second- an intense G band (1480—1581 cm ')
associated with tangential C-C bond stretching motion and the

Fig. 5 Variation of (a) hyes/hinax,
(b) elastic recovery %, (c)
stiffness and (d) deformation
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Fig. 6 Raman spectra of (a) (a) (b)
MWCNTs, (b) FCNTs, (¢) 8000
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last 2D band (2600-2700 cm™ ') which is overtone of D band
[62—64]. Raman Spectra of pure ABS as shown in Figure P3
(given in Supplementary information).

Raman spectroscopy can discriminate defects related to the
size in sp” carbon lattices, resulting in different intensity ratio
depending on the amount of disorder. The amount of disorder
in a nano-crystallite is given by the amount of border (one
dimensional defect) on the total crystalline area, and this is a
measurement of the nano-crystallite size L,. Point-like defects,
distance between defects L measures of the amount of disor-
der, and recent experiment showed that different approaches
must be used to quantify Lp and L, by Raman spectroscopy
(See in schematic diagram of supplementary information P1
(MWCNTSs) and P2(GCNTSs)) [65].

This Raman study mainly focuses on the low distance de-
fect density regime (Lp > 10 nm). The total area contributing
to the D band scattering is proportional to the point defects,
giving rise to the Ip/Ig «1/L%. The ratio between G and D
bands depended upon the fourth power of the laser excitation
energy. The value of Lp, is calculated in term of the energy
using the following equation [66].

2oy (43£1.3) x10° (Ip !
Lp (nm ) = (Ei) (IG> (4)

Regarding the excitation laser wavelength A; (in nanome-
ters), it can be represented as

-1
L} (nm?) = (1.8 £0.5) x 107°A] G—E) (5)
The Eq. (4) and (5) are an empirical formula which is used
to quantify the amount of point like a defect in the carbon
material using laser excitation energy/wavelength. In term of
the defect density n plem 2) =104 (HL% ), the Egs. (4) and (5)
become [66].

np (em™?) = (7.3 £2.2) x 10°E} GZ) (6)

1.8 £0.5) x 10% (Ip)
At ()

np (em™?) = ( (7)
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Fig. 7 Variations of (a) Ip/Ig as function of Lp, for different carbon nanofiller and laser excitation energy and (b) E* (Ip/Ig) as a function of Lp

Figure 6 shows the Raman spectrum of different carbon
nanofillers with different laser wavelength. Figure 7 plot,
shows that the intensity ratio of D and G band depends upon
the excitation energy and quality of the carbon material. In
Fig. 7 different laser excitation energy is used, and the value
of Ip/lg increases as Lp decreases (See supplementary
information Table S1). The value of L, gives important infor-
mation to understand the defect peak.

The value of Lp, is large in case of MWCNTSs as compared
to others because MWCNTSs have high quality (See in
supplementary information S1). The value of defect density
was calculated by Eq. (6).

Figure 8 shows the calculated defect density between the
different carbons based nanofiller. Defect density present in
MWCNTs has a smaller value as compared to the other.
While, GCNTs hybrid has high ordered defect density due
to the carbonyl groups which are present in GO. Further, the

higher value of L shows the smaller defect density value and
turns out to have a highvalue of crystallite size.

The general expression that gives crystallite size (L,) from
the integrated intensity ratio Ip/Ig using a laser is given by Eq.
(8). To calculate the value of nano-crystallite size different
laser energies of different excitation were used. Further, L,
derived from the following equation in terms of energy [67].

In term of the wavelength, the Eq. (8) becomes [67].

L, (n

Ip

L, (nm) = (2.4 x 107'%) A (E)l 9)

Integrated intensities ratio of the D and G bands (Ip/
Ig) vs L, for all samples and laser energies used in the
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Fig. 8 Variations of (a) Ip/lIg as function of defect density (np) for different carbon nanofiller and laser excitation energy and (b)EL* (Ip/Ig) as a function

of np according to Egs. 6

@ Springer



J Polym Res (2020) 27: 282 Page9of16 282

Fig. 9 Variations of (a) Ip/Ig as
function of L, (nm) of nanofiller (a) (b)
and laser excitation energy and 1.6 1.8 e
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experiment. The value of intensity ratio of Ip/lg was In GCNTs-ABS, FCNTs-ABS composites, the peak

increased the value of L, goes on decreasing. Figure 9b  positions slightly shifted and intensity decreased as compared
shows the straight line, its represents the experimental  tothe MWCNTSs-ABS composites, which is being confirmed
value of intensity ratio of D and G band versus crystal- by Fig. 10 at two laser wavelength (785 and 514 nm). The

lite size (1/L,). shifting of Raman peaks towards lower or higher wave
Fig. 10 Raman spectra of (a
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Fig. 11 Variations of (a) Ip/Ig as
function of L, for different (a) 25 (b)
carbon-based nanofiller rein- N—
forced ABS composites and laser 15 - + - A : 11\7/1 C‘?ﬁ:;}ggf 4514
excitation energy and (b) E 4 (Ip/ L  Sm—— 4 20 4 GCNTs-ABS 514
Ig) as a function of Ly according 1ok B | MWCNTSs-ABS 785
to Egs. 4 : F - FCNTs-ABS 785
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number is related to the chemical bond length of molecules.
Shorter bond length causes a shift towards higher wavenum-
ber or vice versa. If the chemical bond length of molecules
changes due to any internal or external effects, then it may
cause a shift in wavenumber.

The plot in Fig. 11 validates these relations for samples
with Lp > 10 nm. The value of L, of MWCNTSs-ABS is en-
hanced higher than other two materials.

Figure 12 shows the density of the defects in different
carbon-based nano-fillers. GCNTs have a smaller value as
compared to the other. GCNTs incorporated
composites have high ordered defect density due to the GO,
and they shape the bonding between the ABS matrix as com-
pare to the FCNTs-ABS and MWCNTs-ABS composites
(See supplementary information Table S2).

Figure 13a shows the plot of the intensities ratio of
the D and G bands (Ip/Ig)vs L, for all carbon
nanofillers reinforced ABS composites and laser ener-
gies used. Different points are observed with increasing
the value of L,. Figure 13b shows that all experimental
points collapse in the decreasing the value of the Ip/Ig
vs 1/L, plot. The value of MWCNTs-ABS is larger as
compared to other because of crystallization nature as

compared to other (See supplementary information
Table S2).

Morphological characterization of bucky paper -ABS
nano composites

To observe the impregnation of ABS polymer in these com-
posites, their surface morphology was examined using SEM.
SEM images of carbon-based ABS composites are shown in
Fig. 14. Different morphologies were observed in different
types of CNT BP. By applying the hydraulic pressure on the
sample papers of BP- ABS, ABS matrix was forced to pene-
trate into the bucky paper, but due to its low permeability,
resin displaced into the chains and generates random channels
through the nanotube network.

To observe the impregnation quantity of the manufactured
composites, their surface morphology of carbon nanofiller
BP-ABS composites are shown in Fig. 14. The MWCNTs-
ABS BP composites exhibited the minimum porosity and high
degree of the resin impregnation as shown in Fig. 14a and b.
FCNTs-ABS composites prepared by hot compression are
quite heterogenous, showing the matrix rich region and non
impregation area in Fig. 14c¢ and d. The good impregnation

Fig. 12 Variations of (a) Ip/Ig as
function of defect density (np) for (a) (b)
different carbon-based nanofiller [ = MVWONTS.ABS 514 24 F
reinforced ABS composites and  —— =0- FCNTs-ABS 514
laser excitation energy and (b) 15 L =~ GCNTs-ABS 514 I &———=
4 : . ~y= MWCNTSs-ABS 785 20 |
EL" (Ip/lg) as a function of np =€ FCNTs-ABS 785 _
according to Egs. 6 | ¥V =p= GCNTs-ABS 785 r
Q 16 | -=- MWCNTs-ABS 514
5 = -e- FCNTs-ABS 514
= 1.0 - 2 i -+ GCNTS-ABS 514
= *_12 F —v- MWCNTs-ABS 785
L = —¢ FCNTs-ABS 785
S——h I P =»- GCNTs-ABS 785
—_—a
05+ 8 vV—v
[ R | 1 I I R R I |
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Fig. 13 Variations of (a) Ip/Ig as
function of L, (nm) for different (a) (b)
carbon based nanofiller rein- 1.8 1.8
forced ABS composites and laser m 514 L 514
excitation energy and (b) (Ip/lg) 1.6 |- G;‘ 1.6 - ..F
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quality between the ABS and GCNTs BP enhanced the inter-
facial adhesion. GCNTs (Fig. 14e) showed good interaction
with polymer because of the large surface area and strong
bonding between GO and MWCNTs due to the presence of
synergetic effect between them. Small pore dimension in BP
and the high viscosity of the polymer prevent complete tube
wetting, leading to a low degree of composite porosity.

Fig. 14 SEM micrographs of (a)
and (b) MWCNTs-ABS, (¢) and
(d) FCNTs-ABS, (e) and (f)
GCNTs-ABS composites at dif-
ferent magnifications

Electrical conductivity

Generally, ABS polymer is insulating in nature and its
electrical conductivity is 107'% S/cm [68]. Addition of
the CNTs based nanofillers in the ABS matrix increased
the value of electrical conductivity as shown in Fig. 15.
To understand this behavior, the mechanism of electrical

Mag. 20 KX
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8 Through Plame ‘

0 1 ' 1

MWCNTs- FCNTs- GCNTs-
ABS ABS ABS

Electrical conductivity (S/cm)

Fig. 15 Through plane DC electrical conductivity of different ABS
composites

conduction within carbon based ABS composites is con-
sidered. According to the variable-range hopping (VRH)
theory, [69] the electrical conduction occurs between tube
—tube within a bundle or between neighbor bundles from
side to side their contacts.

Generally, conductivity depends upon the two major fac-
tors, the conductivity of the nanotubes themselves and the
ability to electric carriers between adjacent nanotubes. In acid
treatment, some defects on the CNTs sidewalls due to func-
tional groups which modified the conjugation system for elec-
tron transport, resulting in a slight decrement in electrical con-
ductivity [70]. However, due to the acid treatment length of
CNTs was shortened which resulted into the slightly lower
electrical conductivity of FCNTs-ABS composites compared
to MWCNTs-ABS composites (Fig. 15). Through plane elec-
trical conductivity of GCNTs-ABS composites was high as
compare to MWCNTs-ABS and FCNTs-ABS, because the
GO sheets are attached with MWCNTs which makes the net-
work easily in the polymer matrix and the synergistic effect of
GO and CNT into GCNTs. The values of through plane elec-
trical conductivities of MWCNTSs, FCNTs and GCNTSs rein-
forced ABS were 6.5+£0.6, 4.5+0.7 and 6.97+1.2 S/cm
respectively.

After the electrical conductivity, the effect of nano filler on
thermal conductivity of polymer composites is studied. It de-
pends upon the several factors like atomic size, tube size, sheet
size, orientation of sheet, defect, etc.

Thermal conductivity

Total value of the thermal conductivity is the sum of
the thermal conductivity of electron and the thermal
conductivity of phonon. The Wiedemann—Franz law is
the ratio of the eclectronic contribution of the (k) to the
electrical conductivity (o) of a material and is

@ Springer

proportional to the temperature (7). The phonon contri-
bution is calculated by the following equation.

L
—=kT
o

(10)

Theoretically, the proportionality constant L, known as the
Lorenz number, is equal to

L:—:

K w2
3

(<2) =244x 10" WQK? (1)

Figure 16 shows the thermal conductivity () at room tem-
perature for the MWCNTs-ABS, GCNTs-ABS and FCNTs-
ABS composites. The values of total thermal conductivity for
MWCNTs, FCNTs and GCNTs reinforced ABS composites
are 1.80, 1.70 and 1.98 W/mK respectively. In the polymer
composites thermal energy is mainly due to the phonon and
the phonon contribution of the thermal conductivity of
MWCNTs-ABS, FCNTs-ABS and GCNTs-ABS composites
are large and contribution due to electron is negligible.

The application and analysis of carbon based ABS com-
posite for the thermal transport has been investigated exten-
sively because of the phonon domination in ballistic heat
transport mechanism. The thermal conductivity is strongly
depending on the degree of the entanglement, defects and
chirality. The better performance of GCNTs-ABS composites
is due to their specific surface and synergetic effect, as com-
pared with FCNTs, and to the presence of the internal layers
which permit phonon conduction and reducing the coupling
losses. Thermal conductivity of nano composites is sensitive
due to interfacial bonding between the filler and the matrix,
intimately related to a phonon coupling mechanism. This
mechanism is influenced by numerous factors such as the
length of free path for phonons, the boundary surface scatter-
ing, the number of vibration modes, and the resistance to heat
flow at the interface, known as Kapitza resistance [71]. In
general, the Kapitza resistance increases with the specific sur-
face area, decreasing the efficiency of phonon transport.
GCNTs hybrid form the 3D network structure exhibits the
promising potential in thermal interface due to a continuous
network structure and exhibits the high value of thermal con-
ductivity. Previous researchers showed that [72, 73] CNTs
between the adjacent layers of graphene can act as additive
to heat flux path and improve the thermal conductivity. The
functionalization of CNTs improves the CNTs matrix interfa-
cial bonding, thus reducing the phonon scattering between the
two phase (as shown in Scheme 1) and lowered the value of
thermal conductivity due to increase the defect concentration
[74]. A clear demonstration of the thermal conductivity mech-
anism as discussed above is given in Scheme 1.
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Fig. 16 (a) Room temperature
total thermal conductivity and (b)

thermal conductivity due to
electron contribution of
MWCNTs-ABS, FCNTs-ABS
and GCNTs-ABS composites
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Conclusion

MWCNTs, FCNTs and GCNTs reinforced ABS polymer
nanocomposites were prepared using vacuum filtration
followed by hot compression molding. The degree of mor-
phology, Raman, nanomechanical, electrical and thermal
properties of ABS-based nanocomposites reinforced with
pristine or functionalized FCNT or GCNT buckypapers were
investigated. The experimental results showed that the nano-
mechanical properties of GCNTs-ABS were improved as
compare to MWCNTs-ABS, FCNTs-ABS. The overall im-
provement in hardness and elastic modulus of 56.62%,
23.02% and 36.99% respectively and 70.22%, 35.52%, and
46.49%, respectively were observed for GCNTs-ABS,
MWCNTs-ABS, and FCNTs-ABS over the pure ABS in
nanoindentation tests. The maximum value of nanoindenta-
tion hardness and elastic modulus were 389.98+91.79 MPa
and 7669.61£1179.12 MPa for GCNTs-ABS composite

respectively as compared to 248.994+26.32 MPa and 4505.7
+261.96 MPa, respectively of pure ABS. Addition of GCNTs
hybrid into ABS matrix not only reduced the deformation
energy but also improved the other mechanical parameters.
The enhancement in nanomechanical properties was further
confirmed by Raman spectroscopic and SEM studies which
exposed by the significant shifting in Raman peaks. Raman
spectra of the composites with acid functionalized group of
CNTs and GCNTs hybrid, ABS polymer matrix showed the
noticeable shift in G and D band. MWCNTs and MWCNTs-
ABS composites have higher value of Lp (21.56—12.88
(MWCNTs-514), 16.89-12.3 (MWCNTs-ABS 514)), L,
(46.4 (MWCNTs-514), 28.5 (MWCNTs-ABS 514)) and
lowered value of np(114.07-61.24 (MWCNTs-514),
185.85-99.73 (MWCNTs-ABS 514)), due to higher purity.
GCNTs and GCNTs- ABS composites have lower value of
Lp (13.39-9.80 (GCNTs-514), 16-11.6 (GCNTs-ABS 514)),
L.(25.73 (GCNTs-514), 17.9 (GCNTs-ABS 514)) and higher

Scheme 1 Schematic
presentation possible in thermal
diffusivity in the carbon based
polymer composites
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value of np 297.36-159.63 (GCNTs-514), 208.3-111.81
(GCNTs-ABS 514)), due to defects.

The experimental values regarding electrical and thermal
properties of GCNTs-ABS composites were improved as
compared to MWCNTs, FCNTs reinforced ABS composites.
The values of the electrical conductivity were 6.5+0.6, 4.5
+0.7 and 6.97+1.2 S/cm of MWCNTs-ABS, FCNTs-ABS
and GCNTs-ABS composites, respectively. The thermal con-
ductivities values observed in MWCNTSs, FCNTs and GCNTs
reinforced ABS composites were 1.80, 1.70 and 1.98 W/mK,
respectively. The surface morphology of the synthesized
nanofiller (MWCNTSs, FCNTs and GCNTSs) were character-
ized by SEM. Due to its excellent properties, GCNTs
nanofiller is a suitable material for various applications such
as actuators, fuel cell catalyst supports, electrodes in
supercapacitors, field emitters transistors, nanoscale genera-
tors, hydrogen gas storage, solar cells, Li-ion batteries, heat
sink etc.
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