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Abstract Dynamic rheological properties of multiwalled
carbon nanotubes-(MWCNTSs) reinforced acrylonitrile
butadiene styrene (ABS) composites prepared by micro
twin-screw extruder with back flow channel (used for
proper dispersion) are reported. Scanning electron micro-
scopic and high-resolution transmission electron micro-
scopic studies showed that the nanotubes were uniformly
dispersed in the ABS polymer matrix. MWCNT forms a
network throughout the polymer matrix and thus promotes
the reinforcement. The rheological studies showed that (for
3 wt% of MWCNTs loading) the material undergoes vis-
cous to elastic transition. At a higher MWCNTs concen-
tration nematic gel-like phase is observed where both
storage and loss modulus (G’ and G”) are nearly indepen-
dent of frequency. van Gurp—Palmen plot has been used to
determine the viscoelastic properties. Dynamic intersection
frequency has been used to correlate the rheological
properties with different wt% of MWCNTs loading in
ABS. Dynamic rheological measurements revealed the
viscous-like (G” > G’) behaviour at a lower MWCNTs
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loading (<3 wt%) and elastic-like behaviour for higher
loading (>3 wt%).

Introduction

Carbon nanotubes (CNTSs) due to their small dimensions,
low density, large aspect ratio, high mechanical properties
and electrical conductivity have attracted great attention.
Due to these excellent properties, they have numerous
applications [1-3]. Due to these special properties, CNTs
are considered excellent candidates for producing high-
strength polymer composites [4, 5].

CNT/polymer composites are one of the most potential
candidates for commercial applications [6, 7]. Mechanical,
electrical properties, thermal stability and flame retardancy
of CNT/polymer composites have been studied [8—11]. But
the processing of these polymer nanocomposites is a very
challenging task [12]. Polymer nanocomposites are dif-
ferent from the traditional nanocomposites due to the sig-
nificantly enhanced interfacial surface area between the
nanoparticles and the polymer chains in the case of poly-
mer nanocomposites. By adding small amount of
nanoparticles in the polymer, the percolation takes place.
Even a low volume fractions of the reinforcement/filler in
the polymer nanocomposites affect the rheological prop-
erties significantly. It has been observed that polymer
composites containing carbon fibres, single-walled carbon
nanotubes [13] (SWCNTs) and multiwalled carbon nan-
otubes (MWCNTSs) show non-terminal solid-like behaviour
(viscoelastic) due to the formation of network in the
composites. The formation of network structure strongly
depends on the concentration of CNTs in the polymer
matrix [14-16]. Thus, the rheological properties of
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MWCNTs/polymer  composite  depend upon its
microstructure, state of dispersion, interaction between
CNTs and polymer, orientation of nanotubes, aspect ratio
etc.

Numerous applications are based on polymeric materials
such as electrostatic painting, protective coating etc. Suc-
cessful preparations of CNT-based composites require
proper dispersion of MWCNTSs in the polymer, as CNTs
have a strong tendency to agglomerate in bundles [17].

Acrylonitrile butadiene styrene (ABS) is a common
thermoplastic resin with numerous multi-purpose applica-
tions ranging from automotive mouldings and dashboards
to aircraft interiors and electronic housings [18]. ABS
copolymer is composed of three individual homopolymers:
polyacrylonitrile (PAN, a crystalline polymer with high
modulus), polybutadiene (BR, an elastomer possessing a
low modulus but a high resistance to break) and poly-
styrene (PS, an inexpensive glassy polymer which is easy
to process) [19].

Study of rheological properties of materials is very
important. Few studies related to rheological properties of
CNT/polymer composites have been reported in literature
[1, 20-23]. Potschke et al. [24] studied the effect of
nanofiller (carbon black (CB) and MWCNTSs) on the
electrical, rheological and mechanical properties of melt
compounded polycarbonate (PC) composites. Wang et al.
[25] studied the effects of modified CNTs with high aspect
ratio on the crystallisation kinetics of CNT/isotactic
polypropylene (iPP) nanocomposites (with different shear
rates and shear times) by using DSC, POM and rheometry.
Addition of even a small amount of CNTs in iPP matrix
dramatically improved the crystallisation kinetics of CNT/
iPP nanocomposites. Above a critical CNT content of
0.1 wt%, a saturation effect is observed which can be
correlated to the increased melt viscosity and formation of
CNT aggregates at higher CNT contents.

Rostami et al. [26] studied the role of MWCNTSs on the
rheological, thermal and electrical properties of PC/ABS
(75/25) blend prepared by melt blending. Electron micro-
scopic studies revealed that MWCNTs were dispersed quite
homogeneously in the PC matrix. The electrical conduc-
tivity and electromagnetic interference shielding efficiency
of the blend samples got enhanced with increase in the
MWCNTs loading. In the study of Bouhfid et al. [27],
incorporation of graphene nanosheets in the PA6/ABS
blend enhanced the mechanical, electrical and rheological
properties. Polyamide 6 (PA6) and acrylonitrile butadiene
styrene blend reinforced with graphene nanosheets (GNs)
were prepared by batch process followed by hot com-
pression. Addition of even a low amount of graphene (1, 2,
3, 4 wt%) changed the mechanical properties (Young’s
modulus). The increase in mechanical properties was linear
with GNs contents.

@ Springer

Above discussion shows that although there are few
reports on the rheological properties of ABS + PC/PA6-
based blends with CNTs, but detailed dynamical rheological
properties (von Gurp—Palmen plot and dynamic intersection
frequency) of MWCNT/ABS composites are not reported.
Herein, ABS loaded with various amounts of well-dispersed
MWCNTs (1,3,5,7 and 10 wt%) were prepared using micro
twin-screw extruder with back flow channel. Dispersion of
MWCNTs was studied using SEM and TEM. The effect of
different amounts of MWCNTs loading on the rheological
properties of MWCNTs/ABS composites is studied. The
transition from viscous to elastic behaviour was investigated
through the study of complex viscosity with angular fre-
quency, storage modulus and loss modulus with angular
frequency and strain, van Gurp—Palmen plot, deflection and
damping factor with angular frequency. Further, the
mechanical properties of these composites are also studied.

Experimental
Material

MWCNTs were synthesised by catalytic chemical vapour
deposition technique. Toluene was used as a hydrocarbon
source and ferrocene as a catalyst. The mixture (0.77 g
ferrocene in 1 ml of toluene) was fed into heated quartz
tube at a feeding rate of 10 ml/h. Details of experimental
set-up are given elsewhere [28]. The diameter of MWCNT
was in the range of 10-100 nm. The average diameter was
25.8 nm and the average length was 350 um [29]. ABS
used in the present study had a density of 1.068 g/cm®. It
was insoluble in water and soluble in many organic
solvents.

Fabrication of MWCNTSs/ABS composites

ABS was dried for 10 h at 80 °C in a vacuum oven in order
to remove the moisture trapped in the polymer. HAAKE
Mini LabIl Micro-compounder was used for the dispersion
of MWCNTs in ABS. The melt was allowed to flow in the
backflow channel of the extruder for 3 min for proper
dispersion of CNTs in ABS matrix. After mixing of
MWCNTs and ABS matrix in the twin-screw extruder, the
mixture was filled into the cylinder and injected into the
mould by applying a suitable pressure at the piston. Tem-
peratures of the extrusion and injector were maintained at
260 and 270 °C, respectively [30]. Different MWCNTSs/
ABS composite samples with varying MWCNTs loadings,
ie. 1,3,5,7, 10 % were prepared and henceforth will be
designated as ABS1, ABS3, ABS5, ABS7 and ABSIO,
respectively. A pure ABS (0 % MWCNTSs) sample was
also prepared under similar conditions and will be
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designated as ABSO. Details of preparation of these com-
posites are shown in Fig. 1.

Morphological characterizations

The dispersion of nanotube bundles in ABS matrix was
studied using scanning electron microscope (SEM) and
high-resolution  transmission  electron  microscope
(HRTEM). Fractured surface of the composites was studied
by SEM (model EVO-MA10 ZIESS). HRTEM was carried
out using Tecnai G20 S-TWIN, operated at 300 kV and
having a point resolution of 0.2 A.

Rheological measurements

All the rheological measurements were carried out using a
controlled-stress rheometer (Rheoplus MCR52 SN81442416)
equipped with 25 mm parallel plate geometry. The vis-
coelastic properties of nanocomposites were investigated at a
fixed temperature of 260 °C. Small amplitude oscillatory
shear (SAOS) frequency sweep tests were carried out in
0.1-100.0 rad/s range (in the linear viscoelastic regime).

Mechanical properties

For the study of flexural properties, samples with dimen-
sions (length x width x thickness) 70 mm x 12.7 mm x

Fig. 1 Schematic diagram
showing fabrication of
MWCNTSs/ABS composites
using twin-screw extruder with
backflow channel and study of
rheological properties

MWCNTSs |'I'I 'll(%%

3.22 mm were prepared. Flexural properties of ABS and
MWCNTSs/ABS composite were studies using Instron
universal testing machine (model 4411) as per the ASTM
D790 standard. The span length of the samples was 50 mm
and the cross-head speed was at 5 mm/min. The tests were
conducted on five samples and the average values with
standard deviation are reported.

Results and discussion
Morphological and structural studies

SEM micrographs of ABS1, ABS3, ABSS5, ABS7 and
ABS10 samples are shown in Fig. 2a—e. CNTs are uniformly
dispersed in ABS matrix. These results show that the twin-
screw extruder with back flow channel technique is a good
technique for obtaining uniform distribution of CNTs in
polymer matrix. For further detailed understanding of dis-
tribution of CNTs in ABS, TEM studies were carried out.
Figure 3a—c shows the TEM micrographs of sample
ABS3 at different magnifications. Well-separated individ-
ual CNTs can be seen in TEM micrographs. TEM studies
show that even after processing with ABS, CNTs maintain
their significant lengths which are good for better stress
transfer and improvement in the mechanical properties.
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Fig. 2 SEM micrographs of fractured surface of a ABS1, b ABS3, ¢ ABSS5, d ABS7 and e ABS10 composites, respectively

Rheological properties

Figure 4 shows the variation of storage (G') and loss
modulus (G”) of composites with strain (at different wt%
of MWCNTs loading in ABS). With increase in the loading
of MWCNTs G’ and G” increased. With increases in the
strain, the value of both modules decreased. The decrease
in modulus with increases in strain is due to the change in
the structural properties [31].

Variation in storage modulus (G’) and loss modulus (G")
(viscoelastic properties) of composites for different wt% of
MWCNTs in ABS with frequencies is shown in Fig. 5. At
lower frequencies, with increase in wt% of MWCNTs, the
values of both G’ and G” increase very sharply (0.1-25 rad/
s) and the rate of increase was slower for samples having
higher MWCNTs. For ABS0O, ABS1 and ABS3 composites,
at lower frequencies, ABS chain is fully relaxed and
therefore the behaviour is like a terminal behaviour

@ Springer

(G ~ w?). ABSO showed viscous behaviour which is
revealed by its stretching from 150 Pa to over 50,000 Pa
with change in frequency (as shown in Fig. 5a). With
increase in wt% of MWCNTSs, terminal behaviour starts
disappearing. For samples with higher wt% of MWCNTs,
the polymer relaxations get affected and therefore the
change in G’ and G” values are not significantly affected.
Large change in the storage modulus (G') plot indicates
transition from viscous to elastic behaviour [32]. A plateau
region below the frequency of 20 rad/s can be seen for
samples having CNTs above 5 wt% loading. For samples
with higher CNTs, the non-terminal behaviour at lower
frequency is due to the formation of an interconnected
nanotube network in the polymer matrix.

As reported earlier, with increases in the MWCNTSs
content in the polymer matrix, a solid-like behaviour is
expected. For samples having higher CNTs content, nan-
otube—nanotube interactions begin to dominate leading to
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Fig. 3 a-¢ HRTEM micrographs of ABS3 samples at different magnifications
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formation of interconnected structures [1, 33]. At lower
frequencies, G” shows similar trend as G’ (Fig. 5b). For
samples having same amount of CNTs, G” increases much
slower compared to G'. For ABS0, at lower frequencies,
the values of G” are approximately double to that of G’. For
ABS3, G’ and G” values at lower frequencies are equal. For
ABSS5 and ABS7, the values of G’ are twice that of values
of G” due to its non-terminal behaviour. For ABS10, the
value of G’ is much higher than G”. The limited increase in
G" value with increase in nanofiller content was also
reported by Potschke et al. [1]. The change in the slope of

Strain

modulus curve for ABS3 is significantly greater than other
samples, which reveals that transition takes place at 3 wt%
loading.

The complex viscosity of ABS0O and composites samples
with different wt% of MWCNTs was measured with
respect to angular frequency and the results are shown in
Fig. 6a. With increase in nanotube’s content the complex
viscosity increases. At lower frequencies, the effect of
nanotube is pronounced and the effect diminished at higher
frequencies due to shear thinning behaviour (and thus, the
composites behaved like a non-Newtonian) [34-36].

@ Springer
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Figure 6a shows plot of frequencies versus complex
viscosity. It can be inferred from Fig. 6a that upon addition
of MWCNTs, complex viscosity increased significantly at
lower frequency (particularly in samples with higher CNTs
loading) indicating restrain in polymer chain relaxation due
to the presence of MWCNTSs. Fluids for which shearing
stress is not linearly related to the rate of shearing strain are
designated as non-Newtonian fluids.

ABSO and ABS1 exhibit only small frequency depen-
dence. Viscosity of ABS10 is three orders of the magnitude
greater than that of ABSO. This exhibits strong shear
thinning behaviour in ABS10 compared to ABSO.

Figure 6b shows the variation in absolute value of
complex viscosity with different wt% of MWCNTs load-
ing. At lower frequencies, the complex viscosity plot is
non-linear. A steep slope in the plot for samples ABSO to
ABS3 is observed and the slope becomes almost linear for
samples ABS5 to ABS10. From the above result, it can be
concluded that with increase in CNTs content, nanotube—
nanotube interactions begin to dominate; leading to restrain
in the long-range motion of the polymer chains.

Using the vGP-plots, the liquid—solid transition point
can be estimated. The vGP-plots for samples with dif-
ferent wt% of MWCNTs are shown in Fig. 7a. For
samples ABSO and ABSI, the curve approaches a phase
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pure 1% 3% 5% 7%
Wt. % of CNTs

10' 10° 10 %

angle of 90° indicating viscous nature. For ABS3, a small
change in the viscous properties is observed. At higher
wt% of MWCNTs, the rheological behaviour changes
from viscous to elastic (solid) indicating the percolation
threshold [37]. For ABSO and ABSI1, the complex mod-
ulus lies in the range of 10°-10°. For these samples, at
higher value of complex modulus, phase angle value
starts decreasing indicating viscous behaviour. At lower
value of complex modulus a plateau region is observed.
Thus, with change in the wt% of MWCNTs loading in
ABS matrix, the phase angle changes. The plateau mod-
ules can be expressed as [38]

Gy = G(0)tan o (1)

When the phase angle is <45°, the behaviour is called
elastic. Thus, even by looking at the characteristics value
in the vGP-plot, it is the possible to find out whether the
polymer is crystalline or amorphous. If the value of phase
angle starts decreasing with increase in complex modulus,
the material is amorphous. If the material is crystalline in
nature, the phase angle starts decreasing with increase in
the complex modulus, but after a certain value of com-
plex modulus, the value of the phase angle starts
increasing. Thus, ABS and all other samples are amor-
phous in nature.
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It has already been reported that the interconnected
structure of a filler in a polymeric matrix results in an
apparent yield stress [39]. While this effect is visible in
dynamic measurements of G’ and G” versus frequency by
the presence of a plateau at lower frequencys, it can be more
pronounced if we plot the complex viscosity versus the
complex modulus. It is clear from Fig. 8a that the complex
viscosity is independent of complex modulus for samples
ABSO and ABSI. For samples having higher wt% of
MWCNTs (i.e. above 3 % wt of MWCNTs), a rapid
increase in the complex viscosity with decrease in the
complex modulus is observed (Fig. 8a) which indicates the
presence of yield stress. Figure 8b shows the plot between
strain and shear stress and shows that shear stress increases
with increase in MWCNTSs wt%.

Figure 9 shows the variation of (a) deflection of nan-
otube-filled ABS composites and (b) damping factor of
nanotube-filled ABS composites with frequency. It can be
seen (Fig. 9a) that for samples ABSO and ABSI, the
deflections are larger compared to samples with higher
wt% of MWCNTs. The deflection is directly proportional
to the applied force or torque. Thus, a large torque was
required to create deflection in sample ABSO. For ABS7
and ABS10 samples, the deflection was constant and
independent of frequency. This is due to change from
viscous to elastic behaviour. After a frequency of 25 rad/s,
deflection becomes independent of the CNTs loading.

The damping factor is a useful quantifier of the extent of
elasticity of the polymer (after addition of nanofiller).
Damping factor greater than one indicates the viscous
behavior. Value of damping factor smaller than unity
indicates elastic (solid) behaviour. ABSO and ABSI1
showed perfectly viscous behaviour (Fig. 9b). For ABS3
and ABSS5 samples, the value of damping factor approaches
unity indicating viscoelastic nature. Samples ABS7 and
ABS10 showed perfectly elastic behaviour.

Dynamic intersection frequency indicates viscous and
elastic behaviour [40-42]. The G’ and G” of the MWCNTSs/
ABS composites are plotted against frequency and are
shown in Fig. 10. For ABSO0, the G’ and G” curve do not
intersect and they are far away from each other. For ABSO,
a shoulder peak was observed in the G’ curve which was
attributed to the recovery from deformed states. In the
lower frequency range, the storage and loss modulus do
cross each other leading to increase in relaxation times
[43-46]. In the case of ABSO and ABS1 samples, no
intersection point between G’ and G” is observed. For
ABS3, the storage and loss modulus curve lies near to each
other implying that the viscous behaviour changed due to
MWCNTs loading in ABS matrix.

For samples having loads higher than ABS3, G” is lesser
than G’ which indicates greater elastic behaviour because
of the presence of MWCNTs. For sample ABSS, first a
pseudo-solid-like behaviour (G’ > G”) in the lower
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Fig. 10 Plots of storage modulus (G’) and loss modulus (G”) with respect to frequencies for various MWCNTs/ABS composite samples

frequency region appears and it gradually becomes pro-
nounced with further increase in MWCNTSs content. The
pseudo-solid-like behaviour (G’ > G") appears only for
samples having higher loading of MWCNTs (5 wt%). For
sample having still higher wt% (7 %), crossing point of G’
and G” was at higher frequency. In the case of ABS10
sample, in the lower frequency region storage and loss
modulus stay far away from each other which indicates that
interaction among MWCNTs were dominant.

Further gel nature of these composites is studied which
are shown in Fig S1 (see supplementary information).
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The increase in viscosity in samples with nanotube
(present study) is much higher than the viscosity changes
reported for CNF (having larger diameter) and CB com-
posites [1]. This can be due to the higher aspect ratio of the
nanotubes. For samples having >3 wt% CNTs loading,
transition from viscous to elastic behaviour is observed and
have been confirmed by the vGP-plot, dynamic frequency
interaction, stress—strain curve, complex viscosity and
angular frequency curve. This effect is due to the restric-
tion in polymer chain relaxation due to the presence of
MWCNTs in samples having MWCNTSs >3 wt%.
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MWCNTs have very good mechanical properties, and
therefore their reinforcement in ABS matrix will increase
the mechanical properties in a significant way. The
mechanical properties in the form of flexural strength,
flexural modulus and flexural strain have been studied.

Flexural properties of MWCNTSs/ABS composites

Figure 11a shows enhancement in the flexural strength
with increase in the MWCNTSs loading in ABS polymer.
The flexural strength values for samples ABSO, ABS3 and
ABS10 are 90.4, 96 and 104 MPa, respectively. The flex-
ural strength for ABS3 and ABS10 were 6 and 13 % higher
than ABSO. The flexural strength increased with increase in
MWCNT loading (due to proper dispersion of MWCNT in
the ABS matrix as confirmed from SEM and TEM images,
Figs. 2, 3). Figure 11b shows that the flexural modulus
increased with increase in the MWCNTs loading in ABS
up to a value of 2504 MPa (ABS7) and then slightly
decreased to a value of 2491 MPa (ABS10). Thus, there
was 6.7 % enhancement in the flexural strength in sample
ABS3 (2204 MPa) compared to ABSO (2065 MPa). The
largest enhancement of 21.2 % in flexural strength was
observed in samples ABS7 (compared to sample ABSO0).

Conclusions

The investigations on detailed rheological properties of
MWCNTSs/ABS composites have been carried out. With
increase in the concentration of MWCNTs in ABS matrix,
the matrix undergoes from dilute to semi dilute and semi
dilute to nematic phase. Results of rheological studies
showed that the dynamic moduli, viscosity and shear stress
increase upon the addition of MWCNTSs in ABS. Dynamic
rheological measurements revealed that at a lower
MWCNTs loading (<3 wt%) the viscous-like (G” > G')
behaviour and for higher loading (>3 wt%) elastic-like
behaviour exist. The method of dynamic intersection fre-
quency has been used to explore the crossover frequency
between the viscous to elastic region. Additionally, 21.2 %

pure 1% 3% 5% 7% 10%
Wt. % of MWCNTSs

7% 10%

improvement in CNT/ABS composite was observed in the
flexural strength values over pure ABS sample. These
rheological insights provide valuable information helpful
for the commercialization of MWCNT/ABS composites for
their application in lightweight and high-strength com-
posites (automotive, computer and equipment housings),
antistatic, EMI shielding and energy storage devices.
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