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Abstract

This work presents an investigation on the morphology, mechanical, viscoelastic
and transport properties of acrylonitrile-butadiene—styrene (ABS) nanocomposites
reinforced with nanosilica (NS) and multiwalled carbon nanotubes (MWCNTS).
The nanofillers content was varied from 1 to 5 wt%. Morphological and mechanical
investigations revealed a better dispersion and effective stress transfer in carboxyl-
treated MWCNT composites with respect to silane-treated NS. The highest values
of tensile strength and Young’s modulus were reached for 5 wt% of MWCNT. Theo-
retical modelling of elastic modulus of the composites with carbon nanotubes (CNT)
was in good agreement with experimental data. On the other hand, in the case of
composites with NS an interfacial modulus of 2.5 GPa was assumed in the model to
approach the experimental data. The highest value of storage modulus was reported
at a MWCNT content of 5 wt% followed by 3 wt% which discloses the stiffening
effect of long curly CNTs in comparison with NS. The damping behaviour indicated
a lowering and broadening of tan § peak induced by CNT. The storage modulus and
damping behaviour of the nanocomposites were analysed using theoretical models
in which aspect ratio, stiffening effect, adhesion and entanglement phenomena were
included. The lowest solvent diffusivity and permeability was exhibited by compos-
ite with MWCNT at 5 wt% owing to the tortuosity, higher adhesion and aspect ratio
of the filler and revealed a decrement in permeability by 62% with regard to neat
ABS.
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Introduction

Acrylonitrile-butadiene—styrene terpolymer (ABS) is one of the main polymers
in the styrene family, and its properties depend on the content of the three major
constituents (acrylonitrile, butadiene and styrene). The heat stability and chemi-
cal resistance are contributed by the acrylonitrile phase, rigidity and processabil-
ity by the styrene phase, and the impact strength and toughness being provided by
butadiene, the rubbery phase [1, 2]. These properties could be further enhanced
by the incorporation of suitable nano-fillers, and the obtained nanocomposites
have demonstrated superior properties over microcomposites and conventional
materials. Recent studies [3—5] have proven that even limited content of filler
(up to 5 wt%) can significantly enhance the mechanical, thermal, barrier, electri-
cal properties, etc., with respect to conventional microcomposites which require
higher loading of microfillers to achieve similar performances. Improved proper-
ties in nanocomposites can be reached when a consistent dispersion and distribu-
tion of fillers in the polymer matrix is reached [3]. Different types of organic and
inorganic fillers like aluminium oxide (Al,05) [4-8] zinc oxide (ZnO) [9, 10] car-
bon nanotubes [11-13] nanoclay [14], halloysite nanotubes [15], graphene [16]
were used to improve the properties of polymer matrices.

Several studies have been reported on ABS reinforced with nanofillers. Gao
et al. [17] synthesized ABS/reduced graphene nanocomposites (rGO) and utilized
the advantages of ABS matrix, like chemical resistance, heat resistance, recycla-
bility and ease of processing along with conductive characteristics of graphene
sheet. The resultant ABS/rGO composite demonstrated excellent electrical con-
ductivity, thermal conductivity and improved mechanical properties. ABS /gra-
phene oxide (GO) nanocomposites with carboxyl and hydroxyl surface functional
groups attached on filler and at a loading less than 0.1 wt% have been developed
for 3D printing applications by Brennan et al. [18]. The authors reported that
GO could enhance the tensile strength, elongation at break and toughness and
could maintain the stiffness which is suitable for various applications of static
and dynamic loadings. Dynamic mechanical parameters of MWCNTs/ABS com-
posites and their correlation with entanglement density of polymer chains and the
dispersion effectiveness were explained by Abraham et al. [19]. Another work
evaluated the electromagnetic shielding effectiveness of ABS/reinforced with car-
bonaceous fillers like carbon black and carbon nanotubes [20]. ABS-reinforced
nanosilica composites were prepared by Kyratsis et al. [21] to investigate its
applicability in 3D printed structures and reported that incorporation of nano-
silica enhanced the stiffness and hardness particularly for 10 wt% content [21].
Some of the earlier works have reported the property enhancement of ABS com-
posites reinforced with nanosilica [21-23] and CNT fillers [24-27].

This work is focused on the melt compounding and characterization of nano-
silica and MWCNT-reinforced ABS composites. In order to ensure the better
effectiveness of filler dispersion, surface treatment of nanosilica was performed
using silane and MWCNTSs with carboxyl groups. The bonding mechanism of fill-
ers with ABS matrix was elucidated and an analysis of the variation in tensile
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strength, modulus and impact strength was conducted. The theoretical modelling
of modulus of 0D (nanosilica) and 1D (MWCNT)-reinforced ABS composites
using Cox and Ji models based on the interfacial characteristics and L/D ratios
of the nanofillers have been conducted. The variation in storage and damping
parameter with respect to temperature was studied using dynamic mechanical
analysis, and the effect of two types of filler reinforcements on stiffening effect at
glassy plateau and relaxation of polymer chains at glass transition region (T,) was
examined. Theoretical models were used to predict the storage modulus damp-
ing factor and the effect of localized constrained phases. The transport properties
like permeability, diffusivity and sorption coefficient were evaluated for a suitable
permeant, toluene. The trend in the diffusivity was measured at successive time
intervals and is correlated with reduction in free volume, adhesion and interac-
tions of fillers with the matrix.

Experimental and characterization methods

The base matrix used was acrylonitrile—butadiene—styrene (melt flow index of
4.4gm/10 min) which was provided by Reliance Industries, India. Nanosilica (SiO,)
was provided by Nanowings Pvt. Ltd, India, with an average primary particle size
lower than 100 nm. Surface treatment of nanosilica was accomplished with 3-amino
propyl tri ethoxy silane. MWCNTSs (Specific surface area: 210 m%/g) was supplied
from United Nanotech Innovations Pvt. Ltd with an average diameter of 20-30 nm
and length of 10-20 pm. MWCNT was treated with 1.5 wt% of carboxylic acid.
ABS-g-MAH (20 g in 500 g batch) compatibilizer was used to enhance the disper-
sion of nanofillers MWCNTs and nanosilica) in ABS matrix.

Masterbatches of nanosilica and MWCNT nanofillers in ABS matrix were pre-
pared using a laboratory-scale internal mixer of capacity 40 g. The concentration
of MWCNT or nanosilica was at 12.5 wt% in the masterbatches. The mixer was
equipped with heating coils, and temperature in the chamber was set at 200 °C. The
rotor blade speed was set at 30 rpm, and the masterbatches of MWCNT and nano-
silica in ABS polymer were prepared and then granulated. The melt compounding of
the required quantity of masterbatch and ABS was carried out in a co-rotating twin
screw extruder with screw length to diameter ratio of 30:1 and at a screw speed of
100 rpm. During compounding, 4 wt% of ABS-g-MAH was added at regular time
intervals to the feeder zone of the extruder. The extruded melt in the form of strands
emerging from the die was cooled in a waterbath and solidified. The processing tem-
peratures in the extruder were maintained at 160 °C, 190 °C, 210 °C and 250 °C
from feed to die zone, respectively. The cooled strands pulled out from the waterbath
were pelletized and then injection moulded (Ferromatik Milacron Sigma 50 T) to
dumbbell-shaped tensile test specimens according to ASTM D638. The specimen
codes and the nanofiller content in the composites are reported in Table 1. The com-
posite is designated as A, AN and AC composites. A represents ABS, AN and AC
composites refer to nanosilica and carbon nanotube-reinforced composites, respec-
tively, with nanofiller content varying from 1, 3 and 5 wt%. AF represents the ABS
matrix functionalized with 4 wt% ABS-g-MAH (Table 2).
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Table 1 Specimen nomenclature and the content of nanofiller, compatibilizer and ABS in each compos-
ite

Sample code ABS (g) Nanosilica (g) MWCNTs (g) ABS-g- Total weight of
MAH (g) each sample (g)

A 500 0 0 0 500

AF 480 0 20 500

AN1 475 5 0 20 500

AN3 465 15 0 20 500

ANS 455 25 0 20 500

ACI1 475 0 5 20 500

AC3 465 0 15 20 500

ACS 455 0 25 20 500

Table 2 Impact strength of .

ABS—reinfolr)c?d nanoiilica and Specimen g:é)r?gtth

CNT composites (/m)
A 321
AF 150
AN1 164
AN3 159
ANS5 136
ACl1 146
AC3 154
ACS 157

The morphology of the composite was revealed with a scanning electron
microscope JEOL JSM 6490 LASEM. The square samples of size 0.5 cm were
sputtered with 2 nm thickness of gold—palladium layer for the analysis. Transmis-
sion electron microscopy Jeol/JEM 2100 TEM was used to reveal the nanofiller
dispersion in the matrix. Ultra-thin slices of composite specimen were prepared
using an ultramicrotome and placed on Cu grid mesh for analysis. The mechani-
cal properties of the composites were investigated using an universal tensile test-
ing machine (Tinius Olsen) with a constant cross-head speed of 50 mm/min on
ASTM D638 dumbbell-shaped test specimens at room temperature. Dynamic
mechanical analysis (DMA) technique was used to characterize the viscoelastic
behaviour of the composites. DMA was performed by a PerkinElmer DMASQ0 in
dual cantilever mode in the temperature range from 30 °C to 200 °C scanned at a
heating rate of 5 °C/min at a frequency of 1 Hz and a maximum strain of 0.02%.
Rectangular specimens of length 43 mm, width 13.2 mm and thickness 3.3 mm
were tested. Notched izod impact strength test was performed using Instron 9050
equipment according to ASTM D256 standard. Six specimens were tested, and the
average values were reported with standard deviations. For sorption test, square
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samples of size 20 x 20 mm? were prepared and the outer edges were rounded off
to enable uniform absorption of the solvent from all directions. The thickness of
all the samples was maintained as 3 mm. The samples were dipped completely in
the solvent (toluene) and at different time intervals they were taken out and the
excess solvent was removed with a filter paper. The samples were then weighed,
and the procedure was repeated until solvent sorption reached equilibrium.

Results and discussion
Microstructure development

The microstructure of the composites was analysed using scanning and transmis-
sion electron microscopy (SEM and TEM). At 3 wt% of nanosilica content in ABS
matrix, the dispersion of nanosilica was consistent which could be revealed from the
SEM and TEM micrographs (Figs. 1a—c and 2a), respectively. In Fig. 1a—c, the SEM
micrographs of AN3 composites, dispersed nanosilica could be observed as white
spherical particles. Whereas, in the case of MWCNT reinforced composites better
dispersion and distribution of MWCNTs could be observed at nanotube content of
5 wt% in comparison with nanosilica-reinforced composites. The SEM micrographs
of ACS5 composites (Fig. 1d—f) at higher magnification clearly reveal the uniform
dispersion of MWCNTs which could be observed as white curly lines and projec-
tions in the images. Furthermore, agglomerates of the nanofillers were visible at 3
wt% nanosilica.

The TEM image of AN3 composite (Fig. 2a) reveals the inconsistent distribu-
tion and the existence of agglomerates relative to 5 wt% nanotube-reinforced ABS
composite (Fig. 2b). A complicated 3D network of MWCNTS can be seen in Fig. 2a
which proves that at 5 wt% loading nanotubes creates sufficient contacts between
them to generate a percolated network within ABS. As evidenced in Fig. 2a, at
higher content of MWCNTs the inter-particle distance reduces which establish the
conditions for the development of a firm interfacial layer via the carboxyl (~COOH)
treatment of MWCNTs.

Furthermore, an enhanced interfacial adhesion could be generated due to
the strong hydrogen bonding of anhydride groups on the compatibilizer with
carboxyl groups on the MWCNTs. Moreover, excellent dispersion and strong
interface could be noticed in TEM micrographs of AC5 composite owing to the
compatibility between the styrene—acrylonitrile polar groups on the ABS matrix
and the MWCNTs. Conclusively, the micrographs indicate that carboxylic acid-
treated MWCNT was dispersed in ABS composites more effectively than silane-
treated nanosilica in the presence of maleic anhydride compatibilizer. Dul et al.
[27] reported the microstructure of ABS/CNT nanocomposites prepared via two
step (mixing in an internal mixer and further extruded in twin screw) melt mixing
process. The authors described the uniform dispersion of CNTs in ABS matrix
and pointed out the limited presence of nanoaggregates owing to the two step
method adopted for the preparation of test specimens. Their findings are in good
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Fig. 1 SEM micrographs of (a—¢) AN3 composite showing the dispersion of nanosilica in ABS matrix (d—f)
ACS5 composite showing the dispersion of MWCNTSs in the ABS matrix at increasing magnifications
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Fig.2 TEM micrographs of a AN3 composite showing the dispersion of nanosilica b AC5 composite
showing the dispersion of MWCNTSs in the ABS matrix
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Fig.3 a Young’s modulus variation with filler content b Stress vs strain curves of CNT as a function of
the filler content ¢ Ultimate tensile strength of composites with error bars
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agreement with the SEM micrographs reported in the current study, and at higher
magnifications large number of well distributed CNTs were observed leading to
better adhesion between the ABS and CNTs. The dispersion levels of CNTs in
ABS matrix at varying concentrations (1, 5 and 10 wt%) were also discussed by
Sahil et al. [28]. Excellent dispersion at 5 wt% of CNTs and dense agglomera-
tions beyond 5 wt% was revealed in their study.

Static mechanical properties

The tensile properties of virgin ABS and the various investigated nanocomposites
are reported in Fig. 3. As indicated in Fig. 3a, the presence of MWCNT whose con-
tent was varied from 1, 3 and 5 wt% shows a positive effect on the Young’s modulus.

It could be noted that for nanosilica-reinforced composites at 3 wt% filler content
the Young’s modulus and tensile strength were 1629 MPa and 45.87 MPa, respec-
tively, and beyond 3 wt% the modulus decreases. This decrement could be attrib-
uted to the presence of agglomerates of nanosilica at its higher content (which was
also confirmed by SEM and TEM analysis). In addition, 1 and 3 wt% of nanosilica-
reinforced composite manifested a semi-ductile fracture relative to CNT-reinforced
ABS composites which results in strain at break values of 11.45% and 8.9%, respec-
tively. In the case of AF sample, the addition of ABS-g-MAH could enhance the
interaction and adhesion between the polymer chains that raised the tensile strength.
Further, the higher strain percentage could be attributed to the stick and slip condi-
tion of polymer chains in the presence of compatibilizer. Amongst ABS/nanosilica
(AN) composites, rupture strength was maximum for AN3 composite and at higher
content (5 wt%) of nanosilica, rupture strength was minimal with lowest strain at
break owing to the formation of crazes through stress concentrations. The rupture
strength and yielding is low in AC1 composite, due to the insufficient amount of
CNTs to entangle with polymer chains. The AC5 composite exhibits higher rupture
strength but relatively brittle failure with regard to nanosilica composites owing to
their higher stiffness. The effective stress transfer takes place and hence, the load
the composite can take up before failure improves. The highest tensile strength
(47.3 MPa) among the investigated materials was reported by AC5 composite which
is 21.8% higher than the virgin ABS (A). From Fig. 3a, an increasing trend in mod-
ulus can be observed with increasing filler content for ABS/CNT composites. A
Young’s modulus of 1890 MPa was reported for AC5 composite with elongation
at break of 7.6%. These findings conform well with the trend observed in tensile
properties of ABS/CNT composites reported by Dul et al.[27]. The authors clearly
described that the tensile modulus and yield strength enhanced with the inclusion of
CNTs. They reported an increment in tensile modulus by 19% at nanotube content
of 8 wt% with respect to virgin ABS, whereas in the present study elastic modulus
enhanced by 36.4% at 5 wt% MWCNT with regard to neat ABS. In another study,
authors [29] explained the constrained butadiene phase in the presence of CNTs as
one of the causes for the enhanced tensile modulus and strength of ABS/CNT com-
posites. Sahil et al. [28] also reported an increasing trend in Young’s modulus till
5 wt% of MWCNTs in ABS matrix. The well dispersed and distributed CNTs in
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Fig.4 a Silanization of nanosilica with silanol obtained by hydrolysis of 3-amino propyl triethoxy silane
(3-APTES) b Bonding mechanism of silane-treated nanosilica in the presence of ABS-g-MAH compati-
bilizer with comonomers of ABS matrix

ABS matrix (as observed in micrographs) and the long curly geometry of MWCNTSs
could adhere and entangle well with butadiene phase and restrict the mobility and
amplifies the energy absorption capability of AC5 composite.

@ Springer



8378 Polymer Bulletin (2022) 79:8369-8395

Mechanism of bonding

Amongst the nanosilica-reinforced ABS composites, better mechanical properties
were reported at 3 wt% nanofiller and the possible reaction mechanism (Fig. 4)
and bonding which offers higher interfacial adhesion is due to the following facts.
Nanosilica was treated with 3-aminopropyl triethoxy silane coupling agent before
processing (Fig. 4a). The purpose of this silane surface treatment along with the
addition of ABS-g-MAH compatibilizer is to ensure the effective dispersion of
nanosilica within the ABS matrix through the formation of silanol group and
strong siloxane bonding [30]. Furthermore, strong hydrogen bonding could occur
with the hydroxyl groups present on the silica surface and styrene groups present
on ABS (Fig. 4b).

ABS-g-MAH added with MWCNTs in ABS matrix promotes the finer disper-
sion of fillers in the matrix.

The surface treatment of MWCNTs with carboxylic acid groups causes the
strong hydrogen bonding with maleic anhydride group on ABS-g-MAH which
leads to higher dispersion of nanotubes (Fig. 5). Furthermore, in comparison with
nanosilica, larger (1/d) ratio of MWCNTs enhances the contact surface between
the filler and the matrix improving the interfacial interaction and the stiffening
effect [31]. In comparison with silane-treated nanosilica, carboxyl-treated MWC-
NTs promote better dispersion and effective stress transfer which is the reason of
the improved tensile strength and modulus [32].

Micromechanical modelling of modulus of the composites

The Young’s modulus of the nanosilica-reinforced ABS composites was theo-
retically evaluated using the model proposed by Ji et al. [33]. This three phases
model considers the matrix, the filler and the interfacial characteristics to predict
the Young’s modulus (E,) of composites reinforced with spherically shaped nano-
particles. The Ji model is expressed by the following set of Eq. (1).

A=p P
E =E,|(1- )+ — )+ (M
! <(1 ~ )+ %) (1— 4+ G200 | p By

where

ritry 3 ) E; | b
4= < . ><,)f b= and k=2 (1@, 0.

m

The parameters r; and r; represent the radius of the interphase region and
radius of the filler particle, respectively. The values E, E,, and E; denote the filler
modulus, matrix modulus and interface modulus, and k is a factor that defines
the ratio of interphase modulus to matrix modulus [34]. The minimum value of
k is obtained when the interphase modulus is equal to matrix modulus (i.e. when
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Fig.5 Bonding mechanism of carboxyl-treated MWCNTs in the presence of ABS-g-MAH compatibi-
lizer with comonomers of ABS matrix

E,=E_, k=1) while a maximum k value is reached when the interphase modu-
lus is equal to the filler modulus (i.e. max k=E{/E,_; k=80/1.386 GPa=57.72)
[33]. Hence, k values can be varied from a minimum of 1 to a maximum EJ/E, of
57.72. For each k, corresponding r; could be estimated by fitting the experimental
Young’s modulus values obtained for each composite with the Ji model. The aver-
age value of r; obtained by this procedure is then used to estimate the interphase

Fig.6 Young’s modulus of 3500 1 -m-Expt
ABS/na.nosﬂlca—re.mforced —=Ji: Bi: 25GPa
composites: experimental data 3000 1

and values estimated by the Ji =t=Ji: Ei: 5GPa
model for various values of the

interphase modulus E;

2500 -
~&-Ji: Ei:16 GPa
2000
1500 3

1000 1

Youngs Modulus (MPa)

500 A

0 0.01 0.02 0.03 0.04 0.05
Nanosilica volume fraction
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modulus (E;). Accordingly, the best agreement with experimental modulus val-
ues was reached for a r; value of 105 nm and E; of 2.5 GPa. Figure 6 shows the
modulus prediction by Ji model as a function of nanosilica content at varying
interphase modulus. It could be inferred that till 3 wt% of nanosilica content and
at an interphase modulus of 2.5 GPa, the predicted modulus by Ji model is in well
agreement and beyond 3 wt% modulus deviates from experimental and this could
be due to nanosilica clustering.

In the case of MWCNT-reinforced ABS composites, the need to take into
account also the aspect ratio of MWCNTs lead to the adoption of the Cox model
as given by Eq. (2) [35-38].

Ec = (1= v)E,, + nnpv,E; 2)

_,_ tanhp _ 1 | T3E,
=1 5 and f= = —2Ef v, (2(a), (b))

In these Eq. (2), E; and E,, represent the modulus of filler and matrix, respec-
tively. In these calculations, E; of MWCNT was considered to be 450 GPa [2] and
E,, is 1.386 GPa (obtained experimentally). The parameter v, represents the volume
fraction of the filler, (I/d) denotes the aspect ratio of MWCNT, and n defines the
orientation of nanofiller in the matrix. In the case of randomly oriented fillers in the
matrix, n can take a value of 1/6, while n is 1/2 for the filler oriented in 2D plane
and n is equal to 1 for a perfectly aligned reinforcement. The predictions of the Cox
model are reported in Fig. 7 along with the experimental data.

The Cox model could satisfactorily predict the modulus of the MWCNT-rein-
forced ABS composites till 2 wt% of MWCNTSs, while at higher filler content the
deviation is most likely due to nanotube bundling and arise of aggregates.

Conclusively, the predictions demonstrate that filler aspect ratio, filler content,
the interfacial properties, matrix and filler characteristics have a significant effect
on the composite properties. The findings detailed that enhancement of mechanical

where

Fig.7 Young’s modulus of 3000 -
ABS/MWCNT-reinforced
composites: experimental data
and values estimated by the
Cox model for various values of
aspect ratio of MWCNT
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-m-Expt
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-
w
o
o
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Fig.8 Impact strength as a 350
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properties could be achieved desirably with good dispersion of fillers (as observed
in micrographs in the present study) within the matrix which could reduce stress
concentration zones and can lead to effective load transfer when high aspect ratio of
fillers could be maintained during processing. Strong interfaces could transfer the
stress from matrix to fillers, while generation of weak interfaces leads to stress con-
centration at nanofiller—matrix interface which causes failure of the composites.

Impact strength

The differences in impact strength between composites obtained with the two
different nanofillers are summarized in Fig. 8. Virgin ABS exhibits an impact
strength of 321 J/m. In general, both NS and MWCNT have a negative effect on
the impact strength of the ABS matrix. It could be observed that NS-reinforced
composites exhibit higher impact strength in comparison with CNT-reinforced
composites. At lower content of 1 and 3 wt% nanosilica, the impact strength of
AN1 and AN3 composites is 164 and 159 J/m, respectively, which is higher than
ACI1 and AC3 composites. This shows the capability of nanosilica-reinforced
composites to absorb more energy than CNT-reinforced composites and could
withstand higher loading under external forces [39]. It is well accepted that cavi-
tation and cavitation-induced shear yielding are the prominent mechanism of the
toughening of particulate-filled polymers [40]. Cavitations at the boundary of
the filler and in the polymer phase could trigger shear yielding in the ligament
between the two voids. The weak interface developed in ABS nanosilica com-
posites could impede the sudden stress transfer from the matrix to fillers and
could absorb more energy and the crack takes more time to propagate through
the composites. In the case of CNT-reinforced composites at 3 and 5 wt% of
CNT content, impact strength values are 154 and 157 J/m, respectively. Even
though the entanglement density and reinforcing efficiency would be higher in
the case of MWCNT-reinforced composites, the prime factor that leads to the
decrement in impact strength is due to the strong interfaces.
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A strong interface may lead to abrupt stress transfer and brittle fracture upon
an impact loading. Due to the high aspect ratio of CNTs, polymer chains can
wrap around CNTs and could stretch and it exhibits a semi-ductile fracture
relative to ductile behaviour of nanosilica composites. The impact strength
values obtained for AC and AN composites could be mapped with the results
obtained under static mechanical properties. The composite AC5 which exhib-
its highest tensile strength and brittle fracture experienced an obvious reduction
in impact strength which indicates a decrement in toughness value by 2 units
with regard to AN3 composite. At higher content of nanosilica (5 wt%), particle
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agglomeration is intensified, and nanoclusters lead to sudden stress transfer and
resulted in a drop in impact strength value.

Dynamic mechanical analysis

The variation of storage modulus and tan 6 as a function of temperature at a fre-
quency of 1 Hz is plotted in Fig. 9a, b. The highest storage modulus was exhibited
by AC5 composite followed by AC3 which delineates the stiffness of the material,
energy stored and the elastic nature. As discussed already, the enhanced interfa-
cial adhesion in the presence of carboxyl treated high aspect ratio CNTs led to an
enhanced storage modulus in comparison with nanosilica-filled composites. As the
temperature rises, near the glass transition region (7,,) a drop in storage modulus
could be noticed owing to the segmental mobility induced in the tight packed poly-
mer chains [19, 41, 42]. The adherence, entanglement density and the reinforcing
efficiency developed in CNT reinforced composites are particularly high in compari-
son with nanosilica-reinforced composites due to the high stiffening effect, geomet-
rical aspects and high specific area of MWCNT. The effectiveness of filler disper-
sion and stress transfer is dominant in the presence of long curly nanotubes relative
to silane-treated spherical OD nanosilica.

The viscous and the elastic response of the composites could be analysed from
the damping response of the composites. It is revealed that damping parameter goes
through a maximum at the glass transition temperature and then decreased in rub-
bery region and also there is a decrement in tan & as the weight content of filler
increases. The significant right shift in 7, for AC3 and AC5 composites could be
attributed to the constrained polymer chains when they entangle with long curly
MWCNTs which generates immobilized regions which in turn lead to enhanced
reinforcing efficiency and entanglement density. Furthermore, the lowered and the
broadened peak of AC3 and ACS indicate the improved interfacial adhesion and the
higher number of restrained regions. These observations could be further correlated
with the consistent dispersion of fillers and the enhanced mechanical properties.

The lowered and broadened tand of AN3 composite also shows the ability of the
material to restrict the mobility of polymer chains upon deformation [43].

Modelling of viscoelastic properties
Prediction of Storage modulus

The storage modulus values experimentally obtained at the glassy plateau (50 °C),
in the glass transition region (100 °C) and at the rubbery state (130 °C) are reported
in Table 3.

An attempt has been made to model the storage modulus using different theoreti-
cal models.
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Einstein proposed a theoretical model for the prediction of modulus which is
correlated with filler fraction incorporated in the ABS base matrix. Einstein model
[44-46] is represented by Eq. (3)

Ge=G,(1 +vf) 3)

where G, and G, denote the storage modulus of composite and matrix, respectively,
and v is the volume fraction of fillers. Guth [19, 44, 47, 48] modified the Einstein’s
equation as follows:

Ge=G,(1+25 v +14.12) @)

An exponential relation was proposed by Mooney [44] which takes into account
the relative sedimentation volume of the inclusion (crowding factor, S) and is
defined as the ratio of apparent to the true volume occupied by the filler inclusions.
Mooney’s model is expressed by Eq. (5).

2.5v
GC = Gm eXp <m> (5)
f

The experimental and the theoretical storage moduli of the nanosilica and CNT-
based ABS composites at different filler loadings are reported in Table 3. Einstein
model agrees with experimental values, while Guth and Mooney models show slight
deviation from experimental results but could considered to be satisfactorily in pre-
dicting the composite behaviour.

In the case of Einstein’s model, it could be observed that at low loadings of nano-
silica (1 and 3 wt%) deviation from glassy plateau to glass transition region is in the
range of 2 to 4% with respect to experimental modulus. At higher content of nano-
silica (5 wt%), Einstein’s model predictions deviate up to 16%. On the other hand,
Einstein’s predictions for CNT-reinforced composites at low loadings (1 and 3 wt%)
deviate from 5 to 8% till glass transition and at higher loadings (5 wt%) deviation
is up to 17%. Guth and Mooney model also agrees well with experimental values
and could satisfactorily predict the composite behaviour. At higher content (5 wt%)
of spherical nanosilica particles, Mooney and Guth models deviate from 22 to 27%
(till 7,) and is higher in comparison with Einstein’s model. At higher loadings of

Table 4 Comparison of experimental and best predicted storage modulus values at glass transition region

Specimen  Storage modulus (MPa) Best agreeing theoretical values % deviation
experimental value

AN1 2161.6 2206.3 (Einstein’s model); 2239.5 (Guth’s model)  2.06, 3.6
AN3 2345 2246.9 (Einstein’s model), 2362 (Guth’s model) 4.1,0.73
ANS 2022.8 2288 (Einstein’s model) 13

AC1 2389.6 2214.6 (Guth’s model); 2214 (Mooney model) 7.3;7.3
AC3 2422.77 2278.1 (Guth’s model); 2273.85 (Mooney model) 5.9;6.1
ACS 2712.38 2349.6 (Guth’s model); 2337.47 (Mooney model) 13.3;13.8
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CNT, Mooney and Guth deviates from 8 to 13% from glassy plateau to 7, region. It
could be inferred that at higher contents of nanosilica percentage deviation of stor-
age modulus predicted by all the models from the experimental results are larger in
comparison with CNT-reinforced ABS composites. Another inference could be that
at 5 wt% CNT reinforcement Guth and Mooney model agrees the best with regard
to Einstein’s model. In addition at 5 wt% nanosilica reinforcements, Einstein model
agrees the best relative to Mooney and Guth’s predictions. The best theoretical
model predictions are reported in Table 4.

Cohan [49] modified Guth’s equation by incorporating aspect ratio (p) in the
model and the proposed equation is of the form.

Ge =G, (140675 p+ 162 7% v, +14.12) .

This model deviates largely from experimental results owing to the parameter p
in the equation. Introducing an aspect ratio of 80 in Cohan’s model will result in
very high values of storage modulus relative to other models.

Modelling of damping behaviour

Rigid filler inclusions decrease the damping behaviour of the composites as sug-
gested by Nielsen’s classical rule of mixtures. Nielsen’s model [49-51] can be
expressed by Eq. (7).

tan 6Composite = Vﬁller tan 5ﬁller +v tan 5malrix (7)

matrix

Since rigid fillers offer very low damping (i.e. tan d ., & 0), and hence, the first
term in Eq. (7) could be eliminated. Therefore, Eq. (7) reduces to:

tan 6Composite = Vmarrix tan 5malrix (8)

(a) (b)
18

Model 1 Model1

1.4 4 Model 2 14 Model 2
12 1 12 1 Experimental
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Fig. 10 Comparison of experimental and theoretical modelling of damping values as a function of a vol-
ume fraction of CNT-reinforced ABS composites b volume fraction of nanosilica-reinforced ABS com-
posites
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and the damping is controlled by matrix. The interactions of inclusions with the
matrix could offer some additional constraints which in turn can further cause a dec-
rement in damping values. Hence, a stiffness factor [49] is incorporated in the above
model and Eq. (8) can be rewritten as (9).

E, i
tan Sy mposive = (1- Vﬁ/ler) < E—ma = > tan s, ... )
Composite

It is assumed that the matrix in the presence of fillers offers a stiffness equivalent
to the minimum elastic modulus of the composite [52]. In the region of glass transi-
tion, the extent of mobility of polymer chains is high and damping is completely
dependent on matrix phase as expressed in Eq. (9). In Fig. 10a, b, the experimental
and the predicted damping values are plotted as a function of volume fraction of
nanosilica and MWCNT. It could be observed that Model 2 is in close agreement
with experimental damping values in the case of MWCNT reinforced composites.
At 3 wt%, MWCNT loading experimental damping values are the minimum which
shows that entanglement density of polymer chains is maximum at this optimum
filler content. The damping value at 5 wt% MWCNT is not much deviating from 3
wt% MWCNT which explains the possibility of better entanglement even at 5 wt%
MWCNTs. Like experimental results, Model 2 also shows a decreasing trend of
damping parameter with increase in CNT filler content. Model 2 predicts the damp-
ing behaviour well due to the fact that restraints imposed due to entanglement of
polymer chains in existence with high aspect ratio CNTs are taken into account by
this model since stiffness factor is incorporated. On the other hand, for nanosilica-
reinforced composites experimentally damping parameter reached the lowest val-
ues at 1 wt% and 3 wt% where the possibility of entanglement density would be
higher. At higher content of 5 wt% nanosilica loading, an increase in damping is
noted owing to the impedance proffered to the possible entanglements as a result
of agglomerations. Model 2 approximates with experimental behaviour of nanosil-
ica composites, but the percentage deviations from experimental results are slightly
higher with respect to MWCNT-reinforced composites and this could be due to the
differences in the reinforcing efficiency of two geometrically different fillers.

Fig. 11 Solvent absorption 200 1
curve of ABS-reinforced 180
MWCNT composites ‘é 160 -
_% 140 -
§ E 120 —A
S 5 100 4 —AF
£2 80+ —AC1
E, 60 - —AC3
= 4 —ACS
20 4
0 - : : . \
0 20 40 60 80

t 12 (min)
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Fig. 12 Solvent absorption = 200
curve of ABS/nanosilica-rein- 3 180
forced composites § 160 4
2
= 1401
s —A
: 120
'S 100 —AF
T g —AN1
°_\° 60 —AN3
g 40 —ANS
=
E: 20
0 4 T T . )
0 20 40 60 80
t 12 (min)
Tabl.e 5 Tzanssport péope;ties Sample Diffusivity ¥*107'*  Sorption coef-  Perme-
of virgin ABS, MWCNT/ (ms) ficient ability*1071
nanosilica reinforced composites (m¥/s)
A 0.0819 2.83 0.231
AF 0.0732 2.54 0.186
AC1 0.0588 2.46 0.145
AC3 0.0582 2.29 0.133
AC5 0.0400 2.18 0.087
AN1 0.1997 2.32 0.147
AN3 0.0667 2.27 0.151
ANS 0.0969 2.19 0.212

Predictions of Model 1 deviate from experimental results more than those of
model 2 because this approach avoids the effect of localized constraints played by
both fillers on matrix deformation.

Transport behaviour

The barrier properties are of interest in polymer composites when they are used
for packaging applications. It is important to assess the rate of diffusion of solvent
within the composite once it progresses from high concentration to low concentra-
tion. The diffusion behaviour can be classified mathematically from the shape of
the initial part of the absorption curve. The solvent uptake can be represented by
Eq. (10)

M, = kt" (10)

where ¢ is the time and k is the initial slope of the M, versus \/; curve and n is a
constant, where for the Fickian absorption n=0.5, while the non-Fickian absorption
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is characterized by 0.5<n <1 [53]. The mass percentage of solvent sorbed can be
determined using Eq. (11):
a, = H Yo 100

W, ()
where W, denotes the mass of the solvent sorbed at a given time ¢, and W, is the ini-
tial mass of the dry samples. Sorption studies were conducted on neat ABS (A) and
composites at room temperature using toluene as a solvent. Figures 11 and 12 rep-
resent the solvent uptake of the composites with time (master curve) with a linearly
increasing trend during the initial time period of the sorption studies and at the later
stages a saturated plateau of solvent uptake could be observed. The transport prop-
erties like permeability, diffusivity and sorption coefficient are reported in Table 5
which could be estimated from the dimensions of the sorption test samples and from

the master curve data. The sorption coefficient was estimated using the expression
of Eq. (12) [54].

S=3 (12)

s

where W is the mass of the solvent absorbed which was quantified at the state of
equilibrium swelling of the composite samples and W, denotes the initial weight of
the samples. The diffusivity (D) of toluene solvent through the composite samples
could be evaluated using the diffusion coefficient given by the Fick’s law (13) [55].

2
_ ho
D—7t<—4M°o> (13)

M, is the mass percentage of the solvent uptake at the state of equilibrium swell-
ing, h is the thickness of the sample and @ is the slope of the initial portion of the
absorption curve. Furthermore, permeability could be computed as the product of
diffusivity (D) and the sorption coefficient (S) as in Eq. (14) [43].

P=SxD (14)

Amongst the MWCNT-reinforced composites, ACS offers the lowest diffusivity
and permeability with regard to other composites. The diffusion coefficient decre-
mented by 51% and permeability decreased by 62% with respect to neat ABS.

The reason for the decrease in diffusivity is the reduction in free volume with the
incorporation of fillers. The better dispersion and the interfacial adhesion (confirmed
from the SEM and TEM images) between the filler and the matrix also attribute to
the decrement in the diffusivity. The secondary interaction between the styrene part
on ABS and & electronic network of MWCNTs surface forms a rigid phase and pol-
ymer chains could strongly wrap on these rigid phase. In nanosilica-reinforced com-
posites, AN3 composites exhibited drop in diffusivity and permeability by 18.5%
and 34.6%, respectively, in comparison with ABS.
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Fig. 13 Illustration of solvent permeation through a nanosilica reinforced b MWCNT

In the case of nanosilica particles, 0D spherical shape, and the increase in free
volume in the matrix phase are the factors for the enhanced permeation of solvent
with respect to MWCNTs.

The higher aspect ratios of MWCNTs could lead to more tortuous path of per-
meant solvent than spherical shape reinforcements as presented in Fig. 13. Addition-
ally, the solvent molecules take up more time to penetrate through the composite
structure packed with entangled network of MWCNTSs with ABS chains.

Conclusions

The following conclusions are drawn from this work on nanosilica and MWCNT-
reinforced acrylonitrile-butadiene—styrene composites.
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e From the TEM images, it was found that an excellent dispersion of fillers
occurred within the matrix at 5 wt% of CNT content. It could also be inferred
that while comparing the TEM images of nanosilica and MWCNT reinforced
composites, the dispersion achieved in carboxylic acid-treated MWCNT com-
posites was prominent than silane-treated nanosilica ABS composites.

e The enhancement in tensile strength was maximum for the composite at Swt%
MWCNT content. The decrement in modulus and tensile strength beyond 3
wt% of nanosilica was due to the generation of agglomerates. The Young’s
modulus of nanosilica reinforced composites was predicted by Ji model, and it
was estimated that at an interphase modulus of 2.5 GPa and interface radius of
105 nm, the modulus obtained was close to experimental modulus till 3 wt%
filler content. In the case of MWCNT composites, Cox model was the most
suitable to model the modulus at different aspect ratios and at an aspect ratio
of 80 (average 1/d confirmed from TEM images), experimental modulus was
in well agreement with theoretical modulus.

e The elongation at break for ABS/nanosilica composites at 3 wt% was higher
in comparison with ABS/CNT composites which indicate the semi-ductile
behaviour of nanosilica composites with regard to the brittle nature of CNT-
reinforced composites as manifested by strain at break values.

e The highest storage modulus was obtained for AC5 composites which can be
attributed to the enhanced interfacial adhesion in the presence of carboxyl
treated high aspect ratio CNTs. The estimated damping parameter and the
lowered and the broadened peak achieved by AC3, AC5 and AN3 compos-
ites revealed the possibility of higher number of constrained phases and strong
interfacial adhesion.

e The prediction of storage modulus was performed using theoretical models.
The damping parameters estimated using theoretical model 2 which takes into
account the stiffness parameter showed a decreasing trend in damping parameter
which verified the constrictions imposed by the fillers. The CNT-reinforced com-
posite system indicated a best fit with model 2 which delineated the possibility
of higher entanglement density with high aspect ratio MWCNTs.

e The diffusion coefficient decreased by 51% for AC5 composite with respect to
neat ABS, whereas AN3 composite demonstrated a decrement in diffusivity by
18.5%. The free volume available, better dispersion of high aspect ratio MWC-
NTs, interfacial adhesion and higher degree of entanglement provide a tortuous
path for the permeation of solvent through the composite.
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