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Abstract

Acrylonitrile butadiene styrene (ABS) polymer nanocomposite thin films with car-
bon-based nanofillers (CBNs: fullerene, carbon nanotubes, and graphene) were fab-
ricated in a wet reversal process followed by hot pressing. To understand the effect
of CBNs on the fabricated nanocomposites, tensile tests and nanoindentation tests
were performed. The tensile strength of the fullerene composite was about 30 MPa
based on the specimen containing 1 wt% of CBNs, which was measured to be up to
35% higher than the other two composites. In the nanoindentation test, the elastic
modulus and hardness value decreased as the amount of CBNs increased. This is
considered to be because the nanoindentation test reflects more mechanical behavior
of the local part of the composite than the tensile test. In the tensile and nanoinden-
tation tests, all of the nanofillers exhibited the mechanical properties of ABS poly-
mers, among which the ABS composites with fullerene exhibited the best proper-
ties. It is concluded that nanofillers should be added appropriately, and in the case of
polymers, nanofillers, which may be located between polymer chains such as fuller-
ene, may be more efficient.
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Introduction

A composite material is obtained by artificially combining two or more distinct
materials. This approach allows to improve material properties and design materi-
als with novel properties. In particular, polymer composites are expected to replace
existing metal materials, owing to their better mechanical properties [1]. Light-
weight, owing to light polymer composites, has become a social issue in recent
years, in the trends for energy efficiency and scarce resource reduction. Light mate-
rials appear to significantly contribute to solving the energy problem. In general,
nanosized materials are advantageous for use as a reinforcing agent of composite
materials because of their high specific surface area and low internal defects, which
are excellent in mechanical properties [2]. Nanomaterials have their strengths, par-
ticularly as fillers in polymer-based composites that have weaknesses in mechanical
strength. As mentioned above, the nanosized material has a large specific surface
area, which has the advantage of increasing the interfacial bond with the polymer
chains [3, 4]. This molecular-level interaction plays an important role in dramati-
cally improving the mechanical properties of hybrid polymer—nanofiller composites.
Dispersion of fillers used as reinforcing agents in polymer-based composites is very
important, especially for nanofillers that have a high specific surface area and are
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highly reactive and agglomerate [5, 6]. Therefore, the size or dimension of nano-
fillers used in polymer-based composites is very important. Many research groups
around the world have investigated the effect of nanofillers with O-dimensional
(OD) or 1-dimensional (1D) dimensions on the mechanical behavior of polymer-
based composites. For example, the addition of small amounts of metal nanopar-
ticles (MNP, OD) and carbon nanotubes (CNT, 1D) has been reported to signifi-
cantly improve the mechanical properties of polymer-based composites with varying
degrees [7-20]. Recently, carbon nanotubes, graphene, and carbon nanomaterials
with excellent mechanical properties have been considered as next-generation filler
materials.

In the present study, acrylonitrile butadiene styrene (ABS) was chosen as an
example polymer matrix, owing to its superior properties. ABS is a triblock copoly-
mer, belonging to the chemical family of styrene terpolymers, which are character-
ized by good strength and toughness [21]. ABS is easy to handle (e.g., in machining,
painting, and gluing), and it has many other valuable characteristics, for example,
strong impact, and scratch and heat resistance [22-25].

Three different types of carbon-based nanofillers were considered in 0D (fuller-
ene), 1D (carbon nanotubes), and two-dimensional (2D) materials (graphene), and
nanocomposites with ABS were fabricated. One could expect the nanofillers to
differentially affect the mechanical properties of composite carbon nanomaterials,
owing to their different shapes, structures, and properties. It is plausible to assume
that a OD material added to a polymer matrix will only interact at several points
along a particular polymer chain, whereas CNTs and graphene added to a polymer
matrix will interact over the entire length of the polymer chain. The mechanical
properties were based on a tensile test and a nanoindentation system. Each method
is suitable for measuring the overall and local properties of the specimen, so it is
considered to be effective in identifying the properties of the nanopillar composites.

Experimental details

ABS plastic (211.31 g/mol, Sigma Aldrich, St. Louis, USA) for the nanocom-
posite matrix was dissolved in dimethylformamide (DMF, Sigma Aldrich,
St. Louis, USA) and stirred for 3 h to obtain a 5 wt% concentration solvent.
Fullerene, carbon nanotubes, and multi-layered graphene were added as fill-
ers (0.25 wt%, 0.5 wt%, 1 wt%, 2 wt% out of ABS/CBNs composites’ weight)
to the ABS plastic matrix. Figure S1 shows transmission electron microscopy
(TEM) (Jeol, JEM-2100F operated at 200 kV) images of the nanofillers used
in this study. The specific surface areas of the nanofillers were also measured
using a Brunauer—-Emmett-Teller (BET) surface area and porosimetry ana-
lyzer (ASAP2000, micromeritics®), to understand how the nanofillers affect the
mechanical properties of the polymer matrix (Table 1). The solutions were son-
icated for 3 h, to reduce the agglomeration of the nanofillers before the fabri-
cation of the composites. For uniform dispersion of the nanofillers in the ABS
polymer matrix, we used the phase-shift method (wet phase inversion process),
which allows to rapidly precipitate a solution in a polymer matrix, increasing the
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Table 1 Specific surface Fullerene CNTs Graphene
area of carbon-based
nanoremforcemgnts: fullerene, Dimension Dp=0.7nm D,=25nm 1;=40 nm
CNT, and graphite .

Theoretical formula of 6/Dg 4/D, 2/(tgxT)

specific surface area
Specific surface area (m%/g) 8.57x10°  1.60x10%  0.07x 108

homogeneity of the two mixed substances. Schematic of the process is shown in
Fig. S2, and a detailed description of the fabrication process was given previously
[26, 27]. As described in Ref. 15, we fabricated such complexes with uniformly
dispersed nanofiller-reinforced polymer composites, using the wet phase inver-
sion process.

Three different types of carbon-based nanofillers (CBNs) were dispersed in
the ABS solution at various concentrations, i.e., 0.25 wt%, 0.5 wt%, 1 wt%, and
2 wt%, by 3-h-long sonication (170 W, 40 kHz). The ABS/CBN solution was
mixed with filtered water to initiate the wet phase inversion process, in which a
homogeneous mixture of ABS/CBNs was rapidly precipitated because of the sol-
ubility difference [9]. After the precipitated ABS/CBN composites were dried at
80 °C for 5 h, they were transformed into thin films (film diameter: 58 mm; film
thickness: 300 pm) using a hot press system (SSAUL BESTECH, Inc., Model No.
Mounting Press I) at 200 °C and 150 bar, for 8 min.

The mechanical properties of the fabricated nanocomposite films were inves-
tigated using a tensile test system (LRXPlus, Lloyd Instruments, UK) and a
nanoindentation system (Nanoindenter ® G200 system, KLA Co., USA). The
specimens for the tensile test (gauge section: 40.0 mm X 6.0 mm; thickness:
300 pm) were cut from the fabricated composite films. The tensile tests (testing
guidelines ASTM D882 [28]) were conducted in air, using a 1-kN load cell at a
crosshead speed of 10 mm/min. The results presented here are the average val-
ues obtained by analyzing at least seven specimens. The fracture morphologies of
the nanocomposites used in this study were characterized using scanning electron
microscopy (SEM, Hitachi, S-4200) operated at 15-20 kV. For the nanoindenta-
tion experiments, the films were glued onto an aluminum holder. The experiments
were conducted using a Nanoindenter XP™, with the strain rate maintained
under ~20% of the composite film thickness. At a given force level, the data were
averaged over at least 20 indents, with the data scatter indicated by the standard
deviation of displacement. A three-sided pyramid (Berkovich) diamond tip was
used in the present study. The ABS polymer and the ABS/CBN composites were
tested at two different strain rates, 0.01 s~! and 0.05 s~!. A constant indentation

dh dp
strain <E) is obtained by a constant @ (h=displacement, t=time, P =1oad) test
[29]. This allowed us to evaluate the hardness of the materials, independent of
the indentation depth [30]. Unloading was tested using the same strain control as
in the loading tests. The mechanical behavior and properties of the specimens,
including their viscoelastic behavior and elastic moduli E, were interpreted from
the unloading slopes of the corresponding load—displacement (L-D) curves.
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Results and discussion

The results of the measurements of the specific surface area are shown in Table 1.
As can be seen from the results, for the three types of nanopillars the specific sur-
face area decreased in the following order: fullerene > CNT > graphene. In general, a
large specific surface area is expected to positively affect the mechanical properties
of the corresponding composite material, because it increases the contact area with
the matrix materials [31-34].

Figure 1 shows the tensile test results for the fabricated nanocomposites prepared
by mixing different nanofillers and ABS polymer. The specimens that were used in
this study were prepared by mixing 0.25 wt%, 0.5 wt%, 1.0 wt%, and 2.0 wt% of
each nanofiller type in the weight ratio. As expected from the specific surface area
results, the tensile strength was the highest for the ABS/fullerene nanocomposite,
followed by the ABS/CNT and ABS/graphene composites. The tensile strength
increased with increasing nanofiller content. The rate of increase was rapid for con-
centrations up to 0.5 wt% and thereafter remained almost constant. However, the
addition of fullerene significantly increased the tensile strength, up to 1.0 wt%.

Besides, we performed the mechanical property measurement for the case of
filler concentration>2 wt%. However, the tensile strength and elongation of the
ABS/CBNs composite thin films were unstable. That is, the data deviation is too
large to be used. It appears that CBN is strongly agglomerated at a higher concentra-
tion (>2 wt%) in the polymer matrix, resulting in cracking when tensile strength is
applied to the specimen. So, in this study, the experiment was conducted by main-
taining the content of CBNs at 2 wt% or less.

The SEM micrographs of the fracture surface of the ABS and ABS/fullerene
nanocomposites are shown in Fig. 2. The ABS polymer exhibits the typical frac-
ture surface of a polymeric material (Fig. 2a), with ductile fracture in the tensile
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Fig. 1 Tensile strength of ABS/CBN nanocomposites. Fullerene-added nanocomposites exhibit the high-
est tensile strength gain, while graphene exhibits the lowest tensile strength gain
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Fig.2 SEM micrographs of fracture surfaces of the ABS polymer and ABS/fullerene nanocomposites: a
bare ABS; b ABS/fullerene at 0.5 wt%; ¢ ABS/fullerene at 1 wt%; d ABS/fullerene at 2 wt%

direction with small dimples with shear lips [35, 36]. As shown in Fig. 2b—d, with
increasing the amount of fullerene, the amount of shear lips increased (in particular
for 2.0 wt% fullerene specimens). Therefore, the addition of fullerene was observed
to increase the tensile strength of the ABS polymer more than threefold. However,
since the increase was not significant at and above 1.0 wt%, it is important to add an
appropriate amount of nanofillers to the matrix.

The tensile fracture surfaces of the ABS/CNT and ABS/graphene nanocompos-
ites are shown in Fig. 3. Figure 3a, b shows the fracture surfaces of the specimens
with 0.5 wt% and 2.0 wt% CNTs added to the ABS matrix, respectively. Although
the shear lips look similar to those shown in Fig. 2, the morphology appears to be
the pull-out of the CNTs as shown in the insets of Fig. 3a, b. It is believed that the
dispersion of CNTs is not perfect, and they are aggregated and pulled out by the ten-
sile stress [37, 38]. In the case of 2.0 wt% CNTs, the agglomeration was more severe
than in the case of 0.5 wt% CNTs, and the tensile strength no longer increased.

The fracture surfaces of the specimens with 0.5 wt% and 2.0 wt% of graphene
added to the ABS matrix are shown in Fig. 3c, d, respectively. Unlike the results
in previous figures, there are several fracture planes closer to the cleavage fracture
than the shear lip (especially for 2.0 wt% graphene specimens, inset in Fig. 3d).
Therefore, the tensile strength and the rate of increase are lower than those for
the other two cases. In this fabrication process, there is a pressing step, which
causes the unfolding of graphene and CNTs in the direction perpendicular to that
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Fig. 3 SEM micrographs of fracture surfaces of the ABS polymer and ABS/CNT/graphene nanocompos-
ites: a ABS/CNT at 0.5 wt%; b ABS/CNT at 2.0 wt%; ¢ ABS/graphene at 0.5 wt%; d ABS/graphene at
2.0 wt%. a, b: pull-out and agglomeration of CNTs, potentially signaling a fracture point. ¢, d: graphene-
added composite with cleavage fracture (see inset of d)

of the pressing direction, which probably increases the contact surface between
the nanofillers and the ABS polymer matrix. It is also certain that the backbone
of the ABS polymer is also elongated, and fullerene is dispersed throughout
the backbone chain. Some micrographs that can more clearly show the fracture
behavior of each CBNs are presented in Fig. S3 of supporting information.
Figure 4 shows the results of nanoindentation measurements for the ABS poly-
mer and ABS/CBN nanocomposites. In the case of the nanocomposites, the sam-
ples with the 1.0 wt% filler were selected, because the tensile properties of the
nanocomposites were saturated and changed most clearly following the addition
of fillers (Fig. 5). Figure 4a shows the results of the nanoindentation experiment
for the ABS polymer. As mentioned in the description of the test method, two dif-
ferent strain rates were adopted during the nanoindentation tests. The results show
that the L-D curves are strongly affected by the strain rate. In general, strain rate
sensitivity is a common phenomenon in polymeric materials [39, 40]. As shown
in Fig. 4b—d, the fabricated filler-filled composites exhibited weaker strain rate
sensitivity, especially following the addition of CNTs, with almost no strain rate
effects. The plastic deformation and strain rate sensitivity mechanisms in poly-
mers are basically owing to the interaction between the polymer backbones; they
slid or entangle each other, yielding interesting mechanical behavior [41-43]. In
this study, adding CNTs did not significantly affect strain sensitivity, suggesting
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Fig.4 Load—displacement curves of the ABS polymer and ABS/CBN nanocomposites: a ABS polymer;
b ABS/fullerene at 1.0 wt%; ¢ ABS/CNT at 1.0 wt%; d ABS/graphene at 1.0 wt%

that CNT nanofillers prevented the increase in friction caused by the sliding of
the polymer backbone (chain).

Figure 5 shows the elastic modulus and hardness, measured at the strain rates of
0.01 and 0.05 s, for composites with 0.5, 1.0, and 2.0 wt% of CNTs, fullerene, and
graphene, respectively, in the ABS polymer. As shown in Fig. 4, strain sensitivity
depends on the nanofiller type. The modulus and hardness at 0.05 s~! are higher
than those at 0.01 s~'. As mentioned previously, this is a common observation for
polymers. The fullerene-added ABS polymer composite exhibited the best mechani-
cal properties among the three studied nanocomposites, which was the same as for
the tensile tests. Yet, for filler content above 1 wt%, the modulus and hardness were
dramatically reduced. CNT- and graphene-added nanocomposites also exhibited dif-
ferent mechanical behaviors compared with the tensile tests: (1) Modulus and hard-
ness of CNT-added nanocomposites were lower than those of graphene-added sam-
ples; (2) there was no discernible effect of CNTs on the ABS polymer because most
of the mechanical properties of CNT-added nanocomposites were worse than those
of the pure ABS polymer; (3) graphene-added nanocomposites degraded sharply
with increasing the filler content.

The tensile test reveals more universal mechanical properties of bulk specimens
than the nanoindentation test, because nanoindentation experiments are more suit-
able for understanding small-volume specimens [44, 45]. The nanoindentation test
explains why the tensile strength did not increase for the nanofiller content at or
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Fig.5 Elastic modulus and hardness, measured in the nanoindentation experiments, for the strain rates
of 0.01 s~ and 0.05 s™!: a elastic modulus for the 0.01 s~ strain rate; b elastic modulus for the 0.05 s~!
strain rate; ¢ hardness for the 0.01 s~ strain rate; d hardness for the 0.05 s~ strain rate

above 1 wt%. It is plausible that higher nanofiller content may act as a defect in the
nanocomposite, owing to the nanofiller agglomeration, unless the nanofiller is well-
dispersed. Optimizing the nanofiller content and controlling the interaction between
polymer backbones clearly can help to manipulate the mechanical properties of
polymer matrix nanocomposites. From this point of view, since fullerene could be
readily accommodated between the polymer chains, it could improve the interac-
tions between the chains (such as slippage disturbances).

Conclusion

In this study, we tried to understand how CBNs such as fullerene, carbon nanotubes,
and graphene that were used in this study affect the mechanical properties of ABS
polymer-based composite thin films. After the CBNs were mixed with the ABS pol-
ymer samples using the wet reversal process, thin films were prepared by hot press-
ing. To understand the effect of CBNs on the fabricated nanocomposites, tensile
tests and nanoindentation tests were performed.

In the tensile and nanoindentation tests, all nanofillers enhanced the mechanical
properties of the ABS polymer samples, among which the ABS composites with
fullerene exhibited the best properties. The ABS/fullerene composite exhibited the
highest tensile strength, which was about 33 MPa. The elastic modulus and hardness
of the largest composite obtained through nanoindentation were about 4 GPa and
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200 MPa, respectively. In the tensile test, the tensile strength tended to increase with
increasing nanopillar content, but the increase saturated above a certain content. On
the other hand, in the case of nanoindentation experiments, the mechanical proper-
ties of the fabricated nanocomposites deteriorated when the nanofiller content was
1 wt% or higher. In the case of graphene, the mechanical properties of the nanocom-
posite material decreased continuously with increasing the amount of added gra-
phene. Tensile tests capture the mechanical properties of the entire tested specimen,
while nanoindentation experiments reveal the tested specimen’s local properties. The
two tests are expected to complement each other. In conclusion, nanofillers should
be added at an appropriate level, and in the case of polymers, nanofillers, which may
be located between polymer chains such as fullerene, may be more efficient.
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