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Abstract
Graphene is a potential reinforcing material for polymeric materials due to high aspect ratio, surface area and electrical and 
mechanical properties. In this work, thermally reduced graphene oxide (TRGO)/acrylonitrile butadiene styrene (ABS) com-
posites were developed using combined solution mixing and melt mixing techniques. The effect of wt% of pristine graphite 
and TRGO on the mechanical and thermal properties of composites was studied. Graphene oxide (GO) was prepared from 
graphite powder using improved Hummers’ method followed by thermal reduction to obtain TRGO. Characterization of 
GO, TRGO and as-developed ABS composites was performed using Fourier transmission infrared spectroscopy, scanning 
electron microscopy, atomic force microscopy, differential scanning calorimetry and thermogravimetric analysis. Tensile 
properties were determined by testing injection-molded dumbbell-shaped samples. The results showed that tensile properties 
of TRGO/ABS composites increased significantly at 0.2 wt% loading compared to corresponding graphite/ABS composites. 
However, increased content of both fillers decreased mechanical properties of the composites. TRGO, at 0.2 wt% loading, 
increased glass transition temperature of ABS by ca.7 °C. TRGO neither increased nor decreased thermal stability of ABS 
composites. This study showed that combined solution and melt mixing technique can significantly improve dispersion of 
TRGO in ABS matrix.

Keywords  Thermally reduced graphene oxide · Acrylonitrile butadiene styrene · Atomic force microscopy · Mechanical 
properties · Glass transition temperature

1  Introduction

Acrylonitrile butadiene styrene (ABS) is a widely utilized 
thermoplastic polymer due to its vital properties such as 
admirable mechanical properties, chemical resistance and 
recyclability. Being a terpolymer of three monomers, acry-
lonitrile, butadiene and styrene, it is very valuable among 
other polymeric materials. It can be readily processed using 
solution mixing and melt mixing methods [1]. The specific 

properties of ABS could be further enhanced by incorpora-
tion of fillers, and this could boost its demand [2]. These 
polymer composites are extensively employed in various 
industrial sectors such as automotive, aerospace and con-
struction [3].

Carbon-based reinforcements, i.e., carbon black (CB), 
expanded graphite (EG), carbon nanotube (CNT), graphene, 
graphene oxide (GO) and thermally reduced graphene oxide 
(TRGO), are potential candidates for improving mechanical, 
electrical and thermal properties of the polymeric materials 
[4–7]. Nowadays, two-dimensional materials have attained 
much attention due to high aspect ratio and layered structure 
which give better dispersion in polymeric matrices.

Graphene is one of the two-dimensional materials with 
one-atom-thick planar sheet of sp2-bonded carbon atoms 
densely packed in a honeycomb crystal lattice [8]. Graphene, 
GO, TRGO or graphene nanoplatelets are considered to be 
superior fillers than other conventional carbon fillers (CNT, 
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CB, EG, etc.) due to their inherent properties such as high 
surface area, good mechanical strength, excellent thermal 
conductivity, electrical conductivity, electromagnetic inter-
ference shielding and low coefficient of thermal expansion 
[9–11].

Few studies have been reported on graphene-reinforced 
ABS polymer composites. Pour et al. [12] developed gra-
phene nanoplatelets (GNPs)-reinforced polycarbonate (PC)/
ABS nanocomposites by melt blending using a twin-screw 
extruder. Commercial GNPs with a thickness of 5–10 nm 
and an average length of 15 µm were used to produce com-
posites at loadings of 1, 3 and 5 wt%. The authors reported 
30 and 54% increases in Young’s modulus and flexural 
modulus, respectively, at 3 wt% loading attributed to better 
dispersion of GNPs and some interaction between GNPs and 
matrix. However, they found a reduction in impact strength 
of nanocomposites. In another study, Wang et al. [13] inves-
tigated electrical conductivities and mechanical properties of 
ABS/ethylene propylene diene terpolymer (EPDM) compos-
ites filled with graphene filler developed using melt mixing 
and solution mixing methods. They reported better proper-
ties of melt-mixed composites up to 8% loading of graphene 
compared to dry and wet premixing composites. Waheed 
et al. [14] evaluated mechanical properties of few-layered 
graphene and multiwalled carbon nanotubes (MWCNTs) in 
ABS matrix produced by solution mixing. They reported a 
43% increase in tensile strength of the composites produced 
with a few-layered graphene and a 22% increase for the com-
posites produced with MWCNTs at similar loading. Panwar 
et al. [15] developed ABS matrix composites by incorpo-
rating GO, TRGO and chemically reduced graphene oxide 
(CRGO) using melt mixing route. They reported about 28, 
20 and 80% increments in tensile strength at 2 wt% loading 
of GO, TRGO and CRGO, respectively, over neat ABS. All 
three fillers gave approximately 12% improvement in storage 

modulus. The authors also found about 8 to 11 °C increase in 
glass transition temperature (Tg) of ABS with the incorpora-
tion of graphene fillers.

It is important to find that whether the impact of GO on 
the properties of polymers is better than that of graphite 
or not. Before GO, graphite was incorporated in polymers 
due to its low cost, thermal stability and good electrical and 
thermal conductivities. It was also incorporated in ABS 
polymer to improve its properties. For example, Uhl et al. 
[16] reported that the incorporation of graphite nanofiller in 
ABS and polystyrene composites slightly enhanced tensile 
strength (7–10%) of ABS/graphite composites. In another 
study, Pandey et  al. [17] reported a very contradictory 
result as they mentioned that tensile strength of the ABS 
was damaged with the addition of graphite flakes; however, 
they found an improvement in the thermal stability of the 
ABS. Comparison of properties of graphite-filled ABS and 
graphene-filled ABS composites reported in the literature 
is presented in Table 1. It can be concluded on the basis of 
Table 1 that graphene could be better filler for ABS than 
graphite.

Composite production method is a key for better prop-
erties of composites as it would be helpful in achiev-
ing a uniform dispersion and distribution of filler in the 
polymer matrix. Further, development of better interfa-
cial bonding between the filler and polymer matrix not 
only depends on effectiveness of coupling agent but also 
depends on good dispersion and distribution of the filler, 
which themselves depend on the processing techniques. 
An industrially important technique for the dispersion of 
fillers in thermoplastics is melt blending or melt mix-
ing. In the melt mixing, polymer is melted and combined 
with the desired amount of the filler materials by using 
twin-screw extruders. After mixing of fillers, the filler/
thermoplastic blends can be injection molded to fabricate 

Table 1   Comparison of properties of graphite- and graphene-filled ABS composites

Research group Matrix Filler (wt%) Method Mechanical properties Thermal properties

Uhl et al. [16] ABS Graphite nanofiller (1%) Melt blending 7–10 increase in tensile 
strength

Slightly increase

Pandey et al. [17] ABS Graphite flakes (GF) (1%) Melt blending Reduction in tensile strength 
up to 40 vol%

Thermal stability increases with 
an increase in GF content 
and higher decomposition 
temperature obtained when GF 
content was 40 vol%

Difallah et al. [18] ABS Graphite particles (0–2.5%) Melt blending Failure strain falls from 11 to 
4.2%

–

Pour et al. [12] ABS Graphene nanoplatelets (3%) Melt mixing 30% increase in tensile 
strength

Slightly improved

Waheed et al. [14] ABS Few-layered graphene (0.24%) Solution mixing 43% increase in tensile 
strength

–

Panwar et al. [15] ABS Graphene oxide (2%) Melt mixing 28% increase in tensile 
strength

Slightly improved
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a desired product. On the other hand, an important tech-
nique for academic studies is a solution mixing which 
is based on a solvent system in which the polymer or 
pre-polymer is soluble and the nanofillers may swell (for 
layered nanofillers). Solvent selection is critical for solu-
tion mixing technique. A solvent selected should not only 
be able to dissolve polymer but it should also be suitable 
for acquiring good dispersion of the filler. When both 
polymer and fillers are dispersed effectively in the sol-
vent, the resulting dispersion can be casted to make mem-
branes or films after evaporation of solvent. The resulting 
composite would have very well-dispersed fillers in the 
polymer, which can be further processed by melt mixing 
technique to produce desired products. Solution mixing 
method besides offering improved dispersion of filler 
in the polymer matrix creates environmental issues due 
to solvent evaporation, recovery and toxicity of solvent. 
Contrary to solution mixing, melt mixing is environmen-
tally friendly technique but the dispersion of filler by melt 
mixing is somewhat compromised and largely dependent 
upon the sophistication and advancement of the extrud-
ers [19–21]. ABS-based composites are developed mainly 
by melt mixing technique due to thermoplastic nature of 
ABS [22]. Melt mixing route is feasible for large-scale 
production and therefore is of great interest for the indus-
try. Incorporation of nanofillers in polymers via melt mix-
ing route is very difficult due to high viscosity of molten 
polymers, low mixing speeds of commonly available 
extruders and longer mixing times required which could 
degrade polymers. All these factors are major hindrances 
in obtaining well-dispersed fillers in polymer matrices 
[23].

Direct mixing of graphene in ABS matrix by an extruder 
is not possible as few-layered graphene sheets are obtained 
by ultrasonication in solvents, and these solvent-dispersed 
GO fillers cannot be directly added into the extruder [14, 
24]. For this purpose, solvent has to be removed first, but 
during this process graphene fillers tend to agglomerate or 
form GO paper and utilizing of GO like this cannot give a 
true benefit in polymer.

Therefore, this study aims to develop ABS/TRGO com-
posites by a technique in which combined solution mixing 
and melt mixing approach was used. Briefly, TRGO was 
dispersed in acetone and ABS was separately dissolved in 
acetone. These two solutions were first mixed together to 
disperse TRGO in ABS by solution mixing process. The 
TRGO/ABS composite sheet was then obtained by remov-
ing solvents. The TRGO/ABS sheet was cut into flakes 
which was melt mixed using an extruder to draw com-
posites in the form of wires. Pristine graphite composites 
were also produced following the same route to explore 
the true potential of TRGO in improving the mechanical 
properties of ABS.

2 � Experimental

2.1 � Materials and Reagents

Powder graphite, a product of Asbury Graphite Mills, USA, 
having a particle size of 10 μm was used for GO production. 
All chemicals, including sulfuric acid (H2SO4), phosphoric 
acid (H3PO4), potassium permanganate (KMnO4), hydro-
chloric acid (HCl) and acetone, used were of analytical grade 
and purchased from Sigma-Aldrich, USA. ABS used for this 
study was obtained from Nexeo Plastics (USA).

2.2 � Production of GO and TRGO

Graphite oxide was synthesized by improved Hummers’ 
method from graphite powder without using NaNO3 [25]. 
Details of the procedure can be found in our previous papers 
[26, 27]. Briefly, graphite powder was treated in a mixture 
of H3PO4/H2SO4 (1:9) containing oxidizing agent KMnO4 
under continuous mechanical stirring. Then, the treated 
product was filtered and washed with HCl followed by wash-
ing with deionized (DI) water several times to achieve neu-
tral pH. The residue left is called graphite oxide which was 
used to produce TRGO.

Graphite oxide produced via improved Hummers’ method 
was first thermally exfoliated in a microwave oven [28] and 
then sonicated in ethanol to produce TRGO. When the 
brownish product, graphite oxide, of improved Hummers’ 
process was exfoliated in a microwave oven, it turned into 
a blackish product, and the reaction was completed with a 
spark in the microwave oven. The process not only exfoli-
ated graphite oxide but also reduced it to some extent. The 
thermally exfoliated graphite oxide (TRGO) powder was 
dispersed in acetone to obtain isolated sheets.

2.3 � Development of Composites

Polymeric composites for this study were developed by com-
bined solution and melt mixing, the details of which are 
given in the following subsections.

2.3.1 � Solution Mixing

First of all, a homogeneous suspension of TRGO in acetone 
was made by ultrasonication in an ultrasonic bath (Elma-
sonic-E30H with ultrasonic power of 240 W) until no resid-
ual material was seen. Similarly, ABS was dissolved in the 
acetone at 50 °C with the aid of ultrasonication. Afterward, 
TRGO and ABS solutions in acetone were mixed by continu-
ous mechanical stirring for 4 h at 30 °C. Further, solution 
mixing of the ABS/TRGO was carried out in a ball mill for 



9562	 Arabian Journal for Science and Engineering (2020) 45:9559–9568

1 3

6 h using zirconia balls (diameters = 1, 2 and 3 mm having a 
ratio of 60:20:20, respectively). As-obtained homogeneous 
dispersion of ABS/TRGO was dried in a vacuum oven at 
45 °C for 24 h to completely remove acetone. The product 
obtained was in the form of sheet.

2.3.2 � Melt Mixing

To achieve better dispersion, dried product, ABS/TRGO, in 
the form of sheets was cut into smaller pieces and passed 
from the custom-made extruder at 190 °C and speed of 200 
rev/min. The product was passed three times through an 
extruder to achieve better dispersion and to remove any air 
trapped. Similar procedures were adopted for ABS/graphite 
composites and neat ABS for comparison. The compositions 
of the developed composites in this study are presented in 
Table 2.

2.4 � Characterization

The thickness of GO and TRGO sheets was measured by 
using a semi-contact mode atomic force microscope (AFM) 
(Nano-Solver, NT-MDT). The presence of functional groups 
on the surface of GO and TRGO was analyzed using Fourier 
transform infrared spectroscopy (FTIR) using ATR mode 
(Agilent Cary 630). Morphology and dispersion of graph-
ite and TRGO in ABS matrix were investigated by analyz-
ing the freeze-fractured samples using a scanning electron 
microscope (SEM) (FEI, Inspect S50). Au–Pd alloy sputter-
coated samples were analyzed by SEM. Thermal stability 
was studied using thermogravimetric analysis (TGA) (SDT_
Q600, TA Instruments). TGA was conducted on 10 mg of 
cuboidal samples of composites and neat ABS in the tem-
perature range of 30 to 600 °C at the rate of 10 °C/min under 
the flow of nitrogen gas at 10 ml/min. Differential scanning 
calorimetry (DSC) (Q 200, TA Instruments) analysis was 
conducted to investigate the effect of filler on the glass tran-
sition temperature. For this purpose, a 10-mg sample was 
heated in the temperature range of 30 to 600 °C at the rate 
of 10 °C/min under the flow of nitrogen gas at 10 ml/min at 
constant pressure. For mechanical testing, dumbbell-shaped 
samples were prepared by injecting various ABS composites 

melt at 150 °C into a steel die using an injection molding 
machine. The tensile samples were made according to BS 
2782-3 (overall length 75 mm, gauge length 20 mm, width 
within gauge length 4 mm and thickness 2 mm). Before ten-
sile testing, cast samples were annealed at 100 °C for 8 h in 
the oven to reduce temperature effect that occurred during 
injection molding. Tensile properties (fracture strength, ulti-
mate tensile strength (UTS), percentage elongation, modulus 
and toughness) reported were averaged by testing at least 
three specimens of each composition using a tensometer 
(Monsanto Tensometer, UK) with a crosshead speed of ca. 
2 mm/min.

3 � Results and Discussion

FTIR analysis of GO and TRGO is shown in Fig. 1. FTIR 
spectra of GO have clear peaks at 3372 cm−1, 1726 cm−1 and 
1621 cm−1 which correspond to –OH, –COOH and –C(=O) 
oxide functional groups [29, 30]. These functional groups 
are reduced or decomposed by thermal reduction of GO as 
shown by FTIR spectrum of TRGO. FTIR analysis (Fig. 1) 
showed that GO was successfully reduced by thermal reduc-
tion. A reduction of functional groups resulted in higher 
thermal stability of TRGO as validated by TGA analysis 
(Fig. 3).

Figure 2 shows a semi-contact mode AFM images of GO 
and TRGO with height profiles. It is clear from height profile 
that the average thickness of GO sheets is 1 nm with 300-nm 
lateral dimensions, while the AFM image of TRGO shows 
single layer and agglomerated sheets. The height profile of 
agglomerated sheets of TRGO shows the average thickness 
of 2 nm with lateral dimensions of 250 nm. AFM image of 
TRGO clearly shows the successful exfoliation of GO.

Table 2   List of the composites developed by combined mixing tech-
nique

Sample Weight% of filler Vol% of filler

Neat ABS – –
TRGO/ABS 0.2 0.094
TRGO/ABS 1 0.47
Graphite/ABS 0.2 0.094
Graphite/ABS 1 0.47

Fig. 1   FTIR spectra of GO and TRGO
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TGA curves of TRGO and GO presented in Fig. 3 show 
higher thermal stability of TRGO than GO up to 600 °C. 
TRGO shows 23% residual weight at 600 °C, whereas GO 
almost completely decomposed at this temperature. Higher 

mass loss of GO than TRGO is attributed to decomposition 
of functional groups which were excessively available on 
GO. Similar trend was previously observed in the case of 
GO and TRGO by Shen et al. [28]. Because of this fact, 
TRGO was used to produce composites as it will be more 
hydrophobic in nature due to lack of functional groups [31], 
and this character would be useful to achieve good disper-
sion of TRGO in ABS.

TGA/DTG curves of neat ABS, graphite/ABS and TRGO/
ABS composites are shown in Fig. 4a, and TGA/DTG data 
are presented in Table 3. TGA curves show that a signifi-
cant weight loss of neat ABS took place in the range of 
380–440 °C due to breakdown of the ABS chains. A similar 
behavior was reported for pure ABS by Panwar et al. [15].

The addition of fillers in the ABS matrix has no signifi-
cant effect on the decomposition temperature. Graphite/ABS 
composites showed some improvement in the decomposi-
tion temperature of ABS in agreement with Pandey et al. 
[17]. The thermal stability, high thermal conductivity and 
no functional groups presence could be the reasons for better 
thermal stability of graphite/ABS composites. On the other 
hand, TRGO/ABS composites at loadings of 0.2 and 1 wt% 
showed a slight reduction in the degradation temperature 
of ABS. The main cause for this reduced thermal stability 
of ABS in the presence of TRGO was the presence of few 

Fig. 2   Semi-contact mode AFM images of a GO and b TRGO along with height profile

Fig. 3   TGA curves of GO and TRGO
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remaining functional groups on the surface of TRGO which 
starts to decompose at a relatively lower temperature [12]. 
DTG showed that there is a slight change in point of inflec-
tion of neat ABS and ABS composites at various loadings. 
It showed that thermal stability of composites is not much 
affected by the addition of nanofillers.

DSC curves of neat ABS, graphite/ABS and TRGO/ABS 
composites are shown in Fig. 4b, and the values of glass 
transition temperature (Tg) are presented in Table 3. TRGO/
ABS composites at loading of 0.2 wt% enhanced the glass 
transition temperature of neat ABS by ~ 7 °C, which means 
that the good dispersion of graphene sheets in the ABS 
matrix restricted movement of the segments of polymeric 
chains [32]. On the other hand, the higher content (1 wt%) 
of TRGO showed a very small effect on ‘Tg’ which could be 
due to some agglomerates as shown in SEM (Fig. 7d). In the 
case of graphite/ABS composites, both compositions have 
improved ‘Tg’ of the neat ABS.

The representative tensile stress–strain curves of various 
composites are presented in Fig. 5. The tensile properties of 
neat ABS, graphite/ABS and TRGO/ABS composites are 
presented in Table 4, and comparison is shown in Fig. 6. 
Both graphite/ABS and TRGO/ABS composites showed 
a noticeable improvement in tensile strength and elastic 
modulus. However, TRGO demonstrated much improve-
ment in tensile properties than graphite. TRGO at loading 
of 0.2 wt% increased tensile strength and elastic modulus 
of ABS by 106 and 61%, respectively. On the other hand, 
at similar loading of graphite the tensile strength and elas-
tic modulus of ABS increased by 83 and 32%, respectively. 
At 1 wt% loading of both TRGO and graphite, an increase 
in tensile properties of ABS was lower compared to that 
obtained at 0.2 wt% loading. The tensile strength and modu-
lus of 1 wt% TRGO/ABS composites were found to be 77 
and 32%, respectively, higher than those of neat ABS. At 
similar loading, graphite composites (1 wt% graphite/ABS) 

Fig. 4   a TGA/DTG curves of neat ABS, graphite/ABS and TRGO/ABS composites and b DSC curves of neat ABS, graphite/ABS and TRGO/
ABS composites at a heating rate of 10 °C/min

Table 3   TGA/DTG and DSC 
data of neat ABS, graphite/ABS 
and TRGO/ABS composites

Name Td,max (°C) Residue (%) First derivative 
of residual wt%

Inflection 
point in DTG 
(°C)

Glass transition 
temperatures (Tg) 
(°C)

Neat ABS 500.98 9.58 − 0.20117 448.45 102.7
Graphite/ABS (0.2 wt%) 486.49 9.67 − 0.14386 447.26 107.2
Graphite/ABS (1 wt%) 492.94 9.00 − 0.14546 454.52 110.5
TRGO/ABS (0.2 wt%) 481.84 12.56 − 0.16308 445.15 109.5
TRGO/ABS (1 wt%) 492.25 12.58 − 0.24436 448.59 105.1



9565Arabian Journal for Science and Engineering (2020) 45:9559–9568	

1 3

showed 62 and 44% increases in tensile strength and modu-
lus, respectively, over neat ABS. For both types of compos-
ites, percentage elongation was not significantly changed 
compared to neat ABS.

Previous research groups [12, 14, 15], as presented in 
Table 1, used either melt mixing or solution mixing for 
development of graphene/ABS composites. Unlike find-
ings of Pour et al. [12], we found a 50% increase in ten-
sile strength at about 15 times lower loading of TRGO. 
The higher tensile strength of our composites achieved at 
significantly lower loading of filler is attributed to much 
thinner and well-dispersed TRGO. Similarly, our 0.2 wt% 
TRGO/ABS composites demonstrated 78% higher tensile 
strength than corresponding composites reported by Panwar 
et al. [15] who dispersed graphene in ABS by melt blend-
ing. This suggests that melt mixing was not able to pro-
vide good degree of dispersion of graphene in ABS. On the 
other hand, our findings are in good agreement with Waheed 
et al.’s [14] findings who determined a 43% increase in the 
tensile strength of ABS composite at 0.2 wt% loading of 
few-layered graphene dispersed by solution mixing, which 
is in agreement with our findings, confirming the fact that 
solution mixing plays an important role in achieving better 
dispersion of graphene in thermoplastic matrix.

The tensile strength and modulus of composites produced 
with TRGO and graphite showed a decreasing trend with 
increased loading. The incorporation of 0.2 wt% TRGO 
in ABS matrix increased the tensile strength of ABS by 
2 × which is significantly higher than previously reported 
by Pour et al. [9] and Panwar et al. [15] for graphene/ABS 
composites produced at higher filler loadings (3 wt% and 
2  wt% loadings, respectively). The possible reason for 
lower tensile strength at higher loading is non-homogenous 

Fig. 5   Tensile stress–strain curves of pure ABS and composites 
developed

Table 4   Tensile properties of pure ABS and composites developed

Name Tensile 
strength 
(MPa)

Elastic 
modulus 
(MPa)

% Elongation

Pure ABS 17.63 234.58 7.5
TRGO/ABS (0.2 wt%) 36.32 377.75 9.6
TRGO/ABS (1 wt%) 31.32 310.08 10.1
Graphite/ABS (0.2 wt%) 32.42 310.95 10.4
Graphite/ABS (1 wt%) 28.71 338.06 8.4

Fig. 6   Tensile properties of neat ABS, TRGO/ABS and graphite/ABS composites; a tensile strength, b elastic modulus and c percentage elonga-
tion
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dispersion of the filler, resulting in stress concentration sites 
due to agglomeration [33]. Due to the combined effect of the 
solution and melt mixing, the strength of graphite/ABS and 
TRGO/ABS composites at higher loading was still higher 
than that of neat ABS. Furthermore, lower tensile strength of 
graphite/ABS composites might also be due to the presence 
of agglomerate as shown in Fig. 7b.

Figure 6b presents the elastic modulus of neat ABS, 
graphite/ABS and TRGO/ABS composites. Composites 
(graphite/ABS and TRGO/ABS) showed increased elas-
tic modulus than the neat ABS polymer. Similar to tensile 
strength of TRGO/ABS composites, modulus of elastic-
ity of composite produced at low loading of 0.2 wt% was 
higher than that of the composite produced at higher load-
ing of 1 wt%. Again, this behavior could be attributed to 
agglomeration which reduced the stiffness of the composites. 

TRGO having higher surface area could easily agglomerate 
at higher loading content [2].

Conversely, graphite/ABS composites showed an increase 
in modulus with increased loading. This finding contradicts 
with that of Pandey et al. [17] who reported that modulus of 
graphite/ABS composite decreased with an increase of wt % 
of graphite. Further, for both types of composites (graphite/
ABS and TRGO/ABS) small increment in the elongation 
(Fig. 6c) suggests that the carbon reinforcement has not 
hindered movement of the polymeric chains. The results of 
mechanical and thermal analysis of composites suggest that 
lower concentration of the TRGO is favorable in improving 
the mechanical properties of ABS.

SEM images of composites and TRGO sheets are pre-
sented in Fig. 7. It can be observed in the case of graph-
ite/ABS composites that agglomerates increased with an 

Fig. 7   SEM images of 
TRGO/ABS and graphite/
ABS composites; a graphite/
ABS (0.2 wt%), b graphite/
ABS (1 wt%), c TRGO/ABS 
(0.2 wt%), d TRGO/ABS 
(1 wt%) and e, f TRGO sheets at 
low and high magnifications
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increase in graphite loading (Fig. 7a, b). Further, the frac-
tured surface of graphite/ABS composites showed brittle 
fracture of composites which could be due to weak interfa-
cial bonding between the pristine graphite and ABS matrix 
[17]. On the other hand, TRGO/ABS composites have uni-
form dispersion of graphene sheets with fewer agglomerates 
as shown in Fig. 7c, d. Nevertheless, dimple-like fracture 
was seen for almost all samples, which is an evidence of the 
ductile fracture [12]. Furthermore, the composites showed 
no pores which were removed due to multiple passes through 
a single-screw extruder. So the use of combined solution and 
melt mixing leads to better dispersion of nanofiller and no 
pores in composites. This might also be the reason for better 
mechanical properties of ABS polymeric composites. Fig-
ure 7e, f shows SEM images of TRGO. SEM micrographs 
show crumples and sheet-like structure of TRGO which is 
due to thermal exfoliation.

4 � Conclusions

•	 TRGO increased tensile strength of ABS by 106% at 
0.2 wt% loading. Higher loading of TRGO (1 wt%) 
reduced tensile strength of ABS; perhaps, at this load-
ing TRGO tends to agglomerate as observed by SEM 
analysis.

•	 TRGO at 0.2 wt% loading produced ~ 61% increment 
in elastic modulus compared to neat ABS. Graphite at 
similar loading increased elastic modulus of ABS by 
30%. The higher stiffness of TRGO-based composite is 
attributed to good dispersion of TRGO in ABS and better 
interaction with ABS matrix due to higher surface area.

•	 Solution mixing and sonication prior to melt mixing 
enabled improved dispersion of TRGO in ABS matrix, 
which resulted in improved mechanical properties of 
composites.

•	 TRGO neither improved nor damaged the thermal sta-
bility of ABS appreciably at 0.2 wt% loading. However, 
TRGO composite at 1 wt% loading showed slightly lower 
thermal stability than ABS due to decomposition of rem-
nant functional groups on TRGO.

•	 This study shows that TRGO can improve mechani-
cal properties of ABS, but only at very low loading 
(0.2 wt%).
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