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and tribological properties of ABS by incorporating mul-
tiwall carbon nanotubes (MWCNT) as reinforcing parti-
cles. Properties of polymeric materials can be enhanced 
by preparing polymer composites. A polymer composite 
consists of a polymer-based matrix and reinforcement fill-
ers [1]. These materials have found application in various 
engineering industrial applications mainly due to its high 
strength-to-weight ratio, better chemical resistance and 
toughness. Many of the sliding components, especially in the 
automotive sector have the potential of polymeric materials 
replacing metallic ones [2]. However, mechanical strength 
as well as wear resistance of polymeric material is less as 
compared to that of metals. The tribological behavior of 
polymers can be enhanced with the inclusion of nanofillers 
or solid lubricants. The addition of Molybdenum disulfide 
particles reduces the specific wear rate and friction coef-
ficient of High-Density Polyethylene composites (HDPE) 
significantly in dry conditions [3]. Mechanical, Thermal, and 
tribological properties of Poly ether ketone (PEEK) compos-
ites get improved with the incorporation of MWCNT due to 
which MWCNT have found greater use as reinforcing fill-
ers in polymer matrix especially in industrial applications 
[4]. The effect of graphene coating on tribological behavior 
of ABS was studied and it has been observed that friction 
coefficient significantly reduces with graphene coat. This 
can be attributed to the formation of graphene layer on the 
worn area [5]. Ben Diffallah et.al. [6] studied the effect of 
graphite powder on tribological response of ABS polymer 
matrix. And it has been observed that wear changes from 
adhesive to abrasive mode with increase in graphite content. 
Wear rate and COF of ABS tends to decrease with increase 
in  TiO2 content [7]. Wear mechanism tends to be abrasive in 
nature, in case of ABS with higher filler content. The addi-
tion of nanoalumina has been found to be able to reduce the 
wear rate and friction coefficient significantly, since the hard 

Abstract Acrylonitrile Butadiene Styrene (ABS) being 
one of commonly available engineering thermoplastic, pos-
sesses good damping property and excellent chemical resist-
ance. ABS composites reinforced with MWCNT have been 
prepared using melt mixing technique and effect of filler 
particles on viscoelastic behavior has been studied through 
DMA tests. Wear resistance and friction coefficient of ABS 
and its composites have been investigated experimentally by 
pin-on-disk sliding wear test, under dry condition at room as 
well as elevated temperature. Wear mechanisms have been 
identified by studying worn surface using scanning electron 
microscope. The results showed that pure ABS exhibits 
adhesive wear; however with addition of carbon nanotubes, 
wear changes from adhesive to abrasive mode. Also at higher 
operating condition adhesive wear seems to be main wear 
mechanism involved. Loading condition at which transition 
of wear from abrasive to adhesive wear occurred  was identi-
fied by plotting wear transition and wear mechanism maps.
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1 Introduction

In industrial applications, major failure of components 
occurs through wear loss, and ABS does not have sufficient 
wear resistance. This work focuses on improving strength 
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alumina particles prevent the polymer matrix to come into 
direct contact with counterface [8]. Ceramic particles can 
act as abrasive agents, thereby enhancing the abrasive wear 
resistance of ABS polymer for bearing and slide applications 
[9]. ABS composites reinforced with barite exhibit higher 
storage modulus as compared to unfilled ABS. This indicates 
the higher load bearing capacity of barite mineral reinforced 
polymer composite [10]. Tensile strength of the polymer gets 
improved vastly even at very low concentration of MWCNT, 
which can be attributed to load bearing capacity of CNT par-
ticles [11]. CNT reinforced composites are now widely used 
in various critical applications such as nuclear plant, marine 
structure and aerospace parts. CNT reinforced composites 
possess better mechanical and thermal properties which 
makes it suitable for industrial applications [12].

Wear maps provide detailed information not only about 
wear rates at different operating conditions but also about 
the transition taking place at different operating parameters 
[13]. Ding et al. studied wear transition of wheel and rail 
materials using wear transition maps Based on the wear 
rate and morphology of worn surface, wear maps have been 
broadly divided into mild and severe wear regime [14]. Also, 
the transition between mild and severe wear regime have 
been plotted using wear transition map. Tungsten/Copper 
(Wn–Cu) powder was coated on the surface of magnesium 
alloy, and the tribological behavior of the developed coat-
ing was studied using pin-on-disk tribometer. Three separate 
wear regions were identified using wear rate map, i.e., Mild 
wear, severe wear, and ultra-severe wear [15].

Though few work have been carried out to identify tri-
bological behavior of ABS and its composites, very little 
work has been done on reinforcing polymer with MWCNT 
to study its tribological properties. CNT remains a very 
promising prospect for improving the mechanical as well as 
tribological behavior because of its high aspect as well as 
surface area to volume ratio.

2  Experimental Methods

2.1  Composite Preparation

2.1.1  Melt Compounding

ABS plastic has been supplied by LG chemicals in form 
of pellets. The as-procured ABS pellets have a density of 
1.07  g/cm3. Multiwalled carbon nanotubes (MWCNT) 
have been procured from Sigma-Aldrich. Prior to process-
ing, ABS pellets as well as MWCNT have been preheated 
in a hot air oven at temperature of 80°–90 °C for two to 
three hours in order to remove moisture content. Polymer 
matrix and reinforcing powders are fed into twin screw 
extruder through hooper, where mixing takes place due to 

simultaneous application of heat and pressure. Weight per-
centage of MWCNT has been kept as 0, 0.2, 1 and 2%. The 
materials pass through various zones and then exit through 
die in the form of wires. The temperature of various zones 
of extruder and die has been varied from 230 to 270 °C. The 
extrudate coming out in the form of wire has been cut into 
small pellets using a pelletizing machine. A small amount 
of maleic anhydride is added as compatibilizer in order to 
ensure uniform mixture and thus to prevent agglomeration.

2.1.2  Compression Molding

The extrudate pellets are then placed in a lower mold in 
a compression molding machine and molded to produce a 
rectangular plate of dimensions 200 × 150 × 3 mm and also 
cylindrical specimen of height 25 mm and diameter 8 mm 
for tribological testing.

2.2  Microstructural Characterization

Structure and morphology of ABS and its composites were 
studied using scanning electron microscope. Samples were 
cryo-fractured in liquid nitrogen before analysis [16]. Differ-
ent wear mechanisms involved at various loading conditions 
were analyzed by studying worn surface through SEM.

2.3  Dynamic Mechanical Analysis

Viscoelastic behavior of ABS and its composites reinforced 
with CNT have been analyzed using DMA analyzer accord-
ing to ASTM D-4065. The dimensions of the test sample 
used in this test are 50 × 12.7 × 3 mm with cantilever con-
figuration. The tests  have been conducted within tempera-
ture range of 20°–180 °C at a frequency of 1 Hz and heating 
rate of 3 C/min.

2.4  Tribological Testing

Tribological behavior of ABS and CNT reinforced ABS 
composite has been evaluated using pin-on-disk tribometer 
according to ASTM G99 standard. Polymer material is in the 
form of pin of dimension of 25 mm height and 8 mm diam-
eter, whereas disk is made of EN31. The pin is held on lever 
arm and is pressed on to rotating disk. Initially specimen is 
cleaned, dried and then weighed using weighing machine. 
Pin is then loaded on the holder and placed inside heating 
chamber (to heat the pin to required temperature and main-
tain it throughout the process), and a constant load of 10 N 
is applied on the pin specimen pressed against the rotating 
disk. Pin specimen is then taken out, wear debris removed 
and final weight is noted. Wear rate is then calculated from 
mass loss using Archard law as in Eq. 1.
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K is wear rate, ∆m is mass loss in grams, L is load applied 
and S is the total sliding distance which is fixed as 250 m. 

(1)K =
Δm

� ∗ L ∗ S

The input parameters considered for studying tribological 
properties and different levels are shown in Table 1. Wear 
rate and COF are output response measured.

3  Design of Experiments

Testing experiments with all possible combinations of pro-
cess parameters is possible due to design of experiments. 
DOE has been tailor made for problems where multiple 
variables can influence single response and also interac-
tion between two or more variable is possible [17]. Main 
advantages of using DOE include enormous power as well 
as high efficiency. Taguchi method has been used for creat-
ing experimental design in this work. With three different 
parameters and for four different levels, the orthogonal net-
work L16 has been chosen.  L16 design matrix generated is 
shown in Table 2. Taguchi has the advantage of accurate 
optimum prediction with minimum number of experiments 
as compared to RSM and other methods.

Table 1  ABS Composites with 
Varying CNT content

Sample Code % of MWCNT

ABS 0
ABSC0.2 0.2
ABSC1 1
ABSC2 2

Table 2  Pin-on-disc process parameters

Parameter Level 1 Level 2 Level 3 Level 4

% of CNT 0 0.2 1 2
Sliding velocity m/s 0.5 1.5 2.25 3
Temperature °C 27 45 60 90

a b

c

Fig. 1  Showing SEM images of Cryo fractured surface of a ABS, b ABSC1 and cABSC2
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4  Results and Discussion

4.1  Morphological Analysis

Structure and morphology, of ABS and its composites rein-
forced with CNT, have been studied using SEM as shown 
in Fig. 1. It can be observed that not many voids can be seen 
and also uniform structure has been formed. With increase 
in CNT content, no agglomeration can be seen, and negli-
gible CNT pull out is been observed. This indicates strong 
interfacial adhesion between CNT and polymer matrix [18].

4.2  Dynamic Mechanical Analysis

Storage modulus indicates the elastic behavior of material 
[19], i.e., energy absorbed by the material. Storage modulus 
gets enhanced with addition of CNT, which can be attrib-
uted to intercalated structure of composites, which prevents 
mobility. As the temperature increases, the mobility gets 
increased leading to reduction in storage modulus as in 
Fig. 2a. Variation of loss factor (tan � ) with temperature 
is shown in Fig. 2b. Loss factor increases up to particular 
temperature after which it starts decreasing, which is glass 
transition temperature  (Tg). Loss factor gets reduced with 
increase in CNT, which can be attributed to brittle nature 
of the nanocomposites. Glass transition temperature of 
ABS and its composites are shown in Table 3. The peak 
gets shifted to higher temperature with increase in CNT 
content, which indicates an improvement in glass transition 
temperature.

4.3  Tribological Behavior

Addition of CNT reduces the wear rate significantly as 
shown in Fig. 3a, and increase in sliding velocity as well as 

temperature increases the wear rate. Load bearing capac-
ity of polymer matrix gets improved with addition of CNT 
which results in reduction of wear. Large amount of pin 
material gets transferred to the metal disk at elevated tem-
peratures thereby increasing wear rate. Similarly, increase 
in sliding velocity has negative influence on sliding wear 
behavior of polymer composites as in Fig. 3b. COF tends 
to become less with increase in sliding velocity as well as 
temperature (Fig. 3c).

Pure ABS exhibits severe adhesive wear as shown in 
Fig. 4a. This can be confirmed by the presence of large 
number of particles on surface indicating polymer pull 
out, which increases the wear rate significantly. Also large 
amount of plastic deformation and matrix cracking can be 

Fig. 2  Influence of CNT on a Storage modulus and b damping factor

Table 3  Design matrix Showing experimental runs and their output 
results

%CNT Sliding Velocity Temperature Wear Rate COF

0 0.5 27 0.02365 0.387
0 1.5 45 0.02543 0.278
0 2.25 60 0.02675 0.2014
0 3 90 0.03354 0.1845
0.2 0.5 45 0.01342 0.2032
0.2 1.5 27 0.013075 0.2043
0.2 2.25 90 0.016543 0.1567
0.2 3 60 0.017023 0.1592
1 0.5 60 0.01298 0.1123
1 1.5 90 0.014321 0.0763
1 2.25 27 0.01312 0.1342
1 3 45 0.013654 0.0654
2 0.5 90 0.00768 0.0634
2 1.5 60 0.007734 0.0675
2 2.25 45 0.008123 0.0512
2 3 27 0.008432 0.0587
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observed. However with addition of 0.2 wt% of CNT, less 
severe matrix damage is observed (Fig. 4b) even at relatively 
higher temperature, which indicates that CNT enhances load 
bearing capacity thereby reducing polymer breakage, and 
also CNT prevents melting of polymer thereby enhancing 
tribological properties (Table 4).

Pure ABS have undergone extensive melting and plastic 
deformation at elevated temperatures. Also matrix cracking 
can be seen as in Fig. 5a which leads to reduction in wear 
resistance. Adhesive wear seems to be main wear mecha-
nism leading to higher wear rate.

Matrix cracking and plastic deformation seems to domi-
nant wear mechanisms at elevated temperature in case of 
nanocomposites as in Fig. 6. In case of ABS with 0.2% CNT, 

Fig. 3  Influence of process parameters on a, b Wear rate and c, d Coefficient of friction
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melting of polymer has taken place and also adhesion can be 
seen, which can be attributed to increase in wear rate. How-
ever with increase in CNT, less damage can be seen. Plas-
tic deformation seems to be major wear mechanism in this 
case. Thermal stability (glass transition temperature) gets 

enhanced with increase in CNT, thereby preventing melting 
of polymer and hence wear resistance gets improved.

COF gets reduced with increase in sliding velocity and 
temperature. At higher loading conditions, thin uniform 
transfer films can be seen on surface (Fig. 7a). The presence 
of thin films protects the polymer matrix and hence friction 
gets reduced. However at lower velocity and temperature 
uniform films cannot be seen, thereby leading to increase in 
COF as in Fig. 7b.

Large amount of transfer film can be seen on the surface 
in Fig. 8a which has been dispersed uniformly throughout. 
This results in reduction of friction coefficient. However at 
lower temperature less transfer film can be observed, which 
results in higher friction coefficient.

a b

Fig. 4  SEM images of worn surface of a ABS at Velocity of 0.5 m/s and temperature of 27 °C and b ABSC0.2 at Velocity of 0.5 m/s and tem-
perature of 45 °C

Table 4  Glass transition 
temperature of ABS Composites

Composite Glass transition 
temperature  Tg

ABS 115 °C
ABSC0.2 118.2 °C
ABSC1 118.7 °C
ABSC2 120.6 °C

a b

Fig. 5  SEM images of worn surface of ABS at 3 m/s and 90 °C
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a b

Fig. 6  SEM images of worn surface at temperature of 90 °C a ABSC0.2 at velocity of 2.25 m/s and b ABSC2 at velocity of 0.5 m/s

a b

Fig. 7  SEM images of worn surface of steel counterface of a ABSC1 @ 1.5 m/s and 90 °C and b ABSC1 @ 0.5 m/s and 60 °C

a b

Fig. 8  SEM images of steel counterface of a ABSC2 @ 0.5 m/s and 90 °C and b 1.5 m/s and 60 °C
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4.4  Wear Maps

Wear maps are plotted using MATLAB software using inter-
polation technique. Wear rate maps indicates wear rate at 
different loading conditions. Wear rate gets reduced consid-
erably with increase in CNT content. Also increase in wear 
rate can be observed with increase in velocity as well as 
temperature as in Fig. 9a and b. Wear transition map identi-
fies the region in which transition occur from mild wear to 
severe wear/adhesive wear as in Fig. 9 c and d. Wear transi-
tion occurs in the area where contour changes its direction.

Four different wear zones are observed from wear transi-
tion maps:

(a) Ultra-Mild Wear
(b) Mild Wear
(c) Severe Wear
(d) Ultra-Severe Wear

Ultra-Mild wear occurs when CNT content increases 
about 1.5% as in Fig. 10d, irrespective of loading condi-
tions. This shows that addition of CNT have a significant 
role in improving wear behavior of the composites. Mild 
wear occurs above CNT content of 0.2% and up to sliding 
velocity of 1.75 m/s. Severe wear takes place at CNT content 
of less than 0.2% and at temperature of above 50 °C. Wear 
changes from mild to severe mode when sliding velocity 
increases beyond1.75 m/s. Ultra-severe wear occurs in pure 
polymer matrix and at velocity of about 2.5 m/s.

Different wear mechanisms at various loading condi-
tions are shown in Fig. 10. Matrix cracking seems to be 
main wear mechanism at lower content of CNT and lower 
velocity. With increase in CNT content, adhesion becomes 
predominant mechanism and wear changes from adhesive 
to abrasive mode with addition of 3% CNT. Melting, matrix 
cracking and plastic deformation seems to be main wear 
mechanisms for ABS at elevated temperatures. However, 
with increase in CNT content, abrasion seems to be domi-
nant mechanism even at elevated temperatures. This can be 

Fig. 9  Showing a, b Wear rate map and c, d wear transition map of ABS and its composites at varying loading conditions
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attributed to effective load transfer of CNT thereby reducing 
wear rate.

5  Conclusions

Mechanical and tribological tests were conducted on ABS 
Composites reinforced with CNT, prepared by means of melt 
compounding. Tests were conducted on specimen accord-
ing to ASTM standards and the following observations have 
been noted:

(a) Analysis of cryo-fractured surface of ABS and its com-
posites indicate uniform dispersion of CNT in polymer 
matrix and very few agglomeration can be seen.

(b) DMA studies reveal the influence of CNT on viscoelas-
tic properties of ABS. Addition of CNT improves the 
storage modulus as well as glass transition tempera-
ture. CNT forms an intercalated bond which leads to 
increase in glass transition temperature.

(c) Tribological testing reveals that addition of CNT has 
positive influence on tribological properties of ABS 
Composites. Thin protective film has been formed on 
the steel counterpart, with increase in CNT content. 
This leads to considerable reduction in friction coef-
ficient.

(d) Wear rate maps have been plotted to identify wear rate 
at different loading conditions. And to identify transi-
tion of wear, wear transition maps have been plotted. 

Wear mechanism maps helps in identification of vari-
ous predominant wear mechanisms at different loading 
conditions.
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