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Abstract: The microstructural characteristics, mechanical properties and wear characterization of air plasma sprayed
coatings obtained from Carbon nanotubes (CNT5) reinforced AL,O -3wt%TiO, powders were examined at different load-
ing conditions and different percentage proportion of CNTs. The CNTs in the proportion of 2, 4, and 6 wt% were used as
nanofillers to modify the properties of coatings. The uniform dispersion of CNTs throughout the powder particles can be
observed from the SEM micrographs. The porosity of the microstructure of the coatings was measured by image analysis.
Also, the mechanical properties such as microhardness and surface roughness were measured by microhardness tester
and profilometer; respectively. The wear tribometer was used to analyze the tribology of the coatings by varying different
parameters. The different loading conditions used were low load (0.5 kgf), moderate load (1.0 kgf), and elevated load (1.5
kgf), respectively. The microhardness showed a slight increase with an increase in the percentage of CNTs proportion.
Similarly, the surface roughness value showed a decreasing trend, since the CNTs were filled in the pores. From wear
tests, it was observed that the coefficient of friction and wear rate were very less at 6wt% CNTs and 1.5 kgf load. This was
mainly due to the bridging of CNT5 in between the splats. This implies that CNTs were one of the most suitable additives

for improving the microstructural and tribological characteristics of the ceramic coatings.

Keywords: Carbon nanotubes (CNTs); Wear Behavior; Coefficient of Friction (COF); CNT bridging.

1. INTRODUCTION

The plasma sprayed coatings were extensively
used for wear resistance applications such as tur-
bine blades, plunger pumps, the lining of aircraft
engines, etc., [1-2]. These coatings possess ex-
treme microhardness and good modulus of elas-
ticity [3]. Alumina-titania powders were wide-
ly used feedstock to obtain the plasma sprayed
coatings for their excellent wear resistance [4].
In many structural and dynamic applications,
ALO,-TiO, was mainly used for improving the
surface properties [5]. Even though alumina-ti-
tania ceramic coatings possess many advantag-
es, some critical issues resist their application
such as brittle nature due to which coatings may
fail. This phenomenon was attributed to the frac-
ture of coatings due to abrasion at high loads.
Also, the ceramic coatings lack in the formation
of a protective layer that reduces the coefficient
of friction. In the field of tribological behavior,
many researchers had done several experiments
to enhance the wear resistance and reduction of
friction on the ceramic coatings.
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The multiwalled carbon nanotubes (MW CNTs)
were gaining popularity recently due to their abil-
ity in improving the mechanical properties of
coatings obtained from the thermal spraying pro-
cess [6]. However, carbon nanotubes (CNTs) are
considered as an exceptional choice for reinforce-
ment of ceramics with their superior properties
such as physical microstructure and mechanical
strength. CNTs were also having a high elastic
modulus of 1000 GPa, the high tensile strength of
60 GPa, and thermal conductivity of 3000 W/mK
[7]. Generally, the plasma sprayed coating system
possesses a topcoat and the bond coat. The bond
coat had various issues in functioning mainly due
to the variation in the thermal expansion coeffi-
cient [8]. By adding CNTs to Al,O,+TiO, ceramic
powders, the mismatch in thermal expansion is
reduced [9]. CNTs also possess unique mechani-
cal features due to their geometry and size. How-
ever, it cannot be used directly without any per-
centage composition, since it also suffers from a
few limitations like agglomerating the powder to
resist from free flow during the coating process.
Also, excessive carbon may create damage to the
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coatings at higher temperatures. Therefore, it is
required to maintain some pre-requisite composi-
tion of CNTs to be mixed with coating powders to
acquire toughness of matrix using standard me-
chanical mixing process like ball milling [10-14].

The various reinforcements such as CNTs,
graphene oxides, yttria oxide (Y,0,), TiO,, Bi,0;
diamond, etc., were added to the alumina-titania
coatings to improve properties such as toughness,
microhardness, and wear resistance. The rein-
forcement of 20wt% of Y0, to AL, O,-13wt%TiO,
coatings result in improved densification, stabili-
zation of a-phase, and enhancement in toughness
due to fracture [15]. The bi-modal microstructure
due to the addition of TiO,, Bi,O, possesses a lu-
bricating layer by the formation of NiTiO, and
ALTiO, layer which improves the tribological
properties [16].

The microstructural properties of alumina coat-
ings were examined by Psyllaki et a/ (2001), in
which it was showed that alumina-titania coatings
with denser microstructure possess better wear
resistance as compared to the coating with more
number of pores [17]. The dependence of wear
characteristics on the microstructural properties
was conducted by Hawthorne et al (1997). The
inter-splat cohesion and porosity harm the micro-
hardness and the increase in splat size improves
the microstructural properties of the coatings [18].
The addition of a small quantity of MWCNTs to
the Mg alloy results in the improvement of ten-
sile strength and yield stress. Also, the splats size
increases with the addition of CNTs which leads
to the improvement of microstructural properties.
The reinforcement of CNTs to the Al O, coatings
enhance the hardness to 8.4% and toughness of
the coatings to 21.1.% [19].

The tribological characteristics of the CNT
reinforced Al,O, composite coatings were stud-
ied previously [20]. Ahmad et al. (2010) exam-
ined the wear characteristics of Al O, mixed with
CNT composites using Si,N, ball with variation
in percentage composition of CNTs up to 10%.
The enhancement of wear resistance was found
mainly due to the bridging of CNTs present in
between AlO, splats. This phenomenal change
resulted in the strengthening of grain boundaries
[21]. Similarly, An et al. (2003) investigated the
wear resistance of Al,O, composites reinforced

with CNTs and found that AL,O, composites with
4wt% CNTs reinforcement showed good wear
resistance characteristics. It was also found that
with the increase in CNTs percentage, there was a
fall in wear resistance at 10 wt. % of CNTs addi-
tion [22]. In other work, it was also observed that
due to the homogeneous dispersion of CNTs, the
wear performance was improved [23]. The tribo-
logical performance was also conducted by Sud-
hakar Jambagi C et al (2019), in which the CNTs
were mixed by a hetero-coagulation method. The
wear tests were performed by a pin-on-disc tri-
bometer, which provides the detail of a decrease
in coefficient of friction and loss of mass due to
wear with increasing in the percentage of CNTs. It
was also showed that due to the addition of CNTs,
the hardness and toughness of the coatings were
improved. The improvement in wear resistance
was mainly due to the presence of CNT bridging
connects the intersplats and resists the sliding of
coated material during the tribo-action [24].

In this present work, the wear behavior of
CNTs reinforced coatings derived from Air Plas-
ma Sprayed Conventional Al,O,-3wt%TiO, pow-
ders were examined at room temperature. Even
though nanostructured powders provide very
good results in terms of wear resistance, micro-
hardness, etc., we were using conventional pow-
ders since very little data was available related to
coatings obtained from CNTs mixed conventional
Alumina-Titania powders. The percentage pro-
portion of CNTs present in the Al O,- TiO, com-
posite coating system varied as 2, 4, and 6 wt. %.
The wear tests were conducted using the ball-on-
disc tribometer. The main objective of this work is
to study the wear characteristics of the coatings at
different load, speed, and time conditions and also
to analyze the wear mechanisms involved.

2. EXPERIMENTAL PROCEDURE
2.1. Coating and Sample Preparation

In this work, CNT reinforced ALO,-3wt%-
TiO, ceramic powder was sprayed thermally
through the Air Plasma Spraying process to ob-
tain the coatings. The microstructural, mechan-
ical, and wear characteristics of these coatings
were examined by varying the percentage com-
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position of CNTs with 2wt%, 4wt%, and 6wt%
respectively. The Alumina-3wt%Titania pow-
ders and MWCNT powders were purchased from
Nano Research Lab, Jamshedpur, Jharkhand,
India. Then the AlO,-3wt%TiO, (AT) powders
of (Particle size: 40-45um; Density: 3.64 g/cm?)
were mixed using Ball milling process of dif-
ferent weight percentage of CNTs of (Diameter:
95-125nm; Length: 5-10pum; Density: 1.6g/cm?)
2wt% (i.e., [100grams AT+20grams CNTs]),
4wt%(i.e., [100grams AT+40grams CNTs]) ,
and 6wt% (i.e., [100grams AT+60grams CNTs]).
The average density of AlO,-3wt%TiO, rein-
forced with CNTs was found that 3.66-3.70 g/
cm’. The mild steel substrates of AISI 1020
(55x45x5) mm were used for the deposition of
coatings due to less expense and ease of avail-
ability [25]. The surface grinder (Alex NH 500)
was used to remove the excess dirt and unwanted
oxide layers from the surface and also to main-
tain the surface roughness of the sample to be
0.1um. The substrate samples were grit blasted
using alumina grits of an average size 28 at an
air pressure of 140 psi. Then the samples were
kept in an iso-propanol solution for 30 min to
remove the foreign particles completely. At last,
the substrates were preheated to 180°C using
a Plasma Gun. The Sulzer Metco 3MB plasma
gun was used to deposit the coatings. Argon was
used as the primary plasma gas, whereas hydro-
gen was used as the secondary plasma gas. Ni-
10wt%CrAlY was used as the bond coat of thick-
ness 150-180 pm. The thickness of the ceramic
top coating was approximately 300-350 um.

The various parameters used for the depo-
sition of coatings were shown in Table.l. For
analysis purposes, the specimens of 10 x 5 x 5
mm size were cut from coated samples, using a
low-speed diamond saw cutter. For micrographic
evaluations, hot mountings with sample inserts
were prepared using of Bakelite powder using
a hot mounting process. The hot mounted sam-
ples with coatings crossed section were refined
using Silica-Carbide (SiC) papers of 220, 400,
600, 800, and 1000 grades. The process of pol-
ishing was carried out for 10 minutes with each
abrasive paper and then disc polishing was done
for 15 minutes.

Table 1. Parameters for Plasma Spraying Process
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Parameter Range
Voltage 50V
Current 490 A
Flow rate of Primary Gas (Ar) 50-60 Lit/min
Flow rate of Carrier Gas (H,) 8-10 Lit/min
Powder feeding rate 40-50 gm/min
Spray distance 75-150 mm

2.2 Microstructural and Mechanical Tests

The microstructures of coated samples were
examined using a Zeiss Evo 60 scanning electron
microscope (SEM). For a specified CNT percent-
age, of each coating, five SEM images were ob-
tained at a variable magnification of range 1000X
to 10,000X. X-ray diffraction studies were con-
ducted using a PANalytical X’Pert PRO PW1070
instrument with CuKao radiation, operating at 40
kV voltage and 30 mA current with a scanning
step of 0.0167° and step time of 0.13 s. Micro-
hardness measurements were carried out using
MMT _X7B microhardness tester (MAT Suzawa,
Japan) with a Vicker’s indenter at 100 g load and
15 s dwell time. An average of ten readings was
taken for each coating. The surface roughness of
as-deposited coatings was also measured using a
Marsurf precision profilometer and TalyProfile
software. The readings were taken at selected
random locations and average and the standard
deviation was computed. Also, the most familiar
technique to evaluate the porosity of a coating
system 1i.e. preparing a metallographic sample
and then taking multiple micrographs for analysis
was done. The image analysis was carried using
a contrast difference between voids i.e., pores to
estimate the percentage of porosity [26]. The de-
tails on the number of samples used for analysis
was 9 (i.e., ALO, 3wt%TiO, +2wt%CNTs: 3 sam-
ples, ALO,3wt%TiO,+4wt%CNTs: 3 samples,
AL O, 3wt%TiO,+6wt%CNTs: 3 samples). A total
of 6 samples were required for conducting wear
tracks with different loading, speed, and timing
condition for different percentages of CNTs. And
3 samples were required for performing micro-
structural characterization and to conduct micro-
hardness and surface roughness tests.
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2.3 Ball-on-Disc Wear Test

The wear tests were performed on as-sprayed
coatings using the Ducom tribometer (model: TR-
20-OLE) to evaluate wear characteristics. Tests were
done using different loads (0.5, 1.0 and 1.5 kgf) at
different sliding speeds (0.17, 0.33 and 0.5 m/s). The
sliding distance was kept constant i.e., 300 m and the
Tungsten-Carbide (WC) balls of 10 mm diameter
were used for all the tests. The weight loss of coat-
ed samples was calculated by measuring the sample
weight before and after wear test using an electronic
balance (Essae: Model: FB-600). The debris formed
as a result of the wear test can be removed by the
manual blowing of air over the sample. Three wear
tests were performed for each load and speed condi-
tion to confirm the consistency of results. The mean
and standard deviation of the obtained data for the
weight loss were evaluated.

The morphology of wear tracks was observed
using a ZEISS EVO 60 scanning electron micro-
scope (SEM) to find out the wear mechanisms.
The parameters for conducting wear tests were
given in Table 2. The wear rate was calculated us-
ing below- mentioned relation [27],

W =VIFL

where W is the wear rate (mm’/N-m), V' is the
wear volume (mm?), F'is the normal load (N), and
L is the sliding distance (m).

The wear volume (V) can be calculated using
the relation,

V = (Weight before test-Weight after test)/
Density of powder particles.

The Density of used powders here was
3.64 g/cm® (Data obtained from Nano research

Lab, Jharkhand, India).

Table 2. Wear Test parameters

Test Parameter Value
Load (N) 5 (0.5kgf), 10 (1kgf),
15 (1.5 kgf)
Distance covered (cm) 30000
Speed of sliding (m/s) 17, 33,50
Diameter of wear track (cm) 1

3. RESULTS AND DISCUSSION
3.1. Analysis of M orphology and Phases Determination

The morphology of Al O,-3wt%TiO, powder
was analyzed using SEM before and after adding
CNTs in the proportion of 2wt%, 4wt%, and 6wt%.
The CNTs were uniformly dispersed throughout
the powders. Though the tap density of ceram-
ic powders mixed with CNTs was not calculated,
it was observed that the percentage proportion of
powder blown away was much higher for powders
without adding CNT, but after adding CNT the tap
density gets increased. The slight variation in the
increase of the density indicates that the uniform
distribution CNTs throughout the powder parti-
cles. It can be found that Al,O,-3wt%TiO, powders
were regular, wedge-shaped, and also contain pores
in it whereas CNTs are looking like bundle-shaped
structure The presence of CNTs in Alumina-Titania
composition can be clearly seen at higher magnifi-
cation (150 kX) (See Fig. 1(a and b)) [4, 28]. The
schematic representation of coatings was shown in
Fig.2. The optical microscopy was used to evaluate
the thickness of coatings (nearly 220-240 microns)
as shown in Fig.2a. The SEM image of the topcoat
microstructure as shown in Fig.2b.

The XRD pattern for powder and coating
were shown below in Fig. 3. The XRD analysis
of AlLO,-3wt%TiO, powder shows the presence
of a-Alumina and Anatase Titania phases in it as
shown in Fig. 3a. The presence of a-alumina in the
powder provides resistance to high temperature and
very little amount of anatase titania with tetragonal
crystal structure provides stability to a-alumina.
The phases present in Al,O,-3wt%TiO, coatings af-
ter adding CNTs were shown in Fig. 3b. In Alumi-
na-Titania coatings with CNTs, the major phase ob-
served was a-alumina which was also present in the
coatings without CNTs. The anatase titania phase
present in the powder was transferred to Rutile and
Magneli phases in the coating. The Rutile phase was
the most stable form of TiO, than the anatase phase
at all temperatures. Magneli phase was obtained
due to the reduction (i.e. removal of oxygen) of tita-
nia at high temperatures [29]. Since the phases were
the same in 2wt%, 4wt%, and 6wt% CNT added
coating systems, the XRD pattern for only 6wt%
CNT doped coatings was shown in Fig. 3b.
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Fig.2. (a) Optical microstructure showing coating thickness representation, (b) SEM image showing topcoat microstructure
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3.2. Mechanical Properties

The microhardness tests were carried out
using Vicker’s microhardness tester and the
results were shown in Fig.4 (a). The micro-
hardness is measured on the cross-section
of coatings. Ten readings were taken and an
average was calculated for each coating sys-
tem. From microhardness graphs, it implies
that the microhardness value increases slight-
ly when the percentage of CNTs increased in
the coating systems (See Fig. 4a). The results
were not much varied because the percent-
age variation of CNT is very less (i.e. 2wt%,
4wt%, and 6wt %). The highest microhard-
ness value of 1540.72VHN was recorded for
coatings with 6wt% CNTs Shreshta Ranjan et
al. (2019) [30, 31].

The surface roughness measurement has
been carried out on the as-sprayed coatings ob-
tained with the addition of CNTs. Six observa-
tions were recorded for each coating system and
average surface roughness (Ra) was calculated.
The results obtained were shown below in Fig.4
(b). It can be found that the surface roughness
gets reduces with the rise in the percentage of
CNTs for the coating systems (see Fig.4 b).
The maximum value of surface roughness ob-
served for the Alumina-Titania coating system
with 2wt% CNTs was 6.3 um. The main reason
for this phenomenon is that the coatings with-
out CNTs have more number of pores on their
surface and resulting in more surface roughness.
When the CNTs were added to the coating sys-
tems the pores were covered and the coating
surface becomes smooth. The minimum surface
roughness of 5.1 um was observed for the coat-
ing system with 6wt% of CNT. The percentage
variation of porosity with the addition of CNTs
was mentioned in Fig. 4. It can also be observed
that the percentage of porosity falls with the in-
tensification of CNTs percentage. The minimum
porosity of 4.7+1.2 percent was observed for the
coatings with 6wt% CNTs (see Fig. 5).

3.3. Wear Characterization

The tribological characteristics of coated
samples were investigated and it was found
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Fig. 7. (a) Load versus wear depth, (b) Load versus wear rate (c) Average Friction Coefficient (COF) versus Load for
ALO,-wt% TiO, Coatings with 2wt% (AT-2), 4wt% (AT-4) and 6wt% (AT-6) CNTs

Table 3. Ball-on-Disc Wear Test Results Analysis

Load (kgf), Wear Depth, pm Wear Ratex103 mm3/N-m Coefficient of friction
Sliding
Velocity 2wt% 4wt% 6wt% 2wt% 4wt% 6wt% 2wt% 4wt% 6wt%
(m/s) CNTs CNTs CNTs CNTs CNTs CNTs CNTs CNTs CNTs
1.5,0.17 56+1.5 | 64£2.0 410.8 24.2+1.5 | 2.34£0.7 | 0.3#0.1 | 0.41+0.02 | 0.37+0.04 | 0.11%0.009
1.0,0.33 37+2.0 | 14+1.8 18t1.6 60+2.3 21+1.5 3+0.3 0.65+0.04 | 0.45%0.03 0.27+0.02
0.5,0.5 73£2.2 | 29+2.2 911.6 87+2.8 113+2.0 910.8 0.66+0.03 | 0.59+0.01 0.33+£0.04

that Alumina-3wt%Titania with 6wt%CNT
(AT-6) possess less wear and reduced co-
efficient of friction as compared to Alu-
mina-3wt%Titania with 2wt%CNT (AT-2)
and Alumina-3wt%Titania with 4wt%CNT
(AT-4). The variation in weight loss with the
change of normal load during wear tests was
shown in Fig. 6(a-c). The change in weight
loss as a function of sliding velocity follows
a critical trend in all the parametric condi-
tions due to the presence of CNT patches. It
can be observed that the weight loss was less
for the coated samples of AT-6 at the slid-
ing velocities of 0.33 and 0.17 m/s except
for 0.5 m/s as compared to AT-4. For these

BN

TMES

coatings (AT-6), at the sliding velocity of 0.5
m/s, the weight loss was recorded very less
(i.e., less than 0.05g) compared to the oth-
er two sliding speeds at all the loads. This
phenomenon was mainly due to the presence
of a rich shielding layer of CNTs over the
surface of coated samples. For AT-4 sam-
ples, it was seen that the weight loss trend
remains almost similar at all sliding speeds.
Also, at 1.0 kgf and 1.5 kgf loads, weight
loss was almost the same (see Fig. 6a-c). Ina
similar manner, for AT-2 samples, the weight
loss was observed more at 0.5kgtf and 1.5 kgf
due to the presence of less amount of CNTs
Liutauras et al. (2018) [32].
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The data obtained for wear depth, wear rate,
and coefficient of friction (COF) at different
test parameters were provided in Fig.7 (a-c)
and also in Table 3. The average coefficient
of friction as a function of normal loads for
AT-2, AT-4, and AT-6 was shown in Fig. 7(a-
c). For the AT-6 coated samples, at the maxi-
mum loading condition of 1.5 kgf, the lowest
COF of 0.11£0.009 and least wear volume of
0.9 mm*/N-m were found. The reason for this
phenomenon was the CNTs could not be pulled
out from the coatings even at higher loads. So,
the unpulled CNTs act as a protective film that
provides very less coefficient of friction (Jian

Cote 37 g 200
Tee MM ]

e 4 g 2600 u VIT

LR . =]

Tribofilm due to the
presence of CNTx

Wear Track

DT = MG g e S
Woriem My 0K

Rong et al. 2016 ) [33]. From the graph shown
in Fig. 6, it can also be observed that the COF
reduces with an increase in the percentage of
CNT proportion.

The wear track morphologies of all the coatings
(i.e., AT-2, AT-4, and AT-6) obtained at a load of
1.5kgf and at a speed of 0.17 m/s were mentioned
in Fig. 8(a-f) and at this parametric conditions, the
wear can be seen clearly in all the coating systems.
The wear track morphology was seen rough for the
AT-2 coating system since the CNTs percentage was
less and hence it results in a lesser volume of the
protective layer (see Fig. 8a, b). It can also be ob-
served that the CNTs were pulverized at this max-

CNTson wear track
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Fig. 8. Wear track morphology for coatings obtained from Alumina-Titania powders at different magnifications (a, b)
Coatings deposited with 2wt% CNT, (c,d) Coatings deposited with 4wt% CNT and (e,f) Coatings deposited with 6wt%
CNT. Micrographs shown were for a load of 1.5kgf, Sliding velocity of 0.17m/s, and a sliding distance of 300metres.
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Fig. 9. Morphologies of wear track for Alumina-3wt% Titania coatings at different magnifications (a, b) Coatings obtained
at 2wt% CNT, (c, d) Coatings deposited with 4wt% CNT and (e,f) Coatings deposited with 6wt% CNT. Results mentioned
were for a load of 1.0kgf, Sliding speed of 0.5m/s, and at a sliding distance of 300metres.

imum load due to abrasive wear (see Fig. 8a) and
material removal was less when compared to other
loading conditions (see table 3) as the coating gets
only rubbed against the WC ball. But for AT-4 coat-
ed samples, the cracks get deflected due to the pres-
ence of CNTs and it can be observed from Fig. 8 (d).
The CNTs induced crack arresting mechanism can
also be identified from this micrograph. In the case
of 6wt % of CNTs (AT-6), the coating surface after
wear test seem to have a tribofilm (an indication of
the white color layer as shown in Fig.8 (e) which
acts as a protective layer and reduces the coefficient
of friction. This tribofilm occurs mainly due to the

B A

TMES

presence of CNT bridging over AL O, splats. Fig. 8f
shows the stripping of wear debris in the wear track
morphology and it can be due to the occurrence of
unpulled CNTs on the wear track surface [34].
Likewise, the wear track morphologies for the
other two sets of loading and speed conditions
were shown in Fig. 9 (for 1.0 kgf at 0.33m/s sliding
speed) and Fig. 10 (0.5 kgf at 0.5 m/s). For the AT-2
coated samples, the wear track morphology was
seen to have cracks, grooves, and tiny debris spall-
ing out from the coated surface (see Fig. 9 b). The
grooves present in the track surface were due to
the vertical impact of the WC ball over the surface.
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Fig. 10. Morphologies of wear track for Alumina-3wt% Titania coatings at different magnifications (a,b) Coatings obtained
at 2wt% CNT, (c,d) Coatings deposited with 4wt% CNT and (e,f) Coatings deposited with 6wt% CNT. Results shown were
for a normal load of 0.5kgf, Sliding velocity of 0.17m/s, and sliding distance of 300metres.

For AT-4 samples, the spallation of the coating was
occurring due to the sliding of CNTs as shown in
Fig. 9d. In AT-6 coated samples, the initiation of
micro cracks were observed in the coating surface
without much spallation of coating and resulting in
less wear rate (see Fig. 9 f and table 3). It can also
be seen that because of the increase in the percent-
age of CNT reinforcement, the pulverized debris
due to wear was re-deposited which indicates the
signature of abrasive wear (see Fig. 9 e). Further-
more, there was not much variation in wear mech-
anism and almost the wear was mainly due to the
abrasion of particles from the coated surface.

The wear track morphologies on the worn-out
surface at 0.5 kgf'load and 0.5 m/s sliding speed of
the coatings derived from 2wt%, 4wt%, and 6wt%
CNTs were shown in Fig. 10 (a-f). For this testing
conditions, the wear tracks were not formed clear-
ly, but the wear rate and weight loss occurs at maxi-
mum level as compared to 1.5 kgfand 1.0 kgf'load-
ing conditions. The wear depth was slightly high
as compared to the depth obtained at other loading
conditions but at 0.5 kgf, the depth is significantly
increasing (see Fig. 10 b). For AT-4 coated samples,
the AlL,O, coated CNT bridges were found across
the splats (see Fig. 10 d). It can also be observed
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that the wear tracks were in smooth condition for
all the percentages of CNTs. Similarly, for AT-6
coated samples, the wear track was very slight and
at higher magnification, it can be observed that the
CNT particles mixed with AL O,-TiO, powders get
adhered to the wear track of the coating surface as
shown in Fig. 10 (f).

4. CONCLUSIONS

The AlO,-3wt%TiO, coatings reinforced with
2wt%, 4wt%, and 6wt% CNTs were prepared us-
ing Air Plasma Spraying process and the following
conclusions were made based on the results ob-
tained from microstructural, mechanical, and tribo-
logical characteristics of coatings. The CNTs were
present in the microstructure of the coatings even
after undergone intense high-temperature spraying.
It was found that the microhardness, porosity as
well as surface roughness showed significant im-
provement. Similarly, the microstructural property
also showing improvement i.e., Al,O, coated CNT
bridges in between the splats. The wear behavior
analysis results showed that the wear tracks were
clearly observed at 1.5 kgf and 1.0 kgf loading
conditions. The wear track was very slight at 0.5
kgf loading due to less impact of WC ball over the
coated surface. The detailed examination of the
morphology of wear track shows that the abrasive
wear mechanism is the primary wear mechanism
involved. The AL O,-3wt%TiO, coatings derived
from 6wt% CNT and at 1.5 kgf loading condition
showed less wear rate, less weight loss, and re-
duced coefficient of friction. From this work, it can
be concluded that by adding CNTs to Al,O,-3wt%-
TiO, up to 6wt%, the properties of coatings can be
modified in a positive manner. Further, the future
scope of this research work can be extended in such
a way that instead of obtaining CNTs reinforced
coatings, reduced graphene oxides (rGOs) can be
used as reinforcement additives in order to obtain
self-lubrication coatings and the same can be ana-
lyzed for various applications.
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