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Comparison of Dry Sliding
Tribological Behavior of
Nanostructured Al2O3–13 wt%
TiO2 Coatings Prepared by High-
Efficiency Supersonic Plasma
Spraying and Atmospheric
Plasma Spraying
Plasma-sprayed ceramic coatings have been widely used in friction and wear protection of
mechanical parts. In this paper, the nanostructured Al2O3–13 wt% TiO2 coatings were pre-
pared by high-efficiency supersonic plasma spraying (HESP) and atmospheric plasma
spraying (APS), respectively. The surface and section morphology of the coatings were
observed by scanning electron microscopy (SEM). The phase composition of the coatings
was analyzed by X-ray diffraction (XRD). The dry sliding friction properties of the coatings
were tested on UMT-3 friction and wear testing machine. The results show that after plasma
spraying, a large amount of γ-Al2O3 phase appears, while the TiO2 phase almost disappears
in the coatings; compared with APS, the coatings sprayed by HESP have fewer defects and
better coating quality; under dry friction condition, the steady-state friction coefficient of the
coatings sprayed by HESP and APS all decreases with the increase of load, and the wear
volume all increases with the increase of load. When the load is more than 40 N, wear
volume of the coatings sprayed by APS is basically twice that of HESP; the wear mechanism
of the coatings sprayed by HESP is the laminar cracking, peeling off and the adhesive wear.
[DOI: 10.1115/1.4048886]

Keywords: high-efficiency supersonic plasma spraying, nanostructured Al2O3–13 wt%
TiO2 coatings, micromorphology, wear mechanism

1 Introduction
Wear is the removal of material from the surface of two objects in

contact with each other due to ploughing, adhesion, and so on.
Serious wear and failure of parts and components will cause huge
economic loss to the productivity of people and even endanger
the life safety of people [1–4].
Due to the unique structure with small-size effect, surface effect

and quantum size effect, nano materials have better mechanical
properties and physical properties than macro materials [5–7].
Nanostructured Al2O3–13 wt% TiO2 coatings is widely used as a
wear-resistant coating on the surface of parts because it retains
the nanostructure and has the advantages of high strength, high
hardness, and good wear resistance [8–11].
As a material surface strengthening technology, plasma spraying

makes it possible to spray ceramic materials due to its high heat
source temperature (10,000–15,000 °C) [12–14]. However, for
atmospheric plasma spraying (APS), although it has a high heat

source temperature, it is difficult for the coatings prepared by it to
meet the high-performance requirements of parts due to the low par-
ticle flying speed [15–17]. For high-efficiency supersonic plasma
spraying (HESP), the spray gun adopts a Laval type single anode
nozzle, so that the plasma arc is subject tomechanical, self-magnetic,
and thermal compression effects in the nozzle to obtain a high-energy
density supersonic plasma jet, which can further improve the coat-
ings quality and meet the high-performance requirements of parts
[18,19]. At present, relevant researchers have studied themicrostruc-
ture and mechanical properties of the nanostructured Al2O3–13 wt%
TiO2 coatings sprayed by HESP. For example, Li et al. [20] found
that the nanostructured Al2O3–13 wt% TiO2 coatings sprayed by
HESP have a large number of the metastable γ-Al2O3 phase and a
small amount of the Al2TiO5 phase. The microstructure of the
coating has a bimodal distribution including fully melted regions
and partially melted regions composed of partially molten particles,
solid-phase-sintered regions, liquid-phase-sintered regions, and
nanoparticles dispersion-enhanced matrix regions. Li et al. [21]
and Wang et al. [22] have both found that the porosity, micro-
hardness, Young’s modulus, and fracture toughness of the nano-
structured Al2O3–13 wt% TiO2 coatings sprayed by HESP
conform to the Weibull distribution and have a large scattering.
The microstructure of the coating is composed of completely
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melted regions and partially melted regions. However, no research
has been reported on the wear resistance of the nanostructured
Al2O3–13 wt% TiO2 coatings sprayed by HESP.
In this paper, the dry sliding tribological properties of nanostruc-

tured Al2O3–13 wt% TiO2 coatings sprayed by HESP and APS
were evaluated by measuring the friction coefficient and wear
volume loss of the coatings under different loading conditions.
Moreover, the surface wear morphology of the coating sprayed
by HESP was observed and the wear mechanism analyzed.

2 Experimental Materials and Methods
2.1 Preparation of Coatings. The substrate was AISI 1045

steel with the dimensions of 50 mm×15 mm×8 mm. The spraying
material was the agglomerated nanostructured Al2O3–13 wt% TiO2

composite powder with good spherical shape produced by Tianjin
Detianzhu Amorphous Nano Technology Co., Ltd., China (as
shown in Fig. 1(a)), e the particle size of the powder was mainly
distributed in the range of 30–100 µm obtained by the JL-6000
type dry and wet laser particle size analyzer (JL-6000, Chengdu
Jingxin, China). The bonding coating was sprayed by Ni–20 wt%
Al powder produced by Longquan branch of Chengdu Daguang
Thermal Spraying Material Co., Ltd., China, to increase the
bonding strength between ceramic coating and metal substrate (as
shown in Fig. 1(b)).
Before spraying, the substrate needs to be pretreated. The four

sides of the substrate were machined chamfer with a length of
1 mm and an angle of 45 deg to reduce the effect of residual
stress on the coating performance. The surface was cleaned with
alcohol to remove oil stains, and was sandblasted to increase the
bonding strength between the coatings and substrate. Finally, the
nanostructured Al2O3–13 wt% TiO2 coatings was sprayed by
HESP and APS. The HESP was developed by the National Key
Laboratory for Remanufacturing, China. As a comparative test,

APS was a 50 kW plasma spraying system of the GP-50B type pro-
duced by the Jiangxi Jiujiang Best spraying plant. The process
parameters of spraying are given in Table 1.

2.2 Characterization of Coatings. The micromorphology
of the coating was analyzed by the Nova NanoSEM50-type
environmental scanning electron microscope (SEM, FEI, USA),
which was equipped with energy-dispersive spectroscopy
(OXFORD, UK). The phase structure of the coating was analyzed
by an X-ray diffraction (XRD, Bruker, Germany) device with Cu
K-alpha radiation. The test parameters were tube voltage 40 kV,
current 100 mA, scanning speed 2 deg/min, scanning range 20–
80 deg.

2.3 Friction andWear Test. The dry sliding friction behavior
of the coating was tested on a UMT-3 friction and wear tester
(CETR, USA), as shown in Fig. 2. Before the test, the surface of
the sample was polished to avoid the influence of surface roughness
on the tribological properties. Then dry sliding friction is carried out
at room temperature and atmospheric relative humidity of 40—
50%. The friction pair uses the Si3N4 ceramic grinding ball with
a diameter of 4 mm and roundness of 0.00016. The specific test
parameters are shown in Table 2. Each test parameter was tested
three times to ensure the reliability of the data. The LEXT
(Olympus OLS4000, Japan) laser three-dimensional microscope
was used to observe the three-dimensional morphology of the
coating wear scar and to measure the wear volume loss.

3 Results and Discussion
3.1 Micromorphology of Coatings. The surface and cross

section micromorphology of the nanostructured Al2O3–13 wt%
TiO2 coatings sprayed by HESP and APS are shown in Fig. 3.

Fig. 1 Microstructure of powder: (a) nanostructured Al2O3–13 wt% TiO2 powder and (b) Ni–20 wt
% Al powder.

Table 1 The process parameters of spraying

Parameters
Ni-20 wt%
Al coatings

Nanostructured Al2O3–13 wt%
TiO2 coatings-HESP

Nanostructured Al2O3–13 wt% TiO2

coatings-APS

Ar gas flowrate (m3/h) 3.4 3.2 2.7
H2 gas flowrate (m

3/h) — 0.4 —
N2 gas flowrate (m

3/h) 0.9 — 8.4
Current (A) 360 410 400
Voltage (V) 150 110 95
Powder feed rate (g/min) 40 30 30
Spray distance (mm) 130 100 110
Coating thickness (µm) 50–100 300 300
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As can be seen from Figs. 3(a) and 3(b), the surface morphology of
the coating sprayed by HESP is flat with few pores, while the
surface morphology of the APS-sprayed coatings contains a large
number of pores and unmelted particles. It also can be seen from
Figs. 3(c) and 3(d ) that the cross section morphology of the APS-
sprayed coatings contains a large number of different sizes pores,

obvious interlayer cracks, and unmelted particles. However, the
cross section morphology of the HESP-sprayed coatings only has
a few pores, no interlayer cracks, and the coating quality is good.
This is due to the high enthalpy and supersonic speed of the
HESP jet, which makes the ceramic particles have a better
melting state and supersonic flying speed. When they hit the sub-
strate, the deformation of the particles is sufficient, the spreading
is uniform, and the coatings quality is better. Therefore, HESP
has more advantages in preparing high-quality nanostructured
Al2O3–13 wt% TiO2 coatings.

3.2 Phase Composition of Coatings. Figure 4 shows the
X-ray diffraction pattern of nanostructured Al2O3–13 wt% TiO2

powder and coatings sprayed by HESP. It can be seen from the
figure that the powder is mainly composed of the α-Al2O3 phase
and rutile-TiO2 phase. However, after HESP spraying, a large
number of γ-Al2O3 phases appeared in the coating, while the
rutile-TiO2 phase almost disappeared, which is consistent with
the results of the coatings sprayed by APS [14]. This is because
the interface energy of γ-Al2O3 is lower than that of α-Al2O3, so it
has lower critical nucleation energy. When the coating is formed
by rapid cooling after high temperature plasma spray, the γ-Al2O3

phase is preferentially formed [23,24]. At the same time, γ-Al2O3

and rutile-TiO2 react to form a small amount of Al2TiO5, which
greatly reduces the rutile-TiO2 phase [25,26].

3.3 Friction and Wear Properties

3.3.1 Friction Coefficient. Figure 5 shows the change curve of
the friction coefficient of the coatings sprayed by HESP and APS
with time under different load conditions. It can be seen from the

Fig. 2 Reciprocating sliding friction diagram

Table 2 Friction-wear test parameters of nanostructured Al2O3–

13 wt% TiO2 coatings

Number Load (N) Frequency (Hz) Amplitude (mm) Time (min)

1 20 10 4 15
2 30
3 40
4 50
5 60

Fig. 3 Micromorphology of nanostructured Al2O3–13 wt% TiO2 coatings: (a) surface morphol-
ogy (HESP), (b) surface morphology (APS), (c) cross section morphology (HESP), and
(d ) cross section morphology (APS)
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figure that the steady-state friction coefficients of the coatings pre-
pared by the two processes all decrease with the increase of the load,
and they are between 0.75 and 0.93, which have little difference. In
the friction process, the running-in time of the coatings sprayed by
APS is much longer than that of HESP from the beginning of fric-
tion to the stable friction stage, which takes about 400 s. This is
mainly due to the complex and uneven structure of the coatings
sprayed by APS, which contains many micro-defects, such as a
large number of large size pores and a large proportion of semi-
melted regions, resulting in a longer running-in period during the
friction process.

3.3.2 Wear Volume. The three-dimensional topographic
images of the wear scars of the coatings sprayed by HESP and
APS under different applied loads are shown in Fig. 6. With the
increase of the applied load, the wear scars become wider and
deeper. Also, under the same load conditions, the wear scars of the
coatings sprayed by APS are wider and deeper than that of HESP.
Figure 7 shows the relationship between the wear volume loss and

the applied load. It can be seen from the figure that the wear volume
loss of the coatings sprayed by HESP is always lower than that of
APS. When the applied load is lower (<30 N), the wear volume
loss of the two coatings is relatively low and there is not much differ-
ence. When the applied load is greater than 40 N, the wear volume
loss of the coatings sprayed by APS increases sharply, which is basi-
cally twice that of the coatings sprayed by HESP, and the test results

fluctuate greatly. However, the wear volume loss of the coatings
sprayed by HESP increases slowly, and the fluctuation of each test
result is small. This is because the coatings sprayed by APS have
many micro-defects, and the interlayer bonding and interface
bonding are poor.When the applied load is greater than the interlayer
bonding force and interface bonding force, the ceramic coatings will
crack, peel or collapse, resulting in a large amount of hard abrasive,
which will accelerate the friction and wear of the coatings.

3.3.3 Wear Morphology. Figure 8 shows the wear scars mor-
phology of the coatings sprayed by HESP under an applied load
of 20 N. It can be seen from Fig. 8(a) that the wear scar is
shallow (length: 3 mm, width: 0.7 mm). In Fig. 8(b), there are a
large number of various shapes and sizes of peeling pits and
white glass particles shaped like welded nodules on the surface of
the wear scar. The coatings have a typical layered structure of
thermal spray coating. Under the continuous application of load,
cracks generated by stress concentration (as shown in Fig. 8(c)),
microcracks generated by combining with weak interlayer interface
and cracks exist in the coating itself (as shown in Fig. 8(d )), which
caused the coating of the layered structure to break and separate
during the friction period, forming individual spalling pits. The
edge of the spalling pits is steep and step-like. Figure 8(c) shows
the wear scar on the bottom of the spalling pit, where the nanostruc-
tures in the partially melted region prevent or deflect crack growth.
Figure 8(d ) shows the ladder fault morphology generated by
layer-by-layer cracking of a typical layered structure in the fully
molten zone.
Figure 9 shows the wear scars morphology of the coatings

sprayed by HESP under applied load of 30 N. It can be seen from
Figs. 9(a) and 9(b) that as the number of spalling pits and
welding nodules increases, the volume of each welding nodule
becomes larger. As can be seen from Fig. 9(c), the layered structure
of the coating cracks layer by layer. First, the first layer coating is
cracked forming the first layer spalling as shown by the arrow.
Then, under repeated application of load, the microcracks and inter-
layer interface cracks were penetrated and merged by stress concen-
tration resulting in the formation of a second layer spalling. Because
the cracks at the bottom of the spalling pit will affect the formation
of the lower spalling pit, the coatings will eventually fail due to this
repeated action. In Fig. 9(d ), the typical ladder fault morphology
and interlamellar interface cracks are clearly shown.
Figure 10 shows the wear scar morphology of the coatings

sprayed by HESP under applied load of 40 N. It can be seen from
Fig. 10(a) that the width of the wear scar is significantly wider
than the wear scar when the load is 20 or 30 N. The area where
the welding nodules are piled up becomes larger, and some areas
even form large-scale accumulation layers like fish scales, on
which there are network-like microcracks (as shown in

Fig. 4 X-ray diffraction pattern of nanostructured Al2O3–13 wt%
TiO2 powder and coatings

Fig. 5 Friction coefficient of nanostructured Al2O3–13 wt% TiO2 coatings: (a) HESP and (b) APS
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Figs. 10(b) and 10(c)). In Fig. 10(d ), the joint area between the
accumulation layer and the grinding surface of the micro-convex
body is shown. With the increase in the applied load, the wear of
the coating becomes more severe. Due to the surface roughness
of the coatings being relatively large, the silicon nitride ceramic

ball contacts the micro-convex body on the surface of the coatings,
generating a large shear stress at its edges, which causes the micro-
convex body to break and separate, and then form abrasive debris.
At the same time, with the increase of the load, the welding nodules
tear and fall off, resulting in wear debris. With the extension of time,
these debris may accumulate near the edge of the micro-convex
body. Under repeated sliding action, the debris will form a new,
dense friction pair containing a large number of nanoparticles to
resist the friction and wear together.
Figure 11 shows the wear scars morphology of the coatings

sprayed by HESP under an applied load of 60 N. It can be seen
from Fig. 11(a) that the width of the wear scar is greater than
1 mm. The large area of abrasive debris and welding nodule accu-
mulation layers is almost connected to form a whole piece, forming
a new friction pair (as shown in the Figs. 11(b)–11(d )). The surface
of the friction pair is flat and many microcracks are distributed,
which are stacked and welded together by a large number of nano
and sub-micron particles. With the increase of the load, the forma-
tion of a large-area accumulation layer provides new friction pairs
for friction and wear, and improves the wear resistance of the
coating under heavy load conditions.

3.3.4 Composition of Wear Scar. In the process of friction and
wear, sometimes the transfer of materials or the formation of new
substances occurs, which has a greater impact on the friction and
wear performance [27,28]. Figure 12 shows the element distribution
in Fig. 9(b) when the applied load is 30 N. As can be seen from
Fig. 12, in addition to the three main elements Al, O, and Ti on the
surface of the wear scar, there are also Si elements. It was further
found that the three elements Al, O, and Ti were distributed uni-
formly, and the Si element was mainly distributed in the white
welding nodule area. This is because under the effect of applied
load, the surface elastoplastic deformation is accompanied by the
occurrence of high temperature. Under the high temperature and
action of pressure welding, element transfer and diffusion occur
between the friction pairs, and the Si element on the surface of the
grinding ball Si3N4 diffuses into the welding nodule areas of the
contact area, so a large amount of Si appears in the white welding
nodule area.

3.3.5 Wear Mechanism. In the process of friction and wear, the
wear resistance of the coating mainly depends on its cohesive
bonding strength, toughness, and hardness. The nanostructured
Al2O3–13 wt%TiO2 coatings spayed byHESP have higher cohesive
strength, toughness, and hardness [21,22], so it has better wear resis-
tance. The wear mechanism of the coatings was lamellar cracking
caused by stress-induced cracks, and adhesive wear caused by

Fig. 6 The three-dimensional topographic images of the wear
scars under different applied loads: (a) 20 N (a1-HESP,
a2-APS); (b) 30 N (b1-HESP, b2-APS); (c) 40 N (c1-HESP,
c2-APS); (d ) 50 N (d1-HESP, d2-APS); and (e) 60 N (e1-HESP,
e2-APS)

Fig. 7 The relationship between the wear volume loss and the
applied load
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Fig. 8 The wear scars morphology of the coatings sprayed by HESP under a load of 20 N:
(a and b) low magnification and (c and d ) high magnification

Fig. 9 The wear scars morphology of the coatings sprayed by HESP under a load of 30 N:
(a and b) low magnification and (c and d ) high magnification

071702-6 / Vol. 143, JULY 2021 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/tribology/article-pdf/143/7/071702/6700284/trib_143_7_071702.pdf by Tsinghua U

niversity user on 29 June 2021



Fig. 10 The wear scars morphology of the coatings sprayed by HESP under a load of 40 N:
(a and b) low magnification and (c and d ) high magnification

Fig. 11 The wear scars morphology of the coatings sprayed by HESP under a load of 60 N:
(a and b) low magnification and (c and d ) high magnification
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Fig. 12 Element distribution of the wear scars of the coatings sprayed by HESP under a load of
30 N: (a) Al, (b) O, (c) Ti, and (d ) Si

Fig. 13 The wear mechanism of the nanostructured Al2O3–13 wt% TiO2 coatings
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frictional high temperature and pressure welding (as shown in
Fig. 13). In the process of friction and wear of the coating, under
cyclic loading, stress concentration will be generated near the micro-
defects (micro-pores or microcracks) of the coatings, promoting the
initiation and propagation of microcracks, in which the direction of
propagation is random [29,30]. Once these cracks penetrate each
other or merge with interlayer interface cracks, the layered structure
coatings will be broken and separated layer by layer, forming a
stepped edge spalling pit. Under repeated squeezing of the ceramic
ball, a large shear stress is generated at the edges of themicro-convex
body in the contact area, which causes the micro-convex body to
separate from the coating and form abrasive debris.With the increase
of the load, due to the effects of frictional high temperature and pres-
sure welding in the contact area, welding nodules are generated, and
then the nodules tear and fall off, forming abrasive debris. Under the
repeated squeezing action of the ceramic ball, some of these abrasive
debris are excluded from the wear scar, and some are accumulated
near the edge of the micro-convex body or “pinned” on the friction
surface. With the increase of the load, the abrasive debris increases,
and a large amount of abrasive debris accumulates in the contact area
to form a new friction pair, which reduces the amount of wear and
improves its wear resistance under large loads.

4 Conclusions
The following main conclusions were obtained:

(1) Compared with APS, the coatings sprayed by HESP have
fewer defects such as pores, cracks, and unmelted particles,
in which the coating quality is better. After HESP spraying,
a large number of γ-Al2O3 phases appear in the coating,
while a part of γ-Al2O3 reacts with TiO2 to form a small
amount of Al2TiO5, and the TiO2 phase almost disappeared.

(2) Under dry friction condition, the steady-state friction coeffi-
cients of the coatings sprayed by HESP and APS all decrease
with the increase in load, and they are between 0.75 and 0.93.
However, in the process of friction, the time of the coatings
sprayed by APS from the initial stage to the friction stable
stage is longer than that of HESP.

(3) Under the dry friction condition, the wear volume of the coat-
ings sprayed by HESP and APS all increases with the
increase of load; when the load is more than 40 N, the
wear volume of the coatings sprayed by APS increases
sharply, and under the same load condition, it is basically
two times that of HESP, so the wear resistance of the coatings
sprayed by HESP is better than that of APS.

(4) Under dry friction, the wear mechanism of the coatings
sprayed by HESP is laminar cracking caused by stress
concentration-induced cracks and adhesive wear caused by
friction high temperature and pressure welding.
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