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Abstract: The Ni-based alloy composite coatings reinforced by nanostructured Al,0;—40%TiO, multiphase ceramic particles were
prepared on the surface of 7005 aluminum alloy by plasma spray technology. The microstructure and tribological properties of the
composite coatings were researched. The results show that the composite coatings mainly consist of y-Ni, a-Al,O3, y-Al,O; and
rutile-TiO, etc, and exhibit lower friction coefficients and wear losses than the Ni-based alloy coatings at different loads and speeds.
The composite coating bears low contact stress at 3 N and its wear mechanism is micro-cutting wear. As loads increase to 6—12 N,
the contact stress is higher than the elastic limit stress of worn surface, and the wear mechanisms change into multi-plastic
deformation wear, micro-brittle fracture wear and abrasive wear. With the increase of speeds, the contact temperature of worn surface
increases. The composite coating experiences multi-plastic deformation wear, fatigue wear and adhesive wear.
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1 Introduction

Aluminum alloys have become the important
materials to achieve lightweight of machinery due to
their low density, high specific strength, good electrical
and thermal conductivity, which are widely used in
mechanical industry, aecrospace industry, national defense
and other high-tech areas [1,2]. However, it is hard for
aluminum alloy frictional parts to meet the needs of
severely abrasive working condition because of the low
hardness and poor wear resistance that restrain their
further applications to a great extent [3,4].

Plasma spray technology possesses convenient
process, high efficiency and excellent coating
performance, which shows great effect and application
potential in surface repairing and strengthening of
mechanical parts made of light metals [5-7]. For
example, ALTUNPAK et al [8] prepared SiC particles
reinforced Al-Si composite coating on the surface of
aluminum alloy by plasma spray. The generation of
ALC; brittle phase by reactions between particle and
matrix in foundry or sintering process was avoided and

the composite coating exhibited better wear resistance

than the substrate. The plasma spraying Al,O;/
Ni—Cr—Cr;C, composite coatings prepared by CHEN et
al [9] showed a low friction coefficient of 0.0179 and
wear ratio of 6.7x10* compared with the 7A55
aluminum alloy substrate. With the development of
nanotechnology, nanostructured Al,O;—TiO,

multi-phase ceramic particles are widely used in plasma

series

spray, the coatings prepared own excellent friction and
wear properties. RICO et al [10] studied the tribological
properties of plasma spraying Al,05—13%TiO, nano and
micron coatings, and found that the friction coefficient of
nano coating was lower than that of the micron coating
and the wear loss was reduced by 1.5 times. LU et al [11]
also discovered that the friction coefficient and wear loss
of Al,0;—13%TiO, nano coating were low compared
with the micron coating, indicating good anti-friction and
anti-wear properties.

Owing to the excellent anti-wear, anti-corrosion and
anti-high temperature oxidation properties [12], plasma
spraying Ni-based alloy coatings are capable of
improving the wear resistance of aluminum alloy
frictional parts as surface strengthening coatings.
Nevertheless, the increasingly severe working conditions
call for better tribological properties of Ni-based alloy
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coatings. Therefore, it is an urgent problem to further
improve their wear resistance in order to prolong the
service lives of aluminum alloy frictional parts. In this
work, nanostructured Al,O;—40%TiO, multi-phase
ceramic particles reinforced Ni-based alloy (n-AT40/
Ni-based alloy) composite coatings were prepared on the
surface of 7005 aluminum alloy using plasma spray
technology. The tribological behavior and wear
mechanisms of the composite coatings were investigated
to provide theoretical basis and experimental data for
further augment in wear resistance of Ni-based alloy
coatings.

2 Experimental

2.1 Specimen preparation

The spraying composite materials were composed
of Ni-based alloy powders and n-AT40 agglomerated
particles with volume ratio of 3:2. The chemical
composition of the Ni-based alloy powders with size
ranging from 55 um to 128 pm was 15.5% Cr, 3.5% B,
4.0% Si, 15.0% Fe, 3.0% W, 0.8% C and residue of Ni
(in mass fraction). The reinforcing n-AT40 particles with
sizes from 20 pm to 60 um were agglomerated of 60%
AL O; and 40% TiO, nanoparticles whose original sizes
were from 30 nm to 80 nm. The morphologies of the
n-AT40 agglomerated particle and the spraying
composite powders are shown in Fig. 1.

7005 aluminum alloy was chosen as substrate and
its chemical composition was 4.0%5.0% Zn,
1.0%—1.8% Mg, 0.2%—0.7% Mn, 0.4% Fe, 0.35% Si,
0.1% Cu and residue of Al Prior to spraying, the
substrates were treated by sanding, ultrasonic cleaning
and sandblasting. The n-AT40/Ni-based alloy composite
coatings were prepared on the surface of substrate with
the thickness of 200 um by a DH—1080 plasma spray
equipment. The technical parameters were electric
current of 500 A, voltage of 50 V and spray distance of
100 mm. The Ni-based alloy coatings were also prepared
as comparison. The sprayed samples were ground by
diamond wheel and diamond abrasive paste of W0.5 to
the surface roughness of 0.5 um, and incised into test
pieces with the dimensions of 12 mmx12 mmx6 mm by
wire-electrode cutting.

2.2 Tribological tests

Tribological tests were carried out in an HT—500
ball-on-disc tribometer at room temperature of 25 °C.
The upper specimen was a GCrl5 ball with diameter of
4 mm and microhardness of HV,5 800. The down one
was the composite coating or the Ni-based alloy coating
test piece. The GCrl5 ball slid against the coatings
under dry friction at the loads of 3, 6, 9 and 12 N and the

Fig. 1 Morphologies of n-AT40 agglomerated particle (a) and
spraying composite powders (b)

speeds of 0.21, 0.28, 0.35 and 0.42 m/s for a distance of
500 m. Friction coefficients were tested by the software
attached to HT—500. Wear losses were measured using a
TG328B balance with precision of 0.1 mg.

2.3 Surface analysis

A FEIQUANTA200 scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscope (EDX)
was employed to observe the microstructure and worn
surfaces morphologies of the coatings, and test the
elemental composition. The phase composition of the
coatings was tested by a D-MAX/R X-ray diffractometer
(XRD). The microhardness of the coatings was measured
by a DHV-1000 microhardness tester. The bonding
strength between the composite coating and the substrate
was obtained by a CMT(5105) electronic universal
testing machine according to the national standard of
GB/T 8642—1988.

3 Results and discussion

3.1 Microstructure

The morphologies and EDX spectra of n-AT40/
Ni-based alloy composite coatings are shown in Fig. 2. It
shows that the composite coating takes on typical



2620

lamellar structure. A few pores, microcracks and some
unmelted particles with submicron structure are observed
in Figs. 2(a) and (b). The composite coating integrates
tightly with the aluminum alloy substrate and the
bonding strength between them is 32.8 MPa. According
to the EDX spectra of the light area marked by A4
(Fig. 2(c)) and the dark lamella area marked by B
(Fig. 2(d)), the main elements in area 4 are Ni, Cr, Fe
and Si, so it is the Ni-based alloy matrix. Area B where is
enriched with elements of Al, Ti and O is the n-AT40
reinforcing phase. In plasma spraying process, the
molten particles impinging onto the substrate surface at
high speed are deformed, spread and deposited to form
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the typical lamellar structure. The residual air in the
composite coating and the non-integrated deposition
among lamellas leads to pores. Besides, because of the
differences in super cooling and solidification rate, the
deformation extent of spraying particles is different,
which results in residual tensile stress and induces
microcracks. The submicron structure in the composite
coating is attributed to partial sintering and growing up
of a few incompletely molten n-AT40 particles [13].
Figure 3 shows the XRD patterns of the Ni-based
alloy coating and the composite coating. It can be seen
that the phase composition of Ni-based alloy coating is
y-Ni, CrB, Cr;C;, Cry;Cs and FeNi; (Fig. 3(a)), moreover,
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Fig. 2 SEM images of surface (a), cross-section (b) and EDX spectra of area 4 (c) and area B (d) of composite coatings
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Fig. 3 XRD patterns of Ni-based alloy coating (a) and composite coating (b)
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the reinforcing phases of a-A1,03, y-ALO;, rutile-TiO,,
AL TiOs and AINi; are also included in the composite
coating according to Fig. 3(b). Due to the heating effect
of plasma arc, the temperature of reinforcing particles
increases fast. When the temperature is higher than 630
°C, anatase-TiO, phase in reinforcing particles
experiences phase transformation and turns into
rutile-TiO, phase [14]. At the temperature ranging from
1850 °C (melting point of TiO,) to 2050 °C (melting
point of A1,0;), element diffusion among the solid
0-A1,0; and the molten rutile-TiO, and y-Ni occurs to
decrease the interface energy gradient and increase the
bonding strength among nanoparticles. When the
temperature is higher than 2050 °C, A1,0;, TiO, and
y-Ni are all in molten state, which leads to the formation
of Al,TiOs and AINi; phases as a result of chemical
reactions. In addition, solidification rate of the molten
particles is so fast that non-equilibrium crystallization of
partial a-A1,0; phase occurs to generate the unstable
y-Al,O3 phase, which forms the coexistence structure of
0-A1,05 and y-Al,O; in the composite coating.

The grain size of a-A1,0; and y-Al,0; can be
calculated by the Scherrer formula as [15]

K2
¢ Pcosh

ey

where d. is the grain size, K is constant, A is the
wavelength of X-ray, f is the full width at half maximum,
and @ is the diffraction angle.

The average grain sizes of a-A1,0; and y-Al,O3
phases are respectively 39.45 nm and 33.57 nm,
indicating the existence of nanostructure in the
composite coating as shown in Fig. 4, which is beneficial
to improve the microstructure and tribological properties
of the composite coating.

Fig. 4 SEM image showing nanostructure in composite coating

3.2 Microhardness
The cross-section microhardness of the composite
coating is shown in Fig. 5. It is found that the

microhardness of the composite coating is HV 5624,
which is 13.5% higher than that of the Ni-based alloy
coating, but takes on a decreasing trend with the increase
of distance to surface. Because of the uniformly
distributed n-AT40 hard particles, dislocation of the y-Ni
solid solution in plastic deformation process is blocked
to strengthen its deformation resistance [16]. Besides,
some nanoparticles precipitated at grain boundaries are
able to enhance the nucleation rate and restrain the
growth of coating grains. According to the Hall-Petch
equation [17]:

oy =0y +k-d*? (2)

where oy is the yield strength of Ni-based alloy matrix,
oy and k are constants, and d is the average grain size.
The yield strength of Ni-based alloy matrix
increases rapidly with the decrease of average grain size,
so the plastic deformation resistance of the composite
coating is further enhanced, which results in higher
microhardness than the Ni-based alloy coating.
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Fig. 5 Microhardness distribution of composite coating on

cross section

3.3 Tribological behavior and wear mechanisms
3.3.1 Effects of loads on friction and wear properties of
composite coatings

The friction and wear results of the n-AT40/
Ni-based alloy composite coatings at different loads are
shown in Fig. 6. It can be seen that the friction
coefficients of the composite coatings increase from
0.360 to 0.394 with the increase of loads, which are
lower than those of the Ni-based alloy coatings ranging
from 0.383 to 0.438 (Fig. 6(a)). At the load of 3 N, the
composite coating is in a slight wear condition and its
wear loss is 1.32 mg. When the loads are in the range of
6—9 N, the composite coating is in the moderate wear
stage, in which the wear losses increase to the range of
2.60—2.85 mg. At the heavy load of 12 N, the composite
coating suffers from severe wear with the wear loss of
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449 mg, but which is still lower than that of the
Ni-based alloy coating (Fig. 6(b)). On one hand, due to
the grain refinement effect caused by n-AT40 particles,
the strength and deformation resistance of the composite
coating are increased, which results in the improvement
on its tribological properties. On the other hand, the
reinforcing particles are capable of restraining crack
propagation and alleviating fatigue fracture, so the wear
resistance of the composite coating is further improved.
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Fig. 6 Friction coefficient (a) and wear loss (b) of composite
coatings at different loads

Loads affect the tribological properties of the
composite coating by changing its stress state on the
worn surface. Taking frictional contact between the
composite coating and the GCrl5 counterpart into
consideration, the elastic limit stress of worn surface of
the composite coating ((po)y) based on the Mises rule can
be expressed as [18]

(1-2v))* | (=2v)2-v)uem
3 4

(Po)y =0¢ /|:

3)

1/2
(16 —dv, + v} i
64

where v, is the Poisson ratio of the composite coating, up
is the friction coefficient at different loads, and o, is the

yield strength of the composite coating.

Moreover, the relationship between the yield
strength (o.) and the indentation hardness (o) of the
composite coating is as follows:

1 1 F

“284 @

where F is the load applied to the indenter, and A4 is the
indentation area.

Load (F) can be expressed by the Vicker’s
microhardness (Hvy), i.e.

H
V8 g2 (5)

1.854

where Hy is the Vicker’s microhardness of the composite
coating, d is the cater-corner length of indentation, and g
is the acceleration of gravity.

The relationship between the indentation cater-
corner length (d;) and the indentation area (4) is as
follows:

2 -1
d= %(sm[%n ©)

where a is the angle of the taper indenter of 136°.
Substituting Egs. (5) and (6) into Eq. (4), the yield
strength (o.) of the composite coating can be obtained:

[24
6,=——H,2gsin| — 7
©Togx1854 V8 (2} @

Therefore, the elastic limit stress of the composite
coating can be calculated by the following equation:

1 .
(Po)y = {2.8x1.854 HVZgSln(Zﬂ/

{(l—zvl)z NEENCRDTIR
3 4

1/2
(16 —4v, + Tv?) pin?
1 1 JHE (8)

64

The elastic limit stress of the composite coating
characterizes its maximum permissible contact stress
when plastic deformation happens. If the contact stress is
higher than the elastic limit stress, yield flow and plastic
deformation of the composite coating will be generated.
Some researches [19] have proved that friction force
hardly affects normal stress, which can be ignored. In
order to research the effects of loads on tribological
properties of the composite coatings, the Hertz formula
of rigid sphere and elastic half-plane contact under
normal loads can be used to calculate the contact stress
of worn surface [20]:
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513

Po = €)

6P | E,
©wR* 1-v{
where P is the load applied to the GCrl5 steel ball; E| is

the elastic modulus of the composite coating; R is the
comprehensive curvature radius, i.e.

1 1 1
_— = —
R R R
R, and R, are curvature radius of the frictional pairs.
The surface contact stress (po) and elastic limit

stress ((po)y) of the composite coating at different loads
are listed in Table 1.

2623

The typical surface morphologies of
n-AT40/Ni-based alloy composite coatings at different
loads and the EDX spectra of worn surface at 12 N are
shown in Fig. 7. It is found that there are only some
shallow scratches on the worn surface at 3 N (Fig. 7(a)).
In this friction condition, the surface contact stress of the

worn

Table 1 Surface contact stress and elastic limit stress of
composite coatings at different loads

Load/N  Elastic limit stress/MPa Contact stress/MPa
3 2811.62 2267.23
6 2691.68 2856.54
9 2652.26 3269.92
12 2637.76 3599.02

Ni
Cr
Fe
0 Ti ol Si

Ti C{A
0 M
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14

Energy/keV Energy/keV

Fig. 7 Typical worn surface morphologies of composite coatings at 3 N (a), 6 N (b), 9 N (c¢), 12 N (d) and EDX spectra of area 4 (e)

and area B (f) on worn surface at 12 N in Fig. 7(d)
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composite coating is 2267.23 MPa, which is smaller than
its elastic limit stress of 2811.62 MPa, no obvious plastic
deformation of the composite coating occurs and its wear
mechanism is mainly micro-cutting wear caused by the
GCrl5 counterpart, so the composite coating is in a
slight wear condition.

As loads increase to the range of 6—9 N, there are
delamination, furrows and ridges as well as microcracks
on the worn surfaces as shown in Figs. 7(b) and (c),
which indicates that the composite coating suffers from
multi-plastic deformation wear and abrasive wear. The
schematic wear mechanisms are depicted in Fig. 8. At the
load of 6 N, the surface contact stress of the composite
coating is 2856.54 MPa, which is 6.1% higher than its
elastic limit stress, and increases to 3269.92 MPa at 9 N.
Under the ploughing and extruding of GCr15 counterpart,
the composite coating experiences yield flow and plastic
deformation, leading to delamination and ridge.
Additionally, the deformed layer is desquamated by
repeating friction, and then is extruded into small debris
acting as abrasive, resulting in furrows and edges.
Therefore, the wear loss of the composite coating at 9 N
is much higher than that at 3 N. Owing to the
strengthening effect caused by n-AT40 particles, surface
hardness and deformation resistance of the composite
coating are enhanced, so the composite coating shows
better tribological properties than the Ni-based alloy
coating.

Plastic
deformation
layer
Ridge
/~ Furrow
e T

Composite coating

Fig. 8 Schematic diagram of multi-plastic deformation wear
and abrasive wear

With loads increasing to 12 N, the worn surface of
the composite coating becomes much rougher, where
exist discontiguous deformed layer, local brittle
desquamation and some wear debris as shown in
Fig. 7(d). According to the EDX spectra of the debris
marked by 4 (Fig. 7(e)) and the deformed layer marked
by B (Fig. 7(f)), the elemental composition of debris is
Al, Ti and O, indicating that it is the desquamated
n-AT40 reinforcing phase. The deformed layer which
mainly consists of Ni, Fe, Cr and Si is the Ni-based alloy
matrix. At the heavy load of 12 N, the surface contact
stress of the composite coating is 3599.02 MPa, which
results in much more severe plastic deformation. Work
hardening of the worn surface happens because of

repeating extruding and cutting by GCrl5 counterpart,
which increases the brittleness of the composite coating.
As a result, the formation, propagation and intersection
of microcracks on the worn surface are accelerated to
induce micro-brittle fracture wear. Furthermore, a few
n-AT40 particles with low bonding strength to y-Ni base
phase are worn off in plastic deformation process,
leading to abrasive wear. However, most of the
uniformly distributed n-AT40 particles in the composite
coating are able to produce nail-blocking effect on
microcracks and decrease crack tip energy, which is
helpful to alleviating the brittle fracture wear of the
composite coating [21-23]. Therefore, there is little
desquamation of the composite coating occurring in the
heavy load friction condition [24], and the wear loss of
the composite coating is small compared with the
Ni-based alloy coating.

3.3.2 Effects of speeds on friction and wear properties of

n-AT40/Ni-based alloy composite coatings

The effects of speed on the tribological behavior of
n-AT40/Ni-based alloy composite coating are shown in
Fig. 9. It shows that the friction coefficient of the
composite coating is only 0.303 at the speed of 0.21 m/s,
which increases to 0.383 as the speed increases to 0.28
m/s, but when the speed is higher than 0.28 m/s, the
friction coefficient keeps a steady stage of 0.383—0.391
as shown in Fig. 9(a). The wear loss of the composite
coating increases from 1.55 mg to 3.22 mg with the
increase of speed (Fig. 9(b)). The average friction
coefficient and wear loss of the composite coating are
reduced by 13.8% and 36.5%, respectively, compared
with the Ni-based alloy coating.

It is obvious that speed has significant influence on
the friction and wear properties of the composite
coatings. In dry friction condition, most of the friction
energy turns into heat energy of the contact surfaces,
which results in temperature rising in local contact area
to change the strength, hardness and elastic module of
the composite coating, furthermore, affects its
tribological behavior. The local temperature can be
expressed by contact temperature (7) and its theoretical
calculating formula as follows [25]:

T=Ty+ 4 20l 7 (10)
Jkpe

where T, is the environment temperature; A; is the
circular contact coefficient of 1.11; w, is the friction
coefficient at different speeds; y is the heat distribution
coefficient of 0.45; oy, is the average contact stress; V; is
the sliding speed; k is the thermal conductivity of the
composite coating; p is the density of the composite
coating; ¢ is the specific heat capacity of the composite
coating at normal pressure; ¢ is the contact time.

Table 2 lists the contact temperatures of the worn
surface at different speeds.
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Table 2 Contact temperatures of worn surfaces at different material, so only slight scratches appear on the worn
speeds surface as shown in Fig. 10(a). As the speed increases to
Sliding velocity/(ms ™) 021 028 035 042 0.28 m/s, the contact temperature reaches 673.41 °C and

the strength and hardness of the composite coating may
be reduced. The worn surface suffers from plastic
deformation caused by the continuous extruding and

Contact temperature/°C ~ 519.65 673.41 767.88 850.95

Figure 10 shows the typical worn surface rubbing of GCrl5 counterpart that results in multi-plastic
morphologies of the composite coating at different deformation wear (Fig. 10(b)). When the speed is 0.35
speeds. At the low speed of 0.21 m/s, the contact m/s, plenty of microcracks and desquamation emerge on
temperature of the worn surface is 519.65 °C, the worn surface as shown in Fig. 10(c). The contact

which hardly affects the mechanical properties of coating ~ temperature increases to 767.88 °C at 0.35 m/s, leading

0.48 6
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Fig. 9 Friction coefficient (a) and wear loss (b) of composite coatings at different speeds
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o ; : \ ; : ; .

Adhesive desquaation

Fig. 10 Typical worn surface morphologies of composite coatings at sliding speeds of 0.21 m/s (a), 0.28 m/s (b), 0.35 m/s (c) and
0.42 m/s (d)
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to remarkable plastic deformation in contact area.
Meanwhile, the acting frequency of contact stress on the
worn surface is also increased. Therefore, microcracks
are initiated in the maximum shear stress area and
drawbacks of the composite coating, then propagate to
surface and result in partial fatigue desquamation of
coating material by rubbing action of the GCrl5
counterpart [26].

At the high speed of 0.42 m/s, the worn surface
takes on evident delamination and adhesive
desquamation traces as well as some slight wear debris
(Fig. 10(d)). In this friction condition, the contact
temperature of the worn surface is as high as 850.95 °C.
The instantaneous high temperature results in much more
obvious decrease in strength and hardness of coating
materials. Consequently, the welding-on between
frictional surfaces happens in micro contact area, and
then is ruptured by shearing action of friction force. After
repeating plastic deformation—welding-on—rupturing
process, material transfer from the composite coating to
the counterpart is generated that induces adhesive
desquamation traces. However, partial adhesive layer
with low bonding force to the counterpart is avulsed to
form slight wear debris. Compared with the Ni-based
alloy coating, the n-AT40 reinforcing particles in
composite coating are capable of increasing its strength
and avoiding serious adhesive wear. Therefore, the
n-AT40/Ni-based alloy composite coating possesses
lower friction coefficients and wear losses than the
Ni-based alloy coating.

4 Conclusions

1) The phases of n-AT40/Ni-based alloy composite
coating are y-Ni, a-Al,O;, y-Al,O;, rutile-TiO,, AL, TiOs,
Cry;3Cs, AINi; and FeNi;. The microhardness of the
composite coating is HV,s 624, which is 13.5% higher
than that of the composite coating.

2) In different loads conditions, the friction
coefficients of the composite coating vary in the range of
0.360—-0.394 and its wear losses change in 1.32—4.49 mg,

which are lower than those of the Ni-based alloy coatings.

The wear mechanism of the composite coating is
micro-cutting wear at loads of 3 N. At the load of 6—12
N, the contact stress of the composite coating is higher
than its elastic limit stress, and the wear mechanism
changes into multi-plastic deformation wear, abrasive
wear and micro-brittle fracture wear.

3) With the increase of speeds, the average friction
coefficient and wear loss of the composite coatings are
decreased by 13.8% and 36.5%, respectively, compared
with those of the Ni-based alloy coating. The contact
temperature of the worn surface is 519.65 °C at the low
speed of 0.21 m/s, and increases to 850.95 °C as the

speed increases to 0.42 m/s. The wear mechanisms are
mainly multi-plastic deformation wear, fatigue wear and
adhesive wear.
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