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Abstract: The NiCoCrAlY coatings strengthened by three nano-particles with the same addition were prepared on a Ni-base super
alloy using laser cladding technique. The dry frictional wear behaviors of the coatings at 500 °C in static air were investigated. The
comparison was made with the coating without nano-particles. The results show that the wear mechanism of the NiCoCrAlY coatings
with nano-particles, like the coating without nano-particles, is the delamination wear due to the strong plastic deformation and
oxidative wear. However, the frictional coefficient of the coatings increases and presents the decrease trend with the increase of
sliding distance after adding nano-particles. Moreover, the wear rate of the coatings with nano-particles is only 34.0%—64.5% of the
coating without nano-particles. Among the three nano-particles, the improvement of nano-SiC on the high temperature wear

resistance of the coating is the most significant.
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1 Introduction

NiCoCrAlY coating has been widely used as a
protective coating for gas turbine engine components
utilized at high temperature [1-3]. As the particulate
nature of the exhaust, especially when gas turbine
engines serves in the dusty environment like desert
region, it often fails due to high temperature wear of
NiCoCrAlY coating.

With the widespread use of metal matrix composite
coating in the field of high temperature protective
coating, the oxide dispersion strengthened NiCoCrAlY
coatings were obtained through the introduction of hard
oxide particles, which becomes an important trend to
improve its high wear resistance [4-9]. ZHAO et al [4]
used the high velocity oxy-fuel (HVOF) to prepare
micron Al,O; dispersion strengthened NiCoCrAlY
coating. Under the sliding dry friction at 800 °C, the
coating has a more stable friction coefficient compared
with normal NiCoCrAlY coating, although the wear rate

did not obviously decrease. BOBZIN et al [5] prepared
micron yttria partially stabilized zirconia (YPSZ)
dispersion strengthened NiCoCrAlY coating by using
HVOF. Under the sliding dry friction at 700 °C, the high
temperature wear resistance of NiCoCrAlY coating with
5% (mass fraction) micron YPSZ was significantly
improved, and its wear rate was only half of the
unstrengthened coating. SONG et al [6] introduced
nano-CeO, into the NiCrBSiFe coating by laser cladding
technology, and the wear rate of the coating at room
temperature was only about 15% of that of the coating
without nano-particles. It can be expected that a good
high temperature wear resistance of NiCoCrAlY coating
could be obtained by introducing nano-particles.
However, the researches on the high temperature
frictional wear behaviors of nano-particle reinforced
NiCoCrAlY coating are still rare.

In this work, on the basis of the previous [10]
successful preparation of nano-Al,O; particles dispersion
strengthened NiCoCrAlY coating, three NiCoCrAlY
coatings reinforced by different kinds of nano-particles
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with the same addition were prepared on a Ni-base super
alloy using laser cladding technique. The dry frictional
wear behaviors of the coatings at 500 °C in static air are
investigated. The comparison is made with the coating
without nano-particles.

2 Experimental

The substrate material was Ni-base super alloy
GHA4033. Its nominal chemical composition is listed in
Table 1. The coating material NiCoCrAlY powders were
provided by Beijing General Research Institute of
Mining & Metallurgy, China, with an average particle
size of 75 pm. Its chemical composition is listed in Table
2. The nano sized Al,Os, SiC, and CeO, powders with an
average particle size of 20 nm were provided by High
Technology Nanometer Company, China.

Table 1 Chemical compositions of GH4033 alloy (mass
fraction, %)

Cr Al Ti Fe
19-22 0.60-1.00 2.40-2.80 <4.00
B Si Ni
<0.01 <0.35 Bal.

Table 2 Chemical compositions of NiCoCrAlY powders (mass
fraction, %)
Cr Al Co C Y Ni
18.64 3.39 2.60 0.55 1.00 Bal.

Micro-nanometer composite powders were made
with content of 1% (mass fraction) nano-particles using a
self-developed method [11]. The powders for cladding
were preset on the substrate surface using a
self-developed method (the squash presetting method).
The preset layer thickness was 0.4 mm. The
multi-channel laser cladding was performed using a
crosscurrent CO, laser with the optimized process
parameters: laser power 1 kW, spot diameter 2 mm,
scanning speed 5 mm/s, overlap ratio 50%, as well as a
nitrogen gas environment [12].

The SRV high frequency reciprocating wear tester
was employed to investigate high temperature frictional
wear characteristics of the coatings. First, the central part
of the coatings polished with 400# sandpaper was cut
into sample with dimensions of 6 mm x 4 mm X 3.75
mm. The sample was inlaid in a quenching 45# steel disk
with 24 mm in diameter for making the lower specimen.
As counter part (the upper specimen), an Al,Os ball with
10 mm in diameter was used. Then, the pin-on block
tests were performed at 500 °C in static air, as shown in
Fig. 1. Prior to the testing, the ALO; ball and
experimental samples were cleaned with acetone. The

load force was 20 N and the total sliding distance was
120 m. The sliding speed was adjusted to 0.1 m/s. In the
frictional wear test, three parallel samples were made for
the each coating.

Fig. 1 Experimental setup of high temperature frictional wear

Before the testing, a micro-hardness tester
(HXS-1000A) was used for measuring coating hardness,
with a load of 0.98 N.

After frictional wear test, the surface profile of the
wear scar was analyzed by a Micro-XAM™ non-contact
3-dimensional topography instrument and the scan length
was 2.07 mm. Three cross-sections were intercepted in
the marks of each sample to obtain the wear scar line
profile. The wear area was calculated using
self-developed  software. Based on the nine
measurements of three parallel samples, the mean of
wear area was obtained. The wear rate (W), used as a
wear resistance index, was calculated by the formula as

w - CA
FL

where 7, is the wear rate, mm’/(N'm); C is the wear scar
length, mm; A4 is the mean of wear area, mm?;, F is
normal load, N; L is sliding distance, m.

Morphology of the wear scar was characterized
using a JSM-7001F scanning electron microscope (SEM)
equipped with an IE-350 energy dispersive spectrometer
(EDS).

3 Results and discussion

3.1 Surface hardness of coatings

The surface hardness of four coatings is shown in
Table 3. As can be seen from Table 3, by adding
nano-particles, the hardness of the coatings is increased.
Among them, the hardness of the coating with nano-SiC
particles is 38.3% higher than that without nano-particles.
The hardness of the coatings with ALO; or CeO,
nano-particles is about 10% higher than that without
nano-particles, wherein the hardness of the coating with
nano-Al,O; particles is slightly higher than that with
nano-CeQO, particles.
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Table 3 Surface hardness of coatings

Coating Hardness, HV;
NiCoCrAlY 350.5
NiCoCrAlY+Al,0O; 397.8
NiCoCrAlY+SiC 484.9
NiCoCrAlY+CeO, 385.7
According to the previous results [13], the

refinement of the coating with different nano-particles is
directly related with the size of nano-particles in
micro-nanometer composite powders and their stability
under the action of the laser beam. In the
micro-nanometer composite powders, nano-Al,O;
particles mainly exist in the form of micro aggregates of
about 100 nm, while nano-SiC particles mainly exist in
the form of single dispersed particles. Meanwhile, the
nano-Al,O; and nano-SiC particles have good stability
under the action of the laser beam. However, nano-CeO,
particles has both single dispersed particles and
micro-aggregates (100 nm or so), and the majority will
be decomposed under the laser beam [13].

3.2 Friction behavior of coatings
The friction coefficients of the four coatings
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changing with the sliding distance are shown in Fig. 2. It
can be seen from Fig. 2 that the coating without
nano-particles enters into the stable period after sliding
about 60 m (Fig. 2(a)), while the one with nano-CeO,
particles enters into the stable period after sliding about
20 m (Fig. 2(d)); for the ones with nano-ALO; or
nano-SiC particles, their friction coefficients fluctuate
greatly throughout the test, which is unable to obtain a
stable value (Figs. 2(b) and (c)). Meanwhile, during the
grinding with the AL,O; ball, their friction coefficients all
present the friction behavior like “the fast rise—the rapid
decline-remaining relatively stable”, which is consistent
with the friction behavior that the metal transfers and
adheres to the ceramic surface, forming a transfer layer
due to the great difference between their hardness during
the grinding of metal composites with
ceramics [14].

The friction coefficients of the coatings with
nano-Al,O; and nano-SiC particles fluctuate greatly
during the whole test, mainly because there are more
nano-particles in the transfer layer, and these
nano-particles are brittle phase, thus leading to the easy
damage of the transfer layer. The continuous formation
and destruction of transfer layer resulted in the
fluctuation of the friction coefficients. Further comparison
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Fig. 2 Friction coefficients of four coatings changing with sliding distance: (a) Without nano-particles; (b) With nano-Al,O; particles;

(c) With nano-SiC particles; (d) With nano-CeO, particles
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between Figs. 2(c) and 2(b) shows that the fluctuation
frequency of friction coefficient of the nano-SiC-added
coating is higher than that of the nano-Al,0Os-added
coating. This may be related to the size of different
nano-particles in the coatings. The size of nano-SiC
particles distributed in the coating is small and the
dispersion degree is high, these brittle particles are more
apt to the destruction of the transfer layer.

The friction coefficient of the coating with
nano-CeO, particles shows different law from the other
two nano-particles, but it is similar to that without
nano-particles, mainly due to the fact that the majority of
nano-CeO, particles has been decomposed under the
action of the laser beam [13]. In other words, the effects
of nano-CeO, particles on the friction behavior of the
coating are not significant in this respect. Meanwhile, the
time required for the coating with nano-CeO, particles
entering into the stable period is only 1/3 of that required
by the coating without particles. The reason may be that
the hardness of the coating with nano-CeO, particles is
improved, which results in the decrease of changing
frequency of friction coefficient [15].

In addition, the average friction coefficients of the
coatings with nano-Al,0;, nano-SiC and nano-CeO,
particles are 0.485, 0.508 and 0.466, respectively, which
are higher than that of the coating without nano-particles
(its average friction coefficient is 0.445). The effect of
three kinds of nano-particles is the same as that on the
coating surface hardness (Table 3). It is suggested that
the coating surface hardness is improved after adding
nano-particles, which increases the friction surface
deformation resistance. Therefore, the friction coefficient
increases. This has some similarities with the research

reported by CHEN et al [16]. It can also be seen from Fig.

2 that the friction coefficient of three nano-particle
reinforced coatings presents decreasing trend with the
increase of sliding distance, while the friction coefficient
of the coating without nano-particles basically remains
unchanged.

3.3 Wear behavior of coatings

The SEM morphologies of wear scar of four
coatings are shown in Fig. 3. As can be seen from Fig. 3,
there is a lot of spallations (Fig. 3(a)) on the wear scar
surface of the coating without nano-particles, while the
amounts of spallations on the wear scar surface of the
coatings with nano-particles decrease significantly,
especially the spallations are very small on the wear scar
surface of the coating with nano-SiC particles (Figs. 3(c)
and (f)). The high magnification morphology of the
spalling area on the wear scar surface shows the zone
experienced a strong plastic deformation; at the same
time, whether the coatings without nano-particles or with
nano-particles such as nano-SiC particles, the EDS

analysis of the spalling area and non-spalling area shows
that the compositions between the two are consistent
(Figs. 3(g) and 3(h)). So it can be believed that the
spallation on the wear scar surface is formed due to the
strong plastic deformation of the coating surface of the
friction zone. After adding nano-particles, the coating
hardness is improved, and the deformation resistance of
the friction surface increases, thereby the spallations on
the surface of the wear scar decrease. It can also be seen
from Fig. 3, as for the wear scar of the coating without
nano-particles, both the width and length are greater than
that of the coatings with nano-particles. In the three
nano-particle reinforced coatings, the length of the wear
scar is basically the same but their width is significantly
different (Figs. 3(b)—(d)). Among them, the wear scar
width of the coating with nano-SiC particles is the
smallest, followed by the coating with nano-Al,O;
particles and nano-CeO, particles. Moreover, according
to the EDS analysis of the wear scar surface, the wear
scar surface contains O, indicating that there is some of
oxidation wear during the frictional wear process, but
there is no significant difference in oxygen content
between the coating without nano-particles and the
coatings with nano-particles.

The cross-sectional profile of wear scar of the four
coatings is shown in Fig. 4. As can be seen from Fig. 4,
the wear scar of the coating without nano-particles is
broad and deep, which is in the inverted trapezoidal
shape, indicating that the bottom of the wear scar is
relatively wide. Both the width and depth of the wear
scar of the coatings with nano-particles are smaller than
those of the coating without nano-particles, which is in
the inverted triangle shape, and that is narrow at the
bottom of the wear scar. In the three nano-particle
reinforced coatings, the effect on the depth is the same
with that on the width, that is, the depth of the wear scar
on the coating with nano-SiC particles is the shallowest,
followed by the coating with nano-AlL,O; particles. For
the coating with nano-CeO, particles, the depth is the
deepest.

According the wear rate of four coatings listed in
Table 4 and the wear scar morphologies mentioned
above, it can be concluded that the high temperature
wear resistance of coating is improved significantly after
adding nano-particles, especially for the nano-SiC-added
coating, and the wear rate is only 34.0% of that of the
coating without nano-particles.

Based on these results, we can see that the effects of
three nano-particles on high temperature wear resistance
of the coatings are the same with that on the hardness of
the coating surface. This indicates that the coating
hardness is the decisive factor in its high temperature
wear resistance. In addition, when these hard nano-
particles exist in the coating in the form of hard particles,
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Fig. 3 SEM morphologies of wear scar of four coatings: (a) Without nano-particles; (b) With nano-Al,O; particles; (c) With
nano-SiC particles; (d) With nano-CeO, particles; (e) Local amplification of Fig. 3(a); (f) Local amplification of Fig. 3(c); (g) EDS
pattern of area 4 in Fig. 3(e); (h) EDS pattern of area B in Fig3.(e)

the protruding hard particles of the coating surface in the 3.5% higher than that of the coating with nano-CeO,
friction zone also play a good anti-wear role. In this work, particles, but the wear rate reduces by 6.8% compared
the hardness of coating with nano-Al,O; particles is with the coating with nano-CeQO, particles.
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Fig. 4 Cross-sectional profiles of wear scar of four coatings: (a) Without nano-particles; (b) With nano-Al,O; patticles; (c) With

nano-SiC particles; (d) With nano-CeO, particles

Table 4 Wear rate of coatings

Coating Wear rate/(10 mm*N ''m )
NiCoCrAlY 177.08
NiCoCrAlY+Al,0; 102.25
NiCoCrAlY+SiC 60.13
NiCoCrAlY+CeO, 114.22

4 Conclusions

1) The wear mechanism of the nano-particle
reinforced NiCoCrAlY cladded coatings and the coating
without nano-particles coupled with Al,O; ball at 500 °C
in static air, is the delamination wear due to the strong
plastic deformation and oxidative wear.

2) After adding nano-particles, the
coefficient of the coatings with nano-particles increases

frictional

compared with the coating without nano-particles and
presents the trend of decrease with the increase of sliding
distance. Meanwhile, the time required by the coating
with nano-CeQ, particles entering into the stable period

is only 1/3 of that required by the coating without
nano-particles, while the friction coefficients of the
coatings with nano-Al,O; and nano-SiC particles
fluctuate greatly during the whole test.

3) After adding nano-particles, the coating wear
scar becomes smaller and shallower, the spallations on
the wear scar surface become smaller and the wear rate
decreases. The wear rate of the nano-SiC-added coating
is 34.0% of that of the coating without nano-particles.

4) The effects of three kinds of nano-particles on
high temperature wear resistance of the coating are the
same with that on the hardness of the coating surface.
This indicates that the coating hardness is the decisive
factor in its high temperature wear resistance.
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