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Abstract: The Ni-base alloy composite coatings synergistically reinforced by WC and CeO- particles were prepared on the surface
of 7005 aluminum alloy by the plasma spray technique. The microstructures and the tribological properties of the composite coatings
were researched. The results show that with the addition of CeO2 particles, the microstructure of the composite coating is refined;
meanwhile, the WC reinforcing particles change from round to irregular polygon and their decarburization are alleviated. The

friction coefficients and the wear losses of the composite coatings are lower than those of the WC/Ni-base alloy composite coatings
and the Ni-base alloy coatings at different PV values. When the PV values are smaller than 3.36 N-m/s, the maximum contact stress
of the composite coating is lower than its elastic limit contact stress, the wear mechanisms of which are mainly micro-cutting wear
and fatigue wear. As the PV values are bigger than 3.36 N-m/s, the maximum contact stress exceeds the elastic limit contact stress of
the composite coating and the contact temperature sharply increases to 648 °C, obvious plastic deformation and desquamation traces
appear on the worn surface and the wear mechanisms turn into multi-plastic deformation wear, abrasive wear and adhesive wear

accompanied with oxidative wear.

Key words: composite coating; Ni-base alloy; tungsten carbide; cerium oxide; tribological property

Aluminum alloys have become the important materials to
achieve lightweight of machinery due to their low density,
high specific strength and good thermal conductivity, which
are widely used in aerospace industry, motor industry, national
defense industry etc.[*31. However, the low hardness and the
poor wear resistance of aluminum alloys restrain their further
applications in friction conditions. Owing to the excellent
anti-wear, anti-corrosion and anti-oxidation properties,
Ni-base alloys are effectively used as the surface
strengthening coatings to meliorate the tribological properties
of aluminum alloys frictional parts™®. Nevertheless, the
increasingly rigorous working conditions such as heavy load,
high speed, high temperature and corrosive environment call
for better anti-friction and anti-wear performance of Ni-base
alloy coatings. Therefore, it is meaningful to further improve
the tribological properties of Ni-base alloy strengthening
coatings to extend service lives of aluminum alloy frictional
parts.

Received date: May 08, 2013

Particle reinforced Ni-base alloy composite coatings exhibit
both good toughness and wear resistance, which have been an
important topic in the surface engineering field. Among all
kinds of reinforcing particles, tungsten carbide (WC) is the
most popular one used to reinforce Ni-base alloy coatings
because of its extremely high hardness and excellent wear
resistance®). Liu, et al ® found that by incorporating WC
particles, the wear resistance of Ni-base alloy coatings was
improved, the maximum microhardness (12 500 MPa) and the
minimum wear loss (0.06 g) of which were obtained with the
WC particles volume fraction of 35%. Besides, some
researches®% revealed that the wear mechanism of Ni-base
alloy coatings changed from a severe abrasive wear to a
micro-cutting wear with the addition of WC particles, and the
wear loss was obviously reduced. Rare earth cerium oxide
(CeOy) owns an excellent chemical activity owing to the
special movement of 4f electronic-shell, and obvious effects
are achieved on improving structure and the property of
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coatings™*Y. Cheng, et all*? found that adding 0.5%~3.0%
CeO, could prevent the bridge linking of reinforcing particles
and refine the grains of coatings, and the microhardness of
Ni-base alloy composite coatings was increased by 10%
compared with that of the Ni-base alloy coating without CeO..
Yuan®™ and Sharmal*! et al also testified that the wear
resistance of Ni-base alloy coatings was improved by
incorporating CeO; particles. It is obvious that either WC or
CeO, particles are beneficial to improve the wear resistance of
Ni-base alloy coatings. In case that these two Kkinds of
particles are used simultaneously, whether the synergistic
reinforcing effects between them can be formed will
dramatically influence the tribological properties of coatings.

In order to study the synergistic reinforcing effects, WC and
CeO, particles reinforced Ni-base alloy (WC-CeO,/Ni-base
alloy) composite coatings were prepared on the surface of
7005 aluminum alloy by plasma spray. The microstructure of
the composite coating was researched and the tribological
properties at different PV (i.e. P: Load xV: \elocity) values
were investigated to provide the references for the preparation
and the application of multiphase particles synergistically
reinforced composite coatings on aluminum alloy frictional
parts.

1 Experiment

The sprayed materials consisted of Ni-base alloy powders,
WC and CeO; particles, whose compositions are shown in
Table 1. The chemical composition in wt% of Ni-base alloy
powders with sizes ranging from 55 to 128 pum was 15.5Cr,
3.5B, 4.0Si, 15.0Fe, 3.0W, 0.8C and balance of Ni. WC-Co
sintered particles (WC:C0=88:12) with sizes in the range
of 37~74 um were used as reinforcing particles. CeO;
particles were 99.9% AR (Analytical Reagent) with average
size of 20 um.

7005 aluminum alloy was selected as substrates. Prior to
spray, the substrates were treated by sanding, ultrasonic
cleaning and sandblasting. The WC-CeO,/Ni-base alloy
composite coatings were prepared on the surface of substrates
with the thickness of 200 ym by a DH-1080 plasma spray
equipment. The technical parameters were current of 500 A,
voltage of 50 V, argon flux of 70 L-min, hydrogen flux of 10
L-min? and spray distance of 100 mm. The Ni-base alloy
coatings and the WC/Ni-base alloy composite coatings were
prepared as comparison. The sprayed specimens were ground
by grinding wheel and WO0.5 diamond abrasive paste, and then

Table 1 Composition of sprayed materials

Composition/wt%

Coating
Ni-base alloy WC CeO:2
Ni-base alloy coating 100 — —
W(C/Ni-base alloy composite coating 60 40 —
WC-CeO2/Ni-base alloy composite coating 60 38 2

incised into test-pieces with the size of 12 mmx12 mmx6 mm.

Microstructures and worn surfaces were observed by a
FEIQUANTA200 scanning electronic microscopy (SEM).
Elemental composition was tested by an energy-dispersive
X-ray analysis (EDAX) spectroscope attached to
FEIQUANTA200. Metallographic images were obtained by a
DMM330C optical microscope (OM). Phase composition was
tested by a D-MAX/R X-ray diffractometer (XRD). Vickers
microhardness was performed on a DHV-1000 microhardness
tester. Bonding strength between the coating and the
substrate was measured by a CMT(5105) electronic
universal testing machine according to GB/T 8642-1988.

Tribological tests were carried out in an HT-500 ball-on-
disc tribometer at room temperature (25 °C) with a sliding
distance of 500 m. The upper specimen was a GCr15 ball with
diameter of 4 mm, while the down one was a plate of
specimens. The testing conditions were 3 N-0.28 m/s, 3
N-0.56 m/s, 12 N-0.28 m/s and 12 N-0.56 m/s (i.e. PV values
of 0.84 N-m/s, 1.68 N-m/s, 3.36 N-m/s and 6.72 N-m/s).
Friction coefficients were tested automatically by the software
attached to HT-500 and wear losses were measured by a
TG328B balance with precision of 0.1 mg.

2 Results and Discussion

2.1 Microstructure

The morphologies of the coatings are shown in Fig.l. It
shows that the surface of Ni-base alloy coating is flat but with
some pores (Fig.1a), and on the surface of the WC/Ni-base
alloy composite coating there exist a few pores, cracks and
plenty of round gray areas (marked by A) as shown in Fig.1b.
According to the EDAX spectrum of area A (Fig.2a), the atom
ratio of W:C is almost 1:1 indicating that is the WC reinforcing
phase. The WC-CeO,/Ni-base alloy composite coating is flat
and dense without obvious pores and microcracks, in which the
WC reinforcing phase takes on irregular polygon (Fig.1c).
Moreover, the composite coating integrates tightly with the
aluminum alloy substrate. There are no cracks and pones
appeared at interface (Fig.1d), and the bonding strength
between them reaches 31.6 MPa. Besides, the chemical
elements of dark area marked by B are Ni, Fe, Cr and Si, and
the mass fraction of Ce is 0.46% (Fig.2b), which indicates that
CeO; particles melted well in Ni-base alloy matrix. From Fig.2c,
it can be inferred that element Ce is enriched (1.68%) at the
interface (marked by C) between WC and Ni-base alloy. Owing
to the high temperature of plasma arc, CeO, particles can be
decomposed to generate Ce atoms that own good chemical
activity and are easy to be absorbed on the surface of molten
WC particles to improve their fluidity™®; meanwhile, element
diffusion and mass transfer capabilities among WC particles and
Ni-base alloy are enhanced. Therefore, the WC particles change
from round to irregular polygon, which extends the bonding
interface and improves the bonding strength among WC
particles and Ni-base alloy.
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Round WC particle

Fig.1 Surface morphologies of Ni-base alloy coating (a), WC/Ni-
base alloy composite coating (b), WC-CeO2/Ni-base alloy
composite coating (c), and cross section image of C-CeO2/
Ni-base alloy composite coating (d)
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Fig.2 EDAX spectra of area A (a), area B (b), and area C (c) in Fig.1

Fig.3 is the XRD patterns of the coatings. It reveals that the
phase composition of the WC-CeO,/Ni-base alloy composite
coating is y-Ni, CrxCs, CrB, FeNis, WC, W,C and Co3W5C.
The existence of W,C and Cos;W;C phases indicates that
decarburization and decomposition of WC particles occurs by
the reactions as follow!®!;

2WC—W,C+C 1)
4Co+4WC+0;—2Co,W,C+2CO )
3C0+3WC+0,—CosW3C+2CO (3)

Although the W,C phase is of high hardness, the brittleness
of the composite coating may be increased, and then it results
in brittle fracture and severe wear. As shown in Fig.3, the
diffraction peak area and intensity of W,C and Co3W;C in
WC-CeO,/Ni-base alloy composite coating are smaller than
those in the WC/Ni-base alloy composite coating, which
indicates that incorporating CeO, particles is helpful to
alleviate decarburization and decomposition of WC particles,
and more reinforcing particles can be retained in
WC-CeO,/Ni-base alloy composite coating. This is because
the CeO, particles of high melting point around WC
reinforcing phase can absorb a mass of heat to prevent severe
decomposition of WC particles.

The major diffraction peak at 26=44.12° of WC-CeO,/
Ni-base alloy composite coating is wider than that of the
WC/Ni-base alloy composite coating. According to the
Scherrer formula &7

-2 @

pcosé
where, d is the grain size, K is constant, 1 is the wavelength of
X-ray, A is the full width at half maximum (FWHM), and 6 is
the diffraction angle.

It is inferred that the grain size (d) of the major phase
decreases with the increase of FWHM (B), so the
microstructure of the composite coating is refined as shown in
Fig.4. The Ce atoms with big radius and strong electronega-
tivity can aggregate at the grain boundary, so the grain
boundary migration and grain growth are blocked. In addition,
Ce atoms are beneficial to reduce interface energy and critical

*y-Ni mWC
2CrB  AW2C
aFeNi #Co023Cs
4Co3WsC

O0e

*

Intensity/a.u.

201(°)

Fig.3 XRD patterns of Ni-base alloy coating (1#), WC/Ni-base
alloy composite coating (2#) and WC-CeO:/Ni-base alloy
composite coating (3#)
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owai

Fig.4 Metallographic images of WC/Ni-base alloy composite
coating (a) and WC-CeO2/Ni-base alloy composite
coating (b)

nucleation energy®, so the nucleation ratio of the composite
coating is increased resulting in a grain refinement effect. The
microhardness of the WC-CeO,/Ni-base alloy composite
coating is HV,5 7925 MPa, which is 5.5% and 33.6% higher
than that of the WC/Ni-base alloy composite coating and the
Ni-base alloy coating, respectively. It is attributed to the
synergistic effects of dispersion strengthening caused by WC
reinforcing particles and grain refinement of Ni-base alloy
caused by CeO, particles.

2.2 Tribological behaviour

The tribological results of WC-CeOy/Ni-base alloy
composite coatings at different PV values are shown in Fig.5.
It exhibits that the friction coefficients of the composite
coatings increase from 0.29 to 0.42 as PV values increase,
which are lower than those of the WC/Ni-base alloy
composite coatings (0.33~0.48) and the Ni-base alloy coatings
(0.35~0.52) (Fig.5a). As shown in Fig.5b, the wear losses of
all three kinds of coatings take on increasing trends, and the
WC-CeO,/Ni-base alloy composite coating possesses the
lowest value, especially at 6.72 N-m/s, its wear loss is sharply
reduced by 29.4% and 47.4% compared with those of other
two kinds of coatings.

The improvement on wear resistance of the composite
coating is mainly attributed to three reasons. Firstly, the
uniformly distributed WC reinforcing particles act as
anti-wear pivots to prevent Ni-base alloy matrix from severe
abrasion caused by GCrl5 steel ball counterpart. Secondary,
with the addition of CeO, particles, the grains of the
composite coating are refined. According to the Hall-Petch
formula as follow!™!:

o, =0, +kd, )
where, o1 represents the strength of the composite coating, oo
and k are the constants of grains, and d; is the grain diameter.

It is obvious that the strength of the composite coating (o)
increases as grain diameter (d:) decreases, which improves the
plastic deformation resistance of the composite coating in
frictional process, and enhances its wear resistancel?”,

Thirdly, the fluidity and filling ability of molten particles
are boosted up by adding rare earth, and Ce atoms are prone to
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Fig.5 Friction coefficient (a) and wear loss (b) of WC-CeO/Ni-
based alloy composite coatings at different PV values

react with elements O and N in residue air that is helpful to
reduce the inclusions and pores in the composite coating?4.
As a result, the microstructure of the composite coating is
improved to increase its fracture toughness, which can restrain
the crack initiation and propagation, and then reduce the worn
off of WC particles. Therefore, the grain refinement and the
microstructure purification of the composite coating caused by
element Ce improves the bonding strength between WC
particles and Ni-base alloy, together with the synergistic
effects of WC anti-wear reinforcing phase that make the
WC-CeO,/Ni-base alloy composite coating possess better
tribological properties than the WC/Ni-base alloy composite
coating and the Ni-base alloy coating.
2.3 Wear mechanisms

Load and speed are the important external factors that affect
the friction and wear properties of WC-CeO./Ni-base alloy
composite coating by changing its surface stress field and
temperature field. In frictional process, PV value can token the
effects on tribological behavior and mechanisms of the
composite coating caused by load and speed simultaneously.
Actually, the stress state of worn surface is mainly determined
by load. Therefore, the Hertz formula of rigid sphere and
elastic half plane contact under normal load can be used to
calculate the maximum contact stress on contact area, i.e.[?2:

o[ : ©
o | n®R?2\1-v?
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where, po is the maximum contact stress (MPa), P is the normal
load (N), E is the elastic modulus of the composite coating
(GPa), v is the poisson’s ratio of the composite coating, and R is
the comprehensive curvature radius (m), i.e. R=R;+R, %, Ry
and R; are the curvature radius of the frictional pairs.

Elastic limit contact stress of the composite coating
characterizes its maximum permissible contact stress when
plastic deformation happens. If the maximum contact stress is
higher than the elastic limit contact stress, yield flow and
plastic deformation of the composite coating will be generated,
which may result in severe wear. The theoretical formula of
the elastic limit contact stress (p,) is as follows :

1 H, -2gsin il
2.8x1.854 2

(1- 21/)Z s un(1-2v)(2-v) s ' (16—41/+7v2)r/2

P, = ()

3 4 64

where, H, is the microhardness of the composite coating
(kg/mm?), a is the taper indenter angle with 136°, and x is the
friction coefficient under different PV values.

The maximum contact stress (p,) and the elastic limit
contact stress (p,) of the composite coating at different PV
values are listed in Table 2.

In dry friction conditions, plenty of frictional heat will be
generated on worn surface under the simultaneous actions of
load and speed, which results in the increase of contact
temperature in local contact area, and furthermore affects the
wear mechanisms. The contact temperature can be calculated
by the formula as follows?*l:

2a yuo,V,
V., JKpC

where, T¢ is the contact temperature (°C), To is the bulk
temperature (°C), A is coefficient and for circular contact is
1.11, ais the contact radius (m), V; is the sliding velocity (m/s),
y is the heat distribution coefficient, x is the friction
coefficient, om is the average contact stress (MPa), K is the
thermal conductivity (W/m-°C), pis the density (kg/m®), and
C is the specific heat capacity (kJ/kg-°C).

The heat distribution coefficient (y) in Eg. (8) can be
expressed by Eq. (9) as follow:

_ 0.627K(apV,C/K)"
! K, +0.627K (apV,C/K)"*

T =T,+A 8)

©)

where, K; is the thermal conductivity of GCrl5 steel ball
counterpart (W/m-°C).

Table 2 Maximum contact stress and elastic limit contact stress
at different PV values

PV value/N-m-s? 0.84 1.68 3.36 6.72
Maximum contact stress/MPa 2927 2927 4646 4646
Elastic limit contact stress/MPa 3923 3546 3292 2667

Besides, the contact radius (a) in Eq. (8) can be obtained by
the formula as follows:

a:{ﬂ[l—“ H% (10)
4 | E

Table 3 lists the contact temperature of the worn surface at
different PV values.

The typical worn surface morphologies of the composite
coatings at different PV values are shown in Fig.6. It is found
that there are only a few shallow and discontinuous scratches
appearing on the worn surface at the PV value of 0.84 N-m/s
(Fig.6a). Because the maximum contact stress of the worn
surface (2927 MPa) is smaller than its elastic limit contact stress
(3923 MPa), and the contact temperature is only 123 °C, so no
plastic deformation occurs in frictional process. The composite
coating is in a slight wear condition and its wear mechanism is
mainly micro-cutting wear.

As the PV value increases to 1.68 N-m/s, deep scratches,
obvious microcracks and fatigue desquamation turn up on the
worn surface as shown in Fig.6b. As a result of speed increasing,
the contact temperature reaches 171 °C, which leads to the
decrease in hardness of coating materials and results in deep
scratches by the friction of GCrl5 counterpart. Besides, the
action frequency of GCr15 counterpart on the worn surface also
increases, so the microcracks are prone to be formed in
maximum shear stress area near drawbacks of the composite
coating under repeating extrusion and abrasion[®, and then
propagate to surface and result in the partial fatigue desquama-

Table 3 Contact temperature at different PV values
PV valug/N-m-s* 0.84 1.68 3.36 6.72
Contact temperature/°C 123 171 309 648

Scratch

¢ o Deformed layer g

y ;.-.- {

¥ o e

q‘( .

Fig.6 Typical worn surfaces morphologies of WC-CeO2/Ni-base
alloy composite coatings at different PV values: (a) 0.84
N-m/s, (b) 1.68 N-m/s, (c) 3.36 N-m/s, and (d) 6.72 N-m/s
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tion of the composite coating. Therefore, the composite coating
suffers from micro-cutting wear and fatigue wear at 1.68 N-m/s.

When the PV value is 3.36 N-m/s, obvious plastic
deformation, delamination and desquamation as well as fine
wear debris are formed on the worn surface (Fig.6c¢). In this
friction condition, the maximum contact stress of the worn
surface is 4646 MPa, which is much higher than its elastic
limit contact stress of 3292 MPa, so the plastic flow and
deformation of coating materials occurs. At the same time, the
mechanical properties such as hardness and strength of the
composite coating are further decreased as the contact
temperature increases to 309 °C, which aggravates the plastic
deformation extent and results in mechanical mixed layer
(MML) %81, The MML experiences working hardening as a
result of repeating plastic deformation, and its brittleness
increases that makes it prone to be desquamated under the
friction of GCrl5 counterpart. The EDAX spectrum of the
deformed area marked by A is depicted in Fig.7a. It reveals
that the content of element O on the worn surface is 44.25%,
which indicates that oxidation reactions may happen in
frictional process as follows:

2Ni+0,—2NiO (11)
4Fe+30,—2Fe,03 (12)
4Cr+30,—2Cr,03 (13)

Due to the high contact temperature, chemical activity of
the worn surface improves, which makes it easy to react with
element O in air. Therefore, the wear mechanisms of the
composite coating are mainly multi-plastic deformation wear
and oxidative wear at the PV value of 3.36 N-m/s.

o] _ _Element_wi% _at%
Ni ~OK 1896 4425

SiK  03.99 05.30
CrL 1219 0875
FeK 1358 09.08
NiK 5129 32.62

Intensity/a.u.
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8 10 12 14
b
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CK 00.02 00.11
OK 09.85 5182
CrL 0036 0059
FeK 0230 03.46
NiK 04.05 05.81
WL 83.43 38.21

Intensity/a.u.

Ni
O W

S Cr Fe Ni |
0 2 4 6 8 10 12 14 16
Energy/keV

Fig.7 EDAX spectra of area A (a) and area B (b) in Fig.6

At the high PV value of 6.72 N-m/s, the composite coating
suffers from much more severe wear. There are wide and deep
furrows, obvious ridge and piece wear debris as well as
adhesive desquamation traces appearing on the worn surface
as shown in Fig.6d. Both load and speed are at the maximum
value in this friction condition, and the contact temperature
sharply increases to 648 °C, which is 2.1 times as high as that
at 3.36 N-m/s. The weakening effects on hardness and
strength of coating materials are further aggravated, so the
worn surface is extruded and cut to generate furrows and
ridges under high contact stress. Besides, elements diffusion
capacity between frictional pairs also improves with the
increase of temperature. Welding-on between the worn surface
and the GCrl5 counterpart happens, but by the continuous
action of shearing stress, the worn surface is avulsed to form
the adhesive desquamation traces®?”). According to the EDAX
spectrum of the wear debris marked by B (Fig.7b), the main
chemical elements are W and O, which indicates that it is the
oxidized WC reinforcing phase. This is because that some WC
particles own low bonding strength with the Ni-base alloy
matrix, which are easy to be worn off and oxidized in
frictional process, and furthermore, act as abrasive to
deteriorate the abrasive wear. It is obvious that the wear
mechanisms of the composite coating change into severe
abrasive wear and adhesive wear accompanied with oxidative
wear in high PV value (6.72 N-m/s) frictional condition.

3 Conclusions

1) With the addition of CeO; particles, the microstructure of
WC-CeO,/Ni-base alloy composite coating is refined, and the
WC reinforcing phase change from round to irregular polygon
and its decarburization and decomposition are alleviated. The
microhardness (HVos) of WC-CeO./Ni-base alloy composite
coating is 7925 MPa, which is 5.5% and 33.6% higher than that
of the WC/Ni-base alloy composite coating and the Ni-base
alloy coating, respectively.

2) With the increase of PV values, the friction coefficients of
WC-CeO,/Ni-base alloy composite coatings vary in the range of
0.29~0.42, which are smaller than those of the WC/Ni-base
alloy composite coatings (0.33~0.48) and the Ni-base alloy
coating (0.35~0.52). The wear losses of the composite coatings
change from 1.9 to 6.0 mg, and the average value is decreased
by 23% and 39% compared with that of the WC/Ni-base alloy
composite coatings and the Ni-base alloy coatings, respectively.

3) When the PV values are smaller than 1.68 N-m/s, the
composite coating bears low contact stress compared with its
elastic limit contact stress, and its wear mechanisms are mainly
micro-cutting wear and fatigue wear. As the PV values increase
to 3.36 N-m/s, the composite coating suffers from multi-plastic
deformation wear and oxidative wear because of the high
contact stress of 4646 MPa. At high PV value of 6.72 N-m/s, the
contact stress and the contact temperature simultaneously reach
the maximum value of 4646 MPa and 648 °C, respectively. The
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composite coating is in a severe wear condition and its 13 Yuan Jinping, Zhang Ping, Liang Zhijie et al. Rare Metal

mechanisms change into abrasive wear, adhesive wear and Materials and Engineering[J], 2008, 37(1): 147 (in Chinese)

oxidative wear. 14 Sharma S. Journal of Thermal Spray Technology[J], 2012, 21(1): 49
15 Wang Hongxing, Li Yingguang, Chu Chenglin. Rare Metal
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WC-CeO/iR 2 A € E S MBNMULH S EEF R

fir e, WMk, B, B, RHEL
(R T R%, VLI M&l 210007)

W E: EHE S TBUREIRTE 7005 454 4R M4 T WC il CeO Bl ¥ R E A& HGIRE, MR T ZE&RE MWL A
BEHREAERE . S5 RRW: N CeOx MIKIANL /" A IRZMI AL, 4 WC HESRBUR M BTE AN AN Z 34T, I FRAR 1 HAERR 7%
TR AN PV BRI, WC-CeOo BEE A& B AR I B S R BN R LT WO/ & & E ik R B & &iRE. PV
fE/NT 3.36 N-m/s I, AU 2 B 451 0 AR p R A7 AU T LA A B A I g, 3 B A oWl D1 B A A 55 B 45, PV (KT 3.36
N-m/s J&, B4R T A e KA 7 g o s Bl R P A S g, i P2t SR B 42 648 °C, SRR I H L 6 A MR A TR R %
FLBEBLHIAR 9 2 REBAS B R AR RURE A B B, R AL B
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