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Abstract TiC + TiB, + Ti,Ni-reinforced Ni-based laser-
clad coatings were prepared on Ti-6Al-4V by CeO, modifi-
cation. The forming quality, microstructure, element distri-
bution, microhardness and wear resistance of the coatings
were studied. The results showed that adding 2 wt.% CeO,
effectively eliminated cracks but led to the micro-pores. The
coatings mainly consisted of TiC, TiB,, Ti,Ni and matrix o-
Ti. When 2 wt.% CeO, was added, the coating microstructure
was remarkably refined, uniform and dense, and exposed
surface area of matrix decreased. TiC changed from dendritic
to petal-shaped and granular, TiB, from long rod-shaped to
short rod-shaped, Ti,Ni from irregular bulk-like to microp-
orous irregular bulk-like. Al, Cr, Fe and Si distributed uni-
formly in the Ni-rich matrix, and V was mainly segregated on
the TiB,. Ce,0j3 particles formed by the decomposition of
CeO, in the coating mainly distributed around TiC. The
planar lattice disregistry § between the interface (1010) of
Ce,05 and the interface (110) of TiC was 4.00%, and Ce,O3
could act as the nucleation substrate to effectively refine TiC.
With the addition of CeQ,, the microhardness was increased,
and the wear depth, wear volume and friction coefficient were
decreased. 2CeQO, coating exhibited the best wear resistance
and anti-friction compared with 0CeO, coating and exhibited
an abrasive wear pattern.

Keywords CeO, - laser cladding - microstructure - planar
lattice disregistry - Ti-6Al-4V - tribological properties

< Huaifeng Zhuang
774742827 @qq.com

Sino-European Institute of Aviation Engineering, Civil
Aviation University of China, Tianjin 300300, China

College of Aeronautical Engineering, Civil Aviation
University of China, Tianjin 300300, China

@ Springer

Introduction

Ti-6Al-4V belongs to the martensitic o + B-type dual-
phase titanium alloys, which has been widely used in
transportation, aerospace, petrochemical, energy, biome-
dicine and other industrial fields due to its low density,
high specific strength, good toughness and strong corrosion
resistance (Ref 1-3). However, the safety and durability of
Ti-6Al-4V are greatly limited during service time by the
low hardness, weak plastic shear resistance and poor wear
resistance (Ref 4-6). Surface modification is an effective
means to improve the properties of metallic materials,
including nitriding, carburizing, ion implantation, laser
cladding, chemical vapor deposition (CVD), high-velocity
oxygen fuel spraying (HVOFS), physical vapor deposition
(PVD) and plasma spraying, etc. (Ref 7-10). The effect of
nitriding, carburizing, ion implantation, CVD and PVD on
surface modification of titanium alloy is limited by the
thickness of surface modification layer, thus leading
enormous challenges to the treatment process (Ref 9-13).
HVOFS and plasma-sprayed ceramic coatings often have
more micro-defects (Ref 14-16). In comparison, laser
cladding possesses the potential advantages of high pro-
duction efficiency, narrow heat-affected zone, high bond-
ing strength between cladding layer and substrate, and
compact microstructure, which is extensively applied into
the field of repairing titanium alloy components (Ref 17-
19).

Laser-clad MMC coatings are most often of the type
NiBSi with tungsten carbide as the hard phase, which have
been widely used to improve the wear resistance of tita-
nium alloy. To date, Ni-based laser cladding layer on
titanium alloy has attracted much interest attributing to its
high hardness and tribological properties. Generally, the
self-fluxing alloy powders containing B, C and Ni (such as
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Ni25, Ni45, Ni60, NiCr-Cr;C,, NiCrBSi, NiCrBSiC) are
selected as the cladding materials to in situ synthesize Ti-
B, Ti-C, Ti-Ni hard phases-reinforced Ni-based coatings
(Ref 17, 18, 20-22). For example, Sun et al. (Ref 23)
prepared a TiB, 4+ TiC particles-reinforced Ni-based
composite coating by laser cladding on Ti-6Al-4V alloy
with NiCrBSiC powders, and they found that the coating
microstructure was uniform, the microhardness increased
approximately three times as compared with Ti-6Al-4V
alloy, the wear mass loss was considerably lower than that
of the Ti-6Al-4V alloy, exhibiting excellent wear resis-
tance. Yan et al. (Ref 22) selected Ti-Si-C system and
NiCrBSi powder as raw materials to synthesize a Tis.
SiC, + TisSiz + TiC-reinforced Ni-based self-lubricating
laser-clad coating on Ti-6Al-4V surface. Their results
demonstrated that the hardness and tribology of the coating
were remarkably enhanced compared with that of Ti-6Al-
4V thanks to the reinforcing phases. Similarly, Li et al.
(Ref 24) found that NiCrBSi cladding materials could
endow Ni-based wear-resistant laser cladding layer with
outstanding mechanical properties. Wu et al. (Ref 25)
fabricated a Ti(C, N) particles-reinforced Ni-based com-
posite coating by laser cladding on Ti-6Al-4V alloy with
88 wt.% Ni60 + 2 wt.% C + 10 wt.% TiN mixed pre-
cursor materials. The microhardness of the composite
coating was improved by a factor of 1.8 as against the
substrate, and the wear volume loss was reduced by 11.2
times compared with Ti-6Al-4V, which proved that the
coating presented a better abrasion resistance.

However, due to the incompatibility between cladding
material and substrate, the Ni-based coating is prone to
crack initiation, which significantly hinders the popular-
ization and application of the coating (Ref 26, 27). At
present, crack susceptibility of the coating is often reduced
by preheating the substrate, optimizing process parameters
and adding compatible alloy powder or rare earth (Ref 28-
30). Among them, adding compatible alloy powder is
considered as an effective and simple method to inhibit and
eliminate the coating cracks (Ref 31). Some studies proved
that adding sufficient Ti-6Al-4V powders into the cladding
material could augment the compatibility between the
coating and Ti-6Al-4V substrate, thus improving the
forming quality of the coating (Ref 32-34). However, the
excessive addition of Ti-6Al-4V powder will lead to a
strong decrease in the coating hardness, which is not suit-
able for working under harsh wear conditions. Therefore, it
is of great significance to ensure that the coating exhibits
higher hardness and perfect forming quality simultane-
ously. Recently, numerous studies have shown that CeO,
can refine the microstructure, eliminate the cracks, ame-
liorate the uniformity of the microstructure, inhibit the
microstructure segregation, augment the plastic toughness
of the cladding layer and enhance the plastic deformation

resistance (Ref 35-37). Ding et al. (Ref 38) investigated the
effect of CeO, on Co-based composite coatings on the
surface of SPHC steel by laser cladding technology and
concluded that the 1.5 wt.% CeQO, coating had excellent
appearance quality and satisfactory wear resistance. Wang
et al. (Ref 39) produced a Ni-based composite coating on
AISI 1045 steel, and they found that CeO, promoted the
convection of molten pool, refined the microstructure,
lowered the inclusion content and accelerated the densifi-
cation of microstructure. Hence, the microhardness and
tribological properties were greatly ameliorated. Li et al.
(Ref 40) synthesized a TizAl/y-Ni-based laser cladding
layer on Ti-6Al-4V with TizAl + Ni/Cr/C + TiB,/Al,O5.
+ SiC/nano-CeQ,, and the results showed that the addi-
tion of 1.5 wt.% nano-CeO, could decrease the crack
tendency. Furthermore, nano-CeO, had a surface effect to
suppress the crystallization and growth of the crystals;
therefore, the 1.5 wt.% nano-CeO, coating exhibited
higher hardness as well as better wear resistance compared
with the 0 wt.% nano-CeO, coating and substrate. Liu et al.
(Ref 31) prepared TiC/Ti,Ni-reinforced Ti-based wear-re-
sistant coatings with Ti-6Al-4V 4 Ni60 + CeO, cladding
powders on Ti-8Al-1Mo-1V alloy surface, and they found
that appropriate amount of CeO, could effectively relieve
the residual stress, thus reducing the tendency of crack
formation in the coating. Moreover, CeO, could signifi-
cantly refine the microstructure, promote the homogeneity
of microstructure and enhance the coating wear resistance.
Therefore, CeO, provides an approach for improving the
forming quality and mechanical properties of the coating.

However, to the best knowledge of authors, the effect of
CeO, on the forming quality, phase, microstructure, ele-
ment distribution and tribological properties of Ni-based
composite coatings on Ti-6Al-4V is rarely reported.
Herein, the TiB, + TiC + Ti,Ni-reinforced Ni-based
wear-resistant laser-clad coatings were produced on Ti-
6Al-4V by coaxial powder feeding laser cladding with the
novel Ti-6Al-4V + Ni45 4+ NiCr-CrsC, + CeO, mixed
powders. The aim of this work was to ameliorate wear
resistance of Ti-6Al-4V and investigate the influence of
CeO, on the forming quality, phase composition,
microstructure, microhardness and tribological properties
of the coatings. We hope to provide some reference for the
research and application of Ni-based composite coating on
titanium alloy surface.

Experimental Procedures
Materials

Annealed Ti-6Al-4V alloy with the thickness of 10 mm
was selected as the substrate material, whose
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Fig. 1. Microstructure and EDS results of Ti-6Al-4V.

microstructure is shown in Fig. 1. It was clearly seen from
Fig. 1 that Ti-6Al-4V comprised of black o-Ti phase
(hexagonal close-packed structure, HCP) and bright white
B-Ti phase (body-centered cubic structure, BCC) (Ref 41).
The EDS results of o-Ti (Point 1) and B-Ti (Point 2) show
that Al element was mainly in o-Ti and V in B-Ti, and the
reason might be that Al is a stabilizing element for o-Ti
and has a high solid solubility in o-Ti phase (Ref 42), and
vice versa. The impurities and oxides on the substrate
surface were removed by surface sandblasting technology,
cleaned with absolute ethanol for 30 min and then placed
in a vacuum drying box for use.

The cladding materials selected were Ti-6Al-4V (gran-
ulometry of 20-150 pm), Ni45 (granulometry of
40-150 pm), NiCr-Cr;C, (granulometry of 50-150 um) and
CeO; (granulometry less than 50 pm) mechanically mixed
powders (see Table 1). The SEM morphologies of each
spherical powder are shown in Fig. 2. The elemental
composition of Ti-6A1-4V, Ni45 and NiCr-Cr;C, is shown
in Table 2.

Laser Cladding Experiment

Trudisk 4002 fiber laser was selected for laser cladding
experiment, of which the energy output was very stable and
the laser power (the maximum reaches 6000 W) was
continuously adjustable. The substrate was laser processed
by coaxial powder feeding method. The actual processing
and schematic diagram are presented in Fig. 3(a) and (b).
Helium (He) and argon (Ar) are used as powder feeding
gas and shielding gas during laser cladding, respectively. In
this study, the coaxial powder feeding laser cladding
technology adopted carrier gas (Helium) powder feeding
method, which could provide stable powder conveying
capacity of cladding materials by controlling the rotation
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Point 1

Table 1 Laser cladding material system ratio (wt%)

No. Ti-6Al-4V Ni45 NiCr—Cr3C2 CCOQ
0CeO, 20 70 10 0
2Ce0O, 20 68 10 2

rate of powder feeder. In addition, the helium has good
fluidity and can effectively avoid the oxidation of cladding
materials. During laser cladding, the laser beam, cladding
material and shielding gas (Argon) enter from the corre-
sponding channel of the nozzle and shoot out at the end of
the nozzle. The laser beam profile conforms to the Gaus-
sian distribution, presenting the characteristics of high
energy in the central region and low energy at the edge.
The laser beam passes along the central axis of the nozzle
and gradually converges. The cladding materials meet with
the laser beam at the nozzle under the action of gravity and
helium, and rapidly melt on the substrate surface to form a
molten pool. As the shielding gas, the density of argon is
close to the air and the fluidity of argon is poor, which is
easier to cover on the surface of molten pool to prevent the
oxidation of the laser-clad coatings. The optimized process
parameters are shown in Table 3.

The penetrant testing (PT) technique was used for
detecting the coating cracks. The cross-sectional mor-
phology was characterized with the help of optical micro-
scopy (OM, Leica DVM6, Germany). The x-ray diffraction
(XRD, SmartLab 9kw, Japan) was used to analyze the
precipitated phases in the composite coatings, with the
specific parameters: Cu target and Ko radiation with a
wavelength of 0.15406 nm, voltage of 40 kV, current of
150 mA, scanning velocity of 6°/min, scanning range of
10°-60°, 26 scanning step of 0.02°, time step of 0.15 s. The
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Fig. 2. Morphologies of each powder: (a) Ti-6Al-4V; (b) Ni45; (c) NiCr-Cr;Cs; (d) CeO,.

Table 2 Elemental

composition of Ti-6AI-4V, Nids Materials B C N (6] Si Al \'% Cr Fe Ni Ti

and NiCr-Cr;C, (wt%). Ti-6Al-4V ... 0.10 005 020 ... 55-68 3545 .. 030 ..  Bal
Nid5 3555 0306 ... .. 4565 .. 10-14 <5 Bal
NiCr-CrsCy ... 92-107 ... .. . Bal. .. 1822
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Fig. 3. (a) Actual processing; (b) schematic diagram.
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Table 3 Process parameters.

Parameters Value Unit
Power 900 "
Scanning speed 400 mm/min
Laser wavelength 1030 nm
Spot diameter 3.0 mm
Rotation rate of powder feeder 1.2 r/min
Gas flow rate of helium 7.0 L/min
Gas flow rate of argon 11.0 L/min
Focal length 16 mm
Overlap ratio 0.5 1
‘Normal load

<t
.‘:'O
3
§
&
s}
g

Fig. 4. Schematic diagram of reciprocating tribological properties
test process.

scanning electron microscopy (SEM, Hitachi S-3000N,
Japan) was used to observe the coating microstructure. The
energy-dispersive spectrometry (EDS, Oxford INCA Pen-
taFET-X3, UK) was applied to analyze the element com-
position of the constituents. The element distribution was
characterized by scanning electron microscopy (SEM, Carl
Zeiss Sigma 500, Germany) and field emission electron
probe x-ray microanalyzer (EPMA, JXA-8530F, Japan).
The microhardness was measured with a spacing of
0.1 mm by a microhardness tester (Wilson Tukon 2500,
USA) with a normal load of 9.8 N and a dwell time of 12 s.
The tribological properties were tested by a tribometer
(RTEC MFT-5000, USA) with a normal load of 100 N at
25 °C by a WC ball (D = 6 mm), the reciprocating wear
sliding velocity was 3.6 m/min, and the total distance was
5.4 m with a sliding time of 90 s. The schematic diagram
of reciprocating tribological properties test process is
shown in Fig. 4. A white-light interfering profilometer
(RTEC UP, USA) was applied to characterize the wear
parameters and worn surface morphologies.

@ Springer

Results and Discussion

PT Results, Surface and Cross-Sectional
Morphology

Figure 5 shows the PT results, surface and cross-sectional
morphology of the coatings. Figure 5(a) and (b) shows the
PT results and surface morphology of the coatings. It can
be clearly seen from Fig. 5(a) and (b) that the coating
macro-surfaces with different CeO, content were continu-
ous, uniform and flattened; moreover, no uplift and ablative
phenomena were observed. However, the PT results show
that there were a large number of oblique cracks on the
surface of the 0CeO, coating, which basically penetrated
the coating macro-surface and had a certain angle along the
cladding direction. The possible reasons for the formation
of cracks are as follows: (a) There are certain differences in
thermophysical properties between cladding materials and
substrate material, and laser cladding is a rapid melting and
solidification process; therefore, it is easy to generate a
stress concentration due to the thermal expansion and
contraction effect, thus causing the crack initiation (Ref
43). (b) During the rapid solidification process, the coarse
and developed dendrites or hard reinforcing phases have
strong structure collision, which will cause large residual
stress at the interface with different growth orientations and
form micro-cracks (Ref 44); then, the micro-cracks further
expand into macro-surface cracks as shown in Fig. 5(a).
From Fig. 5(b), the PT results show that no cracks were
found on the 2CeO, coating surface, indicating that the
addition of CeO, could effectively inhibit the crack initi-
ation. The satisfactory results can be explained as follows.
CeO, can refine the microstructure, enhance the convection
of molten pool, accelerate the homogeneity of coating
microstructure and finally reduce the stress concentration
phenomenon (Ref 31, 35-37). Therefore, the formation of
cracks is restrained or eliminated. Figure 5(c) and (d) il-
lustrates the cross-sectional morphology of 0CeO, and
2Ce0O, coatings. As seen in Fig. 5(c), the thickness of
0CeO, coating was about 1.20 mm, and there were obvious
penetrating cracks, which terminated at the interface
between the coating and substrate. The reason might be
that martensitic transformation was induced by thermal
stress in the heat-affected zone (HAZ), resulting in thermal
deformation and volume expansion, which led to the for-
mation of compressive stress and inhibited the further
propagation of cracks. Figure 5(d) shows that the thickness
of 2CeO, coating is about 1.25 mm, and the cross section
of the coating is free of cracks but a few visible micro-
pores. The formation of micro-pores might be attributed to
the following two reasons: (a) A small amount of reactive
gas generated in the laser cladding process could not
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Fig. 5. Surface qualities and PT ()
results for the coatings: :
(a) 0CeO.»; (b) 2Ce0,. Cross-
sectional morphology of the
coatings: (c) 0CeO,; (d) 2CeO,.
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Fig. 6. XRD results of the coatings.

escape from the molten pool due to its extremely fast
solidification speed; (b) the addition of CeO, enhanced the
convective stirring ability of the molten pool, resulting in a
small amount of gas involved in the molten pool. Mean-
while, it can also be seen in Fig. 5(c) and (d) that the fusion
line of the coatings presented a obvious wave-like transi-
tion. The reason is that the laser energy in the laser clad-
ding process conforms to the Gaussian distribution,
showing the phenomenon of more energy close to the
center and less energy in the edge. Therefore, the laser
energy absorbed in the bonding area was larger, increasing
the substrate melting amount, which showed a convex
feature in the bonding interface.

Phase Composition

Figure 6 shows the XRD results of the coatings with dif-
ferent CeO, content. From Fig. 6, it can be concluded that
the CeO, had no obvious effect on the phase composition,
and the coatings were mainly made up of TiC, TiB,, Ti,Ni
and o-Ti. However, a slight diffraction peak of Ce,O3, Cr,
Al and V was found in the 2CeO, coating. The formation
of Ce,03 was mainly due to the decomposition of CeO, (as
shown in Eq 4) at high temperature (Ref 45); then, the Ce
atoms reacted with the undecomposed CeO, to form Ce,O3
(as shown in Eq 5). Besides, the decomposition of CeO,
also indicated that the reactive gas O, might remain in the
2CeO, coating and form the micro-pores (as shown in
Fig. 5d). At the same time, it can be seen that the relative
intensity of diffraction peak for Ti,Ni was the highest,
while TiC and TiB, were relatively low. It is noteworthy
that the relative intensity of diffraction peak of o-Ti in
0CeO, coating was very low, and compared with 0CeO,
coating, that in 2CeQO, coating was further reduced.

During laser cladding, Ti-6Al-4V + Ni45 4 NiCr-Crj.
C, + CeO, cladding materials and the surface layer of Ti-
6AIl-4V melted simultaneously to form the high-tempera-
ture molten pool by reactions (1, 2, 3, 4 and 5), and then
TiC, TiB,, Ti,Ni precipitated from the molten pool by
reactions (6, 7 and 8), and finally, B-Ti was transformed
into o-Ti through phase transformation (9).

Ti — 6Al —4V — L (Eq 1)
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Fig. 7. Molar reaction Gibbs free energy curves (AG-T curve) of the
compounds.

Ni45 — L (
NiCr — CrsC, — L (
CeO; — L(Ce + O0—) (
L(CeO;, + Ce) — L + Ce,03 (Eq 5
L(Ti+B) — L + TiB, (
L(Ti+C) — L+ TiC (
L(Ti + Ni) — L + Ti,Ni (
L—B-Ti—oa-Ti (

According to XRD, the possible compounds between Ti,
Ni, C and B are mainly considered, including TiNi, Ti,Ni,
TiNis, TiC, TiB, TiB,, Ti3B4, NizC, NiB and NiyB3. Based
on the references (Ref 46), the molar reaction Gibbs free
energy curves versus temperature (AG-T curve) of most of
the above compounds are obtained, as shown in Fig. 7. As
seen in Fig. 7, the AG of NisC is always positive; thus,
NizC will not be generated spontaneously. Three kinds of
Ti-Ni intermetallic compounds (TiNi, Ti,Ni and TiNij3)
might be formed by the reaction between Ti and Ni, and
their molar reaction Gibbs free energies are all negative;
thus, all of them have a probability to generate sponta-
neously in the molten pool. Among them, TiNi3 has the
lowest AG and the highest possibility of spontaneous for-
mation. However, it is pointed out that Ti,Ni has the
strongest crystal structure stability than TiNi; and TiNi
(Ref 47), which might be the reasonable explanation for the
formation of numerous Ti,Ni precipitates in the coating.
The AG of TiC is negative, and Ti has a good affinity with
C (Ref 48); therefore, it is easy to in situ synthesize TiC.
For the Ti3By, the previous studies have proved that it was
extremely difficult to form under the rapid cooling condi-
tion (Ref 49, 50). The AG of TiB, is lower than TiB; thus,

@ Springer

B reacts with Ti preferentially to form the metastable phase
TiB,. Additionally, there is no enough time for TiB, to
react with Ti to form TiB during the rapid solidification
process. Considering that the affinity between B and Ti is
much higher than that between B and Ni, and B originates
from Ni45 powders, and the content of B is only 2.38-
3.85 wt.% in the cladding material system. Therefore, the
possibility for the formation of Ni-B compounds (NiB and
NiyB3) by the reaction of extra B element with Ni element
in molten pool is extremely low. As a consequence, TiC,
TiB, and Ti,Ni were finally formed in the coatings.
Ceramic phases TiC, TiB, and intermetallic compound
Ti,Ni are typical coating hard reinforcing phases, which
can remarkably improve the coating microhardness and
tribological properties (Ref 51-53).

Microstructure

Based on the microstructure, the laser-clad coatings were
divided into five typical regions: the cladding layer (CL),
overlapping zone (OZ), bonding zone (BZ), heat-affected
zone (HAZ) and substrate, as illustrated in Fig. 8. And
where CL-1, CL-2, CL-3 are the three adjacent cladding
tracks along the overlapping direction; OZ-1, OZ-2, OZ-3
correspond to the overlapping zone of CL-1, CL-2, CL-3,
respectively; D is the depth of cladding layer; W is the
width of heat-affected zone.

Figure 9 shows the microstructure of the coatings with
different CeO, content at each cladding track in CL and
OZ. It can be seen from the figure that the microstructure of
the coatings at each cladding track in CL (CL-1, CL-2 and
CL-3) and OZ (OZ-1, OZ-2 and OZ-3) was basically the
same in this study. The coating microstructure was rela-
tively coarse in CL, but fine and scattered in OZ. The
specific reasons are as follows: During laser cladding, the
heat accumulation could be occurred in the cladding layer,
and the molten pool had a slow heat dissipation and long
survival time, which is conducive to the microstructure
growth. However, a new molten pool was formed due to
the “reheating” effect of the next laser scanning in the
overlapping process, and the microstructure in the over-
lapping zone re-nucleated and re-grew. The overlapping
zone had a faster cooling rate because it was close to the
previous unmelted cladding track. At the same time, the
solid-liquid interface provided the heterogeneous nucle-
ation substrate, resulting in a relatively high nucleation rate
in the overlapping zone. In addition, the microstructure in
this region would be refined to a certain extent due to the
lack of enough time for the nucleus growing. It is worth
noting that the “reheating” effect promoted the further
dilution of the substrate to the coating, causing the scat-
tered microstructure. For the microstructure of 0CeO,
coating (see Fig. 9b), a large amount of dendritic phase
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Fig. 8. Schematic diagram of
the coating cross-sectional
morphology.
D
BZ Substrate HAZ
Overlapping direction
g}?:)sl: :1 f}?i;;;ﬁg: of each Spectrum Fraction Element composition
C Al Si Ti A% Cr Fe Ni
Point 1 (TiC) wt. % 18.62 0.66 020 7522 .. 1.06 0.44 3.80
at.% 4777 075 022 4839 ... 0.63 0.24 2.00
Point 2 (TiB,) wt. % 27.51 0.16 ... 64.84 386 275 .. 0.88
at.% 62.87 ... 0.14 ... 3344 187 131 .. 0.37
Point 3 (TiC,) wt. % 1238 205 068 69.07 1.11 386 099 9.86
at.% 36.11 266 085 5051 076 260 0.62 5.89
Point 4 (Ti,Ni) wt. % 1.48 126 052 5834 289 636 280 2635
at.% 5.90 223 090 5844 272 587 241 21.53
Point 5 (o-Ti) wt. % 2.09 1.02 021 7741 3.60 426 132 10.09
at.% 7.98 1.73 034 7401 324 376 1.07 7.87
Point 6 (TiC) wt. % 17.87 054 022 77.65 .. 077 ... 2.95
at.% 47.68 0.62 024 4923 .. 056 ... 1.67
Point 7 (TiB,) wt. % 26.35 64.70 426 3.89 .. 0.80
at.% 61.54 ... 3411 2.11 1.89 ... 0.35
Point 8 (TiC,) wt. % 1246 248 0.81 064.41 1.32 386 1.41 13.25
at.% 3638 322 1.01 47.10 091 2.60 0.88 7.90
Point 9 (Ti,Ni) wt. % 0.98 069 039 6143 3.01 547 252 2551
at.% 3.97 1.26 0.68 6264 288 514 221 21.22

(Point 1) and long rod-shaped phase (Point 2) with certain
orientation characteristics were distributed on the exposed
matrix phase (Point 5). The micron-spherical granular
phase (Point 3) was clearly observed, and the irregular
bulk-like phase (Point 4) formed the network grain
boundary structure. From Fig. 9(e), the microstructure of
2Ce0, coating was uniform and dense, and the coarse
dendritic phase and long rod-shaped phase obviously dis-
appeared. Instead, the coating was mainly composed of
petal-shaped phase (Point 6), short rod-shaped phase (Point
7), micron-spherical granular phase (Point 8) and dense
microporous irregular bulk-like phase (Point 9). The EDS
results of each phase in the coatings are listed in Table 4.
As seen in Table 4, the dendritic phase (Point 1) mainly
contains Ti and C with the atomic ratio close to 1:1; the
long rod-shaped phase (Point 2) and short rod-shaped phase

(Point 7) mainly contain Ti and B with the atomic ratio
close to 1:2; the micron-spherical granular phase (Point 3
and Point 8) mainly contains Ti and C; the irregular bulk-
like phase (Point 4 and Point 9) mainly contains Ti and Ni
with the atomic ratio close to 2:1; the matrix (Point 5)
primarily contains Ti, C, Al, Cr, V, Ni, Si and other ele-
ments, and the mass fraction of Ti element is more than
70 wt.%. Combined with XRD results, it can be deter-
mined that the phase of Point 1 was dendritic TiC, Point 6
was petal-shaped TiC, Point 3 and Point 8 were typical
micron-spherical granular vacancy-type TiC,, Point 2 and
Point 7 were rod-shaped TiB,, Point 4 and Point 9 were
irregular bulk-like Ti,Ni, Point 5 was continuous solid
solution matrix o-Ti.

It can be seen from Fig. 9(b) and (e) that when 2 wt.%
CeO, was added, the exposed surface area of matrix
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s Y

Point 6

)

g Roint 7.

Fig. 9. Microstructure of the coatings with different CeO, content at
each cladding track in CL and OZ: (a—c) microstructure of CL-1, CL-
2, CL-3 in 0CeO, coating; (d—f) microstructure of CL-1, CL-2, CL-3

decreased and the density of precipitated phase signifi-
cantly increased, which was consistent with the XRD
results. At the same time, the microstructure distribution
became more uniform, and TiC changed from coarse
dendrite to petal-shaped and granular, TiB, from long rod-
shaped to short rod-shaped, and Ti,Ni from irregular bulk-
like to microporous irregular bulk-like, which indicated
that the addition of CeO, significantly refined the
microstructure and promoted its homogenization. The
reason for the refinement of coating microstructure is that
the Ce atoms generated by CeO, decomposition are grain
boundary segregation elements, which will preferentially
diffuse and segregate at grain boundaries and dislocations,
reducing the Gibbs free energy of the system and the

@ Springer

Poifit 3

Point 8

in 2CeO2 coating; (g—i) microstructure of OZ-1, OZ-2, OZ-3 in
0CeO,; coating; (j-1) microstructure of OZ-1, OZ-2, OZ-3 in 2CeO,
coating.

driving force of grain growth, thus refining the
microstructure (Ref 31, 54). Moreover, the special physical
and chemical activity of Ce atoms can make it react with
other substances to form high melting point compounds,
which can become new nucleation particles to improve the
nucleation rate and finally refine microstructure (Ref
31, 54, 55). From Fig. 9(b) and (e), the coarse dendritic TiC
and long rod-shaped TiB, in the 0CeO, coating augmented
the probability of crack initiation to a certain extent and
increased the coating cracking tendency, which was con-
sistent with the PT results. However, it is worth noting that
the growth morphology of Ti,Ni in the coating had chan-
ged significantly; the microporous structure could make up
for the defects in mechanical properties and played a role
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Fig. 10. Microstructure of the
coatings with different CeO,
content in BZ, HAZ and
substrate: (a, c, e)
microstructure of BZ, HAZ,
substrate in 0CeO, coating; (b,
d, f) microstructure of BZ,
HAZ, substrate in 2CeO2
coating.
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of buffering and decompression, which was conducive to
minimize stress buildup and reduce the cracking tendency
along the grain boundary, thus avoiding the initiation and
propagation of coating cracks (Ref 56). Meanwhile, the
high refinement and uniform distribution of TiC and TiB,
also contributed to the reduction of stress concentration.
Therefore, a crack-free coating with 2 wt.% CeO, was
obtained.

Figure 10 shows the microstructure of the coatings with
different CeO, content in BZ, HAZ and substrate. From
Fig. 10(a) and (b), the coating microstructure of BZ was
mainly in the form of planar crystal, which was perpen-
dicular to the bonding interface. This is because the crystal
morphology of BZ is mainly controlled by the ratio G/
R (where G is the temperature gradient, and R is the crystal
growth rate) (Ref 6). In the bonding zone, G is larger, R is
smaller; thus, the G/R is relatively large (Ref 57). There-
fore, according to the classical constitutional supercooling
theory (Ref 58), the microstructure in the bonding zone was
typical planar crystal, which exhibited the characteristics of

directional solidification. Meanwhile, it was found that the
amount of TiC in the bonding zone obviously decreased.
The explanations of this phenomenon are as follows:
(a) BZ was close to the substrate, and the TiC was lacked
of sufficient growth conditions due to the fast cooling rate.
(b) The substrate had an obvious dilution effect on BZ;
thus, the C content provided by Ti-6Al-4V was limited.
(c) The relative atomic mass of B and C is smaller than Ni
element; thus, Ni tended to be enriched in BZ during the
convection of molten pool. Therefore, the C content of BZ
was much lower than that of CL and OZ, which led to the
insufficient growth driving force for TiC. From Fig. 10(c),
(d), (¢) and (f) and Fig. 11, it was found that the
microstructure of HAZ was mainly the acicular martensite
o’-Ti and its element composition was similar to that of
o + B dual phase in the substrate zone. In the heating
process of laser cladding, when the temperature of heat-
affected zone was higher than 882.5 °C, o-Ti transformed
into B-Ti by diffusion-type solid-state phase transformation
(Ref 59). During the cooling process, when the temperature
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Table 5 The depth of cladding layer and width of heat-affected zone for the laser-clad coatings at each cladding track.

Coatings Depth of cladding layer/um Width of heat-affected zone/pm

CL-1 CL-2 CL-3 Standard deviation HAZ-1 HAZ-2 HAZ-3 Standard deviation
Without CeO, 761 733 756 14.93 327 341 328 7.81
2 wt.% CeO, 777 795 782 9.29 359 355 364 4.51

(a) ponal

4
keV

Point 2

(d) gt

Fig. 11. EDS image of each phase: (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4.

dropped to 1670 °C, B-Ti precipitated (Ref 59). Normally,
as the temperature continued dropping to 882.5 °C, B-Ti
would undergo solid-state phase transformation, and then
o-Ti precipitated at the original grain boundary of B-Ti
(Ref 59, 60). However, the normal precipitation of o-Ti
from B-Ti might not occur due to the extremely fast cooling
rate of laser cladding in HAZ. Therefore, the diffusion-type
solid-state phase transformation was inhibited, and B-Ti
was transformed into acicular martensite of-Ti with HCP
structure by lattice shear manner. In addition, as the strong
o-stabilizing element, the slight diffusion of C atoms in
HAZ could promote the formation of acicular martensite
o/-Ti. Furthermore, it was difficult to distinguish o-Ti from
metastable phase o -Ti by XRD, given the same lattice type
and lattice constant (Ref 61). It was worth pointing out that
the atomic radius of Al, V and other alloy elements dis-
solved in acicular martensite o-Ti was smaller than that of
Ti, resulting in little lattice distortion, which would not
have a significant improvement for the coating hardness.
Table 5 shows the depth of cladding layer and width of
heat-affected zone for the laser-clad coatings at each
cladding track. It can be clearly observed that the depth of
CL-1, CL-2, CL-3 of 0CeO, and 2CeO, coating was 761,

@ Springer

733,756, 77, 795 and 782 um, respectively. It can draw a
conclusion that the depth of cladding layer increased when
added 2 wt.% CeO,. This phenomenon verified that the
addition of CeO, could increase the laser energy absorption
of the cladding material (Ref 62, 63), which implied that
additional energy input was provided indirectly. Moreover,
the surface active element Ce could drive the convection
center of the molten pool to move toward the substrate (Ref
64). Hence, more substrate was melted and caused larger
depth of the cladding layer. In addition, the standard
deviation of the depth of cladding layer for 2CeQO, coating
was smaller than that of 0CeO, coating, which indicated
that CeO, could promote the homogenization of the depth
of cladding layer. The variation of width of heat-affected
zone had a similarity to that of cladding layer.

Figure 12 shows the mapping surface scanning results of
micro-area in 0CeO, coating and Ti-C binary alloy phase
diagram. From Fig. 12(a), (b), (c) and (d), the C-rich area
was mainly distributed in the form of coarse dendritic
phase (Al) and micron-spherical granular phase (A3).
Combined with XRD, SEM and EDS, it can be determined
that A1 was the dendritic TiC and A3 was vacancy-type
TiC,. The final morphology of TiC in the coating is related
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Table 6 EPMA point analysis g0 @ ) Si Ti v . F Ni Ce
of the white particles.
wt% 0320 12.857 0.604 0231  7.687 0792 1483 0527 5.163 70336
at% 14025 443279 12538 04810 163415 06492 14926 05914 49385 28.5216

Table 7 Crystallographic data of Ce,O5 and TiC (Ref 72, 73).

Compound Structure Space group Lattice parameter, A Atomic position
a b c Atom X y z
Ce,03 Trigonal/rhombohedral P-3M1 3.941 3.941 6.182 Ce 0.3333 0.6667 0.2481
O 0.3333 0.6667 0.6447
O 0 0 0
TiC Cubic FM-3M 4.3275 4.3275 4.3275 Ti 0.5 0.5 0.5
C 0 0 0

to its crystal structure, thermodynamic and solidification
conditions. Based on the Ti-C binary alloy phase diagram
(Ref 59) (see Fig. 121), TiC precipitates firstly through a
homogeneous transformation of L — residual liquid phase
(L1) 4+ TiC. The molten pool is easily constitutionally
supercooled due to the high liquidus slope of TiC, leading
to the primary TiC growing up in the manner of dendrite
and forming the residual liquid phase (L1) + TiC dendrite;
furthermore, L1 provides the abundant space for TiC
growth; thus, the TiC finally grows to be coarse dendrites.
However, there are inevitably point defects, line defects
and surface defects in the actual crystals, which make the
atoms in TiC unable to occupy the ideal lattice node
position strictly, thus forming a non-stoichiometric com-
pound TiC, (where x is the stoichiometric ratio of C and
Ti), i.e., vacancy-type titanium carbide. Some studies
suggested that the value of x in vacancy-type titanium
carbide should be in the range of 0.47 and 1.0 (Ref 65-67).
In this study, the x of dendritic TiC and petal TiC is close to
1.0, which was considered as ideal TiC, (x = 1). The main
reason for the formation of vacancy-type TiC, (x # 1) in
0CeO, coating is that the diffusion ability of Ti and C
atoms decreased as the temperature and the supercooling
rate decreased; meanwhile, the driving force of nucleation
and growth of TiC was weakened. Therefore, the micron-
spherical granular vacancy-type TiC, (x # 1) was pre-
cipitated through low-temperature eutectic transformation
and solid-phase transformation. Figure 12(a), (b), (c) and
(e) shows that B element mainly distributed in the coating
in the form of short rod-shaped and circular spot-like
crystals. Combined with Fig. 9(b), it is clear that the long
rod-shaped phase was TiB,. In fact, the B-rich circular
spot-like phase was also long rod-shaped TiB,, but having
a certain angle with the observation surface of the coating.

TiB, has the hexagonal close-packed (HCP) structure,
which is easy to grow preferentially along the c-axis in the
crystallization process and finally forms a rod-shaped
structure (Ref 68). Figure 12(a), (b), (c), (g), (h), (j) and
(k) presents that the distribution of Al, Cr, Fe and Si was
coincident approximately with that of Ni element. Com-
bined with XRD, SEM and EDS, Ni primarily existed in
the form of Ti,Ni grain boundary structure and solid
solution in o-Ti matrix. Therefore, Al, Cr, Fe and Si had a
certain strengthening effect on the grain boundary and
matrix.

Figure 13 shows the quantitative results of micro-area
element distribution in 2CeQO, coating by EPMA. As seen
in Fig. 13(l), numerous white particles distributed uni-
formly in the coating from the backscattered electron
image. The EPMA point analysis results (see Table 6)
show that the white particles were mainly made up of Ce
and O elements with the atomic ratio close to 2:3. Com-
bined with Fig. 13(j) and (k), XRD and EDS, the white
particles can be determined as Ce,Os, which also verified
the thermal decomposition of CeO,. It can be seen from
Fig. 13(a) and (b) that C element distributed uniformly in
the coating in the form of petal-shaped and granular crys-
tals, which corresponded to petal-shaped and granular TiC,
in Fig. 9(e). Figure 13(a) and (c) shows that B element was
mainly distributed in the coating in the form of short rod-
shaped and circular spot-like crystals. Combined with
Fig. 9(e), the short rod-shaped phase was considered as
TiB,. In fact, the B-rich circular spot-like phase was also
short rod-shaped TiB, as aforementioned. From Fig. 13(d),
(e), (f), (h) and (i), Al, Cr, Fe and Si distributed basically
consistent with that of Ni element. Based on XRD and
EDS, Ni mainly existed in the form of microporous irreg-
ular bulk-like Ti,Ni or dissolved in o-Ti matrix, indicating
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Fig. 12. Mapping surface
scanning results of micro-area
in 0CeO, coating: (a) SEM,
(b) EDS-layered electronic
image, (c) Ti, (d) C, (e) B,
(H) Ni, (2) AL (h) Cr, O V,
(j) Fe, (k) Si, (1) Ti-C binary
alloy phase diagram.

TiC + graphite

20 30 40 50 60 70
Atomic percent carbon/%
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Table 8 Bramfitt’s planar lattice disregistry calculation of Ce,O3 and
TiC.

Matching faces (1010)Ce,05//(110)TiC

W]t o0, [0001] (1270 [1211]
[uvw]i, [110] [001] [T11]
0,° 0 0 2.747
P, 6.182 3.941 7.331
[vwlg 03
Ay > A 6.116 4.325 7.491
3, % 4.00

that Al, Cr, Fe and Si had a strengthening effect on Ti,Ni
and o-Ti matrix. Combined with XRD, the existence of Cr,
Al and V precipitates might be attributed to their limited
solid solubility in the Ni matrix. Moreover, Fig. 13(c),
(d) and (h) shows that the distribution of V was different
from that of Ni, except for the overlapping areas, the dis-
tribution characteristics of V-rich area and B-rich area were
basically consistent, indicating that V was segregated on
the short rod-shaped TiB, surface. Among them, Ni, Cr, V,
Fe and Si belong to B-stabilizing elements (Ref 61, 69, 70).
It was reported that a relatively high content of B-stabi-
lizing elements would increase the resistance of lattice
transformation, but laser cladding provided a large super-
cooling degree, which contributed to the martensitic
transformation of the [B-Ti. Interestingly, according to
Fig. 13(a), (b), (¢), (§), (k) and (1), the white Ce,O; particles
were mainly distributed around TiC, which might show
that Ce,O3; could be used as the nucleation substrate to
refine TiC.

Planar Lattice Disregistry Calculation of Ce,05
and TiC

At present, the rare earth oxides are widely considered as
an effective refiner for laser cladding. However, whether
Ce,05 can be used as the effective nucleation substrate to
trigger TiC heterogeneous nucleation still needs to be
evaluated by means of Bramfitt’s planar lattice disregistry
theory (Ref 71). The definition of Bramfitt’s planar lattice
disregistry theory is as follows (Ref 71):

3
hkl 1
w15

where (hkl), is the low-index crystal plane of the substrate,
(hkl), is the low-index crystal plane of the nucleation

cos@ d

uvw [wvw],

x 100% (Eq 10)

B,

phase, [uvw]! is the low-index direction in (hkl), [uvw]’ is
the low-index direction in (hkl),,, dp,. is the interatomic

spacing along [uvw], 0 is the angle between [uvw]’ and

[uvw]’, J is the planar lattice disregistry.

Figure 14(a) and (b) shows the crystal structure model of
Ce,0O5 and TiC. The crystallographic data of Ce,O5; and
TiC (Ref 72, 73), and Bramfitt’s planar lattice disregistry
calculation are listed in Table 7 and Table 8, respectively.
Figure 15 shows the crystallographic relationship of Ce,O3
and TiC.

From the above calculation results, the planar lattice
disregistry & between the interface (1010) of Ce,05 and the
interface (110) of TiC is 4.00%. According to Bramfitt’s
planar lattice disregistry theory, when ¢ is less than 6%,
heterogeneous nucleation is the most effective; thus, Ce,O3
can be used as nucleation substrate to refine primary TiC
effectively, which has the fine grain strengthening effect. In
addition, the relatively low disregistry shows that TiC and
Ce,O3 are easier to form a coherent interface, which is
conducive to the mutual matching of atoms at the interface
(Ref 74, 75); therefore, the bonding between the two
phases is firmer. Simultaneously, it is beneficial to release
the interface stress, thus reducing the residual stress in the
coating and improving the coating forming quality and
mechanical performance.

It is complex to refine the microstructure of laser-clad
coating by rare earth modification, which is not only
related to the ability of refining microstructure as nucle-
ation substrate, but also closely related to the crystal
structure and distribution characteristics of precipitates and
solute conditions. In this study, it was just proved that
Ce,05 could be used as nucleation substrate to refine TiC
based on the Bramfitt’s planar lattice disregistry theory.
However, we hope that this work can offer some experi-
mental and theoretical basis for the refinement mechanism
of Ce,0s.

Microhardness

Figure 16 illustrates the coating microhardness curves. As
shown in Fig. 16(a), the microhardness of non-overlapping
zone could be divided into four regions: cladding layer
(CL), bonding zone (BZ), heat-affected zone (HAZ) and
substrate. The average microhardness of 0CeO, coating
was 827 HV,, about 1.30 times higher than that of the
substrate (359 HV,). The average microhardness of 2CeQO,
coating was 993 HV,, and the coating microhardness
fluctuated more slightly than 0CeO, coating. The
improvement of the coating microhardness was mainly
attributed to the following aspects: (a) Numerous TiC, TiB,
and Ti;Ni reinforcing phases were in-situ synthesized,
which improved the coating microhardness. (b) Al, Cr, V,
Ni, Si and Fe had a strengthening effect. (c) The addition of
CeO, could significantly refine the microstructure and
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Fig. 13. EPMA element

distribution of 2CeO, coating.

(a) Ti, (b) C, (c) B, (d) Ni,
(e Al () Cr, (2) V, (h) Fe,
@ Si, (j) Ce, (k) O,

(1) backscattered electron
image.
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Fig. 14. Crystal structure
model of Ce,03 and TiC:
(a) Ce203, (b) TiC.

[1211]ce0;

Fig. 15. Crystallographic relationship of Ce,O5 and TiC.

promote the microstructural homogeneity, thus further
improving the microhardness and its distribution unifor-
mity. It can also be seen that the microhardness of HAZ
was only slightly higher than that of the substrate, indi-
cating that the weak strengthening effect of acicular
martensite of-Ti. Dumas et al. (Ref 76) mentioned that the
combination of ductile o-Ti with o-Ti phase was consid-
ered to be the origin of the work-hardening of dual-phase
titanium alloys, but the hardness of martensite o-Ti was
slightly higher or close to that of o-Ti (Ref 77); thus, the
ability of heat treatment to improve the hardness of Ti-6Al-
4V alloy was limited. As a contrast, the martensite o/-Ti in
titanium alloy could not significantly improve the strength
and hardness as martensite in steel. As shown in Fig. 16(b),
the average microhardness of OZ-1, OZ-2, OZ-3 for 0CeO,
and 2CeO, coatings was 814 HV, 815 HV;, 809 HV, and
980 HV,, 983 HV,, 979 HV,, respectively, but slightly
lower than those of CL. The decrease in hardness of OZ
was mainly attributed to the competition between
microstructure and dilution. The finer microstructure was
beneficial to improving the hardness. However, the dilution
of the substrate to the coating increased by the “reheating”
effect, which decreased the hardness of OZ. Therefore,
when dilution was dominant, the microhardness of OZ

decreased. Moreover, the microhardness distribution uni-
formity of OZ for 2CeO, coating was still better than that
of 0CeO, coating.

Tribological Properties

Figure 17 illustrates the white light interference wear
morphologies of the substrate and coatings. The wear pit of
the substrate was larger and deeper than that of the coat-
ings. The maximum wear depth of 0CeO, coating
(62.3 um) was lower than that of the substrate (100.8 pm),
and that of 2CeO, coating was the lowest. Figure 18(a) and
(b) shows the wear volume and friction coefficient curves
of substrate and coatings, respectively. From Fig. 18(a), the
wear volume of 0CeO, coating was 61.42 x 1073 mm?>,
about 2.54 times lower than that of the substrate
(153.81 x 107> mm?), and that of 2CeO, coating
(42.40 x 1072 mm®) was the smallest. Therefore, the wear
resistance of 2CeO, coating is the best. Based on the well-
known Achard wear model (Ref 78), when the sliding
distance and normal load remain constant, the wear volume
is inversely proportional to the hardness, that is, the lower
the microhardness is, the larger the wear volume is, which
is consistent with the microhardness tests. As shown in
Fig. 18(b), under the same wear test conditions, the average
friction coefficient of the substrate (0.349) was much lower
that of 0CeO, (0.425) and 2CeO, (0.354) coatings, which
indicated a better anti-friction performance of the substrate.
This phenomenon may be due to the large amount of heat
generated by friction and rolling in the process of periodic
wear of the substrate and coatings, which is easy to form
titanium oxide TiO, on the contact surface. Gardos et al
(Ref 79) pointed that TiO, had good self-lubricating
properties; thus, the formation of TiO, could significantly
reduce the friction coefficient. However, the random dis-
tribution of coarse dendritic TiC, long rod-shaped TiB, and
irregular bulk-like Ti,Ni in 0CeO, coating led to the
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Fig. 16. Microhardness curves: (a) microhardness of non-overlapping zone, (b) microhardness of overlapping zone.
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Fig. 17. White light interference wear morphologies of the Ti-6Al-4V substrate and coatings: (a) substrate, (b) 0CeO, coating, (c) 2CeO,

coating.

unstable coating performance, which was easy to induce
the stress concentration. As a result, the crack initiation and
propagation were probably to occur in the lubrication film
and finally would destroy the TiO, lubrication film formed
on the contact surface, which made the lubrication film
instable. Therefore, the friction coefficient of the 0CeO,
coating is higher than that of the substrate. Meanwhile, the
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microstructure in 2CeO, coating was more uniform and
dense. Moreover, the size of microporous Ti,Ni of 2CeO,
coating was approximately in the range of 1-8 pm, which
provided living space for the retention of TiO, and abrasive
particles. Through frictional heating, the solid lubricant
TiO, softened, deformed and was extruded on the contact
surface to form the lubrication film or preserved in Ti,Ni
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Fig. 18. Wear volume and friction coefficient curves of the substrate and coatings: (a) wear volume, (b) friction coefficient curves.

micropores. When the TiO, lubrication film existed on the
contact surface, the friction mainly occurred between the
lubrication film and the counterpart (WC ball). As the
lubrication film was gradually consumed, Ti,Ni, TiC and
TiB,, which played a role of “skeleton”, began to be worn.
Simultaneously, the preserved TiO, was extruded out of the
micropores, and a lubrication film was reformed to reduce
the friction. Therefore, the “Formation—Consumption—Re-
formation” mechanism of TiO, lubrication film for 2CeO,
coating was helpful to reduce the damage of the TiO,
lubrication film and was beneficial to its homogeneous
spreading; thus, the friction coefficient of 2CeQO, coating is
lower than that of 0CeO, coating.

Figure 19 shows the wear surface morphology of the
substrate and coatings. Figure 19(a), (d), (g) and (j) indi-
cates that the surface of substrate was seriously worn, and
the wear surface was uneven and rough with many deep
grooves and clearly visible delamination. At the same time,
due to the periodic change of the stress during the wear
test, the Ti-6Al-4V substrate surface was pulled up, and a
large area of spalling occurred on the wear surface,
accompanied by obvious plastic deformation. Hence, the
wear mechanism of the substrate was severe abrasive wear
pattern and adhesive wear pattern. For the 0CeO, coating
shown in Fig. 19(b), (e), (h) and (k), it was noted that the
coating wear surface was relatively smooth, the grooves
were shallow and the spalling phenomenon was obviously
weakened. Moreover, there was a large amount of debris
agglomerating on the coating wear surface. Therefore, the
0CeO, coating exhibited an abrasive wear pattern. Fig-
ure 19(c), (f), (i) and (I) shows that the wear surface was
smoother, the smaller powder-like wear debris on the
2CeO, coating wear surface was uniformly dispersed with
no bulk-like spalls and plastic deformation, and there were
numerous clearly visible and shallow grooves; thus, the
coating exhibited a typical abrasive wear pattern. During
the reciprocating sliding process against the WC ball, the

uniform reinforcing phases were extruded and rolled into
finer powder-like abrasive particles; the continuous
microporous Ti,Ni structure provided the embedding space
for the abrasive particles, alleviated the stress concentra-
tion at the wear interface and increased the stability of the
coating performance. Therefore, the debris aggregation
phenomenon was obviously weakened, and the main fea-
ture was the smaller and more uniform grooves. Compared
with the substrate, the coatings had higher microhardness,
which greatly reduced the plowing effect of the WC ball on
the coatings. Meanwhile, the addition of CeO, refined the
microstructure, improved the uniformity of microstructure
and reduced the cracking sensitivity, thus significantly
ameliorating the wear resistance of 2CeQO, coating.

Conclusions

1. Ni-based laser-clad coatings were successfully fabri-
cated on Ti-6Al-4V alloy by Ti-6Al-4V + Ni45 +
NiCr-Cr;C; + CeO, mixed powders. The addition of
CeO, had no obvious effect on the phase composition
of the coatings, which mainly included TiC, TiB,,
Ti,Ni and o-Ti, but Ce,O3; was found in 2CeO,
coating.

2. With the addition of CeO,, the coating surface cracks
were effectively eliminated, but the micro-pores
appeared. The coating microstructure was significantly
refined, uniform and dense, and the exposed surface
area of matrix decreased. Uniformly dispersed Ce,O;
particles formed by the decomposition of CeO, in the
coating were mainly distributed around TiC.

3. The planar lattice disregistry ¢ between the interface
(10 1 0) of Ce,O5 and the interface (110) of TiC was
4.00%, and Ce,O5; could be used as the nucleation
substrate to effectively refine the TiC.
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Fig. 19. Wear surface morphology of the substrate and coatings: (a, d, g, j) substrate, (b, e, h, k) 0CeO, coating, (c, f, i, 1) 2CeO, coating.

4. With the addition of CeQ,, the microhardness was
increased, and the wear volume and friction coefficient
were decreased. The wear resistance of the coatings
was remarkably higher than the substrate. 2CeO,
coating exhibited the best wear resistance and anti-
friction properties compared with 0CeO, coating and
exhibited an abrasive wear pattern.
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