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TiC/Co-based composite coatings with different CeO> contents were successfully fabricated on 9Cr
ferritic steel by laser cladding. The effects of CeO2 on microstructure, corrosion and wear resistance of
laser cladded TiC/Co-based composite coatings were investigated systemically. X-ray diffractometer
(XRD) results showed that the coating layers consisted of four types of intermetallic phases, y-Co, TiC,
TiWC; and Cr23Cs. TiC and TiWC; precipitates played a significant role in the corrosion and wear
resistance of the cladding layer. Energy dispersive spectrometer (EDS) analyses indicated that the TiC
is coated by the TIWC,. The rare earth oxides could act as the nucleation positions for precipitates.
Furthermore, the morphology and distribution of precipitates were significantly affected by CeO:
additions. The corrosion resistance, micro-hardness, and wear resistance of the composite coatings
increased first and then decreased as CeO> content increased. Appropriate addition of CeO> (1.5 wt.%)
could lead to the refinement and uniform distribution of precipitates, resulting in the improvement of
the corrosion resistance, hardness, and wear resistance. Excessive addition of CeO could cause the
accumulation of some precipitates, resulting in the uneven distribution of precipitates again, thereby
reducing the corrosion resistance, hardness, and wear resistance of the cladding layer.

Keywords: TiC/Co-based composite coating, CeO., Microstructure, Corrosion resistance, Wear
resistance

1. INTRODUCTION

Laser cladding is a surface engineering technology by depositing cladding materials on the
surface of substrates under the action of high energy laser. It has become a promising technology in the
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field of surface engineering, owing to the advantages in excellent wear resistance, corrosion resistance
and oxidation resistance [1-3]. Fe-based, Ni-based, and Co-based powders are the most commonly
used cladding materials. Guo et al. [4] fabricated a Fe-based coating with nano-scale bainitic
microstructure using laser cladding, and found that the nano-structured bainitic ferrite and carbon-
enriched retained austenite were distributed uniformly in the coating. Verdi et al. [5] reported that the
laser cladded Inconel 625 coatings exhibited higher adhesion to the substrate, and the coatings
improved the superficial hardness of the specimens. Zhao et al. [6] studied the microstructure and
mechanical properties of Co-based alloy coatings fabricated by laser cladding, the micro-hardness of
the laser cladding coatings was up to 1200 HVo., and the high-temperature wear resistance was also
excellent. Although laser cladding is an effective way to improve the quality of component surface, it
is difficult to avoid the formation of defects such as cracking and holes [7]. Thus, the application of
laser cladding in some special fields is still restricted.

Rare earth elements have significant impacts on cladding layers, which can refine the
microstructure, improve the properties, and reduce the cracking sensitivity of coatings [8,9]. Sharma et
al. found that La>O3 could refine the microstructure of Ni-based alloy cladding layer, and improve the
wear resistance [10]. Ding et al. [11] reported CeO> could result in the formation of fine dendrite and
equiaxed grains in Co-based coating, and increase the hardness and wear resistance. Recently, ceramic
metal composite coatings have attracted considerable attention because of their better thermal stability,
wear resistance, erosion resistance, good oxidation resistance and mechanical properties compared to
metal cladding layers [12-15]. Li et al. [16] proved that WC could improve the hardness and abrasive
resistance of laser cladding coatings. Savalani et al. [17] found that the TiC/Ti-based laser cladding
composite coatings possessed high micro-hardness and excellent wear resistance. Cai et al. [18]
investigated the effect of TiC/Al.Oz composite ceramic on laser cladding Ni60 coatings. The results
indicated that the ceramic particles significantly improved the wear resistance of the coating, while
excessive ceramic particles addition could result in the information of cracks in the coating. Up to now,
the effect of rare earth elements on the metal cladding coatings has been widely investigated. However,
the effect of rare earth elements on the ceramic metal composite coatings remains to be further
explored.

This work is aimed to investigate the effect of CeO> on microstructure, corrosion resistance,
hardness, and wear properties of laser cladded TiC/Co-based composite coatings. The results can
provide guidance for the application of rare earth in laser cladded ceramic metal composite coatings.

2. MATERIALS AND EXPERIMENT METHODS

2.1 Sample Preparation

9Cr ferritic steel samples with dimensions of 80x50x10 mm?® were used as a substrate during
laser cladding process, and the chemical compositions are shown in Table 1. Stellite 6, a Co-based
alloy powder, was selected as the laser cladding material. A certain amount of TiC particles was added
into Stellite 6 powder as the strengthening phase (the weight ratio between TiC and Stellite 6 was 1:9).
Table 2 presents the chemical compositions of Stellite 6, and the purity of the powder is higher than
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99.5%. In addition, CeO. was added into the mixed powder composed of Stellite 6 and TiC with
different amounts of 0 wt.%, 0.5 wt.%, 1.5 wt.%, and 3 wt.%, which were marked as 1#, 2#, 3# and 4#,
respectively. The morphology and X-ray diffractometer (XRD) pattern of the original powders are
shown in Figure 1. The specific proportion of the complete laser cladding powder is shown in Table 3.

Finally, the cladding powders were mixed uniformly.

Table 1. Chemical compositions of the 9Cr ferritic steel in wt.%

C Cr w Mo Mn Si V Nb Fe

0.1 8.93 1.5 0.94 0.44 0.3 0.22 0.07 Bal.

Table 2. Nominal chemical compositions of Co-based alloy powder in wt.%

C Cr W Ni Fe Mo Si Co
1.0 29.7 4.8 25 2.0 1.0 0.8 Bal.
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Figure 1. SEM morphologies (a, ¢, €) and XRD analysis (b, d, f) of original powders: (a) and (b) Co-
based alloy powder, (c) and (d) TiC powder, (¢) and (f) CeO, powder

Table 3. Chemical compositions of cladding layer powders in wt.%

Group CeO; TiC+Stellite 6 (Ratio:1/9)

1# 0 100
2# 0.5 99.5
3# 1.5 98.5
44 3 97

The schematic diagram of laser cladding is presented in Fig. 2. Before the laser cladding,
substrates were ground by a series of SiC papers, followed by an ultrasonic cleaning with acetone and
alcohol. After that, the cladding powders were mixed with alcohol and the concentration of the
powders was similar to the cream. Finally, the cladding powders were coated on the surface of the
substrate by laser. The JK2003SM type Nd: YAG laser equipment was used to prepare the cladding
layer, and the laser cladding parameters are shown in Table 4.

Argon gas Laser

Preset powder Cladding layer

Substrate

Advancing direction
S

CNCtable

Figure 2. Schematic diagram of laser cladding
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Table 4. Laser cladding parameters

Laser output power (W) 1600
Laser beam scanning velocity (mm/min) 180
Laser beam diameter (mm) 0.8
Argon flow rate (mL/min) 20
Overlap ratio (%) 30

2.2 Microstructure analysis

The samples after the laser cladding experiments were cut from the transversal cross-sections
of the coating. The phase constitution in coatings was identified by XRD. The evolution of
microstructure was investigated using optical microscope (OM) and scanning electron microscope
(SEM). The worn surface of the composite coating was also studied by SEM.

2.3 Electrochemical measurements

The corrosion behaviors of the coatings were investigated using electrochemical impedance
spectroscopy (EIS) by an Autolab 302N electrochemical workstation. The EIS measurements were
conducted with a three-electrode system. The encapsulated specimens were used as working electrode
with an exposed area of 1 cm? A platinum plate was used as counter electrode and an Ag/AgCl
electrode (saturated with KCI) was served as reference electrode. The electrolyte solution used in the
measurements was 3.5 wt.% NaCl solution at room temperature. EIS measurements were carried out at
the open circuit potential with the frequency from 10° Hz to 0.01 Hz. The amplitude was set as 10 mV.

2.4 Micro-hardness and wear resistance measurements

The micro-hardness distribution of the coatings was measured using an MHV2000 type digital
micro-hardness tester with a 100 g load and 10 s dwell. The wear resistance tests were carried out on
an MM-200 dry sliding wear tester with a rotate rate of 200 r/min and a load of 49 N for 120min. The
size of wear test specimens was 25x7x7 mm.

3. RESULTS AND DISCUSSION

3.1 Phase identification of TiC/Co-based composite coatings

Fig.3 shows the XRD spectra of laser cladded TiC/Co-based composite coatings with different
CeO- contents. It can be found that the all the TiC/Co-based coatings are composed of the same solid
solutions and hard particles phases, y-Co, TiC, TIWC; and Cr23Cs. The phase composition of cladding
layers was independent upon the CeO> contents, and no CeO> or new phases containing cerium were
observed with the addition of CeO», which could be explained by the small amount of CeO> addition
[19]. y-Co is a high-temperature phase retained in the cladding layers due to rapid cooling. High levels
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of Cr and W in Co-based alloy power, combined with the decomposition product of original TiC
particles under the action of laser, lead to the formation of TiC, TiWC; and Cr23Ce.
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Figure 3. XRD patterns of TiC/Co-based composite coatings with different CeO. contents
3.2 Microstructure characteristics of TiC/Co-based composite coatings

Fig.4 shows the microstructure of TiC/Co-based composite coatings with different CeO>
contents. The microstructure adjacent to the top surface exhibits equiaxed grains, as shown in Fig. 4(a),
Fig. 4(c), Fig. 4(e) and Fig. 4(g). The columnar grains appear at the bonding interface, as shown in Fig.
4(b), Fig. 4(d), Fig. 4(f) and Fig. 4(h). The forming of grains with different morphologies in the
cladding layer is related to the heat dissipation effect. At the bonding interface, G (temperature
gradient) is large enough, R (solidification rate) tends to 0, and the G/R ratio tends to infinity.
Columnar grains are obtained due to the highest speed of heat dissipation along the normal direction of
the substrate. The cooling rate decreases significantly as the substrate temperature increases, and the
G/R value decreases as the temperature gradient drops. The heat dissipation speed decreases at the later
stage of molten pool solidification. The G/R value becomes smaller with the decrease of G and the
increase of R [20,21]. Furthermore, the impurities existed on the surface of the molten pool can act as
nucleation sites under the strong stir effect of laser. As a result, the grains close to the top of the
cladding layer exhibit equiaxed.

As shown in Fig. 4(a) and Fig. 4(b), the size and distribution of precipitated particles are
extremely uneven when the CeO- content was 0 wt.%. The size of precipitates varies greatly, and the
precipitates exhibit irregular shapes and a certain degree of aggregation. With the increase of CeO-
content, the precipitates are gradually distributed homogeneously on the matrix metal, and the size
tends to be uniform, as shown in Fig. 4(c), Fig. 4(d), Fig. 4(e) and Fig. 4(f). The morphology of the
hard precipitated particles change from dendrites to particles as the CeOz content increases from 0
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wt.% to 0.5 wt.% and 1.5 wt.%. However, the precipitated particles are aggregated, as circled in Fig.
4(g) and Fig. 4(h), and the distribution becomes uneven again when the CeO> content increases to 3
wt.%. The excessive addition of rare earth element can lose the spheroidisation and refinement effects
on the hard precipitated particles [22]. Besides, the grain coarsening was also observed, as shown in
Fig. 4(g) and Fig. 4(h). The grain boundaries are polluted by the excessive rare earth element addition,

and weakens the restriction to the grain growth [21].

M 200
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Figure 4. Microstructure of TiC/Co-based composite coatings: (a) and (b) 0 wt.% CeO3, (c) and (d) 0.5
Wt.% CeO, (e) and (f) 1.5% wt.% CeO, (g) and (h) 3% wt.% CeO:

Fig. 5 and Fig. 6 show the energy dispersive spectrometer (EDS) analyses of the precipitated
particles morphology and element distribution in laser cladded TiC/Co-based composite coatings with
and without CeO> additions, respectively. The elemental segregation is clearly revealed in the EDS
mapping results. Although the area of W, Ti and C in EDS mapping analyses is almost the same, the
content of W and Ti is obviously different in dark grey and light grey areas of SEM images, as shown
by EDS mapping analyses and point analyses in Fig. 5 and Fig. 6. By EDS and XRD analyses, it can
be determined that the cladding layers consist of y-Co, reticulated eutectic carbide Cr23Ce, TiC and
TiWC:; precipitated particles regardless of the CeO2, and TiC is coated by the TIWC,. TiC powder has
higher absorption of laserenergy [23]. Original TiC particles are decomposed into Ti and C by high
energy laser beam, interacting with W in the Co-based alloy powder to form TiC and TiWC;
precipitated particles, and C combined with Cr in the Co-based alloy powder to form Cr23Cs, which is
consistent with the XRD result in Fig. 3. Comparing Fig. 5 and Fig. 6, it can be clearly found that the
morphologies of the TiC and TiWC; particles are different. The TiC and TiWC: precipitates in Fig.5
are aggregated, while the TiC and TiWC: in Fig.6 are individually nucleated. TiC and TiWC;
precipitated particles with CeO, addition are finer, as shown in Fig. 6, Fig. 4(c), Fig. 4(d), Fig. 4(e) and

Fig. 4(f).
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Point 1| Point 2

Figure 5. EDS analyses of the precipitated particles morphology and element distribution in TiC/Co-
based composite coating without CeO-

Point 3 Point 4

Figure 6. EDS analyses of the precipitated particles morphology and element distribution in TiC/Co-
based composite coating containing CeO:

Fig. 7 shows the EDS analyses of the square region in Fig. 6 under the high magnification
scanning microscope. As shown in Fig.7, in the cladding layer with CeO, addition, the center of TiC
and TiWC; particles is rich in Ce and O element, and the other areas of TiC and TiWC particles
mainly contain Ti element, W element and C element. It can be inferred that the core of TiC and
TiIWC; particles is Ce oxide. This indicates that Ce oxide can be used as a nucleation position for hard
precipitates. Although aportion of CeO, decomposed during laser cladding, the rare earth Ce had
strong chemical activity and appetency with O [24]. The newly formed or unmelted Ce oxide particles
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in the coatings can act as heterogeneous nucleation sites in the melting pool because of their high
melting point, and reduce the nucleation energy as well as improve the nucleation rate. At the same
time, Ce element is beneficial to reduce the interfacial energy, surface tension and critical nucleation
energy [25]. Therefore, an appropriate amount of CeO addition will increase the formation of TiC and
TiIWC; precipitated particles and refine the particles size.

Figure 7. EDS analyses under the high magnification scanning microscope of the square region in Fig.
6

3.3 EIS results of TiC/Co-based composite coatings

Fig. 8 shows the impedance responses of TiC/Co-based composite coatings with different CeO>
additions exposed to the 3.5 wt.% NaCl solution. Fig. 8(a) and Fig. 8(b) are the Nyquist plots and the
Bode plots, respectively. As shown in Fig. 8(a), the Nyquist plots display the characteristic of
depressed capacitive loops. The diameters of the capacitive loops are relatively similar. As shown in
Fig. 8(b), the values of |Z|=0.01 1, are also similar with magnitude of 10%, indicating that with the CeO;
addition of 0 wt.%, 0.5 wt.%, 1.5 wt.%, and 3 wt.%, the four TiC/Co-based composite coatings have
excellent corrosion resistance. Furthermore, for all the coatings, the characteristic of two time
constants can be recognized from the phase peaks as shown in the Bode plots.

Fig. 9 shows the equivalent circuit to extract the electrochemical parameters, Rs is the solution
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resistance, Ro, fim IS the resistance of the oxide film on coating surface, Rct is the charge transfer
resistance of the TiC/Co-based composite coating, Qo, fim and Qc are the constant phase elements
corresponding to the Ro, fim and Rt respectively [26]. The fitted results of parameters are displayed in
Table 5.

As shown in Table 5, for the CeO; addition of 0 wt.%, 0.5 wt.%, 1.5 wt.%, and 3 wt.%, the
values of R, fim are close to each other in a range of approximately 1000 Q-cm?, indicating a similar
ability of generating oxide film on the coating surface. The value of R increases as the CeO2 addition
increases from 0 wt.% to 1.5 wt.%, and then decreases. The largest Rc: appears at the CeO; addition of
1.5 wt.% (15.28 kQ-cm?). The order of R for coatings with different CeO, additions is 1.5 wt.%>3
wt.%>0.5 wt.%>0 wt.%. The difficulty of charge migration in the coating is gradually reduced in the
above order. The TiC/Co-based composite coating with 1.5 wt.% CeO. can hinder the charge migration
most effectively, which is related to the high density TiC and TiWC, uniformly distributed on the
coating surface. He et al. [27] reported that the particle size of TiC is small and the concentration is
high, the corrosion resistance of the TiC/TiAl composite coating is relatively good. Thus, the TiC/Co-
based composite coating with CeO» addition of 1.5 wt.% shows the most excellent corrosion resistance.
The corrosion resistance decreases in the order of 1.5 wt.%>3 wt.%>0.5 wt.%>0 wt.%. This is also
consistent with the findings of Zhang et al., namely, the appropriate addition of CeO> can improve the
corrosion resistance of TiC-VC reinforced Fe based laser cladding layers, while excessive CeO-
addition will lead to a decrease in corrosion resistance [28].
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Figure 8. Electrochemical impedance spectra for TiC/Co-based composite coatings with CeO:
additions of 0 wt.%, 0.5 wt.%, 1.5 wt.%, and 3 wt.% in the 3.5 wt.% NaCl solution. (a) Nyquist
plot, (b) Bode plots
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Figure 9. Equivalent circuit used for EIS fitting analysis

Table 5. Electrochemical impedance parameters for TiC/Co-based composite coatings with CeO:
additions of 0 wt.%, 0.5 wt.%, 1.5 wt.%, and 3 wt.%

Parameters
No. Rs Qo film Ro, film Qc Rt Chi-square
(Q-cm?) “ (uF-em?)  (kQ-cm?) * (uF-cm™) (kQ-cm?) (x109)
1# 8.3 0.86 60.7 2.02 0.37 78.3 11.11 0.348
2# 6.0 0.88 47.5 1.95 0.59 189.2 13.53 0.392
3# 8.2 0.86 67.9 1.03 0.56 223.6 15.28 0.382
A# 9.5 0.84 71.2 1.26 0.58 195.6 14.03 0.235

3.4 Hardness of TiC/Co-based composite coatings

Fig.10 shows the micro-hardness distribution of TiC/Co-based composite coatings with
different CeO; additions. As shown in Fig. 10, the hardness of the cladding layer is extremely sensitive
to the rare earth element content. As the rare earth element content increases, the hardness of the
cladding layer gradually increases. When the cladding layer contained 0 wt.% CeOg, the hardness
value of the cladding layer was low, and the distribution was not smooth. The micro-hardness changes
in the cladding layer are large, since the size and distribution of precipitated particles were extremely
non-uniform. When the CeO:> content was 1.5 wt.%, the hardness of the cladding layer was the highest,
which is ascribed to thelargest number density of TiC and TiWC; precipitated particles. Yet the
hardness of the cladding layer decreased when the CeO- content reached 3 wt.%. Under this condition,
the TiC and TiWC: precipitated particles aggregated and the size distribution became uneven again
compared to the cladding layer containing 1.5 wt.% CeOz. Therefore, the morphology and distribution
of TiC and TiWC: precipitated particles play a decisive role in the change of hardness of the cladding
layer. The more uniform and fine the TiC and TiWC; precipitated particles are, the higher the hardness
of the cladding layer will have. Other rare earth oxide has the analogous report. Li et al. [29] found that
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adding Y203 can improve the hardness of laser cladded TiB/TiC-reinforced composite coatings,
because the addition of Y203z improves the microstructural uniformity, and increases the volume
fraction of TiC.
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Figure 10. Micro-hardness distribution of the composite coatings with different CeO2 contents

3.5 Wear resistance of TiC/Co-based composite coatings

It is well acknowledged that the wear resistance of the coating is largely determined by the
microstructure and micro-hardness [30]. Especially the size and distribution of hard phase particles
have a significant effect on the wear resistance of the coating [31]. Fig.11 shows the worn losses of
laser cladded TiC/Co-based composite coatings with different CeO, contents. The wear volume can be
determined through the following equation [32]:

v =| Raresin(B0) (%) R (34 |-

where V is the wear volume, B is the width of specimens (mm), L is the width of wear track
(mm) and R is the outer radius of wear ring (mm).

As shown in Fig.11, the wear volume and wear mass of cladding layer decrease firstly and then
increase with the increase of CeO> contents. The cladding layer with 1.5 wt.% CeO> has the minimal
wear losses, exhibiting the optimum wear resistance. However, the wear resistance decreases when the
CeO- content reached 3 wt.%.
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Figure 11. Wear losses of the composite coatings with different CeO> contents

Fig.12 shows the worn surfaces of laser cladded TiC/Co-based composite coatings with
different CeO, additions. As shown in Fig. 12(a) and Fig. 12(b), there are a large amount of flaking and
craters in the coating containing 0 wt.% CeO- after wear test, accompanied by deep ploughings. The
main reason was the un-homogeneous size and distribution of TiC and TiWC: precipitated particles,
which could lead to the grinding wheel micro-convex peak to come into contact with the matrix more
easily, causing the wear of the coating. As the CeO content increased to 0.5 wt.%, the coating wear
zone became flat, and the particle flaking phenomenon and craters were reduced. No evidence for the
flaking, and the ploughing was smaller and weakened when the CeO> content was 1.5 wt.% compared
to other coating layers, as shown in Fig. 12(e) and Fig. 12(f). This is mainly because the dispersion
strengthening effect from CeO. addition increased the hardness of the coating layer. The TiC and
TiIWC particles distribution were more uniform, as shown in Fig. 4(e) and Fig. 4(f), and the depth of
the grinding wheel micro-convex peak embedded in the coating was relatively reduced when wear test
was carried out, so that the coating was more resistant to wear. When the CeO- content was 3 wt.%, a
small amount of ploughing appeared on the surface of the worn sample, and there were a few craters
on the worn surface due to material flaking, as shown in Fig. 12(g) and Fig. 12(h). This is due to the
excess CeO» caused the aggregation and uneven distribution of TiC and TiWC; particles, and reduced
the dispersion strengthening effect of TiC and TiWC: precipitated particles. Liu et al. [33] studied the
effect of La,Os3 on the wear resistance of laser cladded y/Cr7;Cs/TiC composite coatings, and obtained
similar results. Adding an appropriate amount (4 wt.%) of La>O3z can improve the wear of coatings,
because the addition of La,Os decreases the volume fraction of primary blocky Cr;Cz to CrCaly
eutectics, however, excessive addition of La>O3z will deteriorate the wear resistance of the coating.
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4. CONCLUSIONS

In this work, the laser cladded TiC reinforced Co-based coatings with different CeO> contents
were successfully prepared. Effects of CeO> on microstructure, corrosion resistance, hardness, and
tribological behavior of coatings have been studied. The following conclusions can be drawn:

(1) Small addition of CeO would not affect the phase composition of TiC/Co-based composite
coatings, and the coatings were composed of y-Co, TiC, TiWC; and Cr23Ce phases.

(2) CeO; addition could change the morphology and distribution of TiC and TiWC: precipitated
particles, the morphology of the TiC and TiWC: changes from dendrites to particles with the addition
of CeOa.

(3) Ce oxide can act as a nucleation position for hard precipitates, and appropriate CeO>
addition could spheroidise and refine the TiC and TiWC; precipitated particles.

(4) The TiC/Co-based composite coating with the optimum addition of CeO. (1.5 wt.%)
exhibits the most excellent corrosion resistance, micro-hardness, and wear resistance.
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