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Abstract: The high-entropy alloy composite coatings AlCu,Ti(NiCr),-(WC)_ (x denotes powder feeding speeds, including 0, 25, 50,
and 75 r/min) were prepared by plasma cladding using a hybrid mode of AlCu,(NiCr),Ti cable-type welding wire (CWW) and

tungsten carbide (WC) powder. The effect of WC powder feeding speed on the microstructure, hardness, and wear properties of the

prepared coatings was investigated. The results show that the coatings consist of body-centered cubic main phases and face-centered

cubic secondary phases, with carbide reinforcement phases formed due to the addition of WC. The hardness and wear resistance of the

coatings are significantly improved compared to the TC11 substrate. When WC powder feeding speed is set at 50 r/min, the coating

exhibits optimal wear resistance, with a minimum volume wear rate of 8.5869x10° mm’-N "-m', greatly improving the wear

properties of TC11 surface. The coincident CWW-powder plasma cladding provides a viable method for the preparation of high-

entropy alloy composite coatings with enhanced wear resistance.
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1 Introduction

The TCI11 (Ti-6.5A1-3Mo-1.5Zr-0.25Si) titanium alloy
exhibits remarkable characteristics, such as low density, high
strength, and exceptional corrosion resistance!"’. Consequently,
it finds extensive applications in aerospace, marine vessels,
and biomedicine. However, insufficient wear resistance
remains a significant issue for TC11"*. Enhancing wear
resistance by preparing wear-resistant coatings on the TCI11
surface has become an effective solution”*. In recent decades,
high-entropy alloys (HEAs) have garnered considerable
attention owing to their special bee/fec/hep microstructure and
excellent wear properties®'”. The preparation of HEA
coatings by various surface engineering techniques is
currently a hot research topic!' ™.

Plasma powder cladding has attracted significant interest
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for HEA coating preparation due to easy composition ratio
adjustment and powder preparation''”. According to previous
studies, cladding coatings prepared using this method exhibit
excellent metallurgical bonding with the substrate and high
interfacial adhesion strength up to 800—950 MPa"" ", How-
ever, the low utilization rate of powder in plasma powder
cladding is a major drawback™. Wire-feeding plasma cladd-
ing greatly improves material utilization, yet preparing HEA
coatings using this method has been a challenge” >, The
emergence of cable-type welding wire (CWW) can facilitate
HEA coating preparation via wire-feeding plasma cladd-
ingmfzs]
HEA coatings has been achieved via gas tungsten arc
welding cladding using FeCuNiMoTiC CWWs, effectively

improving the coating hardness and the wear resistance™.

. For instance, in-situ synthesized carbide-reinforced
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AlCu,(NiCr),Ti CCWs are more economical and easier to
prepare than other cladding materials, but they still exhibit
issues such as large friction coefficients and high wear rates.
To address these problems, tungsten carbide (WC)
modification of AlICu,(NiCr),Ti CWW was proposed. Metal
matrix composites with WC are considered excellent
strengthening materials due to their high hardness, strength,
Previous research, such as the
preparation of WC particle-reinforced high-entropy Fe-Co-Cr-
Ni alloy composite coating using plasma cladding proposed

by Peng et al®, demonstrated significant improvements in
[27

and wear resistance™™.

wear resistance. Similarly, Gu et al®” prepared WC-reinforced
Fe-based composites through laser melting, and studied the
effects of laser parameters on the density, microstructure, and
mechanical properties of the materials.

However, there are few investigations on the preparation
of HEA coatings by adding WC as a reinforcing phase in
AlCu,(NiCr),Ti CWW using plasma cladding technique. In
this work, a coincident CWW-powder plasma cladding
method was proposed, combining paraxial CWW and coaxial
carbide powder, to produce AlCu,Ti(NiCr),-(WC), (x denotes
powder feeding speeds, including 0, 25, 50, and 75 r/min)
HEA composite coatings. The related wear resistance
mechanism was discussed from the microstructure evolution
of the coating. This study is expected to provide a feasible
solution for the problem of low hardness and poor wear
resistance of TCI11 titanium alloy, and to offer valuable

Powder conveyer

Plasma machine

insights for future applications of plasma cladding using the
hybrid mode of CWW and powder.

2 Experiment

2.1 Preparation of cladding materials

Pure Cu wires (C>99at% , ©0.5 mm), pure Al wires
(AI>99at% , ©0.5 mm), ERTi-2 pure Ti wires (Ti>99at% ,
@0.5 mm) and Ni80Cr20 alloy wires (consisting approxi-
mately of 22at% Cr and 78at% Ni, ©0.5 mm) were used. The
AlCu,(NiCr),Ti CWWs consist of six metal wires: one Al
wire, two Cu wires, one Ti wire, and two NiCr, as depicted in
Fig. Ib. CWWs were produced using a custom-designed
stranding wire machine, as shown in Fig. 1b. WC powder
(purity>99wt%, particle size: 100—150 um), was dried in an
electric heating oven at 100 °C for 2 h. TCII plates with
dimension of 100 mmx80 mmx5 mm were used as substrates,
and their surfaces were cleaned by 800# sandpapers and
alcohol wipes to remove the surface impurity and oil before
cladding.

2.2 Preparation of AlICu,(NiCr),Ti-(WC), coatings

The plasma cladding experiments were conducted using a
robotic plasma cladding system (Fig. 1a), which includes a
serial industrial robot (YR-UP6-A00, MOTOMAN) and a
plasma power source (DML-V02BD, Shanghai Duomu). The
coincident CWW-powder plasma cladding is illustrated in
Fig. 1b. The CWW was fed through a wire feeder while the
WC powder was coaxially fed by a powder feeding system.

Ar shielding gas @

< \ CWWs
=
WC Powder &2

Wire feeder

Fig.1 Robotic plasma cladding system (a); schematic of coincident CWW-powder plasma cladding and AlCu,(NiCr),Ti-CWWs consisting of six

metal wires (b); produced composite coatings (c)
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The optimized process parameters are shown in Table 1. The
AlCu,Ti(NiCr),- (WC), coatings prepared at powder feeding
speeds (x) of 0, 25, 50, and 75 r/min were denoted as S-0, S-1,
S-2, and S-3, respectively (Fig.1c).
2.3 Structure and property characterization

The microstructure and chemical composition of the
prepared sample were analyzed using a field emission
scanning electron microscope (SEM, Quanta 200FEG)
equipped with an energy dispersive spectrometer (EDS). X-
ray diffractometer (XRD, D8 ADVANCE) analysis was
performed using a Cu ko radiation (41=0.154 nm) and was
operated at 40 kV and 40 mA. Diffraction patterns were
obtained from 20° to 100° with a step size of 0.02° and a
dwell time of 0.15 s. Hardness measurements were carried out
by a Vickers hardness tester (HXD-1000TMB, Shanghai
Fengming; load of 200g; time for 15 s). The samples were cut
into cubes with 20 mmx15 mmx5 mm in dimension using an
electric spark wire cutting machine for the wear performance
testing, which was conducted by a friction and wear test
machine (HT-1000, Lanzhou Kaihua). The basic structure of
the test machine is illustrated in Fig.2. A detection position
was taken every 120°, and the average value of each sample
was measured three times. The wear rate (W, mm>*N '-m") of

the sample was calculated according to Eq.(1):

4
=7 1
W=Zr O
where V is the wear volume (mm’), which can be obtained by
V=2mrA (A is the wear cross-sectional area and r is the friction

radius); L is the total friction distance (m); P is the applied

Table 1 Plasma cladding parameters

Parameter Value
Current/A 120
CWW feeding speed/mm-s '

Argon flow rate/L-min"'

Cladding speed/mm-s’'

W\ W W o

Distance between the nozzle and the substrate surface/mm

n

Load: 1500 g —n—

Grinding head: Si;N,, #6 mm ——

Turntabel —

radius: 1 mm

318 r/mi

Rotating rod —

Fig.2 Schematic diagram of friction and wear test

load (N). The particle size is within 100-150 pm.
3 Results and Discussion

3.1 Phase and microstructure

The XRD patterns of the AlCu,Ti(NiCr),-(WC), composite
coatings are shown in Fig. 3a. The produced coatings are
composed of bcc main phases and fcc secondary phases,
exhibiting a preferred orientation to the (110) crystal plane.
The diffraction peak of the (110) crystal plane is significantly
higher than that of other peaks. This is attributed to the
significant lattice distortion of the coatings and the thermal
stress generated by the rapid cooling during the plasma
cladding process, leading to substantial strain energy in the
coatings. The (110) crystal plane, having the lowest surface
energy, can adjust the excessive strain energy of the
coating®®*** ),

The enlarged XRD patterns of the samples at diffraction
range from 38° to 44° are shown in Fig.3b. With increasing
the feeding speed of WC powder, the diffraction peak at
around 40°, corresponding to (110) crystal plane, is gradually
shifted to higher angles. Based on Bragg’s law, the lattice
parameters of S-0, S-1, S-2 and S-3 samples are 0.3976,
0.3965, 0.3960, and 0.3953 nm, respectively. The decrease in
lattice spacings of the bce phase is mainly attributed to the
lattice distortion caused by the small atom size of the element

[30-31

C doped in the alloy®*". As the overall C content in the

coating increases, more C atoms are incorporated into the bce
structures, resulting in a decrease in lattice parameter”' %,
Cross-sectional SEM images of AlCu,Ti(NiCr),-(WC), HEA
composite coatings are shown in Fig. 4, indicating that the
coatings (dendrite phase), S phase
(intergranular phase), and y phase (granular phase), and the

amount of y phase increases with higher WC addition content.

contain « phase

The relative intensity of the fcc phase is lower than that of the
bce phases, indicating a smaller volume fraction of the fcc
phase. Thus, fcc phase corresponds to the f phase, while bce
phase corresponds to the a phase. According to EDS analysis
results shown in Table 2, the a phase is Ti/Al-rich and Cu-
depleted phase, while the f phase is Cu-rich. Additionally, the
y phase is inferred to be a WC/TiC based solid solution. The
SEM images in Fig.5 indicate that the coating is well bonded
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Fig.3 XRD patterns of AlCu,Ti(NiCr),-(WC), coatings (a); enlarged
XRD patterns of bee (110) peaks (b)
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A
Fig.4 Cross-sectional SEM images of S-0 (a), S-1 (b), S-2 (c), and S-3 (d) samples
Table 2 Chemical composition of AICu, Ti(NiCr),-(WC)_ HEA composite coatings
Element/at%
Sample Powder feeding speed, x/r-min"' Region
Al Cu Cr Ni C Ti w
average 6.89 22.25 7.84 7.22 - 55.80 -
S-0 0 a 13.40 12.00 6.90 6.10 - 61.60 -
s 8.10 29.10 5.60 5.20 - 52.00 -
average 6.42 15.90 7.38 6.16 5.13 40.19 0.52
S-1 25 a 12.60 10.00 6.00 8.00 7.60 55.40 0.40
p 8.00 30.00 8.70 7.30 6.60 39.10 0.30
average 6.00 15.72 7.58 6.80 15.32 43.38 5.21
- 50 a 12.10 9.70 6.00 6.90 9.60 52.70 3.00
s 7.50 28.70 5.50 6.20 8.30 38.20 5.60
y 1.10 0.900 0.20 0.60 19.50 65.40 12.30
average 6.13 14.15 6.82 5.17 17.73 42.50 7.40
<3 25 a 11.80 8.50 5.70 4.90 9.30 53.90 5.90
s 7.50 26.90 6.10 5.60 9.60 36.50 7.80
y 1.20 4.60 0.70 0.80 26.80 50.60 15.30

to the TCI11 substrate, with a distinct fusion line. As WC
content increases, the presence of y phase is significantly
enhanced, with a certain number of WC spherical particles
appearing near the fusion line (Fig.5c—5d). This results from
the rapid cooling of the molten pool, preventing the complete
melting of the WC powder with high melting point.

3.2 Hardness and wear properties

The Vickers hardness of the produced coatings is shown in
Fig.6. The average hardness values of the coatings are 751.4,
867.1, 892.0, and 944.0 HV,, for S-0, S-1, S-2, and S-3
samples, respectively, which are positively correlated to the
addition content of WC. In comparison, the hardness of HEA
coatings is 2.0 — 2.6 times higher than that of the TCll1
substrate, exhibiting immediate enhancement in mechanical

properties. The hardness variation along the cross-section of
the coating is due to the changes in microstructure of the HEA
s®. The
distortion and raises the concentration of free elements W and
C in HEA matrix after dissolution and diffusion of WC
particles. The dissolution enhances solid solution streng-

coating increase in WC content causes lattice

thening effect, and more carbide phases are precipitated,
which are generally hard and brittle. Thus, the hardness of the
coating improves under the combined effects. Additionally, a
sudden increase in hardness occurs at about 2 mm from the
coating surface due to unmelted WC particles near the fusion
line. WC, a common high-hardness strengthening phase,
further contributes to the hardness of the coatings™* .

The coefficients of friction (COF) of the coatings (Fig.7),
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Fig.5 Overall cross-sectional morphologies of S-0 (a), S-1 (b), S-2 (c), and S-3 (d) samples
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Fig.6 Vicker hardness of AICu,Ti(NiCr),- (WC), HEA composite
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Fig.7 COF curves of AlCu,Ti(NiCr),-(WC), HEA composite coatings

are lower than that of the TC11. The TC11 substrate exhibits
the highest average COF (about 0.71), while the coated TCI11
samples show significantly improved COF: 0.48 (S-0), 0.47
(S-1), 0.39 (S-2), and 0.52 (S-3). The lowest COF of sample
S-2 (x=50 r/min) is attributed to the hard WC particles, which
have high hardness, good wear resistance, and strong

deformation resistance during friction™ ", and are not easy to
deform plastically, thus stabilizing the COF curves™. How-
ever, when the powder feeding speed reaches 75 r/min, the
COF increases slightly due to the reduced volume fraction of
the HEA matrix. The bonding degree between HEA matrix
and WC particles decreases, leading to the peeling of WC
particles during the friction process.

The wear rates of the samples are shown in Fig.8. The wear
resistance of the coatings initially increases and then decreases
with higher WC content. The TC11 substrate has a volume
wear rate of 12.6439x10° mm’-N™'-m™". The coatings improve
the wear resistance to varying degrees, with the minimum
wear rate (8.5869x10° mm*N™"-m™) observed at x=50 r/min,
which is 32% lower than that of the TCII titanium alloy.
However, at x=75 r/min, the wear rate slightly increases,
potentially due to the cracks on the surface of the coating,
causing WC particles to break and to peel off"™.

3.3 Probable wear resistance mechanism

To investigate the wear resistance mechanism of AlCu,-
(NiCr),Ti-(WC), HEA composite coatings on TC11, the worn

12.6439

9.7827 95916

i
(=)

W/x10° mm>N"'-m!

(= S o

i1 S0 S-1 S22 S-3

Fig.8 Wear rate (J) histograms of AlCu,Ti(NiCr),-(WC), HEA com-

posite coatings
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morphologies of the TCI1 substrates and the coatings are
shown in Fig.9. The TC11 substrate shows severe wear with
significant spalling and small abrasive particles of various
shapes and sizes, indicating abrasive wear. Abrasive wear
features include distinct furrows or wear debris on the friction
surface (Fig. 9a), resulting from the cutting effect, plastic
deformation, fatigue damage, or brittle fracture of the abrasive
particles on the friction surface.

For S-0 sample (x=0 r/min), the wear marks are shallow,
but some debris is present (Fig.9b). It can be clearly observed
that the wear resistance is improved compared with that of the
TCI11 substrate. For S-1 (x=25 r/min) and S-2 (x=50 r/min)
samples, the wear marks are shallow and clean. Most worn
surfaces are relatively smooth. Dispersed WC particles in the
coatings are exposed when the surface of the sample is worn,

Wear debris

1 mm

which isolates the matrix from further wear. In addition, the
strengthening effect of the WC secondary phase prevents the
prepared coating from large deformation, thereby reducing the
occurrence of spalling. With the increase in WC content, the
deformation and furrows of worn interface are significantly
reduced, the interface becomes flatter, and the detrita are also
greatly reduced, indicating the improvement of wear
resistance. Traces of delamination and peeling of black brittle
oxide layer can be observed, which is indicative of typical
oxidative wear characteristic according to the EDS analysis
shown in Table 3. Oxidative wear, generally slower than
adhesive wear, can protect the friction pair. The solid solution
strengthening effect of HEA and the strengthening effect of
WC particles significantly enhance the hardness and wear
resistance of the TC11 surface.

e

Furtow

300 pm

A2

N

Oxide layer

1 mm 300 pm
Ad4
Scratch We particles

.

Crack
300

Fig.9 Worn morphologies of AlCu, Ti(NiCr),-(WC), HEA composite coatings: (a) TC11, (b) S-0, (c) S-1, (d) S-2, and (e) S-3

Table 3 EDS analysis of region A1-A4 marked in Fig.9

) Element/at%
Sample Region
Al Cu Cr Ni C Ti w (0)
S-0 Al 3.1 19.1 2.7 52 - 46.4 - 235
S-1 A2 2.9 15.2 2.6 43 6.5 43.1 2.1 233
S-2 A3 1.1 3.6 0.9 1.9 473 23.1 21.0 1.1
S-3 A4 0.6 1.0 0.5 0.9 50.3 1.3 427 2.7
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For S-3 (x=75 r/min) sample, EDS analysis reveals that
the WC particles on the worn surface are not intact and
exhibit delamination, indicating fall-off of WC particles
during the friction and adhesive wear on the HEA
matrix*”. The unmelted WC spherical particles in the coating
contribute to the wear test as a grinding material, reducing
wear resistance.

4 Conclusions

1) AICu,Ti(NiCr),- (WC), HEA composite coatings can be
fabricated through the paraxial input of AlCu,Ti(NiCr), CWW
and the coaxial incorporation of WC powder using a robotic
plasma cladding system.

2) The produced coatings comprise a mixture of bec and fec
solid solutions. The solid solution strengthening effect of the
HEA, combined with the WC/TiC-based solid solution formed
by the added WC during the cladding process, significantly
reduces friction.

3) The hardness of the produced coatings is 2.0—2.6 times
greater than that of the TC11 substrate. The best wear rate of
the composite coating is 32% lower than that of the TCl11
titanium alloy.
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