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Abstract. CoCrFeMoNi high entropy alloy coating was prepared on Q235 substrate by plasma
cladding method. The phase structure, morphology characteristics, element distribution,
microhardness, and wear resistance for this alloy without and with Si doping were investigated by
XRD, OM, SEM, EDS, microhardness tester, and friction-wear tester, respectively. The results
show that CoCrFeMoNi alloy is composed of a single FCC phase, while Si-containing alloy is
composed of FCC main phase and HCP phase. Both alloys have a typical dendritic structure. There
is a layer of isotropic fine-grained region near the fusion line, and a columnar crystal region away
from the fusion line. After adding Si element, the enrichment of Mo element in the interdendrite
region and Co element in the dendrite region significantly decreased, which is related to the Si-
containing alloy can provide a liquid environment with longer duration, lower viscosity, and
greater fluidity. The change of Cr element enrichment from interdendrite region to dendrite region
is the result of comprehensive competition of mixing enthalpy, atomic radius difference,
electronegativity, density, and melt flowability between alloying elements. The friction
coefficients of the two alloys show a rapid increase first and then gradually stabilize with the
increase of time. After adding Si element, the hardness and wear resistance of the alloy are greatly
improved, which is mainly related to the increase of the lattice distortion of FCC phase, the
formation of high-strength HCP phase and the reduction of internal defects.
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1. Introduction

Since the Bronze Age, metal materials have always played an important role in the history of
human civilization. With the continuous development of science and technology, traditional metal
materials have been difficult to meet the needs of high-performance materials in modern industrial
technology under some extreme conditions. High-entropy alloys (HEAs, or multi-principal
element alloys) break the traditional alloy design concept of one or two alloying elements as the
main component. Due to their excellent performances in strength [1, 2], wear resistance [3, 4],
corrosion resistance [5, 6], high and low temperature resistance [7,8], high temperature tempering
softening resistance [9, 10], and radiation resistance [11, 12], as well as the ability to form a simple
solid solution structure, they have the potential to break through the performance limits of
traditional alloys and are considered to be the development direction of the next generation of
metal materials [13-15].

CoCrFeMoNi is considered a high entropy alloy system with great development potential
[16-18]. The research that has been carried out is mainly focuses on element substitution and
proportion control [18,19], high-strength phase doping [20, 21], phase and morphology structure
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control [22, 23], wear and corrosion resistance [24, 25], process optimization [22, 26], and
application expansion [25, 26]. Brito Garcia et al. [18] studied the effect of Ti addition on the
microstructure and hardness of CoCrFeMoN:i alloy, which is composed of face-centered cubic
(FCC), body-centered cubic (BCC), and Laves phases. The addition of Ti refines the alloy grains
and increases the hardness from 369HV to 451HV, while reducing the concentration difference of
Mo in the dendrite and interdendrite regions. Bogdanov et al. [24] tested the corrosion and
electrochemical behavior of the CoCrFeMoNi alloy in chlorine-containing solutions with different
pH values by electrochemical and immersion for more than 3000 h. This alloy has excellent
corrosion resistance in both neutral and acidic NaCl solutions, and the corrosion rate does not
exceed 1 pm/year. After the addition of 0.01 M H,O; in the acidic solution of NaCl, the corrosion
rate is about 21 pm/year. Liu et al. [25] prepared CoCrFeMoN:i alloy coating on the surface of 304
stainless steel by argon tungsten arc cladding process. The coating hardness is about 3 times that
of the substrate, reaching S85HV. The minimum wear rate is reduced by 58 % compared to the
substrate, and it has better passivation film formation ability and pitting resistance than the
substrate. Chen et al. [26] prepared CoCrFeMoNi alloy coatings on 45 steels by synchronous
ultrasonic impact treatment (UIT) treatment enhanced laser cladding process method. Due to the
plastic deformation and high-frequency vibrations caused by UIT, dislocation interactions lead to
a recrystallization process at the top region coating. The columnar grains at the top region of the
coating transformed into fine equiaxed grains, and grain refinement occurs due to recrystallization.
Defects in the coating are effectively eliminated.

Si, as a common HEA addition element, has many excellent properties, such as improving
wear and corrosion resistance [27, 28], reducing oxide scale cracking, and enhancing adhesion of
oxide scale [29, 30]. Xi et al. [27] prepared FeCoNiCrAl alloy with Si addition by vacuum melting
method. The addition of Si elements significantly increased the hardness and wear resistance of
the alloy and also reduced the segregation of the alloying elements. Chang et al. [28] prepared Si
added AlZrNbTi lightweight refractory HEAs. The addition of Si causes the phase structure to
change from a single BCC phase to a BCC matrix phase with ZrsAls hexagonal precursor phases.
The addition of Si can promote the growth of continuous and dense oxides, which helps to improve
the corrosion resistance of the alloy. Guo et al. [29] prepared Si-added TaMoZrTiAl HEAs by arc
melting method. The addition of Si element not only promotes the formation of dendritic structure
and inhibits the transition from parabolic to linear oxidation kinetics, but also reduces the severe
cracking of the oxide scales and improves the adhesion and oxidation resistance of the oxide
scales. Li et al. [30] prepared Si added AlCoCrFeNiSi HEAs by vacuum arc melting. The Si
containing alloy is mainly composed of BCC phase and Si-rich precipitates. The addition of Si
can promote the formation of a single and dense Al,O; oxide scale, thereby improving the
oxidation resistance of the alloy. The addition of excessive Si will cause the formation of easily
peelable oxide scale composed of Al,Osz outer layer and mixed oxide inner layer, which is not
conducive to the improvement of oxidation resistance. In addition, the addition of Si element can
also change the balance between strength and ductility of high entropy alloys, adjust the plastic
deformation mechanism, and increase the yield stress [31]. However, there are few reports on the
effect of Si addition on CoCrFeMoNi high-entropy alloy coatings (HEACs). In this paper,
CoCrFeMoNi and CoCrFeMoNiSi HEACs were prepared on Q235 steel surfaces by plasma
cladding. The effects of Si elements addition on their phase structure, morphology characteristics,
composition distribution, hardness and wear resistance are discussed in detail, which helps to
enrich and improve the theoretical system of CoCrFeMoN:i alloy and provide data and theoretical
reference for subsequent research of this alloy.

2. Experimental procedures

The raw materials of CoCrFeMoNi and CoCrFeMoNiSi alloys are Co, Cr, Fe, Mo, Ni, and Si
powders with a particle size of 200 mesh and a purity higher than 99.5 % (mass fraction). The raw
material powder is weighed in equimolar ratios and grinded in a corundum mortar for 30 minutes.
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The surface oxide layer of Q235 steel is removed using a grinding machine and polished with
sandpaper, and then repeatedly rinsed with acetone solution to remove oil and impurities on the
surface. The ground raw material powder is mixed with binder and prefabricated on the surface of
Q235 substrate. The width of the prefabricated sample is about 3 mm and the height is about 5 m.
Then it is placed in the DHG-9123A electrothermal constant temperature drying oven at 80 °C for
2 h. Finally, the plasma cladding was carried out by Hutong LHM-500 digital plasma cladding
welding machine. The cladding voltage is 32 V, the current is 100 A, and the moving speed is
1.5 mm/s. The distance between the nozzle and the surface of the workpiece is about 8mm. The
cladding process uses high-purity argon gas as protective gas, and the gas flow rate is 1m/h. The
thickness of the coating after cladding is about 1.5 mm. The cladding samples were cut into
10 mmx10 mmx5 mm block samples by DK-M140 wire-cutting electric discharge machine.

The phase structure was carried out by Ultima IV X-ray diffractometer (XRD) (Cu-K,,
scanning speed 10 °/min, working voltage 40 KV, working current 20 mA). The microstructure
was analyzed by Hitachi TM-4000 Plus scanning electron microscope (SEM), energy dispersive
spectrometer (EDS) and DMM-150C optical microscope (OM). The hardness was measured by
HVS-1000 Vickers microhardness tester. The applied load was 0.3 kg, and the holding time was
15 s. The friction and wear test were carried out on the MFT-R4000 reciprocating friction and
wear tester. The friction pair was a tungsten steel ball with a diameter of 6 mm, a load of 10 N, a
stroke length of 10 mm, and a reciprocating frequency of 5 Hz.

3. Results and discussion
3.1. Phase analysis

Fig.1 shows the XRD patterns of CoCrFeMoNi HEACs before and after Si addition. It can be
seen from Fig.1 that CoCrFeMoNi alloy is composed of a single FCC phase. After the addition of
Si element, the alloy phase is transformed into a dual-phase structure of FCC main phase and HCP
phase. The diffraction peaks of these two phases are (111), (211), (220), (311), and (103), (200),
(112), (201), (300), (213), (302), (106), (220), respectively. Their space group belongs to Fm-3m
(225) and P63/mmc (194), respectively. The diffraction peaks of FCC and HCP phase are basically
consistent with those of Ni (No. 04-0850) with FCC structure and Fe:Mo (No. 06-0622) with HCP
structure from the standard card published by Joint Committee on Powder Diffraction Standards
(JCPDS), respectively, but the diffraction peaks of the two phases are obviously shifted.
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Fig. 1. XRD patterns of CoCrFeMoNi and CoCrFeMoN:iSi alloys
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Compared with the above two standard card data, the diffraction peak of CoCrFeMoNi shifts
by 1.249° to the small angle direction, and the FCC and HCP phases in the Si-containing alloy
shifts by 1.447° and 0.822° to the small angle direction (based on the strongest peak angle of the
standard card data corresponding to each phase), respectively. From the Bragg Eq. (1) [32]:

2dsinf = A, (1)

where, d is the crystal plane spacing, 8 is the diffraction angle, and 4 is the wavelength. Table 1
shows the characteristic parameters of CoCrFeMoNi alloying elements before and after Si element
addition. The diffraction peak shift of CoCrFeMoNi alloy is mainly because the atomic radius of
Ni is the smallest, and the substitution of other large atomic radii occupying the corresponding
lattice sites will cause the expansion of the crystal cells and the increase of the d value of the
crystal plane spacing, which will inevitably lead to the reduction of the diffraction angle, that is,
the shift to the small angle direction. After the addition of Si element, the angle of the strongest
diffraction peak of FCC phase in this alloy is further shifted from 1.249° to 1.447° in the small
angle direction. The reason is that the atomic radius of Si (0.132 nm) is only smaller than that of
Mo (0.140 nm), which is much larger than the other four alloying elements. After Si enters and
occupies the lattice site of other alloying elements, it is easy to cause cell expansion and increase
the crystal plane spacing. Table 2 shows the results of cell refinement of XRD data of
CoCrFeMoN:i alloy before and after Si addition. As can be seen from Table 2, the lattice constant
and unit cell volume of FCC phase increase after the addition of Si elements, which is consistent
with the previous analysis that the diffraction peak shifts to the small angle direction.

Table 1. Characteristic parameters of CoCrFeMoN:i alloy elements before and after Si addition

Element | Melting point (°C) | Atomic radius (nm) | Density (g/cm?) | Crystal structure | Electronegativity
Co 1493 0.125 8.90 HCP 1.88
Cr 1907 0.128 7.19 BCC 1.66
Fe 1539 0.127 7.87 FCC/BCC 1.83
Mo 2623 0.140 10.22 BCC 2.16
Ni 1455 0.125 8.90 FCC 1.91
Si 1410 0.132 2.33 FCC 1.90
Table 2. Crystallographic parameters of CoCrFeMoNi and CoCrFeMoN:iSi alloys
Alloy Phase | Spatial groups Lattice constant (A) Volume (A%) | Density (g/cm?)
CoCrFeMoNi | FCC | Fm-3 m (225) a=b=c=3.6273 47.73 77717
.«: | FCC | Fm-3 m (225 a=b=c=3.6287 47.78 7.7632
CoCrFeMoNiSi | cp P63/mmc((19i) a=b=47582,c=17476] 15191 9.0781

In addition, it can be seen from Fig. 1 that the phase structure of CoCrFeMoN:i alloy before
and after Si addition has changed from a single FCC phase to a dual-phase structure of FCC main
phase and HCP phase. No complex intermetallic compounds are generated, which is mainly
related to the high mixing entropy of this alloy. According to Gibbs' free energy law AG,,;,
(Egs. (2-6)) [33]:

n

A = —R ) clnc; 2
i=1

ASix = Rlnn, 3)

n

AHp = Z Qijcicj’ 4
i=Ti%j

Q;j = 40HJH*, (5)

AGrix = AHpix — TAS iy, (6)
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where R is the gas constant, ¢; and ¢; are the molar percentages of the components i and j,
respectively, and )i~ ¢; = 1. When ¢; = ¢, = -+ = ¢;, the mixed entropy of the system reaches
its maximum. n is the number of alloy components, £;; is the interaction parameter between

components i and j. AHJY* is the A-B binary mixing enthalpy calculated by the Miedema model
[34] (see Table 3). T is the thermodynamic temperature. From Eq. (6), the larger the mixing
entropy, the more beneficial it is to reduce the Gibbs free energy of the alloy, which is conducive
to inhibiting the trend of ordering and segregation of the alloy [33]. The mixing entropy, mixing
enthalpy and Gibbs free energy of CoCrFeMoNi alloy before and after the addition of Si elements
are calculated from Egs. (2)-(6), as shown in Table 4. According to the Hume-Ruthery rule, the
atomic radius difference § can be expressed as:

§= \/Z;C"(l —1,/7)2, (7

n
7= 2 ot )
i=1

where 7; is the atomic radius of component i, and 7 is the average atomic radius of each
component of the alloy. The atomic radius difference between alloying elements (see Table 3) and
the atomic radius difference of CoCrFeMoNi alloy before and after the addition of Si element (see
Table 4) are calculated by the Egs. (7) and (8). According to the §- AH,,;, phase formation rule
[35], when 6 < 6.6 % and —25 kJ/mol < AH,,;,, < 5kJ/mol, the multi-principal alloy is easy to
form the solid solution phase structure of single-phase FCC, FCC+BCC dual-phase and single-
phase BCC. As can be seen from Table 4, 6 and AH,,;, of the two alloys are 4.36 % and
—8.628 kJ/mol, and 4.06 % and —9.080 kJ/mol, respectively, which are in accordance with the
formation rules of §- AH,,;, phase. In addition, HCP phase is formed in the alloy after the addition
of Si element, which is attributed to the change in the electronic structure and atomic interaction
of the alloy after adding Si element, and the decrease in its stacking fault energy (SFE) [36]. In
the early stage of deformation, dislocations move and interact with each other in the lattice to form
stacking faults. With the increase of Si content, the probability of stacking faults increases
significantly, and the stacking faults and dislocation density accumulated in the alloy also increase.
The atomic mismatch degree in the alloy increases with increasing Si content, which leads to an
increase in the friction force between Shockley partial dislocations, and a corresponding increase
in the difficulty of cross-slip of spiral dislocations. This makes the dislocation more inclined to
plane slip, and provides favorable conditions for the formation of twins. When the deformation
reaches the critical strain, mechanical twins will be formed in the alloy. The critical stress that
activates the twin is proportional to the magnitude of the stacking fault energy. Because the
stacking fault energy decreases with the increase in Si content, the critical stress value of twinning
also decreases. When the critical stress is overcome, the twins begin to form and grow, eventually
leading to the phase transformation from FCC to HCP. When the stacking fault density is high
enough, that is, when the interlayer spacing on the adjacent {1 1 1} planes is reduced to the atomic
scale, the FCC structure in the local region may transform into the HCP structure through the
periodic arrangement of stacking faults (e.g., ABCABCA...—~ABABAB...) [36, 37]. This phase
transformation process is closely related to the movement of dislocations, the formation of twins,
and the expansion of stacking faults, which has been confirmed in many studies [31, 36, 37]. The
formation of HCP phase increases the dislocation density and phase interface of the alloy. Due to
the multiple obstacles such as phase boundaries, stacking faults and twin boundaries, the
movement of dislocations will be significantly hindered, thereby improving the strength of the
alloy [37, 38].
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Table 3. Mixing enthalpy (kJ/mol) and atomic radius difference (%) of any two components in
CoCrFeMoNi and CoCrFeMoN:iSi alloys

Element | Co Cr Fe Mo Ni Si
Co — | 1.186 | 0.794 | 5.660 | 0.000 | 2.724
Cr —4 - 0.392 | 4478 | 1.186 | 1.538
ooy | B L 480 (o 11
Ni 0 =7 -2 =7 - 2.724
Si -38 | 37 =35 =35 —40 -
Table 4. Thermodynamic parameters of CoCrFeMoNi and CoCrFeMoNiSi alloys
Alloy AHpi, (kKJ/mol) | AS;i (/K mol ) | AGpi, (kJ/mol) | & (%)
CoCrFeMoNi —4.64 13.38 —8.628 4.36
CoCrFeMoNiSi —23.78 14.90 —9.080 4.06

3.2. Microstructure analysis

Fig. 2 is the metallographic photos of the cross section of CoCrFeMoNi alloy coatings before
and after Si addition. From Fig. 2, there is a layer of isotropic fine grain zone near the fusion line
of both alloys, and the area away from the fusion line is a columnar grain zone. The formation of
fine-grained zone is mainly due to their close connection with the unmelted substrate, which can
take away a large amount of heat through thermal conduction and generate a large degree of
undercooling, resulting in rapid nucleation of the melt in this area and the formation of a fine
equiaxed grain zone. The columnar crystal zone is located far away from the fusion line and flows
through the heated area when dissipating heat through thermal conduction towards the substrate,
resulting in a relatively gentle temperature gradient. Due to the maximum temperature gradient
obtained in the opposite direction of heat flow, the growth of columnar crystal zone exhibits
significant directionality. In addition, there are a few holes in the cladding layer area of
CoCrFeMoNi alloy. No obvious hole defects are observed in the alloy with Si addition. This is
mainly because the melting point and density of Si are the smallest among all alloying elements,
which can provide a liquid environment with longer solidification time, lower viscosity, and
greater fluidity for the melt solidification process. It helps gas molecules or ions in the melt to
quickly escape and be filled and welded by the unmelted liquid alloy, thereby reducing the
probability of defect formation, which is consistent with the situation reported in the literature
[39-41].

(a)

4 R 00,
Fig. 2. Metallographic photos of the cross section of CoCrFeMoNi:
a) and CoCrFeMoN:iSi; b) alloy coatings
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Fig. 3 shows SEM images of CoCrFeMoNi alloy before and after the addition of Si element.
From Fig. 2 and Fig. 3, it can be seen that both alloys have typical dendritic structures. Table 5 is
the EDS analysis results of CoCrFeMoNi alloy before and after the addition of Si element. In
order to better understand the segregation of the same element in the dendrite (DR) and
interdendrite (ID) regions, the segregation coefficient K is introduced [32]:

C
(1 - ﬂ) X 100%, (Cpr = Cip),
K — CDR

C
_ (1 _ﬂ) X 100%, (Cip > Cpr),
CID

)

where Cpp is the dendrite region concentration of an element, and C;, is the interdendrite region
concentration of the element. When Cpp = C;p, K = 0 indicates that there is no concentration
difference between the dendrite and the interdendrite regions, that is, the segregation coefficient
is 0. When the concentration difference between Cpg and C;p is larger, the value of Cpgr/Cp or
C;p/Cpg is smaller, and the value of 1 — Cpr/C;p or 1 — C;p/Cpp is larger, that is, the absolute
value of K is larger, indicating that the segregation of dendrite and interdendrite region is larger.
When the K value is positive, it means that the concentration of the same element in the dendrite
region is higher than that in the interdendrite region, that is, it is enriched in the dendrite region.
When the K value is negative, it means that the concentration of the same element in the dendrite
region is lower than that in the interdendrite region, that is, it is enriched in the interdendrite region.
According to Table 5, Mo element in CoCrFeMoNi alloy is mainly enriched in the interdendrite
region, while Co element is mainly enriched in the dendrite region. The distribution of Cr, Fe, and
Ni is relatively uniform. After adding Si element, Si element is enriched in the interdendrite region,
while the enrichment degree of Mo element in the interdendrite region and Co element in the
dendrite region decreased significantly. The enrichment of Cr element changed from the original
enrichment in the interdendrite region to the enrichment in the dendrite region. The enrichment of
Si in the interdendrite region is mainly due to the lowest melting point of Si among all alloying
elements (see Table 1), and its precipitation mainly occurs in the interdendrite region in the later
stage of solidification. The decrease of Mo and Co enrichment is due to the high fluidity of
Si-containing alloy melt, which can improve the diffusion rate and reduce diffusion resistance of
each alloying elements. This is conducive to the full diffusion of each alloying element, so the
enrichment degree of Mo and Co is reduced. The change of the Cr enrichment region is due to the
fact that the melting point of Cr in the alloying element is second only to Mo. In order to reduce
the nucleation resistance of Cr during precipitation, it is easy to use the surface of the precipitated
Mo solid particles as the substrate for heterogeneous nucleation, so the enrichment region is
similar to Mo. Cr only has a non-negative mixing enthalpy with Mo (see Table 3), and has smaller
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differences in atomic radius, density, and electronegativity with Fe, Co, and Ni (see Table 1),
which helps the full diffusion of Cr element in the Si-containing alloy melt with higher fluidity
and makes it easier to enrich in the dendrite regions dominated by Fe, Co, and Ni.

Table 5. EDS analysis results of CoCrFeMoNi and CoCrFeMoN:iSi alloys (at %)

Alloy Region Co Cr Fe Mo Ni Si
Nominal | 20.00 | 20.00 | 20.00 | 20.00 | 20.00 | -
. DR | 1630 | 20.28 | 36.65 | 7.69 | 19.08 | —
CoCrFeMoNi D 13.72 | 21.09 | 33.88 | 13.38 | 17.93 | -
K 15.83 | —3.84 | 7.56 | —42.53 | 6.03 _
Nominal | 16.67 | 16.67 | 16.67 | 16.67 | 16.67 | 16.67
.| DR | 1159 | 109 | 4483 | 945 | 18.02 | 521
CoCrFeMoNiSi D 109 | 855 | 41.62 | 14.19 | 16.81 | 7.93
K 595 | 21.56 | 7.16 | —33.40 | 6.71 | —34.30

3.3. Hardness and wear resistance

Fig. 4 shows the curve of friction coefficient with time for CoCrFeMoNi HEACs before and
after the addition of Si element. After adding Si element, the friction coefficient of the coating
decreased from 0.6094 to 0.4455, which decreased by 26.90 %.

0.8 - - - -CoCrFeMoNiSi
CoCrFeMoNi

Friction coefficient

0 200 400 600 800
Time(s)

Fig. 4. Relationship between friction coefficient and time of CoCrFeMoNi and CoCrFeMoNiSi coatings

As shown in Fig. 4, the friction coefficients of the two alloys increase rapidly and then
gradually stabilize with the increase of time. The friction coefficients of the alloys before and after
the addition of Si element are 0.6094 and 0.4455, respectively. This is mainly because in the initial
stage of friction, it is in the running-in stage. With the extension of friction time, the initial line
contact changes to surface contact, and the surface wear marks of the sample gradually deepen.
The hindering effect of the friction pair is strengthened, resulting in an increase of friction
resistance and friction coefficient. As the friction continues, the exposed fresh surface will be
rapidly oxidized due to the heat generated by high-speed friction. The generated oxide particles
adhere to the friction surface to play a lubricating role, and the amplitude of the friction coefficient
gradually decreases and tends to be stable. In addition, the hardness of CoCrFeMoNi and
CoCrFeMOoNiSi coatings are 308.17 HV and 398.42 HV, respectively. After adding Si element,
the hardness of the coating increased by 29.29 %. Generally, the hardness is negatively correlated
with the friction coefficient [42], that is, the greater the hardness of the sample, the smaller the
friction coefficient. After adding Si element, the increase in hardness and the decrease in friction
coefficient are mainly related to the increase of the lattice distortion of FCC phase (such as the
increase of diffraction peak shift angle) and the formation of high-strength HCP phase [32, 43] in
Si containing alloys (see Fig. 1), as well as the reduction of internal defects (such as holes) (see
Figs. 2 and 3). The main reason why the phase transformation from FCC to HCP can improve the
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wear resistance of CoCrFeMoN:iSi alloy is that the HCP structure has a higher hardness and a
lower number of slip systems than the FCC structure, thereby reducing the plastic deformation
and wear during the friction process. The FCC structure has higher symmetry and more slip
systems (12), which means that the dislocations in the FCC crystals can move in multiple
directions when the force is applied, which can easily lead to plastic deformation and wear. In
contrast, the HCP structure has lower symmetry and fewer slip systems Eq. (3), and the direction
of dislocation movement is restricted. Therefore, HCP crystals are more difficult to undergo
plastic deformation than FCC crystals. This restriction allows the HCP structure to better resist
deformation when subjected to wear, thereby improving wear resistance [44]. Montero-Ocampo
[45] found that the wear resistance of Co-27Cr-5Mo-0.05C alloy was significantly improved after
the transformation of FCC phase to HCP phase, and pointed out that this was mainly due to the
reduction of lattice defects by the formation of the HCP phase, which reduced the dissolution rate
of the material and the possibility of crack extension.

4. Conclusions

1) CoCrFeMoN:i high entropy alloy coating with a single FCC phase structure was successfully
prepared on Q235 substrate by plasma cladding method. After adding Si element, the alloy phase
structure is transformed into a dual-phase structure composed of FCC main phase and HCP phase.
Their space group, lattice structure, cell volume and density are Fm-3m (225), 3.6287 A, 47.78 A3,
7.7632 g/cm?, and P63/mmc (194), a = b =4.7582 A, ¢ =7.7476 A, 151.91 A3, 9.0781 g/cm’,
respectively. The mixing enthalpy, mixing entropy, Gibbs free energy and atomic radius
difference of CoCrFeMoNi alloy before and after adding Si element are —4.64 kJ/mol,
13.38 J/K!-mol!, —8.628 kJ/mol, 4.36 %, and —23.78 kJ/mol, 14.90 J/K-!-mol"!, -9.080 kJ/mol,
4.06 %, respectively.

2) CoCrFeMoNi and CoCrFeMoN:iSi alloys have typical dendritic structures. In CoCrFeMoNi
alloy, Mo is mainly enriched in the interdendrite region, Co is mainly enriched in the dendrite
region, and the distribution of Cr, Fe and Ni is relatively uniform. The addition of Si element
makes the enrichment degree of Mo element in the interdendrite region and Co element in the
dendrite region decrease significantly, while Cr element changes from the original enrichment in
the interdendrite region to the enrichment in the dendrite region.

3) The hardness and friction coefficient of CoCrFeMoNi HEACs are 308.17 HV and 0.6094,
respectively. After adding Si element, the hardness increases by 29.29 % to 398.42 HV, and its
friction coefficient decreases to 0.4455, a decrease of 26.90 %. The main reasons for the
improvement of the hardness and wear resistance of the alloy with the addition of Si element are
the reduction of internal defects and the generation of high-strength HCP phase. The improvement
of wear resistance of alloy coatings helps to enhance the service life, reliability and performance
of mechanical parts, which is expected to show great application potential in metallurgy, mining,
automobile manufacturing, aerospace, and other fields.
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