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Abstract: The oxide film can improve the tribological properties of high entropy alloy,
but its formation needs further study. In this work, the tribological oxide mechanism of
CoCrFeNiMo high entropy alloys was investigated by means of experiments and finite
element simulation. Simulation results reveal that the formation and destruction of
oxide film are related to contact stress, von Mises stress and tensile stress. The contact
stress destroys the passivation film of CoCrFeNiMo high entropy alloy. Then von Mises
stress causes plastic deformation on the surface to form oxide films. Finally, tensile
stress causes these oxide films to crack. These results were confirmed by the experiment.
When CoCrFeNiMo rubs with ZrO,, the increase of load can make the CoCrFeNiMo
surface prone to plastic deformation, forming more oxide films. However, when it
sildes against stainless steel no oxide film is formed on the surface of CoCrFeNiMo
because there is no plastic deformation. Cracks in the oxide film perpendicular to the
tensile stress were also observed on the surface, proving the destruction of periodic
tensile stress.

Keywords: Tribological oxide mechanism, High-entropy alloy, Water lubrication,

Finite element modelling
1 Introduction

As a new type of alloy material, High entropy alloy (HEA) usually contain five or more
elements, which make them have high-entropy effect, lattice distortion effect, slow
diffusion effect and cocktail effect!! 2. The high-entropy effect and the cocktail effect
make the corrosion resistance of HEA superior to nickel-based alloys or stainless
steels’® 4. In fact, the passivation film formed by Cr, Ni, Mo in the high-entropy alloy

ensures its excellent corrosion resistance®”). A metallurgically bonded HEA coatings



on steel surfaces can be prepared by laser cladding. Owing to the large cooling rate and
low heat input of the laser cladding, usually, the coating with fine microstructure and
excellent mechanical properties can be obtained!® %!, which can significantly increase
the performance and service life of the equipment and reduce manufacturing costs!!!),
Therefore, HEA coatings are considered as a promising engineering material candidate.
At present, there are many studies on the tribological properties of HEA coating owing
to its excellent wear resistance and corrosion resistance!'?"'l, Despite the protection of
passive film, oxide film will still form on the HEA surface, which can significantly
affect the tribological properties of HEA!'®!®!_ For this reason, it is very meaningful to
study the tribological oxidation mechanism of high entropy alloys. For the formation
of oxide film, researchers mainly explore it through experimental methods!!**!. The
related research showed that the oxide film formed during sliding test is caused by
plastic deformation!!'® 3251, For example, You et al.*®! proved that the oxide films
formed on the wear scar of TixVNbTaWy at 600 °C is caused by plastic deformation
and these oxide films improved the tribological property of the HEA coatings. In
addition to high temperature, high load can also make oxide film from on the HEA

(251 demonstrated that the main wear mechanisms of

coating surface. Deng et al.
CoCrFeNiMoo. are oxidation and delamination under high loads. In fact, the surface
stress, plastic deformation and the formation of oxide film are related®” 281, Different
stresses have different effects on the formation and destruction of oxide film. To further
study the tribological oxidation mechanism of high entropy alloys, the stress
distribution on the surface should be analysed during friction. However, there is no
relevant research so far.

In this paper, the tribological oxidation behavior of CoCrFeNiMo coating was
investigated through the sliding test between CoCrFeNiMo coating and ZrO»/ stainless
steel. Then, the stress distribution on the surface of CoCrFeNiMo during sliding test is
analyzed by finite element method. The tribological oxidation mechanism of

CoCrFeNiMo high entropy alloy was explored by combining experiments and

simulations.



2 Experimental materials and method

2.1 Preparation of CoCrFeNiMo coatings

The CoCrFeNiMo coatings preparation process is shown Figure 1. CoCrFeNi atomized
powder mixed with Mo powder were used as preset CoCrFeNiMo powder in this
experiment. Laser cladding adopted YSL-6000 IPG fibre laser under the protection of
Ar. Cladding parameters were listed in Table 1. The sample was then cut into small
pieces (10x20x3 mm?®) as shown in Figure 1 (b). The initial thickness of the coating is
1 mm, and the top will be worn off by about 0.3mm during manufacturing operation.
After rough grinding, fine grinding and polishing, the surface roughness of
CoCrFeNiMo HEA coating is Ra=0.4 pum and the hardness of the CoCrFeNiMo coating
surface is 398 HV tested by the Vickers hardness tester. Before sliding test, the polished
sample was in acetone for 15 minutes to remove any impurities.
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Figure 1 Preparation process of CoCrFeNiMo coating, a) laser cladding diagram, b) the
developed CoCrFeNiMo coating diagram

Table 1 Parameters of laser cladding

Scanning speed Laser power  Overlapping ratio  Preset powder thickness Spot size

300 mm/min 2700 W 30% 1 mm 10 mm X 1 mm

2.2 Friction and wear test

All sliding tests were carried out on MFT-EC4000 reciprocating tribometer, where a
6 mm diameter ball was loaded against the coated sample. The materials of the ball are

ZrO; and 304 stainless steel (SS). The hardness of ZrO, and 304 stainless steel are 1200



HV and 210 HV respectively. The yield strength of stainless steel is lower than that of
CoCrFeNiMo coating. Therefore, when the micro convexes contact, the stainless-steel
balls yield first, which reduces plastic deformation of CoCrFeNiMo coating. However,
when ZrO; contacts with CoCrFeNiMo, CoCrFeNiMo is more prone to plastic
deformation. In this way, the effect of plastic deformation on the formation of oxide
film can be studied. The ball and CoCrFeNiMo coating were completely immersed in
distilled water during the sliding test. Distilled water can remove the debris from the
wear marks. The sliding distance was 5 mm, the sliding frequency was 2 Hz, the load

used was 2-10 N, the test time was 1800 s, the average sliding velocity was 20 mm / s.
2.3 Material characterization

X-Pert PRO MPD X-Ray Diffraction (XRD) was used to determine the phase
constitution of CoCrFeNiMo, scanning from 20°-100°, Cu target, scanning rate of 2°
min'. Zeta-200 3D surface profiler was used to measure the depth and width of the
wear scar. Gamry 1010T electrochemical workstation with a conventional three-
electrode cell system is used to test potentiodynamic polarization curves, and 3.5 wt%
NaCl solution was used as the electrolyte. Pt plate (20mmX20mm) as the counter
electrode, and a saturated calomel electrode (SCE) as the reference electrode. The test
surface (15mmxX 15mm) was exposed after the sample was sealed. The potentiodynamic
polarization curves of the samples were measured at a scanning rate of 1 mV/s. The
electrochemical analysis software Gramy ESA410 was used to calculate Ecor and Jeorr.
23CrNizMo carburized steel is used in various equipment as a common wear-resistant
material and its chemical composition as shown in Table 2, so it was selected as the
comparison material. The passive film compositions were measured by utilizing
Thermo Fisher ESCALAB XI+ X-ray photoelectron spectroscopy (XPS) equipped with
Al Ka radiation. The binding energy is adjusted though the standard Cis at peak 0f284.8
eV. The morphology and the chemical composition of the CoCrFeNiMo coating were
studied by Scanning Electron Microscopy (SEM, JEM-7200F) equipped with EDS (X-
MAXS50). Raman spectroscopy with a 488 nm laser was used to characterize the oxide

after the wear test, exposing for 10 s with 30% laser power.



Table 2 Chemical Composition of 23CrNi3Mo in wt%

Element C Si Mn Cr Ni Mo S

Content 0.25 0.2565 0.6455 1.272 29285 0.246  0.003

2.4 Stress distribution simulation in coated surfaces

Finite element analysis (FEA) of stress distribution was conducted using ABAQUS to
build the sliding test model. The schematic diagram of the sliding test simulation is
shown in Figure 2. In order to improve the accuracy of simulation, only some parts are
selected to simulate in this work, which are shown in Figure 2(b)!*). The entire model
is divided into 70848 hexahedral elements by using the C3D8R element (After grid
independence analysis, the number of grids is doubled, and the error between the results
is less than 1%). The material properties are shown in Table 3 and the ZrO: ball is
considered a discrete rigid body?!. Other simulation parameters are: load of 2 N and
10 N, sliding velocity 20 mm/s. Assign the friction coefficient under water lubrication
to the simulation model. For ZrO,, the friction coefficients under 2 N and 10 N loads
are 0.23 and 0.16, respectively. The friction coefficient between stainless steel and high

entropy alloy is 0.18 at the load of 10 N.
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Figure 2 The schematic diagram of the sliding test simulation, a) the schematic diagram
of the sliding test, b) FEA model of contact area

Table 3 CoCrFeNiMo property parameters

Elastic modulus Poisson's ratio Density Compressive strength ~ Tensile strength

2.49x10° MPa 0.25 7850 kg/m? 929 MPa 1441 MPa




3 Results and discussion

3.1 Characteristics of CoCrFeNiMo coating

Figure 3 shows the cross-section of CoCrFeNiMo coating prepared by laser cladding
in this work. The cross-sectional microstructure of CoCrFeNiMo coating changed from
dendrite to columnar crystal from top to bottom. The difference of microstructure is
mainly determined by the ratio of temperature gradient G and solidification rate R,
For the coating, the value of G/R near the bottom area is greater than that of the top
area. Therefore, the bottom of the coating is columnar crystal and the top of the coating
is dendrites crystal. According to the results of line scan, the content of Mo at the grain
boundary is higher at the bottom area. As the pre-solidified crystal, dendrite consist of
a small amount of Mo due to the size of Mo atom is larger than that of Co, Cr, Fe and
Ni. The excess Mo is distributed to interdendrite. According to the result of EDS, the

Mo content increases from 16.7 at. % in dendrite to 21.8 at. % in interdendrite.
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Figure 3 the cross-section of sample, a) the overall cross-section microstructure, b) the
dendritic structure at the top, c) the columnar grains at the bottom, d) line scan
corresponding to the red dotted line in Figure 3(c)



Figure 4 presents the XRD pattern of CoCrFeNiMo coating, and the results show that
the coating mainly consists of FCC and ¢ phase. Precipitation strengthening improved
the hardness of the CoCrFeNiMo coating due to the existence of ¢ phase *?!. According
to Bragg’s equation, the lattice constant of CoCrFeNiMo coating is 0.364 nm, while
that of CoCrFeNi is only 0.359 nm!**]. The atomic size of Mo is larger than that of each
elements of CoCrFeNi, increasing the lattice constant of high entropy alloy. The lattice

strain caused by Mo can be calculated by the following formula®*):

a—aop

€= (1)

Qo

Where ¢ is lattice strain, a is lattice constant of CoCrFeNiMo, a, is lattice constant
of CoCrFeNi. The calculated result of lattice strain is 1.39%, proving the CoCrFeNiMo
exhibits serious lattice distortion. Due to the serious lattice distortion, the hardness of

high entropy alloy is improved, making it have good wear resistance.
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Figure 4 XRD pattern of CoCrFeNiMo HEA coatings

3.2 Potentiodynamic polarization

Figure 5 (a) and (b) present the dynamic polarization curves of CoCrFeNiMo and
carburizing steel, respectively. The self-corrosion current density and self-corrosion
voltage prove that the corrosion resistance of CoCrFeNiMo high entropy alloy is better
than that of carburized steel. Cr, Ni, Mo, Co form their own oxidation films on the
surface of CoCrFeNiMo high entropy alloy, so the dynamic polarization curve of

CoCrFeNiMo has the passivation region. The passivation film can ensure that



CoCrFeNiMo will not be oxidized in water or air. Some defects are existed in the
CoCrFeNiMo coating. These defects are the weak points in the passivation film, so the
sudden failure of the passive film in the passivation region leads to the increase of
corrosion current, forming the metastable corrosion shown in Figure 5 (a). When the V¢
is higher than the passive breakdown potential, rapid corrosion dissolution is occurred
at the CoCrFeNiMo surface. Figure 5 (¢) and (d) present the surface morphology after
electrolytic corrosion. The content of Mo on the corroded surface is low, so the rapid
dissolution microstructure mainly take place in interdendritic. Therefore, the corrosion

resistance of dendrites is better than that of interdendritic.
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Figure 5 Potentiodynamic polarization curves and the morphology, a) CoCrFeNiMo
potentiodynamic polarization curve, b) carburizing steel potentiodynamic polarization
curve, ¢) the CoCrFeNiMo morphology after electrolytic corrosion, d) enlarged image

Figure 6 presents the XPS results of CoCrFeNiMo passive film. According to the
research of stainless steel, the oxide formed by Cr contributes the most to the anti-
corrosion of metall®*> *1.So, Cr** in the passive film of CoCrFeNiMo mainly comes

from Cr,03 and Cr(OH);4. Figure 6 (b) and (d) proved that the Co-O compound, i.e.



Co0, Co(OH); and Co0,03, and corrosion products containing Fe, i.e. FeO, Fe203, Fe3O4
and FeO(OH), were formed in the passive film"”?%], Likewise, the Ni and Mo generate
NiO, Ni(OH), and MoOs, respectively®” 4% According to the semi-quantitative
analysis of XPS, the contents of Co, Cr, Fe, Ni and Mo in the passive film were 4.0
at. %, 9.1 at. %, 8.3 at. %, 2.3 at. % and 7.0 at. %, respectively. The highest value of Cr
content is obtained in the passive film, proving that Cr in CoCrFeNiMo is favor to be
oxidized™!!, while Ni has a low oxidation capacity due to the low Ni content in the

passive film.
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Figure 6 XPS results of CoCrFeNiMo passive film, a) full XPS spectrum, b) Coap, ¢)
CrzPa d) Fezpa e) Ni2pa f) M03d‘

3.3 Friction and wear properties of CoCrFeNiMo HEA coating under water
lubrication



The friction coefficient between CoCrFeNiMo HEA coating and ZrO/stainless steel is
shown in Figure 7. For the high load shown in Figure 7(c), both ZrO; and SS ball cause
high friction at running in period. However, under low load (2 N and 5 N), this
phenomenon is uncertain. This phenomenon only exists in some experiments. When
the load reaches a certain value, the micro convexity of the ZrO, ball surface cutted the
CoCrFeNiMo surface at the beginning of sliding test, resulting in a higher friction
coefficient. But for stainless steel ball, the surface of stainless-steel ball was cut by the
micro convex body of CoCrFeNiMo. No obvious fluctuations of the friction coefficient
were found after the running-in stage. The antifriction oxides were formed in the furrow
during sliding test, causing the decrease of the friction coeffcient slightly. Figure 7 (d)
illustrates that the friction coefficient decreases with the increase of load. The relative
high friction coefficient value is obtained when it rubbed against stainless steel, while
the relatively low value is received for ZrO,. It is a common phenomenon that the
friction coefficient decreases with increasing load because the formation of oxides

promotes the reduction of friction coefficient.
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Figure 7 Friction coefficient between CoCrFeNiMo and ZrO-/stainless steel (SS) ball,
a) 2N, b) 5N, ¢) 10 N, d) relationship between average friction coefficient and load



The wear scar profile of CoCrFeNiMo HEA coating is shown in Figure 8. When the
ball is stainless steel, the depth of'the wear scar is relatively shallow, and its value ranges
from 0.3 um to 0.8 pm as the load increases from 2 N to 10 N. Because the hardness of
stainless is lower than that of CoCrFeNiMo HEA coating, the wear mainly occurs on
the contact surface of stainless-steel ball, resulting in the shallow wide wear mark on
the CoCrFeNiMo HEA coating. Similarly, because the hardness of ZrO» is higher than
that of stainless steel, the wear scar of CoCrFeNiMo slid against ZrO» are narrow and
deep. As the result, wear rates of CoCrFeNiMo slid against ZrO, are higher than that

of stainless steel.
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Figure 8 The cross-section profiles of worn surface of CoCrFeNiMo HEA coating slid
against ZrO and stainless steel, a) 2 N, b) 5 N, ¢) 10 N, d) the relationship between
wear rate and load

3.4 The wear scar morphology of CoCrFeNiMo
Figure 9 shows the wear scar morphology of CoCrFeNiMo HEA slid with ZrO,. The
experimental results are consistent with the simulation results described below. There

is no oxide film on the wear scar under 2 N load, while the wear scar under 10 N load



is covered with a layer of oxide film. In fact, there are two forms of oxide in the wear
scar, one is the oxide existing in the grooves, and the other is the oxide film. Figure 9
(c) shows the oxides in the grooves. When the micro convex of ZrO> cuts the
CoCrFeNiMo surface, severely plastic deformation and high flash temperature will
occur in the furrow of high entropy alloy. So, the grooves contain oxides. The oxide
film shown in Figure 9 (d) is caused by plastic deformation during sliding test rather
than high temperature. For the ball-disk model, the approximate range of temperature

rise can be estimated by the following formula*?!;

__ Aupv

1= aas (2)

1

__0318(1-14) V \2
92 - aj (aapc) (3)

A ai/pic1

At Vi o St § 4
1-4  az/p2c2 )

Where the 6; and 6, are the temperature of the ball and plate respectively. A4 is
partition coefficient. u is friction coefficient. P and V are the load and the velocity
respectively. a is thermal conductivity. p is the density. a is the contact radius. |
is mechanical equivalent of heat. ¢ is specific heat. We can roughly estimate the
effect of 10 N (P) load and 20 mm/s (V) on temperature rise. Take steel parameters as
an example and its corresponding parameters are shown in Table 4.

Table 4. Thermal parameters of steel (mm)

Jy U c Ji a
7.8*%10°t/mm’ 0.5 0.46*10° mJ/tK 1 50.2mJ/s.mm.K

According to Figure 9 (b), the contact radius is greater than 0.1mm. Take the value into
the above formula to find 6, = 2.5 °C, 6, = 1.6 °C. Even if the parameters of
ceramics and high entropy alloys are different from those of steel, the temperature rise
will not exceed 10 °C.

The von Mises stress is higher than yield stress in the contact area under 10 N load (as
shown in Figure 13), so more than half of the area in the wear scar is covered by oxide

film. EDS result shows that the oxide film mainly contains O, Fe, Co, Cr, Ni and Mo



elements and it does not contain Zr elements, indicating that ZrO, does not participate

in the reaction during oxidation.
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Figure 9 Wear scar of CoCrFeNiMo HEA slid with ZrO,, a) wear scar at the load of 2
N, b) wear scar at the load of 10 N, ¢) enlarged image of oxide in grooves, d) enlarged
image of oxide film

The yield strength of stainless steel is lower than CoCrFeNiMo, so when these two
materials contact with each other, the stainless steel deforms first, protecting the
CoCrFeNiMo from severe plastic deformation. The wear scars of CoCrFeNiMo slid
with stainless steel are shown in Figure 10. The quantity of furrows and oxides
decreased significantly compared with Figure 9. As the plastic deformation did not take
place on the CoCrFeNiMo surface (as shown in Figure 15), no oxide film was found in
the wear scar under 10 N load. The stainless steel ball only caused the destruction of
the passive film on the CoCrFeNiMo surface. After the passive film of CoCrFeNiMo
high entropy alloy was destroyed, the wear scar of CoCrFeNiMo shows the

microstructure due to the different properties between the dendritic and interdendritic.



Figure 10 Wear scar of CoCrFeNiMo HEAs slid with stainless steel, a) and c) at the
load of 2 N, b) and d) at the load of 10 N

Figure 11 proves that the oxide film cracked and peeled off under tensile stress. The
direction of crack growth is perpendicular to the tensile stress. When the crack grew to
a certain size, its propagation direction changed. With the crack propagation, the oxide
film gradually separated from the matrix, and then transferred to the edge of the wear
scar. Finally, the oxide film fell off and caused irregular broken trail. The oxide film
shown in Figure 11 (a) is in the crack propagation stage, while Figure 11 (b) shows that
the oxide film fell off and left the broken trail. These SEM images confirm the
destruction of oxide film caused by cyclic tensile stress proposed (as shown in Figure

14).
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Figure 11 Cracks in oxide film at the load of 10 N, a) the oxide film cracked under
tensile stress, b) the oxide films cracked and shed

Figure 12 shows the Raman spectra of oxides and oxide film in the wear scar.
According to Raman results, each element in CoCrFeNiMo reacts with oxygen to form
corresponding oxides. Fe3O4, Fe>O3, MoO3, NiO, Cr203 and Co304 are mainly formed.
Among them, Fe3O4 and Fe>Os3 play a positive role in the tribological properties of
CoCrFeNiMo HEA coating!** 4, while Cr,03; and MoOs, as a kind of hard particle,
can cut the CoCrFeNiMo surface to form furrows*> 61, According to the intensity of
the peak, the oxide film contains more NiO, while the oxides in the furrow is mainly
composed of Fe3O4. Figure 12 (d) shows the Raman spectrum of the high entropy alloy
outside the wear scar. There is no obvious oxidation on the surface of CoCrFeNiMo
outside the wear scar, because the surface passivation film protects the high entropy
alloy from oxidation in water. Although oxides exist in the passivation film on the
surface of high entropy alloys, the thickness of the passivation film is relatively thin
and can be destroyed during Raman testing. The thickness of the oxide formed during
sliding test is much larger than the thickness of passivation film, so the oxide signal can

be detected in Raman test.
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Figure 12 Raman spectra of CoCrFeNiMo HEAs surface, a) oxides in furrows when it
slid with ZrO,, b) oxides film in wear scar when it slid with ZrO», c) oxides in wear
scar when it slid with stainless steel, d) outside the wear scar

3.5 The tribological oxide mechanism of CoCrFeNiMo high entropy alloy

Figure 13 shows the stress distribution on the CoCrFeNiMo surface when the ZrO, ball
slides forward at a speed of 20 mm/s. At the load of 2 N, the maximum von Mises stress
is located on the sub-surface and its value is lower than yield stress, so plastic
deformation doesn’t take place on the surface. However, with the load increases to 10
N, the von Mises stress of the surface and sub surface is higher than the yield strength,
which means that plastic deformation take place on the surface and sub surface. The
oxide film is formed in the plastic deformation area on the surface!”-2%!. According to
this result, oxide film can’t be formed under 2 N load, but it will be formed under 10 N
load. For oxide film, fracture is related to the maximum tensile stress (the first
strength theory)™”). Figure 13 (c) and Figure 13 (d) illustrate that the surface in front of
the ball is subject to compressive stress, while tensile stress is located at the surface
behind the ball and its direction is parallel to the sliding direction. In general, for

CoCrFeNiMo coating, the passive film in the contact area is destroyed when the ball



slides its surface. Subsequently, plastic deformation take place in this area due to high
von Mises stress, resulting in the formation of oxide film. Then under the influence of
periodic tensile stress, the oxide film cracks along the direction perpendicular to the
tensile stress and fall off finally. But when the load is low, the surface can not form a

uniform oxide film because plastic deformation doesn’t take place on the surface.
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Figure 13 The stress distribution during sliding test when slid with ZrO», a) the
distribution of von Mises stress (Load of 2 N, Velocity of 20 mm/s), b) the distribution
of von Mises stress (Load of 10 N, Velocity of 20 mm/s), ¢) the distribution of maximum
principle stress (MPS) (Load of 2 N, Velocity of 20 mm/s), d) the distribution of MPS
(Load of 10 N, Velocity of 20 mm/s)

Figure 14 shows the contact pressure, von Mises stress and maximum principle stress
distributions along the centreline (as shown in Figure 13(a)). Archard formula gives the

relationship between contact stress and worn volume!*3!:
Nl
V=k ” (5)

Where the V is worn volume, k is wear coefficient, N is normal load, [ is sliding
distance, H is the hardness. From formula (5), the differential form of wear scar depth

can be derived as follows:

dh= kgdl (6)



Where dZ is the incremental wear scar depth, dl is the incremental sliding distance,

P is contact pressure. Therefore, when the ball slides on the CoCrFeNiMo surface once,

the increase of the surface wear scar depth is obtained by the following formula:
P
k= [k 7 dl (7

By substituting the relevant data of Figure 8 and Figure 14 into formula 7, the wear
depth of CoCrFeNiMo can be obtained when the ZrO; slides on its surface one time
and its results as shown in Table 5. The passivation film is 2-14 nm!*!, so it can be
worn through when the ball reciprocates on the surface within 1-2 seconds. The
reciprocating ball can constantly remove off the formed passivation film and expose
the surface to the environment. In other words, the CoCrFeNiMo surface was not be

protected by the passive film during the slide test.

The von Mises stress reaches its maximum at the edge of the contact area, so plastic
deformation occurs in this area (shown in Figure 14 (b)). Von Mises stress is calculated

as followsP?:

1
OMises — \/E [(Umax - Umid)z + (Umid - Umin)z + (Umin - Umax)z] (8)

Where 0505 1S vOn Mises stress, Opmax> Omia and om,i, are the maximum principal
stress, the middle principal stress and the minimum principal stress respectively. When

Omia and o,,;, approach 0, formula (8) can be simplified as:

OMises = \/% [(O-max —0)2+(0—-0)2+ (0 - Gmax)z] = |Gmax| )

Von Mises stress in some areas of the curve in Figure 14 is close to the maximum
principal stress. According to Formula 9 the stress of this areas is uniaxial tensile stress
due to the middle and minimum principle stress approach to 0. The oxide film formed

in the plastic deformation region can crack under the cyclic tensile stress.
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Figure 14 Contact pressure, von Mises stress and maximum principle stress
distributions along the centreline when slid with ZrO», a) at the load of 2 N, b) at the
load of 10 N

Table 5 the wear depth of CoCrFeNiMo when the ball slides on surface one time

2N 10N
71O 4.59 nm 6.44 nm
Stainless steel 1.94 nm 2.04 nm

Figure 15 shows the stress distribution and equivalent plastic strain (PEEQ) of
stainless steel ball and high entropy alloy during sliding test. When the stainless steel
ball contacts the high entropy alloy surface at the load of 10 N, the stainless steel ball
have plastic deformation. The plastic deformation of the stainless steel ball increases
the contact area and reduces the Mises stress of the high entropy alloy. Figure 15 (a)
shows that the maximum Mises stress is located at the subsurface of HEA coating,
and its value is 729 MPa. As shown in Figure 15 (b), only the stainless steel ball
undergoes plastic deformation during the contact process, while the high entropy alloy
has no plastic deformation. When the ball slides forward at a speed of 20 mm/s, the
Mises stress on the sub-surface of the high entropy alloy increases to 813 MPa. At this
time, there is no plastic deformation on the surface of the high entropy alloy(as shown
in Figure 15 (c¢) and (d)). Because there is no plastic deformation on the surface of the
high entropy alloy when grinding with stainless steel, no oxide film is formed in the

wear scar.
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Figure 15 The stress and equivalent plastic strain (PEEQ) distribution when slid with
stainless steel at the load of 10 N, a) Mises stress distribution, b) The PEEQ distribution,
c¢) Mises stress distribution (Velocity of 20 mm/s), d) The PEEQ distribution (Velocity
of 20 mm/s)

4 Conclusions

The tribological oxidation mechanism of CoCrFeNiMo high entropy alloy has been
revealed. Contact stress, von Mises stress and tensile stress play different roles in the
formation and destruction of oxide film. The key conclusions are:

(1) The passive film is formed on the CoCrFeNiMo coating surface, which is composed
of Cr203, Cr(OH)3;, CoO, Co(OH)2, Co203, FeO, Fe 03, Fe;04, FeO(OH), NiO,
Ni(OH)> and MoOs. However, because of the contact stress, the passive film was
destroyed within two seconds during the sliding test.

(2) When the load increases to a certain value, the von Mises stress on the surface is
higher than the yield strength of CoCrFeNiMo, causing plastic deformation. Oxide
films are formed in the plastic deformation area. The above theory is proved by the
oxide film produced when CoCrFeNiMo rubs with ZrO> ball under 10 N load.

(3) CoCrFeNiMo high entropy alloy slide against stainless steel proved that if the
plastic deformation does not take place on the surface, no oxide film will be formed.

(4) Along the sliding direction, the front of the ball is subject to compressive stress, and



the rear of the ball is subject to tensile stress. The oxide film crack and fall off are

related to cyclic tensile stress.
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