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Abstract: The tribological behavior of hot-rolled and boronized FesgMny(CrpoNipg high-entropy
alloys (HEAs) sliding against a SizNy ball was investigated in the air, deionized water and seawater.
The results showed that the hot-rolled FeygMny(CryoNiy) HEA was composed of an FCC (face-
centered cubic) phase. In addition, the boronized HEA was composed of a great number of borides,
including CrB, FeB, MnB, Fe;B, FesB and MnB;. The hardness increased from 139 HV to 970 HV after
boronizing. In air, the wear rate decreased from 4.51 x 10~% mm3/Nm to 0.72 x 10~% mm3/Nm
after boronizing. The wear mechanism transformed from abrasive wear and oxidative wear to
the polishing effect. After boronizing, in the deionized water, the wear rate decreased from
1.27 x 10~* mm?3/Nm to 8.43 x 10~° mm?3/Nm. The wear mechanism transformed from abrasive
wear and delamination wear to delamination wear. In the seawater, the wear rate decreased by about
ten times that of hot-rolled alloy.

Keywords: high-entropy alloys; boronized; wear; oxidation; lubricate

1. Introduction

Since the concept of high-entropy alloy (HEA) [1] was proposed, it has attracted
much attention. The design concept of HEAs is very different from that of conventional
alloys. One element is used as the principal element in traditional alloys, whose mechanical
performances are improved by adding other minor elements. Different from traditional
alloys, HEAs contain five or more principal elements, and the concentration of each
principal element is between 5 at.% and 35 at.% [2-5]. This kind of alloy tends to form
simple solid solutions rather than complex intermetallic compounds, which is mainly
attributed to the high-entropy effect, such as face-centered cubic (FCC), body-centered cubic
(BCC) or hexagonal close-packed (HCP) solid solutions [6-9]. Therefore, HEAs possess a
great number of excellent performances, such as high strength and hardness and excellent
corrosion resistance and wear resistance as well as improved damage tolerances [3,10-15].
At present, HEAs have the potential to be the next-generation structural alloys.

In practical applications, part of the failure of metallic materials is caused by wear [16].
Therefore, improving the wear resistance of materials is an urgent problem to be solved. At
present, surface modification, such as carburizing [17], nitriding [18] and boronizing [19],
has been successfully applied to improve the surface properties of many kinds of metals
and alloys. The abrasive wear resistance of the brittle carburized layer (0.8-2 mm) is low
due to its high thickness after carburizing, and subsequent heat treatments are usually
employed to obtain higher wear resistance. However, the thickness of the nitriding layer
is low (<20 um), and the preparation process is long (9—40 h). Boronizing is a thermo-
chemical and surface hardening process. The boride layer can be formed on the surface,
which greatly improves the surface hardness of materials. Moreover, boronizing technol-
ogy possesses simple operation and low cost and has been successfully applied to steels,
nickel-based alloys and titanium alloys etc. [17,20,21]. Tabur et al. [22] used solid-state
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boronizing technology to boronize AISI 8620 steels. It was found that the microhardness
value exceeded 1600 HV after boronizing, and the boronized steel revealed a 500% im-
provement in wear resistance. Recently, boronizing technology has also been successfully
applied to the field of HEAs. Hou et al. [23] studied the effect of boronizing on the surface
strengthening of Aly5CoCrFeNi HEAs. The boronized alloy had a hardness of 1136 HV,
which was six times higher than that of the unboronized alloys. Additionally, the wear
rate was 1.25 x 107> mm3/Nm, which was reduced by 12 times compared with that of
the sample without boronizing. Wu et al. [24] studied the effect of boronizing time on
the wear resistance of Aly1CoCrFeNi HEAs. The results showed that the wear rate under
dry conditions decreased from 1.02 x 10* mm?/Nm to 0.55 x 10~* mm3/Nm as the
boronization time increased from 2 h to 8 h. The main wear mechanism changed from
delamination wear of the boronized samples at 2 h to the polishing effect of the boronized
alloys at 8 h.

CoCrFeMnNi HEAs contain a large amount of expensive Co element, and it is urgent
to develop Co-free HEAs with high mechanical performances. Bian et al. [25] first reported
a Co-free FeyoMnyoCryoNiyg HEA. It indicated that the ultimate yield strength and tensile
strength at 77 K could reach 1.2 GPa and 1.34 GPa, respectively, and the uniform elongation
was 22% due to the accumulation and entanglement of a large number of dislocations
and the activation of deformation twins at low temperatures. Nutor et al. [26] found that
the FesoMn,7Cry3Nijp alloy had a tensile strength of 463 MPa and an elongation of over
40% after thermomechanical treatment, which was comparable to that of other expensive
high-temperature alloys. The above newly developed Co-free HEAs with low costs will be
popular in the field of structural alloys in the future. To date, there are only a few studies
on the tribological behavior of these kinds of alloys for actual engineering applications. In
this study, the tribological behavior of hot-rolled and boronized Fe4oMny(CryoNipyy) HEAs
in dry, deionized water and seawater was discussed in detail.

2. Materials and Methods
2.1. Materials Preparation

Alloy ingots with a nominal composition of Fe4oMnyoCrygNipg were prepared by vac-
uum induction melting and hot rolled at 1150 °C after homogenization at 1300 °C for 1.5 h.
After hot rolling, the thickness of the sample was reduced by 79%. The purity of the initial
elements was 99.95%. The purpose of hot rolling was to destroy the casting organization of
the ingot, refine the grain of the alloy and eliminate microstructural defects. Therefore, a
denser alloy was obtained, and the mechanical properties were improved. The hot-rolled
alloy was sliced into small specimens with a dimension of 80 mm x 10 mm X 2 mm by
an electro-spark wire-electrode cutting machine, then ground and well-polished. The
boronizing agent (LSB-IIA, B4C, KBF; and SiC) was put into a stainless steel box and
heated at 100 °C for 1 h in a resistance furnace before boronizing to get rid of the moisture
in the boronizing agent. Then, the samples were put into the center of the stainless steel
box and surrounded by the boronizing agent. Subsequently, the stainless steel box was
sealed with clay and NayO-nSiO,. Then, the box was put into a heat treatment furnace at
900 °C for 6 h. The final sample was cooled with the furnace. The hot-rolled and boronized
alloys were sliced into small specimens with a dimension of 10 mm x 5 mm x 2 mm by an
electro-spark wire-electrode cutting machine for subsequent wear experiments.

2.2. Friction and Wear Test

A ball-on-block high-speed reciprocating wear test apparatus (MFI-R4000, Lanzhou,
China) was used for the friction and wear testing. The tested samples were rubbed against
a hardened SizN, ball with a diameter of 5 mm. The hardness of the SizN, ball was above
1500 HV. The wear experiments were carried out under air, simulated seawater (3.5 wt.%
NaCl) and deionized water. The sliding speed was 0.2 m/s with different loads of 5N, 10 N
and 15 N. The reciprocating amplitude and sliding time were fixed to 5 mm and 1800 s,
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respectively. To ensure the reproducibility of the experiments, each group of experiments
was performed at least three times.

2.3. Mechanical Characterization

The hardness value of the sample surface was measured using the HV-1000A micro
Vickers hardness tester with a load of 500 gf for 15 s. The crystal structure of the hot-
rolled samples and the boronized samples was characterized using an X-ray diffractometer
(XRD, PANalytical, AERIS, Netherlands) with Co K« radiation. The scanning range was
from 20° to 100° in 28. The samples were ground and polished according to the standard
metallographic techniques. The mixed solution of FeCl3 and HCl was utilized as the etchant
to etch the sample. A scanning electron microscope (SEM, Phenom XL SEM, Shanghai,
China) equipped with an X-ray energy dispersive spectrometer (EDS) was used to analyze
the microstructure, chemical composition, coating thickness, worn surface and worn debris
of the hot-rolled samples and boronized samples. An X-ray photoelectron spectroscopy
analysis (XPS, Thermo Scientific K-Alpha+, Waltham, MA, USA) was used to determine
the chemical compounds of the wear surface. The volume loss of the alloys was calculated
by measuring the depth and width of the wear scars with a 3D surface profiler. The wear
volume loss is defined by

AV = Lh(3h* + 4b%)/6b 1)

where AV is the volumetric loss, L is the perimeter of the wear ring, and & and b are the
depth and width of the wear scars, respectively.
The wear rate is defined as follows:

W, = AV/SP )
where W, is the wear rate, S is the sliding distance, and P is the load.

3. Results and Discussion
3.1. Microstructures

The microstructure of the hot-rolled Fe4oMnyoCry0Nipg HEAs is shown in Figure 1a.
The alloy ingot underwent a dynamic recrystallization process during the hot rolling
process. Therefore, the alloy contained equiaxed grain. The XRD pattern of the hot-rolled
Fe4oMnyCrpoNipg HEAs is illustrated in Figure 1b. It can be observed that all the diffraction
peaks of the hot-rolled FesoMnyoCrygNiyg alloy are a single FCC solid solution, and no
intermetallic compounds formed. The simple single-phase structure can be ascribed to the
high-entropy effect, which is conducive to the formation of simple solid solutions rather
than complex intermetallic compounds.
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Figure 1. (a) Microstructures of the hot-rolled Fe4gMn;yCrygNipg alloy and (b) XRD pattern of hot-rolled alloy.
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Figure 2 shows the cross-sectional microstructure of the boronized Fe4oMny(Cr0Nip
HEA, indicating a layered structure. A dense and smooth boronized layer can be observed
in the cross-sectional graph. The interface is composed of a boride layer, diffusion layer
and matrix based on previous studies [24]. There is no clear demarcation line between
the matrix and the boronized layer. Grain boundary precipitations within the matrix are
observed. It was indicated that the boron atoms diffused through the grain boundaries and
formed the precipitates at the grain boundaries. Furthermore, some cracks appear in the
boride layer due to the distinctive thermal expansion coefficients of Fe;B and FeB [27,28].
According to the EDS surface analysis results, the surface of the boronized layer is Ni
rich, which can be confirmed with the XRD results. Ni-B compounds are divided into two
types, one with less BNiz and the other with more NiyB;3. Therefore, the sum of these two
compounds leads to a higher Ni content. It is well-known that the thickness of the boride
layer depends on the boronizing time and temperature. In the present study, the thickness
of the boride layer was 50.2 pum. The element distribution diagram of the cross-section of
the boronized FeygMnyCrogNipy HEA is displayed in Figure 3. The content of boron on
the surface is relatively higher and gradually decreases from the surface to the substrate.
This is because borides are more easily formed on the surface. The metal elements also
show the characteristics of layering. The outermost layer is rich in Ni element, followed
by Fe, Cr and Mn. The stratification of the metal elements is due to the different mixing
enthalpies with the B element and each metal element.

Figure 2. Cross-sectional SEM of the boronized FesyMnyoCryoNipy alloy and EDS mapping of the boronized

FE40 Mn20Cr20 Nizo alloy.

Figure 3 shows the XRD pattern of the boronized HEA. Unlike that of the hot-rolled
sample, no FCC structure is detected in the boronized alloy, indicating that the boron
and metal elements formed a stable boride layer. It can be observed that the boronized
layer mainly displays strong Cr-B and Fe-B phase-diffraction peaks. The boronized layer
contains CrB, FeB, MnB, Fe,B, FesB, MnB;, BNi3, Cr5Bs, Cry B3, NigBs and other compounds.
According to previous studies, the formation mechanism of the boronized layer is as
follows [29]: firstly, at the boronizing temperature, boron atoms are transferred to the
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surface of the materials through gas diffusion and then solid-state diffusion to the sub-
surface area; secondly, as the temperature rises, the boron atoms form metal borides with
the most active elements; thirdly, the boride layer consists of an outermost boride layer
and an intermediate diffusion layer.

¢ MnB, v CrB

® [0 BNi; © FeB
5 v Cr,B, © MnB
i ¢ Ni,B, <! Fe,B

A Cr.B; > Fe;B

Intensity(a.u.)

30 40 50 60 70 80 90
20(Degree)
Figure 3. XRD pattern of the boronized FeygMn;oCrygNiyg alloy.

3.2. Microhardness

The hardness of the hot-rolled sample was 139 &+ 2.7 HV. Additionally, the hardness
of the boronized sample was 970 =+ 38 HV, which was about 7 times higher than that of
the unboronized samples owing to the presence of a large number of hard borides on the
surface as shown in the XRD patterns. Moreover, the boron atoms had small atomic radii,
and they were easily dissolved in the interstitial sites of the alloys, forming a supersaturated
solid solution and leading to enhanced solid solution strengthening [30,31].

3.3. Wear Behavior
3.3.1. Wear Rate

The wear rate of the hot-rolled and boronized Fe4yMn,(CryoNiyg HEAs with different
loads in different environments is displayed in Figure 4. Table 1 shows the wear rate
value of the hot-rolled and boronized samples. According to Archard’s law [32], the wear
resistance of a material is proportional to its hardness. Therefore, the wear rate of boronized
alloys is lower than that of hot-rolled alloys due to the higher hardness of boronized alloys;
boronized alloys have better wear resistance. In air, the wear rate of the hot-rolled alloys
increased with an increase in the load. Nevertheless, the wear rate of the boronized alloys is
first increased and then decreased with an increase in the load. Due to the lower hardness
of the hot-rolled samples, the plastic deformation of the wear surface becomes more serious
as the load increases. Additionally, the boronized alloy had higher hardness and resisted
the indentation of Si3N4 more effectively, producing less plastic deformation and leading
to a lower wear rate.
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Figure 4. Wear rates of hot-rolled and boronized Fe gMnyiCryNiyg HEAs under different test
environments. D symbolizes the dry condition; d symbolizes the deionized water; and S symbolizes
the seawater.

Table 1. Average wear rate (x 10~# mm3/Nm) of hot-rolled and boronized Fe4MnyyCryNiyg HEAs
under different conditions.

Average Wear Rate

(x10-4 mm3/Nm) Air Deionized Water Seawater

5N 10N 15N 5N 10N 15N 5N 10N 15N
Hot rolled 056 299 451 473 599 24 1.04 747 785
Boronized 0.45 1.71 072 046 163 084 093 1.04 075

The wear rate of both alloys is first increased and then reduced with an increase in
the load in the deionized water. Moreover, the wear rate of the hot-rolled samples in the
deionized water is higher than that of the dry condition. The friction heat generated by
sliding oxidized the worn surface to form a dense oxide film in air, resulting in a low wear
rate. The deionized water has a cooling effect, reducing the frictional heat generated on the
worn surface. Therefore, the dense oxidized film cannot be easily generated on the worn
surface, leading to a higher wear rate.

In the seawater, the total mass loss of the alloy can be described by Formula (3) in the
corrosive environment [33].

Miotal = Mech 1 Meorr + Msyn 3)

where 1, is the mass loss caused by the dry grinding, #1cor is the mass loss caused by the
corrosion, and syn is the mass loss caused by the synergistic effect of both corrosion and
wear. On the one hand, corrosion can accelerate wear. When the metal surface is damaged
by the corrosive solution, the exposed new surface is worn due to the friction force, causing
additional wear. On the other hand, wear can accelerate corrosion. Abrasion destroys
the passivation film and accelerates the corrosion of the materials. In the seawater, the
wear rate of the hot-rolled samples gradually increased with an increase in the load. The
occurrence of corrosion will cause the formation of a rough and loose corrosion product
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film on the surface of the materials; their shear strength decreases, and their wear rate
increases. The wear rate of the boronized alloys first increases and then decreases with
an increase in the load. Furthermore, the wear rate of the boronized alloy substantially
decreases.

In summary, the wear rate of the hot-rolled alloy in the dry condition is lower than
that in the lubricating condition due to the oxide film formed on the wear surface. The
deionized water and seawater cut off the oxygen, leading to less oxide films and a higher
wear rate. However, regardless of the environment, the wear rate of the boronized alloys is
lower than that of the hot-rolled alloy. The reason for the low wear rate of the boronized
alloy is discussed in Section 3.4.

3.3.2. Friction Coefficient

The variation of the friction coefficient in the hot-rolled and boronized Fe 9MnyyCryoNiyg
HEAs with the sliding time at distinctive loads under different environments is displayed
in Figure 5. The specific values are summarized in Table 2. The friction coefficient curve
can basically be divided into two stages: at the beginning of wear, the friction coefficient
increases with time and then reaches a relatively stable value, which is called the running-in
period; finally, the friction coefficient fluctuates up and down within a stable range, which
is called the stable stage [34].
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Figure 5. Friction coefficient as a function of the sliding time for the present HEAs: (a) hot-rolled
alloy in the dry condition; (b) boronized alloy in the dry condition; (c) hot-rolled alloy in the
deionized water; (d) boronized alloy in the deionized water; (e) hot-rolled alloy in the seawater; and
(f) boronized alloy in the seawater.
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Table 2. Average friction coefficient of hot-rolled and boronized FeqgMnyoCryoNiyg HEAs under
different conditions.

Average Friction

Coefficient Air Deionized Water Seawater

5N 10N 15N 5N 10N 15N 5N 10N 15N
Hot rolled 0.50 0.20 0.38 0.31 0.37 0.18 0.38 0.61 0.55
Boronized 0.24 0.21 0.30 0.08 0.33 0.17 0.18 0.44 0.45

The friction coefficient of the hot-rolled alloys increases rapidly to 0.55 in the first 300 s
and then fluctuates around 0.55 at 5 N in air as demonstrated in Figure 5a. Before 300 s,
the friction coefficient increased rapidly due to the sinking of the indenter at the initial
stage of friction, the low hardness and high plasticity of the hot-rolled alloy and the surface
fracture and the generation of wear debris caused by the violent plowing action. The
friction coefficient gradually stabilized after about 300 s due to the reduction in wear debris.
The friction coefficient fluctuated around a stable value and exhibited obvious periodicity
due to the separation of wear debris from the worn surface and the filling of wear debris
into the cracks. The wear surface underwent a process of wear debris generation and then
compaction during the entire cycle with an increase in the load. There was less fluctuation
in the friction coefficient curve for the hot-rolled alloy at 5 N. The friction coefficient curve
was smoother than that of the lower loads at 15 N. The friction coefficient was maintained
at about 0.38 after 100 s due to the oxide films formed on the worn surface. Figure 5b
exhibits the friction coefficient curve of the boronized FessMny(CrooNiyg HEAs in air. The
friction coefficient curve at 5 N is smoother compared with that of the hot-rolled alloys.
The friction coefficient maintains at about 0.25 after a slow increase of about 900 s. The
friction coefficient greatly decreased compared with that of the hot-rolled alloys due to the
greatly increased hardness of the boronized alloy. As a result, the surface resistance to the
indentation of the hard Si3Ny ball was improved, and the plastic deformation generated
on the surface became smaller. The curve gradually stabilized after 300 s with the load
increasing to 10 N. The friction coefficient drastically decreased at about 1,200 s and then
increased due to the local oxide films formed on the worn surface. Then, the oxide films
were torn. The curve increases slowly during the entire cycle and finally maintains at about
0.33 with the load increasing to 15 N.

Figure 5c,d show the friction coefficients of the hot-rolled and boronized HEAs in
the deionized water. It can be seen that the friction coefficient reaches a stable value
after 300 s at 5 N. It fluctuates up and down within 0.28. The friction coefficient greatly
reduced compared with that in the dry condition due to the cleaning and lubricating by
the deionized water on the worn surface. When the load is 10 N, the friction coefficient
increases to 0.2 at the beginning of wear, and then the friction coefficient fluctuates around
0.2. The friction coefficient reaches the stable stage after 90 s and keeps a cyclical fluctuation
at 0.16 until the slide ends with the load increasing to 15 N due to the alternant forming
and eliminating of wear debris during the entire sliding process. It can be observed that
the friction coefficient increases slowly, and the average friction coefficient value is 0.11 at
5N, as shown in Figure 5d. The boronized alloy had a longer running-in period compared
with that of the hot-rolled alloy in the deionized water. The average friction coefficient
value is 0.33 with the load increasing to 10 N. The surface of the boronized alloy has a high
roughness, resulting in the instability of the friction coefficient and severe grinding. The
friction coefficient curve is smoother at 15 N. The average friction coefficient decreased.
The friction coefficient gradually stabilizes above 300 s and keeps cyclical fluctuation at
0.16 until the slide ends.

The friction coefficient of the hot-rolled and boronized Fe4yMny(CrygNipg HEASs in the
seawater under different loads is displayed in Figure 5e,f. The friction coefficient curve is
smoother compared with that in other environments. The average friction coefficient of
the hot-rolled alloy at 5 N, 10 N and 15 N is 0.38, 0.61 and 0.55, respectively. The friction
coefficient value increased compared with that of the hot-rolled alloys in the deionized
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water due to the increased roughness of the worn surface caused by the corrosion of
seawater. The friction coefficient curves initially rise due to the dropping of the indenter at
5 N and then gradually decrease to a stable value owing to the cleaning and lubricating
effects of seawater on the worn surface. The friction coefficient reaches a stable stage above
180 s and subsequently keeps a cyclical fluctuation at 0.65 until the slide ends with the
load increasing to 10 N. The friction coefficient curve of 15 N is similar to that of 10 N. The
steady state was reached after 300 s. The average friction coefficient of boronized alloys at
5N, 10 N and 15 N is 0.18, 0.44 and 0.45, respectively. The friction coefficient rises at the
initial stage and then decreases to 0.16 at 5 N. The high surface roughness of the boronized
alloy initially resulted in a high friction coefficient, and then the polishing effect made the
surface smoother and reduced the friction coefficient. Moreover, the corrosion of seawater
softened the surface, which was easily plowed to produce wear debris. Subsequently, the
wear debris was further pressed into the wear surface, and the surface became smooth,
reducing the friction coefficient. The friction coefficient increases before 600 s and reaches
the stable stage after 900 s with the load increasing to 10 N. As the load further increases,
the friction coefficient stabilizes. This may be attributable to the polish effect, which makes
the wear surface smooth.

It can be observed that the coefficient of friction in the deionized water is lower than
that in dry environments and seawater due to the lubricating effect of deionized water. In
contrast, the friction coefficient in the seawater is higher than that in the deionized water
probably due to the corrosion effect of seawater.

3.3.3. Worn Surface and Wear Mechanism

Figure 6 shows the SEM images of the worn surface of the hot-rolled and boronized
Fe4oMnyCrpoNipg HEAs under different loads in air. It can be seen that there is a significant
difference on the worn surface as the load increases. Cracks are observed on the worn
surface of the hot-rolled FeyMny(CryNiyg HEAs at 5 N in air, as shown in Figure 6a.
Moreover, much debris is also found, which is a typical feature of abrasive wear. The EDS
point analysis reveals that most of the worn surfaces contain oxygen, especially the bright
regions in the SEM image (Figure 6a). Therefore, the wear mechanism of the hot-rolled
FeyoMny(CryoNiyg HEAs at 5 N in air was abrasive wear and mild oxidation wear. The
hardness of the Si3N, ball was higher than that of the hot-rolled FesgMnyoCrygNiyg HEAs
mainly composed of a soft FCC phase with a hardness of 139 HV, leading to abrasive wear.
As the load increases, the degree of plastic deformation on the surface of the FCC alloy
increases. There are wide and deep plow grooves parallel to the sliding direction and
some cracks on the surface. In addition, the number of abrasive debris is reduced. The
degree of plastic deformation exceeded a certain threshold during the friction process,
leading to the sprouting and expansion of cracks and the spalling of materials as well as the
formation of abrasive debris. Grinding debris was continuously generated and compacted
on the surface during the reciprocating friction process. Therefore, the wear surface became
smoother, and the friction coefficient decreased. The results are consistent with the above
friction coefficient. The wear surface is severely damaged with a further increase in the
load. As a result, the coefficient of friction further increased. A large number of grooves
parallel to the sliding direction and broken wear debris particles adhering to the surface
are observed on the wear surface in Figure 6b. The features of cracks and delamination are
visible. According to the SEM images and EDS results (in Table 3), there is a certain degree
of oxidation on both the wear surface and wear debris, proving the occurrence of oxidative
wear. The wear surface of the alloy was continuously heated during the wear process,
which raised the temperature of the local contact area of the surface and led to surface
oxidation. Moreover, the EDS results show the presence of Si in the wear chips, indicating
material transfer. The wear surface was damaged more severely with an increase in the
load, increasing the wear rate gradually, which was consistent with the above wear rates.
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Figure 6. SEM images of the worn surfaces of the hot-rolled and boronized Fe MnyyCrygNiyg HEAs under the dry condition:
(a) hot-rolled HEA, 5 N; (b) hot-rolled HEA, 10 N; (c) hot-rolled HEA, 15 N; (d) boronized HEA, 5 N (e) boronized HEA,
10 N; and (f) boronized HEA, 15 N.

Table 3. EDS results of the worn surfaces and worn debris of hot-rolled and boronized FegoMnyyCrygNiyg HEAs under
different loads in the dry environment (at. %).

Sample State Fe Mn Cr Ni B (0] Si
Hot rolled; 5 N
Surface 16.7 £ 0.1 34+0.1 6.1 £0.1 10.8 £0.1 - 63.0 £0.1 -
Debris 25.1 4+ 0.1 104 +0.1 11.8 +£0.1 109 +£0.1 - 41.8 +0.1 -
Hot rolled; 10 N
Surface 28.8 £ 0.1 11.8 £0.1 13.7 £ 0.1 13.1+0.1 - 32.6 +0.1 -
Debris 26.1 +0.1 9.8 +£0.1 114 +0.1 11.8 +£0.1 - 39.8 +0.1 1.14+0.1
Hot rolled; 15 N
Surface 244 4+ 0.1 11.8 £ 0.1 15.7 £ 0.1 119 +£0.1 - 36.2 +0.1 -
Debris 189 £ 0.1 79 +0.1 8.8 £0.1 7.6 £0.1 - 543 + 0.1 25+0.1
Boronized; 5 N
Surface 29.1+0.1 10.0 £ 0.1 189 +£0.1 75+0.1 143 +0.1 20.2 +0.1 -
Debris 252+ 0.1 83+0.1 13.8 +£0.1 41401 1.7+ 0.1 452 +0.1 1.7+ 0.1
Boronized; 10 N
Surface 224 4+0.1 11.6 £ 0.1 142 +0.1 122 +0.1 171 +0.1 20.5+0.1 2.0+0.1
Debris 184 +0.1 6.5+0.1 75+0.1 73+0.1 35+0.1 50.9 + 0.1 59 +0.1
Boronized; 15 N
Surface 29.7 £ 0.1 13.2£0.1 152+ 0.1 13.6 £ 0.1 149 £ 0.1 10.2 £ 0.1 3.2+0.1
Debris 20.7 £ 0.1 89+0.1 9.2 £0.1 8.7+0.1 53+0.1 446 £ 0.1 2.6 £0.1

The SEM images of the worn surface of the boronized Fe4oMny(CrygNiyg HEAs under
different loads in air are presented in Figure 6d—f. It can be seen that many cracks, some
debris and delamination features are found on the worn surface at 5 N due to the brittleness
of the boride layer, as shown in Figure 6d. The wear surface morphologies of the boronized
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Fe4oMny(CryNiyg HEAs at 10 N are similar to those at 5 N. The cracks, wear debris and
delamination appeared on the worn surface, showing the characteristics of delamination
wear. Some grooves are observed and no cracks can be detected in Figure 6f. The wear
surface was not destroyed, and the wear mechanism was the polishing effect. When the load
increased, the cracks expanded, and the material surface was peeled off to form abrasive
debris, which was further compacted on the surface, reducing the friction coefficient. At
this time, the friction was still in the grinding stage. In the whole friction process, the worn
surface gradually became smooth, and the contact stress between the substrate and the
SizNy ball was reduced and then entered the stable period. The wear rate increased due to
the flaking of the alloy on the wear surface with increasing the load from 5 N to 10 N. The
wear surface was in high engagement with the friction substrate with increasing the load
to 15 N, decreasing the wear rate. This was consistent with the above wear rates.

The worn surface morphology of the hot-rolled and boronized FesgMnyyCrygNipg
HEAs under different loads in the deionized water is presented in Figure 7. The wear
debris on the worn surface was less than that in the dry condition. The local stress, heat
concentration and shear friction were reduced in the liquid environment, thereby inhibiting
the generation of cracks. More grooves parallel to the sliding direction and some debris
are observed on the worn surface, as shown in Figure 7a, which is a typical feature of
abrasive wear. The wide and deep furrows were easily produced when the small Si3Ny
balls were pressed into the surface of the alloy due to the high plasticity of FCC alloys.
As shown in Figure 7b, a large number of grooves parallel to the sliding direction and
some cracks are observed on the worn surface with the load increasing to 10 N due to the
increase in the degree of plastic deformation of the alloy and the sprouting and expansion
of cracks in the subsurface of the alloy. Moreover, the number of debris was significantly
reduced, and there was a dark area. The wear surface became rougher, increasing the
friction coefficient and wear rate. It was implied that the wear mechanism was abrasive
wear and delamination wear. In Figure 7c, deeper and wider grooves parallel to the sliding
direction are observed with a further increase in the load, suggesting a mechanism of
abrasive wear. Furthermore, some cracks are discovered on the worn surface, indicating
that delamination wear occurred. The EDS analysis reveals that the worn surface contains
oxygen, as shown in Table 4. On the one hand, the frictional heat was greatly reduced
due to the cooling effect of the liquid. On the other hand, the deionized water insulated
the oxygen and reduced the oxidation of the worn surface. However, mild oxidation was
inevitable. Additionally, the wear rate in the deionized water was higher than that in the
dry condition due to the lack of a large area of oxide film in the deionized water. Moreover,
there was a transfer of materials when the load was 10 N. The flaking of the Si3Ny spheres
generated abrasive debris, part of which was cleaned by the deionized water and the other
part was compacted on the surface, forming a mechanical mixed layer, playing the role of
lubrication and reducing the wear rate.

Figure 7d—f show the SEM micrograph of the wear surface of the boronized FesoMny
CryoNipy HEAs at different loads in the deionized water. It can be seen that the wear
morphology under different loads is similar. Many grooves parallel to the sliding direction
and a small amount of wear debris are found on the worn surface, suggesting the wear
mechanism of abrasive wear. Moreover, many cracks appeared due to the brittle surface.
This is characteristic of delamination wear. The amount of abrasive debris on the surface is
greatly reduced in the deionized water compared to that in the dry environment due to the
cleaning and lubricating effect of deionized water. The plowing effect of the Si3Ny4 spheres
on the alloy surface resulted in a more severe spalling of the wear surface and an increase
in the wear rate with an increase in the load. This was consistent with the wear rate results.
The increased load increases the contact area between the alloy and the friction substrate,
which facilitates the compaction of the abrasive chips. This leads to a lower wear rate. The
grooves on the worn surface decrease and the cracks increase with the load increasing to
15 N. Therefore, the predominant wear mechanism was transformed from abrasive wear to
delamination wear. In combination with the EDS results, the presence of large amounts
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of oxygen on the wear surface indicates the occurrence of oxidative wear. Moreover, the
presence of Si is detected on the wear surface at 5 N and 10 N, indicating material transfer.
Si is transferred to the wear surface, forming a mechanically mixed layer, which acts as a
lubricant.
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Figure 7. SEM images of the worn surfaces of the hot-rolled and boronized Fe4oMnyyCryoNiyy HEAs in the deionized water:
(a) hot-rolled HEA, 5 N; (b) hot-rolled HEA, 10 N; (c) hot-rolled HEA, 15 N; (d) boronized HEA, 5 N; (e) boronized HEA,
10 N; and (f) boronized HEA, 15 N.

Table 4. EDS results of the worn surfaces and worn debris of hot-rolled and boronized FeygMny(CryoNiyyg HEAs under

different loads in the deionized water (at. %).

Sample State Fe Mn Cr Ni B o Si
Hot Rolled; 5 N
Surface 33.44+0.1 134 +0.1 15.7 £ 0.1 145+ 0.1 - 23.0 4+ 0.1 -
Debris 22.6 +0.1 121 +£0.1 10.3 £ 0.1 144 +£0.1 - 259 + 0.1 14.7 £0.1
Hot rolled; 10 N
Surface 26.6 = 0.1 10.7 £ 0.1 125+ 0.1 119 £0.1 - 359+ 0.1 24 +0.1
Debris 25.1 4+ 0.1 9.9 +0.1 11.7 £ 0.1 11.2+0.1 - 39.3 +0.1 2.8+0.1
Hot rolled; 15 N
Surface 32.7 +0.1 134 +0.1 15.7 £ 0.1 15.1+0.1 - 23.14+0.1 -
Debris 38.7 £0.1 159 £ 0.1 185+ 0.1 17.8 £0.1 - 9.1+0.1 -
Boronized; 5 N
Surface 13.3+0.1 5.1+0.1 04 +£0.1 17.0 £0.1 11.7 £ 0.1 35.4 4+ 0.1 171 +£0.1
Debris 11.7 £ 0.1 6.2+0.1 8.2+0.1 53.1 £ 0.1 35+0.1 15.6 £0.1 1.7 £ 0.1
Boronized; 10 N
Surface 16.5+0.1 83+0.1 5.7+ 0.1 75+0.1 152+ 0.1 31.4 4+ 0.1 154 +0.1
Debris 5.6 +0.1 5.7+ 0.1 7.6 +0.1 48 +0.1 5.6 +£0.1 68.2 0.1 25+0.1
Boronized; 15 N
Surface 13.1+0.1 27401 54 +0.1 16.2 £ 0.1 122 +0.1 50.4 + 0.1 -
Debris 44401 3.9+0.1 04 +0.1 66.4 + 0.1 4.4 4+0.1 20.5 4+ 0.1 -
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Figure 8 shows the SEM images of the wear surface of the hot-rolled and boronized
Fe490Mny(CryoNiyg HEAs under different loads in the simulated seawater. As illustrated in
Figure 8a, a great number of grooves densely appear on the worn surface and some wear
debris is randomly distributed on the surface at 5 N, suggesting the wear mechanism of
abrasive wear. According to the EDS results, the worn surface contains a lot of oxygen,
which indicates that a protective passivation film was formed in the seawater to block the
attack of chloride ions. Therefore, the wear rate was lower. When the load increases to 10 N,
as displayed in Figure 8b, more grooves on the wear surface appear and are deeper, and
there is more abrasive debris due to the corrosive effect of seawater, which makes the wear
surface looser and softer. The degree of plastic deformation of the wear surface increased
with an increase in the load, which led to the flaking of the materials and the formation
of abrasive debris when the threshold value was exceeded. Moreover, the passivation
film was destroyed more easily with an increase in the load, exposing a new metal surface
and increasing the corrosion and wear. The wear surface became rougher, increasing the
friction coefficient and wear rate. As illustrated in Figure 8c, when the load increases to
15 N, in addition to the presence of a large number of grooves and abrasive debris, cracks
appear. The wear mechanism changed to abrasive wear and delamination wear. The wear
surface was severely damaged, and the wear rate increased further. The EDS results (in
Table 5) indicate the presence of Na and Cl on the wear surface, indicating that the wear
surface was subjected to corrosion caused by the seawater. Therefore, the wear rate in the
seawater was higher than that in the deionized water.

Figure 8. SEM images of the worn surfaces of the hot-rolled and boronized Fe oMny;CrygNipy HEAs in the seawater:
(a) hot-rolled HEA, 5 N; (b) hot-rolled HEA, 10 N; (c) hot-rolled HEA, 15 N; (d) boronized HEA, 5 N; (e) boronized HEA,
10 N; and (f) boronized HEA, 15 N.
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Table 5. EDS results of the worn surfaces and worn debris of hot-rolled and boronized FeygMny(CryoNiyg HEAs under

different loads in the seawater (at. %).

Sample State Fe Mn Cr Ni B (0] Na Cl
Hot rolled; 5 N
Surface 19.3+£0.1 72+0.1 9.9 +0.1 8.8 +0.1 - 424 +0.1 87+0.1 3.7+0.1
Debris 42 +0.1 1.14+0.1 1.8+0.1 1.0+ 0.1 - 154 +£0.1 54.8 + 0.1 21.7 £ 0.1
Hot rolled; 10 N
Surface 294 +0.1 149 + 0.1 13.3 +0.1 13.6 = 0.1 - 28.8 +0.1 - -
Debris 9.0+ 0.1 28 +0.1 3.74+0.1 29+0.1 - 24+0.1 60.2 +£0.1 19.0 £ 0.1
Hot rolled; 15 N
Surface 32.1£0.1 13.0 £ 0.1 152 +0.1 14.7 £ 0.1 - 249 4+ 0.1 - 0.1+0.1
Debris 26.9 +0.1 9.7 £0.1 139 +£0.1 122 +0.1 - 352 4+0.1 04+0.1 1.7+ 0.1
Boronized; 5 N
Surface 102 +£0.1 6.5+ 0.1 4.6 +£0.1 124 £ 0.1 6.4 +0.1 269 £ 0.1 203 +£0.1 12.7 £0.1
Debris 73+0.1 75+0.1 45+0.1 17.6 £0.1 84 +£0.1 40.2 +0.1 12.6 £0.1 1.8+0.1
Boronized; 10 N
Surface 13.6 = 0.1 1.1+£0.1 15+0.1 10.6 £ 0.1 194 +0.1 242 4+0.1 242 +0.1 54+0.1
Debris 9.8 +0.1 1.6 £0.1 15+0.1 7.8 +0.1 185+ 0.1 28.4 4+ 0.1 283 +0.1 41401
Boronized; 15 N
Surface 73+0.1 54+0.1 03+0.1 742 +£0.1 44401 43+0.1 2.6 +0.1 09 +0.1
Debris 45+0.1 405+ 0.1 0.7 +0.1 13.0 £0.1 52+0.1 36.1 0.1 - -

The SEM images of the wear surface of the boronized FesoMnyyCrygNiyy HEAs are
displayed in Figure 8d—f. At a low load, many shallow grooves exist on the wear surface.
Due to the polishing effect, the wear surface becomes smoother. Therefore, the coefficient
of friction and the wear rate were lower. The wear mechanism was abrasive wear. The
alloy surface becomes looser owing to the corrosive effect of seawater. The degree of
plastic deformation increases with an increase in the load, resulting in the peeling off
of the material surface. The alloy surface becomes rougher, and the friction coefficient
increases, which is consistent with the friction coefficient results. Some wear debris and
pits are observed on the worn surface with an increase in the load, indicating that the
wear mechanism was abrasive wear and corrosion wear with the load increasing to 15 N.
The wear surface underwent a cyclic process of abrasive debris shedding and compaction
decreasing the wear rate. Based on the wear morphology, the occurrence of oxidative wear
can be judged. Combined with the EDS results, oxidative wear was further demonstrated.
After boronizing, Fe;B exists on the surface. Compared with Fe in the matrix, it was hard
for FepB to lose electrons, and it had better chemical stability, improving its corrosion
resistance to a certain extent. Therefore, the wear rate of the boronized alloy in the seawater
was lower than that of the hot-rolled alloy.

3.4. XPS Examination

The XPS analysis of the worn surface of the boronized HEA in the seawater at 15 N is
displayed in Figure 9. During the reciprocating sliding process, a large amount of frictional
heat was generated at the contact interface, leading to oxidation of the worn surface and the
formation of metal oxides. Figure 9a shows the full spectrum of the sample. It can be clearly
seen that there are peaks of Fe, Mn, Cr, Ni, O, B and Cl. According to Figure 9b,e, there are
a large number of metal oxides and hydroxides on the wear surface, including FeO, Fe;O3,
Mn304, MnO,, CryO3 and Ni(OH),. The existence of the oxide film prevented the direct
contact of the friction pairs and reduced the wear rate. At the same time, according to
Figure 9g, BN and B,O3 were detected on the worn surface, proving that the borides on the
worn surface chemically reacted with the SizNy of the friction pair. BOj3 reacted with water
to form boric acid [35,36], which had a lubricating effect. However, the boric acid easily
decomposed, which was not shown in XPS. BN has a lubricating effect, thus reducing the
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wear rate and improving wear resistance. According to Figure 9h, chlorides were detected,
which was caused by the small radius of chloride ions and the high solubility of chlorides.
The chloride ions easily entered and destroyed the oxide film, aggravating the wear. In
addition, according to Figure 9f, SiO, is detected on the worn surface, which is caused by
the oxidation of Si3sNy in the seawater. The reaction of SiO, and H,O can also generate
Si0,-nH,0 and Si(OH),, which have a lubricating effect. The chemical reactions involved
above are as follows [37-39]:

1
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Figure 9. XPS analysis of the worn surface of the boronized HEA in the seawater at 15 N. (a) Full
spectrum of the sample (b) Fe element; (¢) Mn element; (d) Cr element; (e) Ni element; (f) O element;
(g) B element; (h) CI element.

Thus, the low wear rate of the boronized HEA was caused by the synergistic effect of
boric acid, SiO,-nH,0 and Si(OH)4. The boric acid had a lubricating effect. In addition, the
existence of oxide film prevented direct contact between the friction pair and the alloy.

4. Conclusions

In the present study, a boronized layer was prepared on the surface of Fe4oMnyCryoNipg
HEAs using solid boron leakage technology. The microstructure and tribological properties
of hot-rolled and boronized alloys were studied. The following conclusions could be
drawn:

(1) The hot-rolled alloy only consisted of the FCC phase. The surface after boronizing
was composed of many borides, including CrB, FeB, MnB, Fe;B, Fe;B, MnB;, BNi3, Cr5B3,
CryB; and NiyB3. The cross-section of the boronized alloy presented a layered structure,
which can be divided into the boride layer, the diffusion layer and the matrix. The thickness
of the boride layer was 50.2 pum. The hardness of the alloy increased from 139 HV to 970 HV
after boronizing.

(2) The wear rate of the boronized alloy was lower than that of the hot-rolled alloy,
especially in the seawater. In the air, the wear rate of the hot-rolled alloy gradually increased
with an increase in the load. However, the wear rate of the boronized alloy first increased
and then decreased. In the deionized water, both the wear rates of hot-rolled and boronized
alloys first increased and then decreased with an increase in the load. In the seawater, the
wear rate of the hot-rolled alloy increased with an increase in the load. Nevertheless, the
wear rate of the boronized alloy first increased and then decreased with an increase in the
load.

(3) In the dry environment, the wear mechanism of the hot-rolled alloy was abrasive
wear and oxidation wear at a low load, which changed to abrasive wear, delamination wear
and oxidative wear with an increase in the load. The wear mechanism of the boronized
alloy was delamination wear and oxidation wear at a low load, which changed to the
polishing effect and oxidation wear with the load increasing to 15 N.

(4) In the deionized water, the wear mechanism of the hot-rolled alloy was abrasive
wear at a low load, which changed to abrasive wear and delamination wear with an
increase in the load. In contrast, the wear mechanism of the boronized alloy was abrasive
wear, delamination wear and oxidative wear.

(5) In the seawater, the wear mechanism of the hot-rolled alloy was abrasive wear
and corrosive wear at low loads, which changed to abrasive wear, delamination wear and
corrosive wear with the load increasing to 15 N. The wear mechanism of the boronized
alloys was abrasive wear, corrosion wear and oxidation wear.
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