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Abstract: High-entropy alloys (HEAs) were fabricated by powder metallurgy using gas-atomized
powder and spark plasma sintering (SPS) followed by surface modification (plasma nitriding) of
the sintered sample. Plasma nitriding forms nitride and induces solid-soluting of N; it enables the
diffusion of N atoms by removing the passive film formed on the surface of alloys such as stainless
steel, Al alloys, and Ti alloys, via the sputtering of cations during glow discharge. Therefore, plasma
nitriding has the potential to process HEAs that contain strong oxidizing elements such as Cr, Al,
and Ti. In this work, a sintered CoCrFeMnNi HEA was plasma-nitrided and its properties were
subsequently evaluated. A uniform microstructure without segregation was obtained in the SPS
sample, and its hardness and wear resistance were found to have improved. Analysis of the sample
surface after nitriding revealed that an expanded face-centered cubic phase formed on the surface
plasma-nitrided at 673 K and that a CrN phase formed on the surface plasma-nitrided at temperatures
greater than 723 K. The surface hardness of the plasma-nitrided sample was 1200 HV or greater,
and the wear resistance and pitting corrosion resistance were improved compared with those of the
untreated sample.

Keywords: high-entropy alloy; spark plasma sintering; powder metallurgy; plasma nitriding; surface
modification; active screen plasma nitriding; expanded fcc

1. Introduction

High-entropy alloys (HEAs) have recently become a subject of extensive research because they are
expected to be used in applications such as molds, tools, and functional coatings [1,2]. Unlike traditional
alloys, HEAs are composed of at least five major elements with concentrations in the range 5-35 at% [2].
Surprisingly, the large number of components contained in HEAs does not lead to the formation of
the intermetallic phase expected on the basis of a ternary phase diagram. Rather, single-phase solid
solutions are preferentially formed. Despite being a single-phase solid solution, a HEA contains more
elements than conventional alloys such as austenitic stainless steel, as shown in Figure 1. Therefore,
HEAs exhibit severe lattice distortion. Nevertheless, because of their simple microstructure, HEAs
possess a unique combination of properties not found in traditional metallic materials, such as high
strength at elevated temperatures, ductility, and corrosion resistance [3-5].
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Pure metal: Fe Conventional alloy: austenitic stainless steel High-entropy alloy: CoCrFeMnNi

Figure 1. Schematic of the atomic lattices of metals and alloys.

Numerous HEAs with various phase-structures have been reported, such as face-centered cubic
(fcc), body-centered cubic (bcc), hexagonal close-packed (hcp), and fcc + bec [6-13]. The CoCrFeMnNi
system reported by Cantor et al. was the first HEA manufactured and is an fcc single-phase alloy [1].
HEAs are usually manufactured by arc melting or casting. However, inhomogeneous structures have
been observed in these methods [14]. In addition, the mechanical properties of these materials differ
from those of the corresponding materials produced by powder metallurgy (PM) [15-17].

In the present work, an HEA was fabricated using the spark plasma sintering (SPS) process of
PM. This method generates high temperatures at the powder-contact region via a large applied pulse
current. This high energy is used to promote sintering. In contrast to traditional metallurgy, PM offers
numerous advantages, including excellent material efficiency and geometric complexity. In addition,
SPS can suppress grain growth by rapid heating and rapidly consolidate powders at high densities
within a short time. The usefulness of SPS has recently been demonstrated in functional materials,
metal/ceramic nanomaterials, hard materials, and composites systems [18-20]. Various HEAs have
also been produced by the SPS method [21-25].

A CoCrFeMnNi HEA with an fcc structure is soft and ductile [26-29]. Therefore, improvement of
the hardness of soft HEAs is important. Surface modification was also performed on different HEA
systems [30-33]. Plasma nitriding is a thermochemical method in which a glow discharge is generated
under a mixed gas of Ny and H, forming nitride and solid-soluting N by diffusion. This processing
is an excellent surface-modification technology that improves wear resistance, corrosion resistance,
and fatigue life of parts such as gears, cams, and molds. It can also be applied to materials that
are difficult to nitride by conventional methods, such as Al alloys, Ti alloys, and stainless steels.
The passivation film formed on the surface of such alloys is removed by the sputtering action of
cations during glow discharge, enabling diffusion of N atoms [34—40]. Therefore, plasma nitriding has
the potential to process HEAs that contain strong oxidizing elements such as Cr, Al, and Ti [41-44].
In the present study, CoCrFeMnNi HEA was manufactured using SPS, subsequently plasma-nitrided,
and then evaluated by the characterization of its material properties.

2. Materials and Methods

2.1. Materials

CoCrFeMnNi alloy powder prepared by gas atomization (Sanyo Special Steel Co., Ltd., Hyogo,
Japan) was used as a starting material and was split <32 pm by sieving. The composition of the powder
measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES) was 20.4 at% Co,
20.00 at% Cr, 19.76 at% Fe, 19.52 at% Mn, and 19.83 at% Ni.

2.2. Spark Plasma Sintering

The alloy powder was placed in a graphite die ($20 mm) into which a graphite punch was
subsequently inserted. The powder was sintered using an SPS apparatus (5PS-1020, Sumitomo Coal
Mining Co., Tokyo, Japan) at a pressure of 50 MPa and under a reduced pressure of 10~> Pa by passing
a large pulse current. Sintering was carried out at 1173 K for 10 min. When the sintering process was
completed, the sample was cooled in the furnace. The thickness of the sintered compact was 5 mm.
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After sintering, the sample surface was polished to 2000-grit SiC paper, polished using Al,O3 powder
(1.0 pm in diameter), ultrasonically degreased, and dried in air.

2.3. Plasma Nitriding

Nitriding was carried out in a plasma nitriding device (JIN-1S, NDK Inc., Kanagawa, Japan).
Figure 2 shows a schematic of the plasma nitriding process. An auxiliary screen and samples were
placed on the cathodic sample stage. As a result, plasma was formed on both the sample and the
auxiliary cathode screen. This auxiliary screen suppresses the edge effect by increasing the supply of
active species such as N*, N,*, and H" and heating the sample surface uniformly [45-49]. The auxiliary
screen material was an expanded mesh of AISI316L austenitic stainless steel (ASS) with 38% open
area, a diameter of 200 mm, and a height 70 mm. The distance between the sample and the screen
was approximately 20 mm. After the chamber was evacuated to approximately 10 Pa, N, and Hj
flowed into the chamber and a direct-current voltage was applied. Plasma nitriding was carried out
for 15 h at 673-773 K under a 25% N,-75% H; atmosphere with a pressure of 200 Pa. After nitriding
was completed, the samples were cooled in the furnace.
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Figure 2. Schematic of the setup for plasma nitriding.
2.4. Characterization

The phase structure of sintered and nitrided sample surfaces was characterized by X-ray diffraction
(XRD). The microstructure and composition of the treated samples were analyzed using scanning
electron microscopy (SEM), electron-probe microanalysis (EPMA), and glow-discharge optical-emission
spectroscopy (GD-OES). The relative density of the sintered sample was measured using the Archimedes
method. The surface hardness was measured under a load of 0.1 N using a Vickers microhardness
tester. Seven indentations were made on each sample, and a five-point average value (excluding
the maximum and minimum values) was reported as the hardness. Wear tests were conducted at
room temperature using a ball-on-disk tribometer. The conditions for wear testing were as follows:
running a distance of up to 300 m, wear load of 2 N, rotation speed of 100 rpm, wear radius of
3 mm, and a diameter of 6.35 mm for the Al,O3 ball used as the counter material. The cross-sectional
profile of the wear tracks was measured using a surf-corder. Pitting corrosion tests were carried out
using a potentiostat. DC polarization was performed potentiodynamically from —1.0 to +1.5 Vag/agct,
and the anodic polarization curves were recorded at a sweep speed of 1.6 mV/s. On the basis of these
polarization curves, the potential corresponding to a current density of 100 pA/cm? was selected as the
pitting potential. Details of these characterization methods are described elsewhere [42].
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3. Results and Discussion

3.1. Fabrication of HEAs by SPS

A secondary electron image (SE image) of the CoCrFeMnNi alloy powder prepared by gas
atomization is shown in Figure 3. The powder exhibited an almost spherical particle shape. Figure 4
shows a comparison of the diffractograms of the SPS samples and the alloy powder. The diffractogram
of the alloy powder is similar to the values reported in the literature, as shown in Figure 4 [50,51].
The distinct peaks detected in the powder diffractogram indicate that a single phase with an fcc crystal
structure was produced. After consolidation by SPS, no obvious difference was observed between the
SPS sample and the powder. In HEAs prepared using mechanical alloying (MA) and SPS, ZrO, ball
contamination during MA and carbon contamination during SPS have been reported [52]. However,
in the present study, only an fcc single phase was found; no minor peaks of impurities such as carbides
or oxides were observed. The microstructure and EPMA element mapping images of Co, Cr, Fe,
Mn, and Ni in the SPS sample are shown in Figure 5, which shows a homogeneous microstructure
with no visible precipitates. The density, as determined by the Archimedes method, was 7.73 g/cm3 ;
the apparent porosity was 2.3%. A nonuniform structure was observed in the HEA produced by arc
melting or casting [14]. All elements in the SPS sample were uniform, exhibiting no segregation [53].

Figure 3. A secondary electron (SE) image of the CoCrFeMnNi alloy powder prepared by
gas atomization.
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Figure 4. XRD patterns of gas-atomized high-entropy alloy (HEA) powder and the spark plasma
sintering (SPS) sample sintered for 10 min at 1173 K.
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Figure 5. SE image and electron-probe microanalysis (EPMA) elemental mapping images of Co, Cr, Fe,
Mn, and Ni for the SPS sample sintered for 10 min at 1173 K.

Hardness tests and ball-on-disk wear tests were performed to measure the mechanical properties
of the samples. The average and standard deviation of hardness of the SPS sample were 310 HV and
12 HV, respectively, which are greater than the hardness of similar HEAs fabricated by casting (average
of 185 HV and standard deviation of 10 HV [42]) because of differences in their microstructures [54].
The ball-on-disk test results are shown in Figure 6. The wear amount of the SPS sample was lower than
that of the cast material, and the abrasion resistance was improved. This reduction in wear amount
can be considered an effect of the improved hardness due to the microstructure [55].

As-cast SPS sample

Sample

Profile
L

500 pm"

Figure 6. Wear track and its cross-sectional profile for as-cast and SPS CoCrFeMnNi samples.

3.2. Properties of Plasma-Nitrided HEAs

The surface morphologies of the HEA samples after plasma nitriding are shown in Figure 7.
Grain boundaries are clearly visible on each plasma-nitrided surface. The soluting of N atoms into the
HEA lattice obviously induced a large lattice expansion; this phenomenon has also been observed
on the surface of ASS after plasma nitriding [56]. Figure 8 shows the cross-sectional EPMA element
mapping images for the N, Co, Cr, Fe, Mn, and Ni of the plasma-nitrided samples. N enrichment was
clearly observed in the surface region in the EPMA element maps. The diffusion of N into the sample
was observed under all of the investigated nitriding temperatures. GD-OES profiles of the samples
plasma-nitrided at temperatures from 673 to 773 K are shown in Figure 9. The profiles show a surface
area comprising of a layer rich in N. Moreover, higher nitriding temperatures led to deeper N diffusion.
The N-enriched region at the surface is considered to be the compound layer, and the graded region
below this layer is the diffusion layer. The constituent elements in the nitriding layer of the HEAs were
approximately the same. Such elemental distributions correspond to the EPMA element mapping
images (Figure 8).
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As-sintered (Polished)

Figure 8. EPMA element mapping images of N, Co, Cr, Fe, Mn, and Ni for CoCrFeMnNi samples
plasma-nitrided for 15 h at 773 K.
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Figure 9. Glow-discharge optical-emission spectroscopy (GD-OES) profiles of the N, Co, Cr, Fe, Mn,
and Ni concentrations for plasma-nitrided CoCrFeMnNi samples.

XRD patterns of the samples plasma-nitrided at temperatures between 673 and 773 K are shown
in Figure 10. The pattern of the HEA sample plasma-nitrided at 673 K shows an expanded fcc phase
whose peaks are shifted to lower angles compared with those in the pattern of the as-sintered HEA
sample. This pattern supports an expanded fcc phase with a supersaturated N solid solution with an
fee structure. The pattern of the HEA sample plasma-nitrided at 773 K indicates the presence of the
CrN phase. Expanded fcc and CrN phases have previously been observed in cast CoCrFeMnNi HEAs
after gas-nitrocarburizing or plasma nitriding [33,42]. The same tendency has been reported for plasma
nitriding of ASS. The expanded fcc phase, referred to as the expanded austenite or S-phase, has been
previously identified at <723 K in plasma-nitrided ASS [57,58]. We concluded from the aforementioned
results that the expanded fcc layer is formed on the HEA sample surface plasma-nitrided at 673 K.
In contrast, at nitriding temperatures greater than 723 K, a broad CrN phase is identified by XRD and
N enrichment is indicated by EPMA and GD-OES. We inferred that an NaCl-type homogeneous solid
solution such as (Co,Cr,Fe,Mn,Ni)N is formed as a nitriding layer on the HEA surface [42].
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Figure 10. XRD patterns of plasma-nitrided CoCrFeMnNi samples.

Figure 11 shows the results of the surface hardness tests after plasma nitriding. The hardness of
all of the plasma-nitrided samples was greater than that of the as-sintered sample. Their hardness
increased with increasing nitriding temperature, and a hardness of 1500 HV was observed for the
sample nitrided at 773 K. This increase in surface hardness is explained by the formation of the
expanded fcc phase at 673 K or the NaCl-type solid solution at temperatures greater than 723 K because
of N diffusion induced by plasma nitriding [42], as shown in Figures 8 and 9.
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Figure 11. Surface hardness of plasma-nitrided CoCrFeMnNi samples.

Figures 12 and 13 show the results of the tribology tests. Figure 12 shows that the plasma-nitrided
samples exhibited a lower coefficient of friction than the as-sintered substrate. The coefficient of friction
reached approximately 0.66 irrespective of the nitriding temperature. Furthermore, the variation
amplitude of the coefficient of friction of the plasma-nitrided samples was larger than that of the
as-sintered sample. These large variation amplitudes of the coefficient of friction were caused by the
wear debris with a higher hardness during the wear testing [59]. Wear tracks and profiles of sections
after the ball-on-disk test are shown in Figure 13. The wear track and profile of the as-sintered sample
indicate poor wear resistance. The wear tracks and profiles of the plasma-nitrided samples indicate
substantially less wear than observed for the as-sintered sample. This superior wear resistance is
attributed to the high hardness and low coefficient of friction of the nitrided samples.
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Figure 12. Friction coefficient of plasma-nitrided CoCrFeMnNi samples during wear tests.
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Figure 13. Wear track and its cross-sectional profile for plasma-nitrided CoCrFeMnNi samples after
the wear test.

The results of pitting corrosion tests of plasma-nitrided samples using a corrosive aqueous solution
of 3.5 mass% NaCl are shown in Figure 14. The pitting potential of the plasma-nitrided samples was
higher than that for the as-sintered sample. The pitting potential decreased with increasing nitriding
temperature. Some authors have reported that the S-phase that forms on ASS suppresses pitting
corrosion in solutions containing chloride ions [38,57,60]. N in ASS is believed to dissolve into solution
when the steel is exposed to corrosive media. These N atoms react with H" in the pits to form NH,*.
This reaction increases the local pH and promotes repassivation [57,60]. Due to the nitrides formed
on HEA samples, a similar mechanism may have occurred, resulting in improved pitting corrosion
resistance. By contrast, in the case samples nitrided at temperatures greater than 723 K, HEAs and
ASS tended to differ. The plasma-nitrided HEAs have higher pitting potentials than the as-sintered
sample, whereas the plasma-nitrided stainless steels exhibited lower pitting potentials. We attributed
these results to the effect of the Cr concentration in the base metal. In the case of ASS, the formation
of CrN and the depletion of Cr in the S-phase reduce the pitting corrosion resistance [61]. However,
the HEA used in the present study has a higher Cr concentration than ASS, so Cr is not depleted.
The aforementioned results show that the formation of expanded fcc or (Co,Cr,Fe,Mn,Ni)N results in
high hardness, superior wear resistance, and enhanced pitting corrosion resistance.
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Figure 14. Pitting potential of plasma-nitrided CoCrFeMnNi samples.

4. Conclusions

In this study, CoCrFeMnNi HEA was manufactured using SPS and then plasma-nitrided.
The microstructure, mechanical, and corrosion properties of the processed samples were investigated.
The results are summarized as follows:

(1) The SPS sample exhibited a uniform microstructure with no segregation, which improved
hardness and wear resistance.

(2) After nitriding, N diffused and formed an expanded fcc structure that was considered
a supersaturated N solid solution with an fcc structure at 673 K and a NaCl-type solid solution of
(Co,Cr,Fe,Mn,Ni)N at 773 K.

(3) Therefore, the plasma-nitrided HEA samples exhibited improved hardness, wear resistance,
and pitting corrosion resistance compared with the as-sintered sample.
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