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Abstract: Recently, a CoCrFeMnNi high-entropy alloy (HEA)
was reported to possess excellent tensile strength and duc-
tility at low temperatures. By plasma nitriding at 673K,
an expanded face-centered cubic structure was formed
on the surface of this HEA. Another study found that, on
ball milling, dislocations were introduced on the surface of
a CoCrFeMn alloy powder and consequently strength im-
provement and strain hardening occured simultaneously.
The present study aimed to evaluate the characteristics
of the nitrided layer obtained by direct-current plasma
nitriding (DCPN) treatment of the sintered body of a CoCr-
FeMnNi HEA powder formed after ball milling. Specifically,
first ball-milling was conducted on gas-atomized CoCr-
FeMnNi HEA powder samples for durations ranging from
0 to 15h to prepare sintered bodies. Subsequently, each
sintered body was subjected to DCPN treatment at 673K for
15h at a gas pressure of 200 Pa under 75% N2—-25% Ha. Dur-
ing the plasma nitriding process, an austenitic stainless-
steel screen was installed as an auxiliary cathode to ensure
uniform heating and high nitrogen supply. Furthermore,
each nitrided sample was characterized by X-ray diffrac-
tion (XRD), cross-sectional microstructure observations,
surface morphology observations, Vickers hardness tests,
glow discharge optical emission spectroscopic analysis
(GD-OES), corrosion tests, and wear tests. The XRD and
GD-OES results showed that N concentration on the sur-
face decreased with the ball milling duration. Based on
the Vickers hardness tests, the surface hardness increased
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with the ball milling duration. Electron-probe microanal-
ysis and scanning electron microscopy results exhibited
that the deposited and nitrided layers separated on the
surfaces of all plasma-nitrided samples. The wear tests
showed that the widths and depths of the wear marks de-
creased with increasing ball milling duration, and thus the
samples presented an increased wear resistance.

Keywords: High-entropy alloy, Plasma nitriding, Ball
milling, Gas-atomized powder, Nitrided layer, Spark
plasma sintering, Surface modification

Plasmanitrierungseigenschaften von Sinterkérpern
hergestellt aus dem Pulver einer hochentropischen
CoCrFeMnNi-Legierung bei unterschiedlicher Dauer des
Kugelfrasens

Zusammenfassung: Kirzlich wurde lber eine hochentro-
pe CoCrFeMnNi-Legierung (HEA) berichtet, die eine ausge-
zeichnete Zugfestigkeit und Duktilitat bei niedrigen Tempe-
raturen aufweist. Durch Plasmanitrierung bei 673K wurde
auf der Oberflache dieser HEA eine erweiterte kubisch-fla-
chenzentrierte Struktur gebildet. In einer anderen Studie
wurde festgestellt, dass beim Kugelfrasen Versetzungen in
die Oberflache eines CoCrFeMn-Legierungspulvers einge-
bracht wurden, was zu einer gleichzeitigen Festigkeitsstei-
gerung und Kaltverfestigung flihrte. In der vorliegenden
Studie solen die Eigenschaften der Nitrierschicht bewer-
tet werden, die durch Gleichstromplasmanitrierung (DCPN)
des Sinterkorpers eines nach dem Kugelmahlen hergestell-
ten CoCrFeMnNi HEA-Pulvers erhalten wurde. Konkret wur-
dendie gaszerstaubten CoCrFeMnNi HEA-Pulverproben zu-
nachst fur eine Dauer von 0 bis 15 h kugelgemahlen, um Sin-
terkorper herzustellen. AnschlieBend wurde jeder Sinter-
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korper einer DCPN-Behandlung bei 673K fiir 15h bei einem
Gasdruck von 200Pa unter 75% N2-25% Hz unterzogen.
Wahrend des Plasmanitrierens wurde ein austenitisches
Edelstahlsieb als Hilfskathode installiert, um eine gleichma-
Bige Erwarmung und eine hohe Stickstoffzufuhr zu gewahr-
leisten. Darlber hinaus wurde jede nitrierte Probe durch
Roéntgenbeugung (XRD), Beobachtungen der Mikrostruktur
im Querschnitt, Beobachtungen der Oberflachenmorpholo-
gie, Harteprifungen nach Vickers, optische Emissionsspek-
troskopie bei Glimmentladung (GD-OES), Korrosionsprii-
fungen und VerschleiBprifungen charakterisiert. Die XRD-
und GD-OES-Ergebnisse zeigten, dass die N-Konzentrati-
on auf der Oberflache mit der Dauer des Kugelmahlens
abnahm. Die Hartepriifung nach Vickers ergab, dass die
Oberflachenharte mit der Dauer des Kugelfrasens zunahm.
Die Ergebnisse der Elektronenmikroanalyse und der Raste-
relektronenmikroskopie zeigten, dass sich die abgeschiede-
nen und nitrierten Schichten auf den Oberflachen aller plas-
manitrierten Proben trennten. Die Verschleil3tests zeigten,
dass die Breite und Tiefe der VerschleiRspuren mit zuneh-
mender Dauer des Kugelfrasens abnahm und die Proben
somit eine erhohte Verschleil3festigkeit aufwiesen.

Schliisselwoérter: Hochentrope Legierung,
Plasmanitrieren, Kugelfrasen, Nitrierschicht,
Funkenplasmasintern, Oberflachenmodifikation

1. Introduction

Recently, many types of high-entropy alloys (HEAs) have
been developed, and HEAs are known to consist of five or
more metallic elements. Moreover, the compositions of
the alloying elements are in the range of 5-35at%, form-

Fig. 1: Schematic ofthe setup
for plasmanitriding

ing a single-phase solid solution [1, 2]. Cantor et al. [2]
produced the first HEA a CoCrFeMnNi face-centered cubic
(fce) single-phase alloy. CoCrFeMnNi has been reported
to have excellent thermodynamic stability, ductility, and
good tensile strength at low temperatures [3-6]; however,
its hardness is approximately 160HV [7], and the hardness
ofthe samples prepared by other methods is approximately
130-330HV [8-10], which are lower than that of general
steel materials. Improving the hardness of soft HEAs is
extremely important, and one method is the surface treat-
ment of an alloy followed by hardening. Among various
surface treatments, plasma nitriding has the advantages
of short-time processing, energy saving, and environmen-
tal friendliness, and research on this topic is progressing
[11-21]. Surface treatment of HEAs may increase their hard-
ness and improve their wear resistance [22-26]. An HEA is
typically produced by arc melting or casting; however, re-
cently, anomalous microstructures and eutectic structures
have been obtained by these methods [27-30]. In the spark
plasma sintering (SPS) [31-34] method, a graphite die is
filled with an HEA powder in a vacuum chamber and uni-
axially pressurized. Simultaneously, a high pulse current
is applied, and a high-temperature plasma energy is used
to promote the reaction and obtain a uniform structure.
In addition, a study found that a high dislocation density
was observed in the deformed shear region on the powder
surface, dislocations were introduced on the surface of an
CoCrFeMn alloy powder by ball milling, and a simultane-
ous improvement in the strength of the sintered body and
strain hardening occurred [34]. The introduction of such
dislocations can increase the amount of nitrogen that pen-
etrates and diffuses during plasma nitriding. Another study
revealed that an expanded fcc structure formed on the sur-
face of Cantor alloy during plasma nitriding at 673K [20,
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Fig. 2: XRD patterns of plasma-nitrided HEAs for ball milling times rang-
ingfrom0to15h

33]. In recent years, little has been reported on the surface
modification of single-phase fcc CoCrFeMnNi HEA [20, 33,
35]. In the present study, after ball milling a CoCrFeMnNi
gas-atomized powder, a sintered body was prepared by the
SPS method followed by plasma nitriding, and the charac-
teristics of the surface nitrided layer were evaluated.

2. Materials and Experimental Procedure
2.1 Materials

A CoCrFeMnNi alloy powder prepared by gas atomization
(Sanyo Special Steel Co., Ltd., Hyogo, Japan) was used
as the starting material and divided into 53-150 um sizes
by sieving. After weighing, the gas-atomized powder was
taken in a container, to which 75 mL heptane was added as
the solvent. Subsequently, the container was sealed, and
its inside was filled with an argon (Ar) atmosphere after
evacuation to prevent the oxidation of the powder during

ball milling. Following this, the container was placed in
a planetary ball mill device (Pulverisette 6, Fritsch Japan
Co., Ltd.). The balancer scale was adjusted to the total
weight of the balls, sample, and container before initiat-
ing the comminution. In this method, the ball milling time
was varied between 0 and 15 h, the revolution was 300 rpm,
and the ball to powder weight ratio was 10:1.

2.2 Spark Plasma Sintering

Aball-milled alloyed powder sample was placed in a graphite
die (¢20mm), into which a graphite punch was subse-
quently inserted. The powder was sintered using an SPS
apparatus (SPS-1020, FUJI ELECTRONIC INDUSTRIAL Co.,
Ltd., Tokyo, Japan) at a pressure of 50 MPa and a vacuum
pressure of 1072Pa by passing a high pulse current. Sin-
tering was performed at a heating rate of 80 Kmin~' and
at a sintering temperature of 1073K for 10min. When the
sintering process was completed, the sample was cooled in
the furnace. After sintering, the sample surface was ground
to #2000 using a wet emery paper, polished using an Al>O3
powder (1.0 um in diameter), ultrasonically degreased, and
dried in air. Finally, the preconditioned sample was placed
in a nitriding furnace for further nitriding treatment.

2.3 Plasma Nitriding

Nitriding was conducted in a plasma nitriding device
(JIN-1S, NDK Inc., Kanagawa, Japan). Figure 1 shows
a schematic of the plasma nitriding process. An auxiliary
screen and a sample were placed on the cathodic sample
stage of the device. Consequently, plasma was formed on
both the sample and the auxiliary cathode screen. An aux-
iliary screen increases the supply of active species, such
as N*, N2*, and H* and increases the amount of nitrogen
by penetration and diffusion. In addition, it suppresses the
edge effect and allows the sample surface to be uniformly
heated. [36-39]. In this study, the auxiliary screen material
was an expanded mesh of SUS316L stainless-steel with
38% open area, a diameter of 200mm, and a height of
70mm. The distance between the sample and the screen

Fig. 3: Surface and cross-sec-
tional SEMimages of plasma-
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Fig. 4: GD-OES nitrogen profiles of plasma-nitrided HEAs for ball milling
timesrangingfrom5to 15h

was 20mm. After the chamber was evacuated to approx-
imately 15Pa, N2 and H> flowed into the chamber and
a direct current (DC) voltage was applied. Plasma nitriding
was conducted for 15h at 673K under a 75% N2-25% H>
atmosphere with a pressure of 200Pa. After nitriding was
completed, the sample was cooled in the furnace.

2.4 Characterization

The phase structure of each nitrided sample surfaces
was characterized by X-ray diffraction (XRD; RINT-2550V,
RIGAKU, Tokyo, Japan). The X-ray diffractometer was
equipped with a Cu-Ka radiation source operated at 40.0kV
and 300mA, and a sample was scanned at 40.0°min~". The
microstructures and compositions of all treated samples
were analyzed by scanning electron microscopy (SEM;
JSM-6060LV, JEOL, Tokyo, Japan), field emission SEM
(JSM-6330FIl, JEOL, Tokyo, Japan), electron-probe mi-
croanalysis (EPMA; JXA-8230, JEOL, Tokyo, Japan), and
glow-discharge optical-emission spectroscopy (GD-OES;
GD-profiler2, Horiba, Kyoto, Japan). The relative density
of a sintered sample was measured using the Archimedes
method. The surface hardness was measured under a load
of 0.1N using a Vickers microhardness tester (PMT-X7A,
Matsuzawa, Akita, Japan). Five indentations were made
on each sample, and a three-point average value (exclud-
ing the maximum and minimum values) was taken as the
hardness. Wear tests were conducted at room tempera-
ture using a ball-on-disk tribometer (Anton-Paar, Peseux,
Switzerland). The conditions for the wear testing were as
follows: running a distance of up to 300m, wear load of
2N, rotation speed of 100rpm, wear radius of 3mm, and
a diameter of 6.35 mm for the Al,O3 ball used as the counter
material. Cross-sectional profiles of the wear tracks were
measured using a surf-corder (SE300, Kosaka Laboratory,
Tokyo, Japan). Pitting corrosion tests were conducted
using a potentiostat. DC polarization was performed po-
tentiodynamically from -1.0 to +1.5Vagagc, and anodic
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Fig. 5: EPMA elementmappingimagesforthe N, Co, Cr, Fe, Mn, and Ni ofthe plasma-nitrided HEA for ball milling times ranging from0to 15h
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Fig. 6: Surface hardnessofthe plasma-nitrided HEA forball milling times
rangingfrom0to 15h

polarization curves were recorded at a sweep speed of
1.6mVs™". Based on these polarization curves, the potential
corresponding to a current density of 10 Am~2 was selected
as the pitting potential.

3. Results and Discussion

Figure 2 shows the XRD patterns of the nitrided layers of
the sintered bodies formed from powders after ball milling
for different times. For the times ranging from 0 to 15h, all

plasma-nitrided HEAs show an fcc phase and an expanded
fcc structure. The obtained patterns support an expanded
fcc phase with a supersaturated N solid solution with an fcc
structure [20, 33]. Moreover, the formation of the expanded
fcc is unrelated to the ball milling time, and it is formed
when the nitriding temperature is 673K.

The surface morphologies and the microstructures of
the cross-sections of all HEA samples after plasma nitrid-
ing are shown in Fig. 3. Grain boundaries are noticeable
in the 0h sample with no visible deposits. On the other
hand, more deposits can be seen on the surfaces of the
plasma-nitrided samples in times ranging from 5 to 15h.
Anitrided layer is not apparent from the cross-section of the
0h sample. However, the nitrided layers and deposits are
noticeable in the cross-sections of the samples in the times
ranging from 5 to 15h. A dense deposited layer seems to
be formed on the nitrided layer of 10-h sample.

Figure 4 shows the GD-OES nitrogen profiles of the
plasma-nitrided HEAs for ball milling times ranging from 5
to 15h. At 0h, many pores were observed on the sample
surface, and GD-OES could not be obtained. High con-
centration of nitrogen was noticed on the surfaces of the
5, 10, and 15h plasma-nitrided samples, and as the depth
from the surface increased, the amount of nitrogen that
could penetrate and solidify decreased. The thickness of
the nitrided layers of the 15h, 10h, and 5h samples were
6.3um, 7pm, and 7 um, respectively. In terms of area, the
amount of nitrogen that could infiltrate and dissolve was
the highest in the 10 h plasma-nitrided sample.

Figure 5 shows the cross-sectional EPMA elemental
mapping images of the N, Co, Cr, Fe, Mn, and Ni in the
plasma-nitrided HEAs for ball milling times ranging from
0 to 15h. The distributions of the alloying elements are

Fig. 7: Appearance and wear
track profile of plasma-nitrided
HEAs for ball milling times
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TABLE 1
Pitting potential of plasma-nitrided HEAs for ball

milling times ranging from 0 to 15h

Ball milling time, t/ h Pitting potential, Epit/ Vag/agel

0 +0.3700
5 +0.2570
10 +1.009

15 +0.2930

nonuniform in the 0h sample, whereas they are uniformly
distributed in all ball-milled samples. From the perspective
of nitrogen mapping, the deposited and nitrided layers are
separated on the surfaces of all plasma-nitrided samples.
The thicknesses of the nitrided and deposited layers de-
crease inthe orders of 10,5, 15,and 0h and 0, 15,5, and 10 h,
respectively. The thicknesses of the nitrided layers of the
sample of 10h, 5h, 15h, and 0h samples are approximately
6um, 5pum, 5pm, and 3um, respectively.

Figure 6 shows the surface hardness values of the
plasma-nitrided HEAs for ball milling times of 0-15h. The
Vickers hardness values of the samples without and with
ball milling are approximately 1400 HV and exceed 1650
HV, respectively. The hardness increases in the order of 0,
10, 15, and 5h.

Figure 7 shows the ball-on-disk wear test results of the
plasma-nitrided HEAs for ball milling times of 0-15h. The
widths and depths of the sample wear marks of the ball-
milled samples are significantly reduced comparedto those
of the sample without ball milling. The widths and depths
of the wear marks and the volume of wear decrease in the
order of 0, 10, 5, and 15h.

Figure 8 shows the polarization curves in the 3.5 mass%
NaCl solution of the plasma-nitrided HEAs for ball milling
times of 0-15h. Based on the polarization curves, the po-
tential corresponding to a current density of 10Am=2 was
selected as the pitting potential. The results of the pitting
corrosion tests of the plasma-nitrided samples using a cor-
rosive aqueous 3.5 mass% NaCl solution are summarized
in Table 1. The pitting potential of a ball milling sample in-
creases in the order of 5, 15, 0, and 10h, and the corrosion

resistance of the plasma-nitrided HEA for ball milling time
of 10h is improved.

4. Discussion

The XRD patterns (Fig. 2) support an expanded fcc phase
with a supersaturated N solid solution with an fcc structure.
Moreover, the formation of the expanded fcc is unrelated
to the ball milling time, and it is formed when the nitrid-
ing temperature is 673K. By ball milling, the gas-atomized
powder is solidified and shaped, and dislocations are in-
troduced on its surface. Introducing more dislocations can
dissolve nitrogen, and the thickness of the nitrided layer
can be increased. Therefore, the nitrided layer of a sample
after ball milling becomes thicker, and a large amount of
deposit is formed on the surface. After solidification shap-
ing, the particle size of the gas-atomized powder remains
almost unchanged and the elemental distributions become
uniform. The ball milling time is considered to be extremely
long, and the introduced dislocations prevent the penetra-
tion and diffusion of nitrogen; consequently, the thickness
of the nitrided layer is small. Compared to the previous
CoCrFeMnNi S-DCPN results [20, 33], a deposited layer was
observed in the ball milling samples this time. The surface
hardness with ball milling is approximately 300 HV higher
than the previous result [20, 33]. The denser and thicker de-
posited layer is believed as the cause of the improvement
in the surface hardness. From the results of the pitting po-
tential provided in Table 1, the dense deposited layer and
the increase in the nitrided layer thickness are considered
responsible for the corrosion resistance increase. The for-
mation of a dense deposited layer is believed to reduce the
contact area with the balls, and the wear marks suggest that
a thicker and denser deposited layer improves the wear re-
sistance, as shown in Fig. 7. According to the results of
GD-OES, the nitrogen concentration of 43at% on the top
surface of the sample with ball milling was higher than the
previous results of 38-41at% nitrogen [20, 33].

5. Conclusions

Ball milling of a gas-atomized CoCrFeMnNi alloy powder
was conduced to investigate its effect on the microstruc-
ture, surface hardness, wear resistance, and corrosion
properties of the nitrided layer. At 673K, the HEA was
nitrided, an expanded fcc structure was formed, and the
thickness of the nitrided layer was 5-7um. The surface
hardness of the sample without ball milling was approxi-
mately 1400 HV, whereas that of a sample with ball milling
improved to 1650 HV or more. Ball-on-disk wear tests
showed that ball milling significantly improved the wear
resistance of each sample. Finally, the pitting corrosion
resistance of a 10-h ball-milled sintered sample was found
to be significantly improved compared to that of sintered
sample without ball milling.
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