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Abstract: In this study, we investigated the formation of a protective coating on a face-centered cubic
high-entropy alloy (HEA). The coating was formed by a diffusion coating method. In the conventional
diffusion coating method, the degradation of the mechanical properties of the base material owing
to prolonged high-temperature treatment is a major issue. Therefore, we formed a ceramic layer
using spark plasma sintering (SPS), which suppresses grain growth with rapid heating and enables
fast, low-temperature processing. The objective of this study was to form borides on the surface of
CoCrFeMnNi HEAs using the SPS method and to investigate their properties. A CoCrFeMnNi HEA
prepared by the casting method was used as the base material, and a powdered mixture of B4C and
KBF4 was used as the boron source. The analysis of the surfaces of the SPS-treated samples revealed
the formation of M2B, MB, and Mn3B4-type borides on the HEA surface. The surface hardness was
2000–2500 HV owing to the formation of a ceramic layer on the HEA surface, and elemental analysis
showed that certain elements exhibited characteristic diffusion behaviors.
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1. Introduction

High-entropy alloys (HEA) are multi-component alloys obtained by blending five or
more metal elements in equiatomic fractions (5–35%) [1]. The presence of many elements in
HEA leads to the formation of a single-phase solid solution and not intermetallic phases. In
contrast to conventional alloys, where atoms of the base metal are likely to be surrounded
by atoms of the same element, all atoms are surrounded by atoms of different elements
in HEA [2]. This causes lattice distortion owing to the different sizes of the surrounding
atoms. Consequently, HEA exhibit unique properties, such as an excellent high-temperature
strength, a high tensile strength, and extremely slow diffusion speeds [3,4]. In particular,
HEA are attracting attention as a means of increasing the strength of corrosion-resistant
parts and reducing costs by increasing the service life of chemical plant equipment [5]. An-
other reason for the interest in HEA is that they can be used for the additive manufucturing,
which has been an active research area in recent years [6].

However, in the CoCrFeMnNi system, which is a typical face-centered cubic (FCC)
HEA, the hardness is as low as, or lower than, those of general steel materials [7,8], which
hinders its practical applications. To overcome these disadvantages, various studies have
been conducted on HEA [9–11], including research on hardening by surface modification
treatment, which has been actively pursued [12–15]. Physical vapor deposition (PVD) and
chemical vapor deposition (CVD) are methods for coating hard layers on metal surfaces;
however, if the adhesion between the metal substrate and the deposited layer is poor, the
hardened layer may peel off during use, thereby causing serious issues [16,17]. Therefore,
we focused on the fabrication of a hard layer with excellent adhesion by forming a graded
intermediate zone. The diffusion coating method involves the formation of a hard layer by
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thermochemically diffusing various elements from the surface into the base material, which
simultaneously react with it. Using this method, a hard layer with excellent adhesion can be
formed. One of the diffusion coating methods is boronizing (boron immersion) treatment,
which can form borides with an excellent hardness and wear resistance [18–21], and this
could help overcome the aforementioned limitations associated with HEA. However, in
conventional boronizing treatment, the deterioration of the mechanical properties of the
base material owing to high temperatures and prolonged treatment is an issue that needs to
be addressed [22,23]. Therefore, the use of spark plasma sintering (SPS), which enables fast,
low-temperature treatment by rapidly heating the sample through the direct application of
an electric current to the powder, might accelerate the reaction and solve the slow diffusion
issue peculiar to HEA [24–26]. In addition, various studies have been carried out on the
boride layer that forms from boronizing treatment on various materials, such as steel, but
there are few reports on the formation of boride layers on HEA. In this study, we formed
a boride layer on a HEA using the SPS method and evaluated the properties of the HEA
boride layer.

2. Materials and Methods
2.1. Materials

HEA CoCrFeMnNi was used as the sample material in this study. A 250 g ingot
of the sample material was produced using the gas-atomized powder with a nominal
atomic composition of Co20Cr20Fe20Mn20Ni20. After weighing, the powder was placed in
a clay–graphite crucible and melted at 1873 K under an argon atmosphere. The powder
that was used as the boron source was prepared by mixing B4C (average particle diameter:
0.5 µm; purity: 99%) and KBF4 in a mass ratio of 9:1. The HEA samples were made by
cutting 5 mm slices from a Φ32 mm ingot and then cutting them into quarters. Prior to
boronizing, the sample was polished to a surface finish of 600 grit, ultrasonically degreased
in acetone, and dried in air.

2.2. Boronizing via SPS

The boronizing experiments were conducted with an SPS unit (SPS-1020, Sumitomo
Coal Mining Co., Ltd, Tokyo, Japan, present; Fuji Electronic Industrial Co., Ltd, Saitama,
Japan). Each sample was enclosed in a punch and die (inner diameter of 25 mm; graphite)
containing the B4C + KBF4 powder mixture. First, boron source powder (0.5 g) was placed
in the die first, following which the substrates were placed, and finally, 1.5 g of boron
source powder was placed to provide a sufficient boron source on both the upper and
lower surfaces of the substrates. The chamber was then evacuated to a pressure less than
10 Pa, and a large-pulsed current was applied. The treatment was performed for 60 min
and 180 min at temperatures of 973, 1073, and 1173 K. The applied pressure was 11 MPa,
and the heating rate was 80 K min−1. Once the treatment was completed, the samples were
cooled to room temperature inside a furnace. The treatment temperature was continuously
monitored using a thermocouple.

2.3. Characterization

The phase structure at each surface after treatment was determined by analyzing
its entire area using X-ray diffraction (XRD; RINT-2550V, RIGAKU, Osaka, Japan). The
X-ray diffractometer was equipped with a Cu-Kα radiation source operated at 40.0 kV
and 300 mA, and the samples were scanned at 40.0 deg min−1. Cross-sections of the
samples were prepared by cutting them using a low-speed saw, embedding them in a
conductive thermosetting resin, and polishing the exposed surface. The hardness values
of the cross-sections of the treated samples were measured using a Vickers microhardness
tester (PMT-X7A, Matsuzawa, Akita, Japan) under a load of 0.1 N. Five indentations were
made on each sample, and a three-point average value (excluding both the maximum
and minimum values) was reported as the hardness. The cross-sectional microstructural
and compositional analyses of the treated samples were performed using electron probe
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microanalysis (EPMA: JXA-8230, JEOL, Tokyo, Japan). As a pretreatment for the analysis,
the cross-sectional embedded specimens were buffed, electrolytically etched with 5% nitric
acid, and then ultrasonically cleaned with acetone.

3. Results and Discussion
3.1. XRD

Figures 1 and 2 show the results of XRD analysis of the sample surface after the
boronizing treatment for 60 min and 180 min, respectively. Figure 1 shows diffraction
lines from borides with the general formulas M2B, MB, and Mn3B4 as well as the boron
source B4C at 973 and 1073 K for the 60 min treatment. At 1173 K, only the diffraction line
of MB was identified. When the treatment time was 180 min, the borides formed at all
temperatures were the same, but the presence of B4C, indicative of the seizure, was not
identified. In the SPS method, when an electric current is applied to the powdered boron
source, the current flows only to the surface of the B4C powder, which is not electrically
conductive. Therefore, only the surface of the powder is heated, triggering mutual dif-
fusion occurrences between the B4C powder and the sample. The B4C powder adhered
to the surface of the sample, leaving B4C powder residue on the sample surface after the
treatment at 973 and 1073 K. Accordingly, as the reaction time increased, the decomposition
of the B4C powder increased to a point where its diffraction lines could no longer be
identified. The MB-type borides formed when experimenting on the boronizing of the
AlCoCrFeNi [27] and AlCoCrFeMnNiB HEA systems [28] were (Cr0.4Mn0.6)B (01-079-2851),
(Fe0.4Mn0.6)B (01-079-2868), and (CrFe)B2 (01-079-2850), while the M2B-type boride formed
was Ni2(Co0.67B0.33) (01-081-3360); consequently, we believe that similar complex borides
are formed in this experiment.
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Figure 1. XRD patterns of the boronized samples obtained via treatment for 60 min at 973–1173 K. Figure 1. XRD patterns of the boronized samples obtained via treatment for 60 min at 973–1173 K.

3.2. Cross-Sectional Hardness

Figure 3 shows the cross-sectional hardness profile for each treatment condition. The
samples that were boronized for 60 min at 1173 K were not tested because of non-uniformity
in the thickness of their boride layers. For samples that were treated at 973 K, the hardness
was higher at 10 µm from the surface than at 5 µm, indicating that interdiffusion between
B4C and the sample did not occur sufficiently at 973 K. The coating at 5 µm from the
surface was unstable because of the mixture of boride and non-boride near the surface. It is
suggested that the unstable hardness of the upper surface at 973 K was improved by the
treatment at temperatures above 1073 K because of the effect of increasing the treatment
temperature. This is attributed to the accelerated reaction caused by the increase in the
processing temperature. However, when the SPS method is used, the higher processing
temperature is due to two specific effects: one is the higher Joule heat generated between the
boron source powders, and the other is that the non-conductive B4C becomes conductive.
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Firstly, in the FAST method, which has a sintering mechanism similar to the SPS method, it
is known that the Joule heat generated between the powders also increases as the current
value increases [29]. Additionally, in the SPS method, the applied current increases as the
processing temperature increases. Therefore, it is thought that the Joule heat generated
between the boron source powders increases with an increase in the applied current as
the processing temperature rises, causing the boronizing reaction to accelerate and the
hardness to increase. Secondly, as the conductivity of B4C increased, the current applied to
the boron source increased, suggesting that the reaction proceeded as the powder reached
a higher state of activity. In addition, the hardness of the alloy increased with an increase
in the treatment time at 1073 K. In conjunction with the results shown in Figure 1, it can
be seen that after 60 min, B4C still remained on the surface and the reaction was still in
progress; however, after 180 min, B4C was not detected, indicating that the reaction was
complete and denser borides were formed, resulting in an increase in hardness. In the
previously demonstrated boronizing of a AlCoCrFeMnNiB HEA [28], a hardened layer
of approximately 2000 HV was obtained for a treatment for 240 min at 1173 K, and a
hardened layer of approximately 20 µm was obtained for a treatment for 180 min at 1173 K.
Both in this case and in the present study, similar thicknesses were obtained with similar
treatment temperatures and short treatment times. These results indicate that the use of SPS
accelerated the reaction and shortened the processing time. It has been observed that in the
boronizing process using SPS, the boron source powder becomes active when an electric
current is applied, and the reaction is accelerated owing to a decrease in the activation
energy of the boronizing reaction [20,21]. In this study, the reaction was promoted in the
same manner, and it can be considered that a boride layer of the same thickness could be
obtained in a shorter time than that of the boronizing treatment using the general powder
packing method.
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3.3. Elemental Analysis

Figure 4 shows the results of the elemental analysis of the cross-section of the sample
treated for 60 min at 973–1173 K. Boron-enriched regions of approximately 5 µm at 973 K,
18 µm at 1073 K, and 25 µm at 1173 K were observed; the thickness of the boron-enriched
region increased with increasing temperature. In Figure 4, nickel enrichment was observed
on the top of the boride layer at all treatment temperatures, and chromium enrichment
was detected at the bottom of the boride layer for the treatments at 1073 and 1173 K. We
believe that this segregation is due to the difference in the diffusion rate of each element
in the boride layer. The diffusion rates of various elements in boride layers have been
investigated [30], and it has been reported that the diffusion rate of Ni in the boride
layer is extremely low, while the diffusion rates of other metals, such as Cr and Mn, are
approximately the same as the growth rate of the boride layer. This suggests that as the
boride layer grew, the Ni was left behind at the top of the layer because of its limited
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diffusion, whereas Cr and other elements diffused through the boride layer and were
enriched at the bottom of the boride layer. The diffusion of carbon from the boron source
powder does not occur during the boronizing treatment while using the conventional
powder packing method; therefore, the observation of carbon diffusion into this sample
(Figure 4) suggests that the diffusion of boron occurs by a decomposition of B4C when SPS
is used as the boronizing method. In addition to the flat boride layer shown in Figure 4,
precipitate-like regions were scattered throughout the layer in the case of the treatment
for 60 min at 1173 K. The elemental analysis results for the precipitate-like regions are
shown in Figure 5. The segregation of Ni, Cr, and carbon is especially noticeable. In the
SPS method, the sample was enclosed in a graphite die, and the temperature was raised by
Joule heating due to the application of a pulsed current; therefore, the higher the processing
temperature, the higher the applied power. At the higher processing temperature (1173 K),
a higher current and voltage were applied to the sample, which strengthened the effect of
electric field diffusion and promoted the diffusion of boron and the faster growth rate of
the boride layer. Therefore, the difference in the diffusion rate of the elements becomes
more pronounced, and segregation is assumed to occur in the form of precipitates rather
than layers.
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Figure 3. Cross-sectional hardness profiles of boronized samples.

Figure 6 shows the results of the elemental analysis of samples that were treated for
180 min at 973–1173 K. In the 180 min treatment, boron enrichment regions of thicknesses
of approximately 16 µm at 973 K, 20 µm at 1073 K, and 18 µm at 1173 K were observed.
The boride layer was the thickest for the 180 min at 973 K treatment, but there was no
significant difference in the thickness of the boride layer in the case of treatments for
180 min at 973–1173 K. We also consider that the thickness of the boride layer did not
change with the increasing treatment time at treatment temperatures above 1073 K because
of the sluggish diffusion effect of HEAs. The diffusion rate decreases when an alloy reaches
the composition of a HEA [31], which has been observed in studies on HEA boriding [13].
These results show that the boronizing reaction did not progress sufficiently after 60 min
at 973 K, and the boride layer became thicker as the treatment time increased. On the
other hand, at 1073 K and above the reaction progressed to some extent even after 60 min.
We assume that the thickness of the boride layer did not change because the diffusion of
new B atoms was slow owing to the low diffusion rate of HEAs. However, the results
obtained in this study are insufficient to prove this; therefore, further investigation is
required. Boron diffusion regions were also observed at 1073 and 1173 K. As shown in
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Figure 5, the precipitate-like regions observed for the treatment for 60 min at 1173 K were
not observed for the treatment for 180 min at 1173 K, and the boride layer was uniform.
This is hypothesized to be due to the diffusion of segregated elements as the treatment time
increased.
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