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Abstract: This paper reports the findings of a study on the Spark Plasma Sintering of High-Entropy
Alloys (HEAs) using atomized alloy powder. The sintering process was conducted within a graphite
matrix at a predetermined optimum temperature of 1050 °C. The resulting material exhibited a
density close to the theoretical value. Hardness tests and microstructural observations revealed
the impact of the graphite tool used during the sintering process, particularly in the near-surface
layer. Chemical and phase composition analyses indicated the formation of chromium carbides in the
near-surface layer, leading to the depletion of FCC phase grains in chromium and alterations in the
shape and size of these grains.
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1. Introduction

High-Entropy Alloys (HEAs) are a broad group of materials consisting of at least
five principal elements in near-equiatomic proportion, which should provide them with
several specific effects [1,2]. So far, HEAs have been proven to have a tendency to form
single-phase solid solution microstructures because of the so-called high entropy effect
and are characterized by high strength and sluggish diffusion, which are related to the
severe lattice distortion effect [3,4]. Moreover, there are plenty of other outcomes that
can appear when some particular elements are mixed; as they are difficult to forecast
due to the synergy, this is called the cocktail effect [5,6]. The most known equimolar
HEA is CoCrFeMnNi, which was introduced as the first one by Cantor et al. in 2004
and is now named after him—a Cantor alloy. This basically single-phase FCC alloy is
corrosion-resistant [7], although its corrosion resistance depends on the microstructure
and chemical elements’ segregation [8]. The CoCrFeMnNi alloy also displays excellent
ductility, maintained at cryogenic temperatures [9]. Even though the mechanical properties
of the Cantor alloy are mediocre, it can be strengthened in multiple ways. There have been
several attempts of strain hardening or precipitation hardening with BCC phases and sigma
phase enriched in chromium [10-12]. Furthermore, a 30% increase in the ultimate tensile
strength and the yield strength was achieved at ambient temperature with a 70% increase
at 800 °C, respectively [13]. The wide range of possibilities to control the microstructure
and properties led to many industrial applications, especially in extreme environments.

The world heard about high-entropy alloys almost twenty years ago, but they are
still an interesting field awakening curiosity amongst scientists all over the world due
to their remarkable properties. Their potential applications at cryogenic as well as high
temperatures result in intensified research in this area, especially to understand more of
the mechanisms occurring in HEAs and to create new alloys or composites based on them.

Nevertheless, manufacturing high-entropy alloy may in general cause difficulties
because of the differences in atomic radius as well as the various melting points and
densities of components. Nowadays, a commonly used technique is arc melting, although
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it is usually followed by homogenization at a high temperature. Promising results have
been achieved when powder metallurgy methods have been applied, e.g., hot pressing
sintering [14-16]. However several experiments using Spark Plasma Sintering have been
proposed, with exceptional results being achieved in terms of grain size and strength. This
method is also widely used for the preparation of composites based on HEA [17,18]; they
have been successfully reinforced with oxides, e.g., yttrium oxide [19], and carbides, e.g.,
titanium carbide [20].

Spark Plasma Sintering (SPS) is a method using the synergy of axial pressure and
pulsed direct current. Powder is placed in the die between the punches in the protective
atmosphere, after which repeated pulses of high DC flow through the sample. The average
temperature of this process is much lower than that of conventional sintering, and the
amount of time is much shorter. The process is based on the resistive heating of powder
particles and is supported by arcing in the pores between them. Such conditions provide
effective mass transport. Reports show that it is possible to obtain fully dense, homogeneous
material and even to prevent grain growth [21,22]. A limited amount of pores and fine
grains ensures remarkable mechanical properties, which makes it a perfect technique
nowadays within powder metallurgy to produce high entropy alloys [23,24]. Unfortunately,
some issues have been encountered during the SPS process: the only die that can survive
at such high temperatures are graphite ones; however, considering the high affinity for
carbon of many components used for the synthesis of HEA, including chromium, some
new phases can appear, especially close to the surface [17]. Nowadays, a commonly used
solution for cleansing the surface is grinding [25]; however, it is still unclear how much
and how deep the near-surface layer is changed and how this information can be used.
The aim of this work is to demonstrate the impact of the tool commonly used in the
SPS sintering process when producing HEAs by this method, especially those containing
elements commonly referred to as carbide-forming. The demonstration of such phenomena
may have implications for changing the approach to spark sintering of such materials. A
study of SPS sintering of CoCrFeMnNi alloy is presented. A hardness and microstructure
analysis was carried out on the cross-section of the sample, and significant differences in
material properties were found between the layer on the surface and those in the core. The
paper shows that even a short sintering time using the SPS method with a graphite tool has
a significant effect on the resulting sinter, especially in its surface layer.

2. Materials and Methods

The powder obtained via gas atomization of a molten metal produced by the Luoyang
Tongrun Info Technology Co., Ltd. (Luoyang, China) was used for the research. Its
chemical composition and basic properties are summarized in Table 1 according to the
manufacturer’s certificate.

Table 1. Properties of the CoCrFeMnNi powder.

Chemical Composition (wt. %)

Fe Ni Cr Mn Co
19.65 20.67 17.88 19.18 Bal.

Oxygen content (ppm) 438

Nitrogen content (ppm) 139

Particle size distribution
D10/pum D50/ um D90/ um

21.6 344 53.7

Flowability (s) 16.2

Bulk density (g/cm3) 3.8

Microhardness (HV) 155.93 + 23
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10.0kV 15.0mm x500 SE(M)

The morphology and the microstructure of the powder used for the research are shown
in Figure 1.

(b)

Figure 1. SEM morphologies of HEA powders: (a) medium-sized particles; (b) particle with an
expanded surface.

The CoCrFeMnNi alloy powder used is characterized by its near-spherical shape
(Figure 1a). There are deviations from this shape due to the sticking of ultrafine particles
during the solidification of the droplets in the spray chamber. While analyzing the larger
particle population, it can be seen that the particles on which the individual finer beads are
stuck are in the majority. However, the particle shown in Figure 1b confirms that particles
with a more complex shape are encountered, which are suitable for SPS sintering but may
hinder 3D printing. The cross-sectional microstructure of the single particle in Figure 2
shows the single-phase and homogeneous nature of the microstructure with a fine grain.

10.0kV 14.5mm x2.00k SE(M)

Figure 2. Microstructure of HEA powder.

The HEA powder was sintered in an HP D 25/3 oven (FCT Systeme GmbH, Effelder-
Rauenstein, Germany). The on:off ratio of the pulsed current was set at 125:5 (in ms). The
powder was sintered using a set of graphite tools under a vacuum of 5 x 10~2 mbar at
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a sintering temperature of 1050 °C and a compaction pressure of 50 MPa. The heating
rate was 100 °C/min, and the holding time was only 5 min. For this purpose, tools made
of graphite 2333 (MERSEN d. Carbone Lorraine, Pagny-sur-Moselle, France) were used.
The loading chamber in the set of graphite tools was filled with the powder mixture. For
technological reasons, the Papyex N998 graphite film (MERSEN d. Carbone Lorraine) was
placed between the powder mixture, the die and the punches. The set of tools prepared in
this way was placed in the sintering chamber of the HP D 25/3 furnace in order to carry
out the sintering process. Samples with dimensions of 20 x 5 mm were produced.

The density of the sinters was determined by the Archimedes method by weighing
them in water and in air, without the need to saturate them. The as-sintered samples were
subsequently tested for hardness (Vickers method, 9,81 N) and subjected to microstructural
examinations by means of scanning electron microscopy SEM Hitachi Su70 (Hitachi, Tokyo,
Japan). The phase identification of the composites was carried out using a Tur 62 X-ray
diffraction apparatus (Carl Zeiss, Jena, Germany) with a Cu target (Kx, A = 1.54064).
Three samples were sintered under the same conditions, after which the properties were
determined for each of them.

3. Results and Discussion

The first step in the production process was to determine the optimal sintering condi-
tions. The optimal compacting pressure was established as 50 MPa, while the temperature
was changed in the range of 875-1100 °C in increments of 25 °C. It was shown that the
optimal temperature for the sintering of this particular alloy at the set pressure was 1050 °C.
The main criterion for selecting the optimum sintering temperature was the density ob-
tained, with a maximum achieved at 1050 °C, which decreased when the temperature
was further increased. The gained samples had a density, measured by the Archimedes
method, close to the theoretical one, which is 7.97 g/ cm? + 0.04. The studies showed that
over the temperature range tested, the density varies between 7.3 g/cm? at 875 °C and
7.9 g/cm3 at 1100 °C. Spark Plasma Sintering is a highly efficient method because of the
fact that under a relatively low temperature, dense materials, close to solid ones, can be
obtained in a short time. When the material is at a high temperature for only a brief time,
the significant grain growth can be limited. In order to verify the density of the material,
more investigations were performed, consisting of the observation of the microstructure
with the following hardness testing. Measurements of the hardness were conducted on the
surface and cross-section of the samples. Notable differences in the results have prompted
the authors of this paper to conduct further studies in this area. This phenomenon is
probably connected with the presence of carbon in the graphite form, which has a contact
with the outer surface of the sinter.

3.1. Hardness

The hardness test was carried out in two ways. The first one consisted of measurements
on the outer surface and on the cross-section, while the second, more precise, one was based
on the function of the distance from the outer surface to verify the effect of the film and the
graphite tool on the properties of the near-surface layer. It was noticed that the hardness of
the surface was 402 HV1 + 24, while a substantial diversity of results occurred especially
on the planes parallel to the direction of the force during sintering. Nonetheless, the
respective hardness in the core amounted to 180 HV1 = 3.1, which indicates the remarkable
homogeneity of the microstructure inside the specimen. The detailed hardness distribution
from the surface to the center of the sinter is shown in Figure 3.
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Figure 3. Dependence of hardness on the distance from the sinter surface.

The measurements were taken with respect to the established rules about the distances
between attempts of more than three times the diameter of the imprint, so as to avoid the
effect of strengthening from the preceding measurement. It was shown that the effects
related to carbon diffusion appear at an average depth of 180 um, although the greatest
enhancement effect is observed in the upper layer with a thickness of 60 um, with a hardness
reaching 380 HV1, which is close to the surface hardness. With the measurement points
heading towards the center of the specimen, a clear decrease is observed. The alloy used
for the tests contains in its composition chemical elements with a high chemical affinity for
carbon (such as chromium, iron and, in specific cases, manganese), which form carbides
under favorable conditions. Considering the course and parameters of spark sintering
under high pressure, it can be assumed that the role of diffusion is negligible. However,
the results obtained from the hardness measurements do not seem to fully confirm this
sintering characteristic of SPS, even in spite of the short sintering time of only 5 min.
The total exposure time to a temperature higher than the ambient one is 38 min, which
therefore gives the possibility for carbon to diffuse deep into the sintered material and
form carbides. The chemical composition of the alloy (Table 1) determines the formation of
chromium carbides, as chromium has a much higher affinity for carbon than iron, which is
also present in the chemical composition. The type of chromium carbide will depend on
the temperature of its formation and on the diffusion pathway. Near the surface, carbides
richer in chromium will be formed due to the higher temperature, while further away from
the surface, the carbides formed will be enriched with carbon, so that their proportion
decreases and the hardness starts to decrease rapidly.

3.2. Microstructure of HEA Materials

In order to confirm the possibility of carbide forming, which was suggested by pre-
vious outcomes, the microstructure was observed using a scanning microscope; chemical
composition analyses in areas near the surface were also performed, along with the follow-
ing X-ray phase analysis to verify the chemical composition of the resulting phases. The
microstructure of the alloy obtained by sintering at 1050 °C under a pressure of 50 MPa
and sustaining it for 5 min at isothermal sintering temperature is presented in Figure 4.
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15.0kV 15.1mm x2.00k SE(M)

.1mm x2.00k PDBSE(CP)

(b)

Figure 4. Microstructure of the sintered HEA alloy: (a) the cross-section of the sample, (b) area near
the outer surface, and (c) area inside the sinter.

The microstructure of the sintered HEA significantly differs in the areas near the outer
surface and inside, where it forms a solid solution that is typical for high-entropy alloys,
in this particular case a cobalt-based solid solution. When analyzing the microstructure
depicted in Figure 4b, it can be stated that there was elemental segregation, as well as a
change in the morphology and grain size in the near-surface area.

The linear elemental distribution, presented in Figure 5, indicates a significant segre-
gation of chromium and the appearance of carbon near the outer surface of the sample.
This is the main reason why only these two elements are compiled in Figure 6. The other
elements that are in the chemical composition of the tested alloy, which are, respectively,
Mn, Ni, Co, and Fe, display a fairly uniform distribution along the tested line, indicating
that the cobalt-based FCC-type structure was not disrupted by the diffusion of carbon into
the specimen.
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Figure 5. SEM: (a) Microstructure of sintered HEA powder and (b) analysis of elemental distribution
along a line directed towards the center of the sample.
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Figure 6. Linear distribution of the elements: chromium (red) and carbon (yellow).

Figure 6 shows the course of changes in the chromium content (red line) and the
carbon content (yellow line), demonstrating that the fluctuations of chromium presence at
the boundary coincide with the carbon, which diffused from the die and graphite foil used
to isolate the powder from the die.

The diffusion of carbon to a considerable depth can be observed, but the intensity of
simultaneous peaks from both elements diminishes, which is also reflected in a significant
reduction in hardness when increasing the distance from the surface. Observations of the
microstructures illustrated in Figure 4, especially in the area in 4b, indicate a change in grain
morphology in the near-surface region of the alloy; moreover, when examining the changes
in carbon concentration as a function of distance from the surface, it can be concluded that
newly formed phases, rather than dispersive carbide separations, are partly responsible
for the changes in microstructure. To confirm these speculations, elemental distribution
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maps and X-ray testing were carried out. The outcomes of the elemental distribution in the
near-surface layer analysis are presented in Figure 7.

Figure 7. Maps of the distribution of elements (C, Cr, Mn, Fe, Co and Ni) on the surface of as-sintered
HEA powder.

The elemental distribution maps presented in Figure 7 show and simultaneously
validate the conjecture of changes in the near-surface microstructure. Analysis of the
distribution of elements such as chromium and carbon confirm the formation of carbides
that form an almost continuous film in the boundaries of the FCC phase particles, depleting
their grains of chromium, which diffuses into the boundary to form carbides. The nucleation
and growth occur at the expense of the size of the original FCC grains present in the powder,
which is why their change in volume and morphology was observed. After forming a
nucleus and its subsequent growth in the grain boundaries of FCC, chromium carbides
caused its depletion and even saturation from the remaining elements included in the
chemical composition of the alloy. Severe impoverishment was observed in the case of
nickel and cobalt, and importantly, iron, despite its high chemical affinity for carbon, did not
participate in the formation of new phases, which was surprising. Furthermore, manganese
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is the element that diffuses the least into the area to create carbides. Manganese is not
usually a carbide-forming element, although according to [26], it has been proven to form
complex carbides of the (Cr,Mn)C type in alloys with an advanced chemical composition.
In order to verify newly created phases, X-ray phase analysis was performed, and its results
are illustrated in Figure 8.

Intensity, a.u.

30,000

o O
* 0 4

40,000

© o00/lO V7V o ) ) 0 00 AL

LA o

FCC
O Cr,C;
V CryCs
4 MnO
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= Core

50,000 60,000 70,000 80,000 90,000 100,000 110,000
26, deg.

Figure 8. XRD pattern from as-SPS HEA powder.

The X-ray analysis confirmed that the basic phase present in the examined alloy is
an FCC phase based on cobalt, which is a solvent for the rest of the elements. However,
it was noticed that in the border area, newly formed carbides of M,C (CryC3) and the
most typical chromium carbide My3C¢ (Crp3Cg) type were appearing. Analyses have not
shown the dissolution of manganese in those carbides, probably due to its insufficient
concentration. Also, the presence of iron was not found, especially in the Cry3Cq type
carbides, in contrast to what is commonly noticed in steels. Nevertheless, in both types
of carbides identified in the near-surface layer, manganese may dissolve. The paper [24],
which concerns SPS sintering of a powder produced by milling, concluded that the presence
of chromium carbides and magnesium oxides is due to the introduction of impurities from
the balls into the powder during milling. In contrast, the authors of the publication [27]
showed the presence of Cr7C3 chromium carbide and manganese-chromium complex oxide
just below the surface. This confirms the tendency for chromium carbides to be formed
in the presence of carbon and the tendency for oxide to be formed. Despite sintering
in a vacuum, manganese oxide is also observed near the outer surface. Unfortunately,
a vacuum of 102 bar does not ensure complete isolation of the sintered material from
oxygen, allowing it to diffuse into the sample and form oxides, in this case manganese.
The formation of manganese oxide is due to its higher affinity to oxygen compared to
chromium and the other elements in the chemical composition of the alloy under study.
Analysis of the Ellingham-Richardson diagram suggests that manganese oxide, or mixed
manganese-chromium oxide, forms if free oxygen atoms occur in the sintered system. Since
the chromium was bound in the carbides using X-ray methods, only the manganese oxide
was identified. It can also be assumed that some oxygen comes from the oxides present on
the surface of the powder, which is typical of powders produced by the sputtering method.

4. Conclusions

The results of the research presented in this paper refer to an SPS sintered alloy and its
near-surface layer, which was in contact with a graphite tool. It was demonstrated that the
application of the tool has an influence on the properties of sintered material.
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e  The sintering of the HEA powder at a temperature of 1050 °C and a compaction
pressure of 50 MPa using the SPS method makes it possible to obtain specimens with
a density similar to that of solid material, with a few fine pores uniformly distributed
in the microstructure.

e The hardness test on the surface and on the cross-section revealed significant dif-
ferences depending on the location of the test. The hardness on the surface was,
respectively, 402 HV1, while at a distance of over 180 pm, it decreased to 180 HV1.

e  The observation of the microstructure showed changes in the top layer in relation to
the core of the sintered material. The precipitate network was observed in the FCC
phase boundaries.

e  The chemical composition analysis of the precipitates and X-ray diffraction confirmed
that due to the carbon diffusion from the tool and chromium depletion of matrix
grains, new Cr;Cs- and Cry3Cg-type chromium carbides were formed.

e  The quantity and size of carbides decreased with an increasing distance from the
surface that was in contact with the graphite during the sintering process.
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