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Effect of Manufacturing Conditions and Al Addition ®

Check for

on Inclusion Characteristics in Co-Based Dual-Phase
High Entropy Alloy

YONG WANG, YULONG LI, WEI WANG, HUI KONG, QIANG WANG,
JOO HYUN PARK, and WANGZHONG MU

Three Co-based dual-phase high-entropy alloys (HEAs) were produced by different manufac-
turing conditions: arc-melting with Ar protection (Ar-HEA), vacuum induction melting in
Al,Oj3 crucible (Cr-HEA) and vacuum induction melting with 0.5 at. pct Al (Al-HEA), which
resulted in different levels of impurity elements and inclusion characteristics. The inclusions that
precipitated in different HEA samples were investigated through an electrolytic extraction
process and scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) charac-
terization. The results showed that Mn(S,Se) inclusions were presented in all three alloys.
MnCr,0y inclusions were presented only in Ar-HEA, pure Al,Oj3 inclusions were presented in
Cr-HEA and AI-HEA, and Mn—Cr—Al-O inclusions were also found in AI-HEA. Thermody-
namic calculation software FactSage and Thermo-calc were used to predict the inclusion
formations of the HEAs, which showed a good agreement with the experimental findings. The
stable inclusions can transform from MnCr,04 to Mn(Cr,Al),O4 and then to pure Al,O3 with
the increase of Al content. The inclusions in Al-containing HEA are spinel or Al,O3 depending
on the content levels of Al and O. It is proposed that the formation of spinel and Al,Oj3
inclusions can be avoided in liquid HEA when the O content is controlled to be very low, which
can result in smaller-sized inclusions. Moreover, the calculated coagulation coefficient of spinel
inclusions is close but lower than that of Al,O3 inclusions. The collision growth of inclusions
was affected by a combination of physical parameters of HEA and inclusions as well as the
inclusion size and amount.
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I. INTRODUCTION

HicH entropy alloys (HEAs) can be defined as being
composed of five or more elements in equimolar ratios
or near equimolar ratios."! For a long period of alloy
design in the materials field, the basic principle is to add
relatively small amounts of secondary elements to a
primary element so as to improve the properties of
materials. This new approach based on mixing together
multiple principal elements in relatively high concentra-
tions has attracted much attention since 2004.!"* The
quinary FeCoCrNiMn alloy was one of the first
equiatomic HEAs reported to crystallize as a sin-
gle-phase FCC solid solution. Subsequently, several
important features of this alloy were revealed: tensile
properties,¥ dislocation structures and microstructural
evolution,®* fatigue behavior,'*” and creep behavior."®

Besides, non-metallic inclusion (NMI) is another
important issue which can affect the final mechanical
and chemical properties of HEA alloys. Recently, some
research has focused on the inclusion characterization in
HEAs. Our recent work showed that MnCr,O,4 oxide
was the stable inclusion in the non-equiatomic
CoCrMnNi and FeCoCrNiMn alloys prepared by an
arc-melting method, while Cr,O; was the main stable in-
clusion in the CoCrFeNi alloy. Moreover, MnCr,0y,
had a higher agglomeration potency than Cr,05."”) Choi
et al" reported three different types of inclusions:
Mn-Cr—Al oxide, Mn(S,Se), and mixed type with a
Mn-Cr—Al oxide core surrounded by a Mn(S,Se) shell in
an equiatomic FeCoCrNiMn alloy produced by a
vacuum induction melting (VIM) method and the tensile
properties of the HEA decreased as the number density
of NMI increased. Livacoli ez al.'"! reported that MnS,
Cr-based carbides, and oxides of Al and Si were formed
from the impurities such as O, N, C, and S in CoCrFeNi
and FeCoCrNiMn alloy made by the VIM method.
Gludovatz er al'? reported that small Mn-containing
inclusions were difficult to avoid in normal melting
practice when the alloys contained reactive elements in
FeCoCrNiMn alloy. Choi er al.'¥! also proposed that
atmospheric condition was an important factor to
control the inclusion characteristics in FeCoCrNiMn
alloy. They found that alloys melted under vacuum or
using an inert gas atmosphere contained relatively large
Al,O5 particles, while relatively fine MnCr,0y4 particles
rather than coarse Al,O3 inclusions were observed in the
alloy melted under a purified Ar atmosphere followed by
air exposure. Therefore, inclusions in HEAs are nor-
mally formed by the impurity elements from the raw
materials and also affected by the manufacturing con-
ditions during the production process.

In addition to the production process, a minor
amount of Al has been added to different HEAs to
enhance their mechanical properties.'"*'® Except for
the Al addition on alloy property, Al is a very reactive
element and it can easily form harmful ALLO; or AIN
inclusions which will siﬁniﬁcantly reduce the quality of
the alloy. Wong et al" reported that ~ 2 vol pct of
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AlL,O3 inclusions were found in Aly3;CoCrFeNiMn,
produced through induction melting and casting in air.
Al,O5 inclusions have been reported to provide nucle-
ation sites for micro-cracks, which decrease the fatigue
life of AlysCoCrCuFeNi alloy.'”? Kang er al”
reported that a small amount of nano-sized Al,O;
inclusions (volume fraction less than 4 pct) was uni-
formly formed by in-situ reaction during the powder
metallurgical process of AL,CrNbVMo, and they con-
tributed to the strength of the alloys by the Orowan
strengthening mechanism. There has been little research
focused on the systematic inclusion analysis in Al-added
HEAs.

In this study, Co-based dual-phase HEAs (i.e.,
Coy75Cr3gFe; sNi; sMn; s-based alloys with different
levels of Al contents) were manufactured via different
methods, which had different impurity levels and Al
contents. This alloy grade is selected due to its excellent
mechanical property and corrosion resistance and
potentially has a wide application, reported in Refer-
ences 21-23. Two- and three-dimensional (3D) mor-
phologies, size distributions, number densities and
chemical compositions of the NMIs and their formation
mechanisms were discussed in different alloys under
different conditions. Besides, the influence of small
amount of Al addition associated with different manu-
facturing conditions on the inclusion characteristics will
be investigated. This work aims to contribute to the
application of ‘Inclusion/Precipitate Engineering’ con-
cept®¥ in advanced HEAsS.

II. MATERIALS AND METHODOLOGY
A. Alloys and Manufacturing Methods

Different HEA samples were manufactured in the
following ways. Ar-HEA was prepared by arc-melting
under Ar atmosphere (purity > 99.999 pct), detailed can
be seen in Reference 9. Cr-HEA and AI-HEA samples
were prepared in the vacuum induction melting furnace,
pure metallic materials of Co, Cr, Fe, Mn, Ni and Al
with a purity of over 99.95 pct were used. The vacuum
chamber was evacuated to a pressure of approximately
5 Pa. Subsequently, the chamber was flushed with Ar
(purity > 99.999 pct) three times, and finally each alloy
was prepared using induction heating to a temperature
of 1550 °C under vacuum condition and held for 5 min.
Type-B (PtRh30-PtRh6) was used to control the furnace
temperature. Samples were held and solidified in an
Al,O3 crucible under vacuum condition. Detailed com-
positions as well as impurity elements of each sample
can be seen in Table I. Cr-HEA and Al-HEA were
designed based on a stoichiometric ratio of Coy47.5Cr3.
Fe; sNi; sMn5 5, using Al,O3 crucible leads to a trace
amount of Al in the Cr-HEA. Furthermore, AI-HEA
was designed to add a content of Al (0.5 at. pct) to
investigate the influence of Al addition on inclusion
characteristics.
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Table I. Chemical Composition of Principal Elements and Impurity Level of the Three Alloys

Alloy Elements, At. Pct (Wt Pct)

Impurity (Wt Pct)*

Alloys Co Cr Fe Ni Al (@) S N

Arc-Melting bal  29.30 (27.01) 7.41(7.34) 6.75(6.58)  7.61 (7.92) 0 0.0193 < 0.003 < 0.01
ﬁlr(iilzﬁn Melting  bal  28.59 (26.34) 7.32(7.24) 698 (6.79) 7.92 (8.24) 0.15(0.07) 0.0158 0.004 0.01
El?(;g(ggn Melting  bal  28.28 (26.11)  7.58 (7.52) 6.83 (6.66) 7.98 (8.31) 0.5(0.239) 0.0113 0.005 0.01

*C content is negligible to be detected in the alloys.

B. Characterization of Inclusions in Alloys Manufactured
by Different Processes

Non-metallic inclusions were first analyzed in two-di-
mensional (2D) on polished cross-sections of the sam-
ples. Subsequently, the electrolytic extraction (EE)
method was applied for the extraction of inclusion
particles from the metal matrix. The following param-
eters were used for the EE method. The electrolyte was
10 pct AA (10 v/v pct acetylacetone, 1 w/v pct
tetramethylammonium chloride-methanol), electric cur-
rent was between 50 and 70 mA, voltage was between
3.5 and 4.2 V. The dissolved weight of the samples
varied from 0.09 to 0.13 g. After the extraction, the
solution containing inclusions was filtrated through a
polycarbonate (PC) membrane film filter with an open
pore size of 0.4 um. Thereafter, the morphology and
composition of the inclusions were characterized by
scanning electron microscopes (SEM, JEOL JSM-7800F
& Hitachi S3700N) equipped with the energy-dispersive
X-ray spectroscopy (EDS) at an operating voltage of
15 kV. The equivalent diameter of a circle was used to
present the inclusion sizes by measuring their real sizes
on SEM images by Image software. The total observed
area of the film filter for different samples varied from
1.88 to 4.78 mm”.

The number of inclusions per unit volume (Nv) was
calculated using Eq. [1]:

Afitter _ Palloy ]

Nv=n- ,
Aobserved Wdissolved

where n is the number of inclusions in the appropriate
size interval, Agye, 1S the area of the film filter with
inclusions (1200 mm?), Agpserved is the total observed
area on the film filter, p,yy is the density of the alloy
matrix, which was calculated by Thermo-Calc 2021b
and Wgissolvea 18 the dissolved weight of the alloy during
extraction.

III. RESULTS AND DISCUSSION

A. Morphology and Composition of Inclusions
in Different Alloys

The representative 2D and 3D morphologies and
compositions of inclusions in Ar-HEA are shown in
Figure 1. A small amount of Mn(S,Se) inclusions were
found occasionally on the film filters within a narrow
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size range (< 3 um) due to the quite low sulfur content
(< 30 ppm), and they show spherical and globular
shapes in 2D and 3D investigations, respectively. It
was found that the Mn—Cr—O phases were the stable ox-
ide inclusions in this alloy. Moreover, based on the EDS
spectrums and the atomic ratio of Cr/Mn, it can be
concluded that the Cr—-Mn-O phase is MnCr,Oy, spinel.
This finding has been reported in Reference 9 to identify
the inclusion phase. Besides, they show a polygonal
morphology on cross-sections (Figure 1(b)) and their
real octahedral shapes can clearly be seen on the film
filters (Figure 1(e)), which is one of the typical mor-
phologies of spinel structures. Except for the single
MnCr,0, particle, they can easily agglomerate to form
clusters, which were more commonly found in this alloy
(Figures 1(c) and (f)). The elemental mappings of one
typical MnCr,O4 cluster can be seen in Figure 4(a),
where Mn and Cr distribute homogeneously. Their
agglomeration behavior has been discussed in detail
elsewhere.””! Therefore, the MnCr,Oy, spinel inclusion is
the representative oxide present in Cog475Cr3gFess.
Ni; sMn5 s alloy when no other impurities are present
in the materials, which shows good aﬁreement with
previous results in CoCrFeNiMn alloys.!'"* 1t should
be noticed that almost all Mn(S,Se) inclusions were not
found on the surface of the MnCr,O4 inclusions. In
other words, there were no complex Mn(S,Se)-MnCr,04
inclusions, where they presented as single Mn(S,Se) and
MnCr,Qy inclusions.

The representative 2D, 3D morphologies and com-
positions of each type of inclusion in Cr-HEA are shown
in Figure 2. The observed inclusions could be classified
based on the chemical composition: Mn(S,Se), Al,O3
and mixed-phase with Al,O; and Mn(S,Se). Most
Mn(S,Se) inclusions show a longitudinal chain shape
consisting of discontinuous parts on cross-sections
(Figure 2(a)). However, their real dendritic or skeleton
morphologies can clearly be seen by the EE method
(Figure 2(d)), which has also been observed in steels.[*”!
They were reported to be formed by a eutectic reaction
(L; — Fe + MnS (s)) in the interdendritic spaces.*® In
addition to the majority dendritic type Mn(S,Se) inclu-
sions, a small amount of globular Mn(S,Se) inclusions
(Figure 2(g)) were also found, which were formed by a
monotectic reaction (L; — Fe + MnS (L,)).?**” These
inclusions have been reported in previous works.!'”
Most Al,Oj5 inclusions show a spherical shape on
cross-sections (Figure 2(b)) and a globular shape
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Fig. 1—Representative morphologies and chemical composition for different types of inclusions in Ar-HEA, (a) to (¢) two-dimensional and (d)

to (f) three-dimensional morphologies.

(Figure 2(e)) on film filters. Moreover, some irregular
Al,Oj3 inclusions were also found and they were inclined
to aggregate (Figure 2(h)). The third type of inclusion is
a mixed one where Al,O; inclusions are wrapped by
dendritic Mn(S,Se) inclusions. These inclusions can only
be partially observed on cross-sections (Figure 2(c)) and
their real morphology can clearly be seen after EE
(Figures 2(f) and (i)). Their typical mappings by 3D
observations are shown in Figure 4(b). It indicates that
the EE method is preferable when investigating the
complex inclusions compared to the 2D observations.
Mn(S,Se) inclusions are formed at the surface of the
Al,O3 during the late stages of solidification. Due to the
inclusion agglomeration, they were observed in sizes
much larger than the other types of inclusions.

The typical 2D, 3D morphologies and compositions
of inclusions in AI-HEA are shown in Figure 3. A large
number of spherical and globular Mn(S,Se) were found
in this alloy (Figures 3(a), (d), (g)), which is similar to
that in Ar-HEA. In terms of oxides, the majority type is
irregular Al,Oj3 inclusion (Figures 3(b), (e), (h)). Simi-
larly, they present as single particles, as well as clusters
and their elemental mappings, can be seen in Figure 4(c).
Agglomerated ~ Mn-Cr-Al-O oxide  inclusions
(Figures 3(c), (f)) or together with Al,O3 inclusion
(Figure 3(i) were also observed in this alloy. According
to EDS spectrums and their compositions, they are
closer to the MnAl,Oy4 spinel inclusions which mix with
a small amount of MnCr,Oy, inclusions. They both have
the same spinel structure and easily form an ideal solid
solution. The typical mappings of this type of inclusion
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can be seen in Figure 4(d), where Al, Mn, Cr and O
show homogenous distributions.

To sum up, in combination with the 2D and 3D
investigations, Mn(S,Se) inclusions are present in all
three alloys. Their precipitation is due to the tramp
sulfur within the feed materials which is used to make
these alloys. Usually S and Se are included in pure Mn
during the aqueous electrolysis, and parts of S, Se are
not completely removed during the production process.
The difference is that they show dendritic or skeleton
morphologies with larger size ranges in Cr-HEA, while
they show globular shapes with small sizes in Ar-HEA
and AlI-HEA. Besides, Mn(S,Se) inclusions were mainly
found on the surface of oxides in Cr-HEA, but they were
found in a single type in Ar-HEA and AI-HEA. This
might be due to the different supersaturation degrees
during the solidification process of these three alloys.
Specifically, a spherical MnS is formed under uniform
conditions of high supersaturation degree and when the
size of a spherical crystal exceeds a critical value,
complex shapes, such as dendritic would develop and
form dendritic MnS.*%*) Regarding the oxide inclu-
sions, only MnCr,O4 and pure Al,O; inclusions are
present in Ar-HEA and Cr-HEA, respectively. While in
Al-HEA, pure Al,O; inclusions present as the majority
phases, and Mn—Cr—Al-O oxide inclusions are another
stable phase. The formation of different types of oxide
inclusions is closely related to the Al contents in these
alloys, which is discussed in detail by thermodynamic
calculation in Section ITI-C.
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Fig. 2—Representative morphologies and chemical composition for different types of inclusions in Cr-HEA, (@) to (¢) two-dimensional and (d)

to (i) three-dimensional morphologies.

B. Size Distribution and Number Density of Inclusions
in Different Alloys

The number and size distributions of inclusions in the
three alloys were analyzed by the EE method, which
showed a big advantage in measuring the accurate size
of inclusions, especially for clusters.”” Figure 5 shows
the total number density and particle size distributions
of inclusions in the three alloys. It can be seen the size
range of Mn(S,Se) inclusions (less than 3 um) is much
smaller than MnCr,QOy4 inclusions (1 to 18 um), where
the majority of MnCr,04 inclusions have a size range of
less than 6 yum in Ar-HEA (Figure 5(b)). The total
number density of MnCr,0y inclusions (Nv = 17,508
mm ) is also larger than that of Mn(S,Se) inclusions
(Nv = 9882 mm™"). In terms of Cr-HEA (Figure 5(c)),
the Mn(S,Se) inclusions show the largest size ranges up
to 32 um as compared to other types of inclusions and
the peak of the particle size distributions is at about
4 ym. In this alloy, the majority of Al,Ojs inclusions
show a size range of 1 to 8 um but with the largest total
number density (Nv = 17,150 mm ). Moreover, the
complex inclusions consisting of Al,O; + Mn(S,Se)

2720—VOLUME 54A, JULY 2023

have a much smaller number density (Nv = 2088
mm ) and a wide size range (1 to 24 um). When it
comes to AI-HEA (Figure 5(d)), the size range and
morphology of Mn(S,Se) inclusions are similar to those
in Ar-HEA while it shows a much larger number density
(Nv = 22,330 mm ). This is followed by Al,O5 inclu-
sions with a total number density of 8940 mm . Even
though the number density of Al,Oj3 inclusions is about
half of that in Cr-HEA, they have much wider size
ranges (1 to 20 um) due to the formation of larger Al,O3
clusters. Therefore, the increase of Al content can
greatly increase the size of Al,O; inclusions. It should
be noted that the Mn—Cr—Al-O inclusions present the
largest size range up to 32 um as compared to the other
types of inclusions. Considering the alloy quality, the
large-sized hard Al,O; and Mn—Cr—Al-O inclusions in
Al-HEA are more harmful than smaller-sized Al,O3
inclusions in Cr-HEA even though they have a much
larger number density. The inclusion number density
and agglomeration tendency are closely related to the
impurity levels and also the physical properties of the
liquid alloy, which are discussed in detail in
Section III-D.
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Fig. 3—Representative morphologies and chemical composition for different types of inclusions in AI-HEA, (@) to (¢) two-dimensional and (d) to

(i) -dimensional morphologies.

C. Thermodynamic Calculations of Inclusion Formation

To support the experimental findings, the equilibrium
calculations of inclusion formation in the three HEAs
were calculated by Thermo-calc 2021bP" with the
TCFEI11 databasel®” based on the chemical composition
and the content of impurities in the HEA (Table I), the
results are given in Figure 6. It is seen that the calculated
liquid temperatures for the three alloys are slightly lower
than 1400 °C. The predicted stable oxide inclusions in
Ar-HEA are MnCr,QOy spinel, and those in Cr-HEA and
Al-HEA are Al,O; inclusions. Moreover, the amount of
spinel inclusions is higher than those of Al,O5 inclusions
due to the higher oxygen content in Ar-HEA. Besides,
the formation temperatures of Al,Oj inclusions are
higher than that of spinel inclusions. The amount of
Al,Oj3 inclusions highly depends on the available Al and
O contents. However, when the impurity element N is
included, the formation sequence and amount of Al,O3
and AIN inclusions are another key issues regarding the
inclusion control in Al-containing HEA. As can be seen
that AIN inclusions are predicted to form below the
solidus temperatures of Cr-HEA and AIl-HEA. There-
fore, they are not present in liquid HEA, and they were
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not found in the experiment. The fact is that AIN forms
at a low-temperature range in the equilibrium calcula-
tion which is far from the real experimental condition
using air quenching during cooling. The formation and
control of Al,Oz and AIN inclusions will be discussed in
detail in another grade of HEA with much higher Al
content elsewhere, where AIN inclusions can form in the
liquid state.

In terms of sulfide, it is predicted to form in a solid
HEA matrix during the solidification of HEA. It is
interesting to note that (Mn,Co)S forms at the beginning
of the solidification process, and it transforms to MnS in
Cr-HEA and AI-HEA. (Mn,Co)S inclusions were not
found in the experimental condition. As equilibrium
calculation assumes that enough diffusion occurs in the
solid phases by way of retaining an extremely low
cooling rate. However, the equilibrium state usually
cannot be reached in an actual experimental condition.
The calculated results show a relatively good agreement
with the experimental findings with the exceptions of the
Mn—Cr—Al-O inclusions in AI-HEA, the possible rea-
sons are discussed in the subsequent section.
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The stability diagram of different phases in the
CO47A5CI'30F€745Ni7A5M1'17_5 HEA System at 1773 K
(1500 °C) was calculated using the phase diagram
module in FactSage 8.1 program with the databases of
FactPS, FToxide and FSstel, as shown in Figure 7.
Under the varied Al and Mn contents, different regions
were predicted to form depending on the oxygen
contents, namely AlLO3;, MnALO4s + MnCr,Oy,
CrAl,O4 + MnCr,04, MnCr, O, and MnO +
MnCr,04. The dashed lines (and numbers) represent
the equilibrium oxygen concentration (ppm) in the
liquid alloy. It is found that the stable inclusions
transform with the increase of Al contents in the
following order: MnCr,0O4 — Spinel - Al,O3;. The
compositions of three different HEAs are given in
Figure 7. No Al was detected in Ar-HEA, therefore it is
located in the MnCr,O, region by assuming an
extremely low Al concentration. The compositions of
Cr-HEA and AI-HEA are located in the Al,O5 region.
These predicted results are in good agreement with the
experimental results. This kind of phase stability dia-
gram has been successfully applied in FeCoCrNiMn
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[13] [33

alloy"? as well as different steels.**! In addition, it
should be pointed out that the Al,O; + spinel dual
region was not present in this stability diagram, which
cannot explain the presence of different types of
inclusions directly. The presence of aforementioned
Mn(Cr,Al),04 inclusions in AI-HEA might be due to
the kinetic issue. AI-HEA includes a higher content of
Al, partial Al transfers to form as a stable phase of
Al,Os3, and the excess Al starts to form as the spinel and
has not transferred to be Al,O5 yet. Detailed transfor-
mation kinetics of inclusion in the liquid HEA alloy will
be performed in future study.

To better understand the effect of Al on inclusion
formation, equilibrium calculations of stable phases
were performed based on the composition of Cr-HEA
under different Al contents, as shown in Figure 8. It is
seen that spinel inclusions are the stable phases without
any Al content, the amount of spinel inclusions first
greatly increases with the increase of Al content and
reaches a maximum value (Figure 8(a)). Thereafter,
Al,O3 inclusions start to form where spinel inclusions
significantly decrease and disappear. The amount of
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Al,Oj3 inclusions greatly increases at the beginning of
their formation, and it slightly increases with the
increase of Al content due to the limited oxygen.
Moreover, the amount of element change in spinel
inclusions is also presented in Figure 8(b). It is clearly
seen that MnCr,O4 spinel inclusions are the
stable phases when Al content is almost negligible,
which fits well with the experimental results in Ar-HEA.
With the increase of Al content, the MnCr,O,4 spinel
inclusions start to transform to Mn(Cr,Al),O4 spinel
inclusions. After the formation of Al,Oj5 inclusions, the
amount of Al, Cr and Mn in Mn(Cr,Al)>O4 spinel
decreases. This indicates that both spinel and Al,O5 can
present within a certain Al concentration range. Accord-
ing to the thermodynamic calculation and composition
analysis, Mn(Cr,Al),O4 inclusions are commonly
becoming to be homogeneous, but they also show a
mixture of MnCr,O4; and MnALO, inclusions.
MnCr,04 and MnAl,O4 were reported to easily form
a solid solution at a temperature range from approxi-
mately 1773 to 1873 K*¥! due to their similar lattice
parameters® and the same cubic spinel structure.
Moreover, the available O content can also result in
the presence of both spinel and Al,Oj3 inclusions. The
complex inclusions containing an Al,O3 core wrapped
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by Mn(Cr,A19204 inclusions were reported in FeCoCr-
NiMn alloy.!"

To sum up, in a combination of experimental char-
acterization and thermodynamic calculation, MnCr,Oy4
is the stable inclusion in CO47_5CI'30F€7.5Ni7A5M1'17.5
HEA. Moreover, the stable inclusions can transform
from MnCr,Oy4 inclusions to Mn(Cr,Al),O4 inclusions
and then change to pure Al,O; inclusions with the
increase of Al content in the system due to the higher
affinity between Al and O compared to those between
Cr, Mn and O.

Based on above discussions, spinel or Al,O5 inclu-
sions are unavoidable depending on different Al con-
tents in CO47.5CT30FG7A5Ni7A5Mn7A5 HEA. In addition to
the type of inclusions, the amount and size of inclusions
are also important issues controlling the quality of the
HEA. The amount of these inclusions is closely related
to the O content, which is discussed in detail here. It is
well-known that inclusions can be divided into two
groups, namely primary inclusions and secondary inclu-
sions, where primary inclusions usually have larger sizes
than secondary ones. Moreover, most secondary inclu-
sions are formed during the solidification process due to
decreasing thermodynamic solubility of oxygen in the
HEA at lower temperatures, where inclusion size is
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Fig. 7—Phase stability diagram of Coy7 5Cr3oFes sNi; sMn; s HEA at 1773 K.

greatly affected by the cooling rate and chemical
compositions of HEA (i.e., diffusion rate of different
elements).

To better control the spinel and Al,O; inclusions, the
effect of O content on the formation of these inclusions
was evaluated using Thermo-calc 2021b, the results are
given in Figure 9. It is seen in Figure 9(a) that the
amount and the formation temperature of spinel inclu-
sions increase with the increase of O content. Specifi-
cally, the spinel inclusions start to form in the mushy
zone (temperature between 7, and 77) of the HEA under
the O contents of 20 and 50 ppm, and it forms above
1500 °C when the O content reaches about 200 ppm.
This can be clearly seen in Figure 9(b), the spinel
inclusions can only be formed when the O content is
larger than 50 ppm at a temperature of 1400 °C. It
suggests that by controlling the O content at a lower
level (here less than 50 ppm), the spinel inclusions
cannot form in liquid Coy75Cr;gFe; sNi; sMn; s HEA
melt, which results in the decrease of the spinel
inclusions.

A similar calculation was performed in the Coy; 5Cr3q.
Fe; 5sNi; sMny; s HEA by considering the Al content of
0.01 pct, as shown in Figure 9(c). Under the O content
of 20 ppm, Al,O; inclusions form rather than spinel
inclusions in the mushy zone. Similarly, the formation
temperature of Al,Oj3 inclusions also increases with the
increase of O content. It is found that Al,O5 inclusions
form first and spinel inclusions can also form at a lower
temperature when the O content increases to 80 ppm.
However, spinel inclusions are only present at a certain
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temperature range. Spinel and Al,O; inclusions are
stable inclusions when the O content is 100 ppm,
whereas only spinel inclusions are formed when the O
content is 200 ppm. This shows good agreement with
the stability phase diagram of the inclusion formation in
Figure 7. In addition, the effect of O content on
inclusion formation was calculated under different Al
contents at 1400 °C, as shown in Figure 9(d). It is found
that Al,O5; and spinel inclusions cannot form in liquid
Coy75Cr3gFe; sNi; sMn; s HEA melt when the O con-
tent is kept at a lower content (e.g., 20 ppm O). The
stable inclusions transform from spinel inclusions to
Al,O3 inclusions with the increase of Al content.
Besides, the amount of inclusions increases as the O
content increases.

Based on these findings and previous works,”"'!! the
stable inclusions in HEA system greatly depend on the
activity of the element and the impurities (O, N, S etc.).
To sum up, the stable oxides in Coy475Cr3gFess.
Ni; sMn; s HEA are MnCr,04 spinel inclusions, and
those in Al-containing HEA can be spinel or Al,O;
inclusions depending on Al content as well as O content.
Under the same level of O content, Al,O5 inclusions are
more easily formed compared to spinel inclusions. The
spinel inclusions can be formed below the liquid
temperature of the HEA when controlling the O content
less than 50 ppm in CO47A5CI'3()FG7A5Ni7A5M1'17A5 HEA,
and also the formation of Al,Oj; inclusions in liquid
HEA can be avoided at a lower O content. As a result,
the size and amount of inclusions can be kept at a small
level. It should be noted that these results are only based
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on thermodynamic calculations, further experimental
validation needs to be performed to verify this to better
control the inclusion characteristics in CoCrFeNiMn
HEA.

D. Agglomeration Potency of Different Types
of Inclusions

Based on the morphologies of different inclusions,
spinel and Al,O3 were easily formed clusters due to the
inclusion agglomerations. The agglomeration behavior
of different inclusions can attribute to the physical
parameters of inclusions and melt, i.e., interfacial
energy, density, viscosity. Coagulation coefficient, a,
which represents the agglomeration potency of inclu-
sions in the liquid entropic alloys, is calculated using
Eq. [2].BY

:| 70.242, [2]

o=0.727 {ur? M/247razyIM
L

where ¢ is the turbulent energy dissipation rate (0.01 m?/
s), r; is the radius of the inclusion particle grn), a is the
ionic radius (2.8 x 107 m for A1203).[3 ] w is the
dynamic viscosity of alloy, pgga is the density of the
liquid HEA, y5, is the interfacial energy (J/m?) between
the inclusion particle and the liquid HEA, these param-
eters were calculated by Thermo-Calc 2021b with the
TCNII11 database due to the absence of physical
parameters in the HEA system, the same method has
been applied in Co-based dual-phase HEA.!

Figure 10 shows the calculated coagulation coefficient
of different inclusions in different alloys at 1500 °C with
inclusion sizes of 2, 5, and 10 um. It can be seen that the
coagulation coefficients of spinel inclusions in Ar-HEA
is higher than that of AI,O; in AI-HEA. Besides, both
the coefficients of spinel and Al,O; inclusions are
smaller than that of Al,O5; in Cr-HEA. The calculated
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tendency does not show a good agreement with the
experimental observations of the inclusion size distribu-
tions of spinel and Al,O; inclusions. It should be
pointed out that the calculated coefficients are close to
each other, which is due to the similar HEA densities
and similar interfacial energies between inclusions and
HEA melt (Figure 10(a)). The coagulation coefficients of
different inclusions decrease with the increase of inclu-
sion size, which indicates that smaller inclusions are
more easily to agglomerate. Also, the precipitation of
MnS inclusions on the surface of Al,O5 inclusions can
affect the size of agglomerated Al,O; inclusions. The
different number density of inclusions can also result in
the different collision growth of inclusions.

In addition, it is found that the interfacial energy
between Al,O3 and AI-HEA varies with the Al amount,
which results in different numbers of Al,O5 inclusions.
The interfacial energy between Al,O; and Al-HEA
under different Al contents was calculated and the
corresponding coagulation coefficients are shown in
Figure 10(b). As can be seen, the coagulation coefficient
of Al,O; inclusions decreases with the increase of Al
content, and it is higher than those of spinel inclusions
at a lower Al content. This suggests that the coagulation
coefficient of the same type of inclusion can change due
to the difference in physical parameters of HEA melt
and inclusion amount. Experimental validation needs to
be performed in future work.

IV. CONCLUSIONS

In the present study, three different Coy7 5sCrzgFes s.
Ni; sMn5 s-based alloys were manufactured by different
methods which contained different levels of impurities
and Al content. The inclusion characteristics and effect
of Al content on inclusion formations were systemati-
cally analyzed based on experimental characterization
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and thermodynamic calculation. The specific conclu-
sions are summarized as follows:

(1) According to the experimental results, Mn(S,Se)
inclusions were found in three HEAs. In terms of
oxide inclusions, MnCr,O4 inclusions were the
representative oxides present in Ar-HEA, Al,O3
were the typical inclusions in Cr-HEA, and
Al,O3, Mn(Cr,Al),O4 inclusions were found in
AI-HEA.

(2) Thermodynamic computation predicted
Mn(Cr,Al)>O4, Al,O5 inclusions can be formed
in Al-containing Coy47 5Cr3gFe; sNi; sMn; s HEA.
The stable inclusions can transform from
MnCr,0y inclusions to Mn(Cr,Al),O4 inclusions
and pure Al,Oj3 inclusions with the increase of Al
content. The inclusions in Al-containing HEA are
spinel or Al,O5 depending on Al and O contents.
The formation of spinel and Al,Oj3 inclusions can
be avoided in llqu1d CO47.5CI'30FC7‘5Ni7.5Mn7_5_
HEA when the O content is less than 50 ppm.

(3) The calculated coagulation coefficient of spinel
inclusions is close to that of Al,Osinclusions.
Besides, the coagulation coefficient of Al,O;
inclusions can be affected by the Al content in
the melt, which can be explained by the different
physical parameters between inclusions and HEA
matrix.
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