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Abstract: Specific grades of high-entropy alloys (HEAs) can provide opportunities for optimizing properties toward high-temperature ap-
plications. In this work, the Co-based HEA with a chemical composition of Co,;sCrsFe;sMn;sNiys (at%) was chosen. The refractory
metallic elements hafnium (Hf) and molybdenum (Mo) were added in small amounts (1.5at%) because of their well-known positive ef-
fects on high-temperature properties. Inclusion characteristics were comprehensively explored by using a two-dimensional cross-sectional
method and extracted by using a three-dimensional electrolytic extraction method. The results revealed that the addition of Hf can reduce
Al,0; inclusions and lead to the formation of more stable Hf-rich inclusions as the main phase. Mo addition cannot influence the inclu-
sion type but could influence the inclusion characteristics by affecting the physical parameters of the HEA melt. The calculated coagula-
tion coefficient and collision rate of Al,O; inclusions were higher than those of HfO, inclusions, but the inclusion amount played a larger
role in the agglomeration behavior of HfO, and Al,O; inclusions. The impurity level and active elements in HEAs were the crucial factors

affecting inclusion formation.
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1. Introduction

High-entropy alloys (HEAs) have a wide composition
range, which is attractive for designing new alloys [1-3]. Oc-
casionally, single-phase entropic alloys show remarkable
damage tolerance, i.e., high tensile strength and impact
toughness at cryogenic temperatures [4]; however, they can
exhibit a large loss of ductility with a decrease in temperat-
ure in tensile tests. In recent years, the alloy design strate-
gy has been to make the dual-phase HEA overcome the
strength—ductility trade-off [5—7]. This change allows the de-
velopment of a dual-phase microstructure where both phases
have the maximum benefit of the solid-solution strengthen-
ing effect, and one phase experiences deformation-induced
martensitic transformation. In light of this, a specific grade
Co-based dual-phase Cog;sCryFe;sMn;sNiys alloy was de-
veloped. Details of the alloy design can be found else-
where [8].

It has been shown that the outstanding mechanical and
chemical properties of HEAs are due to the intermetallic

compounds of alloying elements [9-10], where Hf and Mo
are two typical intermetallic structure forming elements. Ren
etal. [11] observed that the compressive yield strength in-
creased from 1273 to 2023 MPa when increasing the Hf con-
tent from 0at% to 6at% in (AlCoCrFeNi), - Hf, HEAs due to
the formation of the Laves phase. Shun ef al. [12] reported
that with an increase in the Mo content in CoCrFeNiMo,, the
alloy hardness, yield stress, and compressive strength in-
creased because of the solid-solution strengthening of
the face-centred cubic structure (fcc) matrix and the forma-
tion of the ¢ or (¢ + W) phases. Haas ef al. [13] reported
the influence of Hf (0.5at%) and Mo (1.0at%) additions on
the microstructural and mechanical properties of
Al;§Co,sCrgFe sNisTig. They found that Mo addition de-
creased the ultimate tensile strength of the base alloy because
of the more spherical morphology of y’-particles, while Hf
addition increased the ultimate tensile strength. Thus, a small
amount of Hf and Mo (1.5at%) was added to the aforemen-
tioned Co-based HEA, which can promote the formation of
the second phase and further modify the mechanical proper-
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ties of the alloy.

However, except for the effects of Hf and Mo on the mi-
crostructure and mechanical properties of HEAs, the utiliza-
tion of these elements is also challenging because it may in-
troduce complex non-metallic inclusions. MnCr,O, oxide in-
clusions are commonly found in CrMnFeCoNi alloys
[14-17], and their influence on mechanical properties has
been ignored because of their small volume fraction. Yu ef al.
[18] reported that stable MnO-SiO, was formed in Si-added
CoCrFeMnNi instead of the harmful MnCr,O,, which greatly
enhanced the corrosion resistance of the alloy. Similarly, the
stable inclusions can transform from MnCr,0O, inclusions to
Mn(Cr,Al),O, inclusions and then to pure ALO; inclusions
with increasing Al content in HEA [19]. Moreover, MnCr,O,
was also formed in (CoCrFeMnNi)gMo;, and CoCrFeNiMo,
alloys [12,20], which demonstrates that Mo addition has little
effect on the inclusion type in HEAs. In terms of the effect of
Hf, one of the most reactive elements, HfO, oxide, can be
easily formed in different alloys [21-23], and the impurities
and inclusions were determined as a function of the melting
method [24]. (Ti,Hf)S hafnium and titanium sulfides and
(Ti,Hf),SC titanium and hafnium carbosulfides were found in
Fe—Co—Ni—Cu-Al-Ti-Hf alloys with high sulfur contents
(0.12wt%—0.32wt%) [24]. Moreover, it was revealed that the
impurity element levels, as well as the active element, are the
key challenges in controlling the inclusion phase in HEAs
[25]. However, no systematic research on inclusions has been
reported for Mo- and Hf-alloyed HEAs.

In this work, Hf- and Mo-alloyed HEAs were prepared by
a combined vacuum arc melting—induction melting method.
The systematic study of the alloying effects of Mo and Hf on
the microstructure evolution and mechanical properties of
HEAs will be reported in the future. This study focuses on the
influence of alloy conditions on inclusion characteristics in
Co-based HEAs. Moreover, the physical properties of the al-
loys associated with inclusion agglomeration behavior are
discussed. This work offers a fundamental basis for future
preparation of different alloyed HEAs.

2. Experimental

The reference HEA sample (hereafter Ref.-HEA) was pre-
pared by a published method [19]. The HEA samples with
Mo and Hf addition (denoted as Mo-HEA and Hf-HEA)
were first synthesized by the vacuum arc melting method to
melt all raw materials and subsequently remelted in an induc-
tion melting furnace. Raw metallic materials with a purity of
over 99.95% were used, and the furnace chamber was
flushed with high-purity Ar three times. The alloys were sub-

Int. J. Miner. Metall. Mater., Vol. 31, No. 7, Jul. 2024

sequently remelted by induction heating to a temperature of
1550°C and held for 5 min. Finally, the samples were held
and solidified in an Al,O; crucible, which resulted in some
trace amounts of Al in the alloys. The basic composition is
Coy4;5Cr3oFe, sNi; sMn; 5, which was designed to include both
fcc and hexagonal close packed (hcp) phases [6,25]. The
chemical compositions of metallic elements in HEAs were
examined by inductively coupled plasma optical emission
spectrometry (ICP-OES), the contents of sulfur, oxygen, and
nitrogen were determined using the LECO combustion ana-
lyzer. Detailed chemical compositions and impurity ele-
ments of each sample are summarized in Table 1.

Inclusions were first examined by using the two-dimen-
sional (2D) method on the polished surface of HEA samples.
To gather more precise information on inclusion morpholo-
gies and size distributions, three-dimensional (3D) observa-
tion by electrolytic extraction was performed. For the elec-
trolytic extraction experiment, an electrolyte of 10vol% AA
solution (10vol% acetylacetone, 1vol% tetramethylammoni-
um chloride, and methanol), an average current of 50 mA,
and an average voltage of 4 V were employed. The extracted
inclusions in the solutions were filtered through a polycar-
bonate (PC) membrane film filter with a pore size of 0.4 pm.
The inclusions on the filter were subsequently evaluated by
scanning electron microscopy (SEM, JEOL JSM-7800F &
Hitachi S3700N) equipped with energy-dispersive X-ray
spectroscopy (EDS). The numbers of different types of inclu-
sions per unit volume (,) in the alloys were determined, and
the details are described elsewhere [19].

3. Results and discussion
3.1. Characterizations of inclusions in the three HEAs

Representative 2D and 3D morphologies of inclusions ob-
served in Ref.-HEA are displayed in Fig. 1. It is found that
most Mn(S,Se) inclusions have an irregular shape on the pol-
ished cross-sectional surface and have a dendrite shape by
using the 3D method. The maximum length of the primary
dendrite was approximately 60 um, which was quite large
compared with the 2D observations because some parts of
the dendrite were not visible by the cross-section polishing
method. Moreover, some globular or angular Mn(S,Se) in-
clusions were also observed, as reported in our previous work
[19]. Se was contaminated in electrolytic manganese since
SeO, is commonly used as an additive in aqueous electrolys-
is, and parts of Se were not completely removed during the
production process. Moreover, MnS and MnSe can easily
form Mn(S,Se) solid solutions because they have the same
NaCl-type cubic structure. Spherical and globular AL,O; in-

Table 1. Chemical composition of the principal elements and impurity levels of the three alloys

Sample Alloying elements / at% (wt%) Impurity / wt%

Co Cr Fe Mn Ni Mo Hf Al S o N
Ref-HEA Bal. 28.59(26.34) 7.32(7.24) 6.98(6.79) 7.92(8.24) 0.07 0.004 0.016 0.01
Mo-HEA Bal. 31.95(29.26) 7.85(7.72) 4.67(4.52) 8.02(8.29) 1.38(2.33) 0.08 0.005 0.012 0.01
Hf-HEA  Bal. 30.02 (26.86) 7.52(7.53) 7.24(6.84) 7.50(7.57) 1.61(4.63) 0.02 0.004 0.015 0.01




Y. Wang et al., Effect of hafnium and molybdenum addition on inclusion characteristics in Co-based ... 1641

(a) Mn(S,Se) inclusion

Fig. 1. Typical inclusions observed by (a—c) 2D method and (d—f) 3D method in Ref.-HEA.

clusions were found by 2D and 3D methods, respectively. A
small amount of polyhedral AL,O; inclusions was also ob-
served, and they easily formed aggregated clusters; the ex-
perimental evidence can be seen subsequently in this section.
It should be mentioned that some irregular and dendritic
Mn(S,Se) inclusions precipitated on the surface of Al,Os in-
clusions, as displayed in Fig. 1(c). Al,O; inclusions usually
serve as heterogeneous nucleation sites for the precipitation
of Mn(S,Se) inclusions during the solidification of the HEA
melt. The experimental evidence can be seen thereafter in this
section.

The SEM images of the typical inclusions in Mo-HEA are
presented in Fig. 2. Two main types of inclusions, spherical
Mn(S,Se) and irregular Al,O; inclusions, were observed. The
2D and 3D morphologies of the spherical Mn(S,Se) inclu-
sions with an average diameter of 2 pm are shown in Fig. 2(a)
and (d), respectively. Irregular ALO; inclusions exhibited
typical polygonal shapes in 3D observation (Fig. 2(e)).
Moreover, many aggregated Al,O; inclusions were observed
(Fig. 2(b), (c), and (f)) and showed a much larger size than
those in Ref.-HEA. In addition, polyhedral, plate, or irregu-
lar-shaped Al,0; inclusions were found in the aggregate. The
size difference can be attributed to the different physical
properties of the HEA melt, which is discussed in detail in
Section 3.3. It should be noted that complex inclusions with
Al,O; and Mn(S,Se) were rarely observed in Mo-HEA, and
the morphologies of Mn(S,Se) inclusions were quite differ-
ent from those in Ref.-HEA.

(a) Mn(S,Se) inclusion

(b) ALO; inclusion

The representative morphologies of the inclusions in Hf-
HEA are presented in Fig. 3. The overall distributions of Hf-
containing particles are shown in Fig. 3(a), where they show
a chain- or rodlike morphology with large size (Fig. 3(b)).
The majority of particles are Hf-rich complex inclusions with
some Mn(S,Se). In addition, square-shaped Hf-oxide inclu-
sions were also found (Fig. 3(c)), with a polygonal shape in
the 3D method (Fig. 3(f)). Hereafter, this type of oxide inclu-
sion is called HfO, since it is the only stable structure of haf-
nium oxide. It can be seen that most of the Hf-rich complex
inclusions are in dendrite shape by the 3D method (Fig. 3(d)).
In addition, the lengths of primary dendrites were occasion-
ally larger than 30 um, which are quite different from the 2D
SEM morphologies. Aggregated Hf-rich complex inclusions
and HfO, inclusions were commonly observed (Fig. 3(e)).
The chemical elemental maps of inclusions in Ref.-HEA,
Mo-HEA, and Hf-HEA are presented in Fig. 4(a) to (d). It is
seen that the some sulfides comprising Hf(S,Se), + Mn(S,Se)
were also found in Hf-HEA, as shown in the mapping results.
It is interesting to note that these sulfide inclusions are at the
tip of the dendritic Hfrich complex inclusion. In addition, no
single sulfides were found in the Hf-HEA, and the size and
amount of these sulfides were much smaller than those of the
Hf-rich inclusions. Therefore, only the characteristics of Hf-
rich inclusions (Hf-rich complex inclusions + HfO, inclu-
sions) were analyzed in this HEA.

Previous work has shown that the MnCr,0O, spinel is a
stable inclusion in Cogs Cr,Mn;sNi;s and Coqy5 . Cr.Fe;s

(¢) AL,O; inclusion

(f) AL O, inclusion

Fig.2. Typical inclusions observed by (a—c) 2D method and (d—f) 3D method in Mo-HEA.
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(a) Hf-rich complex inclusion

(b) Hf-rich complex inclusion
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(¢) HfO, inclusion

Fig. 3. Typical inclusions observed by (a—c) 2D method and (d—f) 3D method in Hf-HEA.

Mn; 5Niy 5 (x = 15, 30) alloys without Al contamination [25].
The introduction of Al from the crucible materials led to the
formation of Al,O; inclusions in Co,;sCryFe;sNi; sMn; s al-
loy [19]. In this study, ALO; is a stable oxide inclusion in
Ref-HEA and Mo-HEA, whereas Hf-rich inclusions are
more stable in Hf-HEA. In conclusion, Mo addition does not
affect inclusion types, and Hf addition can cause the forma-
tion of stable Hf-rich inclusions. The formation of inclusions
highly depends on the presence of active elements in the
HEA melt, which is discussed in detail by thermodynamic
calculations in Section 3.2. Furthermore, both Al,O; and Hf-
rich inclusions easily form clusters in HEA melt with quite
different size ranges, which are associated with the proper-
ties of these inclusions and the difference in the physical
properties of HEA melt.

The number density and size distributions of the inclu-
sions in the three alloys are presented in Fig. 5. In terms of
oxides, the number density of Al,O; inclusions in Mo-HEA is
larger than that in Ref.-HEA. Interestingly, most Al,O; inclu-
sions have a smaller size (less than 6 pm), with the maxim-
um at about 12 um in Ref.-HEA. The size range of AL,O; in-
clusions is much wider in Mo-HEA, demonstrating that the
size of Al,O; inclusions is larger in Mo-HEA than in Ref.-
HEA. The number density of Hf-rich inclusions in H-HEA
is almost twice that of Al,O; inclusions in Mo-HEA. The size
range and maximum size of Hf-rich inclusions in Hf-HEA
are also larger than those of Al O; inclusions in Ref.-HEA
and Mo-HEA. It was revealed that fatigue crack initiation at
the compact Al,O; inclusion cluster resulted in a much high-
er fatigue life than initiation due to the large HfO, inclusion
clusters under the same stress condition [26]. Based on this
perspective, Hf-rich aggregates are more harmful than Al,O;
inclusions; therefore, inclusion characteristics should be
carefully considered in Hf-containing HEAs. Regarding
Mn(S,Se) inclusions, they show an opposite tendency to
AlL,O; inclusions. Specifically, the number density of
Mn(S,Se) inclusions in Ref.-HEA is slightly higher than that
in Mo-HEA, which may be attributed to higher Mn and S
contents in Ref.-HEA. Moreover, the size range of Mn(S,Se)
inclusions in Ref.-HEA is about 1-32 um, which is signific-
antly larger than that in Mo-HEA (1-7 pm). Mo and Hf addi-
tion can cause a change in the physical parameters of the li-

quid alloys, which can lead to different characteristics in the
number, density, and size range of inclusions. The details are
discussed in Section 3.3.

3.2. Thermodynamic analysis of inclusion formation

As stated previously, different inclusion characteristics
were obtained in the three entropic alloys depending on their
compositions. Therefore, thermodynamic calculations were
performed to theoretically understand the formation of inclu-
sions in different HEA melts. It should be noted that HfS, in-
clusions were not considered due to the lack of thermody-
namic data. Moreover, due to the complexity of Hf-rich in-
clusions, HfO, oxide was used to simplify the calculation
process. The reactions in the HEA melt involving the impur-
ity elements are shown below:

2[A1]+3[0] = ALO;(s), AGY (J/mol) =

— 1202000 +386.3T [27] )
[Hf] +2[0] = HfO,(s), AG® (J/mol) =

—1094280 + 166.5T [28] 2)
[Mn] +[S]=MnS(s), AG] (J/mol) =

~ 177650 +99.4T [29] 3)

o Ais)
AG =AG°+RTIn—— 4
Py S @

lgf; = elwp + Z e{w[j] 5)

where ag, is the activity of the inclusion (here, aw= 1), w;
and w,] are the mass percentages of different elements, f;
and f; are the activity coefficients of elements i and j, re-
spectively, and ¢! and e/ are the interaction coefficients.

The inclusions can be formed in a nonstandard state,
which can be derived from Eq. (5) using the relevant interac-
tion coefficients listed in Table 2. The calculated Gibbs free
energies of the different types of inclusions in these entropic
alloys are presented in Fig. 6. It is clear that the AG values
for these reactions all decrease with temperature and cross the
line of AG = 0 for Al,O; and MnS inclusions, while AG <0
for HfO, for the entire temperature range. Moreover, Mo ad-
dition slightly increases the formation temperature of Al,O;
inclusions compared with that in Ref.-HEA, as shown in
Fig. 6(a). The formation temperature of Al,O; inclusions is
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higher in Ref.-HEA and Mo-HEA than in Hf-HEA. From with previous work that Hf has oxide formation energies
this perspective of AG, HfO, is more easily formed in Hf- lower than Al [32]. The formation temperature of MnS de-
HEA than the Al,Os inclusions. This shows good agreement creases in the order of Ref.-HEA, Mo-HEA, and Hf-HEA.
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Table 2. First-order activity interaction coefficients used in this study [28,30-31]

~ Element;
Element i -
Co Cr Fe Mn Ni Mo Hf Al S (0] N

Al 0.03 0.0096 —0.003 —0.004 —0.029 -0.004 0.043 0.035 -1.98 0.015
Hf -0.016 -0.013 -0.075 0.007 —0.055 -0.27 -3.2 =7.262
Mn —0.0036 0.0039 0 -0.0072  0.0046 -0.012 -0.048 —0.083 —0.091
(6] 0.008 -0.055 0.036 —0.021 0.006 0.005 -0.28 -1.17 -0.133 -0.17 -0.14
S 0.0026 —0.0105 0.005 —0.026 0.0027 —0.045 0.041 —0.046 —0.27 0.01

These calculation results show that Al,O; and HfO, inclu-
sions formed in the liquid HEA melt and MnS inclusions
formed during the solidification process.

To further corroborate the thermodynamic analysis of in-
clusion formation, the equilibrium products of inclusions in
different HEAs were calculated using FactSage 8.1 with the
FactPS, FSstel, and FToxid databases. The results are shown
in Fig. 7. It is clear that Al,O; inclusions form in the liquid
Ref.-HEA and Mo-HEA, and their amount is slightly larger
in Mo-HEA. This result also aligns with the observed num-
ber density of inclusions in these two alloys, as displayed in
Fig. 5(a). Moreover, HfO, inclusions are stable oxides in Hf-
HEA, where Al,Os inclusions are not formed. The amount of
HfO, inclusions in Hf-HEA is approximately three or four
times more than those of Al,O; in Ref.-HEA and Mo-HEA.
The precipitation temperature of MnS in Ref.-HEA and Mo-
HEA is lower than the solidus temperature of the alloy

(1383°C), which agrees well with the results in Fig. 6(b).
Note that HfS, inclusions are formed instead of MnS in Hf-
HEA. However, some MnS was observed in this alloy, which
was possibly due to the non-equilibration solidification pro-
cess of Hf-HEA. The early-formed oxide inclusions can
serve as heterogeneous nucleation sites for the precipitation
of MnS on the surface of oxides.

To better understand the effect of Hf on the formation of
Al,O; and HfO, inclusions, equilibrium calculations were
performed under different Hf and Al contents, and the results
are shown in Fig. 7(b). It is obvious that Al,O; inclusions are
stable oxides without Hf addition, and the amount of Al,O;
inclusions gradually decreases with increasing Hf content,
whereas that of HfO, inclusions increases. When the Hf con-
tent is greater than 0.08wt%, Al,O; inclusions cannot exist in
the melt where only HfO, inclusions are stable oxides. With a
further increase in the Hf content, the amount of HfO, inclu-
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formation in Hf-HEA.

sions remains constant, which can be explained by the fact
that all O in the melt is consumed by the formation of HfO,
inclusions. Based on the calculations, it is reasonable to con-
clude that Hf in liquid HEA melt will react with AL,O; inclu-
sions because Hf is more reactive than Al; the possible reac-
tion can be expressed by Eq. (6). Also, the same tendency can
be found at higher Al contents, and a relatively higher Hf
content is required for the complete reduction of Al,O; inclu-
sions. Filip et al. [33] observed that HfO, inclusions were
found on the boundaries of Al,O; phases because Hf atoms
can replace Al atoms in Al,O; oxides in Hf-containing super-
alloys, which validates these calculation results. This phe-
nomenon can also be explained by the fact that HfO, inclu-
sions were found instead of Al,O; inclusions in Nb—Si-based
alloys containing 2% Al and Hf [34]. Thus, the formation of
inclusions in HEAs is dominated by active elements (in par-
ticular, Hf and Al).

3[Hf]+2(ALO3) = 4[Al] + 3 (HfO,), AG® (J/mol) =
—2080840+ 113.2T (©6)

3.3. Nucleation, growth and collision behavior of inclu-
sions

The Gibbs free energy of inclusions can only show their
formation possibilities. During the formation process of these
inclusions, the critical supersaturation degree is an important

0.20
®) AL0.02%  Al:0.08%
w | T HfO, — HfO,
> 015+ AlLO, — ALO,
g
2
Q
L0100
G
o
€
=
=}
£ 0.05F
<
0 i 1 1
0 0.1 0.2 0.3
Mass percent of Hf / %

(a) Formation of inclusions in different HEAs at an equilibrium state and (b) the effect of Al and Hf contents on inclusion

factor, which means that nucleation would not occur until the
required supersaturation of the elements is achieved. The in-
clusion morphology change after nucleation is closely asso-
ciated with supersaturation. Based on Turpin and Elliott [35],
the critical supersaturation degree of inclusions, S = K/K., in
terms of free energy, AG™ | for homogeneous nucleation of

inclusions is given by Eq. (7). Under the critical supersatura-
tion conditions, the radius of inclusions, 7", can be expressed

by Eq. (8).

A o3\
AGS™™ =27 = —RTIn(K/K, 7
hom V(legA) Il( / ) ( )
2
P2 (8)
AG,

where v is the molar volume of inclusions (m*-mol ™), the
value of which for Al,0; is 2.56 x 10~° m*-mol ' [36], that for
HfO, is 2.17 x 107 m’-mol ™" [37], and that for MnS is 2.2 x
10° m*mol ™' [38]; o is the interfacial energy between the
matrix and the inclusions; k is Boltzmann’s constant (1.38 x
102 J/K); T is the temperature (K); 4 is the frequency factor
(m*-s™), the value of which for AL,O; is 10¥ m>-s [39],
that for HfO, is 10** m?-s™' [39], and that for MnS is
10¥ m~s™' [38]; K and K, are the reaction constant and equi-
librium constant of the inclusion formation reaction, respect-
ively.

The supersaturation degree of the different inclusions and
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Fig. 8. Calculated supersaturation and critical radius of (a, b) different oxide inclusions and (c, d) MnS inclusions.

critical inclusion sizes are presented in Fig. 8. HfO, inclu-
sions can nucleate homogeneously at a smaller degree of su-
persaturation compared with Al,O,, and Al,Os inclusions in
Mo-HEA have the largest supersaturation degree among the
three alloys. In terms of sulfide content, the supersaturation
degree of MnS inclusions in Ref.-HEA is lower than that in
Mo-HEA. The critical radius of inclusions shows the oppos-
ite tendency with respect to the supersaturation degree. Un-
der the same melting conditions, dendritic inclusions can be
formed at a lower critical supersaturation degree, which can
be employed to explain the presence of dendritic MnS and
HfO, inclusions. Moreover, it was reported that a supersatur-
ated zone with a suitable gradient of supersaturation degree is
required to conduct the dendritic growth of nucleation; if not,
the nuclei would grow spherically [40]. In applying solidific-
ation theory, Steinmetz and Lindenberg [41] proposed a law
of inclusion morphology change in terms of free energy bal-
ance between interfacial free energy (o) and formation en-
ergy (AH) of inclusions. Spherical inclusions will form un-
der the condition of high enough ¢ compared with AH. For
dendritic growth, the magnitude of AH is higher than o, i.e.,
the crystalline structure can behave as the decisive factor in
determining the shape of the inclusion. For MnS inclusions,
which belong to the cubic crystalline structure, they will
grow with an octahedral morphology. Al,O; and HfO, inclu-
sions belong to rthombic (polyhedral) and cubic (tetragonal)
crystalline systems. Regarding the dendritic inclusions, they
have a transitional morphology that failed to grow into an oc-

tahedral/polyhedral/tetragonal morphology. Along with the
supersaturation degree and inclusion morphology change,
Fig. 9 displays the presence of different inclusion morpholo-
gies. During the initial stage of solidification, spherical inclu-
sions will form under a high supersaturation degree. With the
decreasing supersaturation degree, the inclusion morpholo-
gies evolve from spherical, via dendrites, to octahedral/poly-
hedral/tetragonal shapes. A deeper understanding of the rela-
tionship between the morphology and the supersaturation de-
gree of inclusions can be considered in future work.

AH much larger than AH larger than ¢ AH smaller than o
'. ~ A

o)

MnS <

Ve

Supersaturation degree of MnS or HfO,

Fig. 9. Morphological changes of inclusions as a function of
supersaturation degree.

In general, the size of inclusions in HEA can be affected
by nucleation, growth by element diffusion, and aggregation
by collision. The number of collisions per unit volume and
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unit time between two inclusions with number densities »;

and n; is given as Eq. (9). Expressions for W/}, W[, and W}
are given by Egs. (10)—(12) [42—44]:
Nij = (W5 + WS+ Whnn, )
2kT (1 1
Wi=Z—|=+—|ri+r (10)
P 3u\r
TEP
Wi =13a | —2(r+1))° (11)
218(Pypa ~ Prmr)
iSj: —HI;A ML (r,-+rj)3|r,-—rj| (12)
u
where Wg represents Brownian collisions; W; represents

turbulent collisions; W,S] represents Stokes collisions; n; and
n; are the numbers of colliding inclusions with radii 7; and 7,
respectively. k is the Boltzmann constant (1.38 x 107 J/K); T
is the temperature (K); x is the dynamic viscosity of the HEA
melt; a is the coagulation coefficient; ¢ is the turbulent en-
ergy dissipation rate (in this work, 0.01 m%s® [25]); oxmr is
the density of inclusion, and pyga is the density of the pro-
posed HEA (here, pay,o0, is 3900 kg/m’, ppro, is 9680 kg/m’
[45]); g is the gravitational acceleration (9.81 m's ?).
Previous results showed that the contribution of Brownian
collisions to the total collision volume can be ignored be-
cause W}’ is several orders of magnitude lower than W and
Wisj [44,46]. Moreover, the total collision volume is domin-
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antly influenced by turbulent collisions because Stokes colli-
sions are highly associated with the size difference of inclu-
sions. For turbulent collisions, the inclusion agglomeration
potency in the liquid melt is related to the coagulation coeffi-
cient, which can be expressed as Eq. (13) [25,44].

— 0242
a=0 727(,ur3 —pHEAa/'u)

. 13
! 2471:612’)/1]\/[ ( )

where a is the distance between the anion and cation in a spe-
cific inclusion phase (2.8 x 10'° m for Al,O, [47] and 7.8 x
10" m for HfO, [48]) and 7y is the interfacial energy
between the inclusion particle and liquid HEA, which is cal-
culated by Thermo-Calc software.

In the previous section, agglomerated Al,O; and HfO, in-
clusions were found in the proposed entropy alloys and
showed different inclusion size ranges. The agglomeration
potency of different inclusions can be influenced by the
physical parameters of the liquid alloy and inclusions. The
physical parameters of the liquid alloy were calculated by
Thermo-Calc 2022a with the TCNI11 database, and the res-
ults are presented in Fig. 10. It is observed that only the inter-
facial energies between inclusions and liquid HEA increase
slightly, while the surface tension, density, and dynamic vis-
cosity of HEAs all decrease with increasing temperature.
Specifically, the interfacial energy between Al,O; and Mo-
HEA is higher than that between HfO, and Hf-HEA, and that
between AlL,O; and Ref-HEA has the smallest value. The
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Fig. 10. Calculated physical parameters of the proposed entropy alloys: (a) interfacial energy between the inclusion and liquid alloy,

(b) surface tension, (c) density, and (d) dynamic viscosity.
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surface tensions of Ref.-HEA and Hf-HEA are close but a bit
smaller than that of Mo-HEA. It has been reported that the at-
tractive capillary force between two inclusions increased
slightly with decreasing surface tension [44]. Alternatively,
other researchers reported that the surface tension of melt
alone hardly affected the attractive force of inclusions [49]. In
this case, a joint influence of other factors need to be con-
sidered. The density shows a decreasing trend of Hf-HEA,
Mo-HEA, and Ref.-HEA. According to the turbulent colli-
sion and Stokes collision mechanisms [42], a larger melt
density and larger density difference between the melt and
inclusions result in a larger inclusion collision tendency. It
should also be noted that the Stokes collision effect can be
greater only when the size difference between the two collid-
ing inclusions is large [50], which demonstrates that the
Stokes collision can be applied to larger inclusions. Thus, the
agglomeration potency of Al,O; inclusions in Mo-HEA can
be larger than that in Ref.-HEA in terms of HEA density.
Moreover, Mo-HEA has a slightly higher dynamic viscosity
than Hf-HEA, with Ref.-HEA having the lowest value. Gen-
erally, the lower the viscosity value of the HEA melt, the
easier it is for the inclusions to form aggregates. However,
the viscosity values of HEA show an opposite tendency with
the observed inclusion size. The combined physical paramet-
ers of liquid HEA were used to calculate the coagulation
coefficient and collision-agglomeration potency, and the res-
ults are plotted in Fig. 11.
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Fig. 11. Calculated coagulation coefficients of Al,O; and HfO,
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Inclusion sizes (d) were fixed at 2 and 10 pum for both
Al,O; and HfO, inclusions. The coagulation coefficient of
different inclusions slightly increases with increasing tem-
perature due to the influence of the physical parameters of li-
quid HEA. In addition, small-sized inclusions show a larger
coagulation coefficient than the large-sized ones. Further-
more, the coagulation coefficients of Al,O; in Mo-HEA and
Ref.-HEA are larger than that of HfO, in Hf-HEA, implying
that the calculated coagulation coefficients do not agree with
the size ranges of ALO; and HfO, inclusions in different
HEA alloys. In addition, the coagulation coefficients of
AL O; inclusions are slightly smaller in Mo-HEA than in
Ref.-HEA; such a tendency is slightly different from the ex-
perimental results.

Except for the influence of the physical parameters of al-
loys on inclusion agglomeration, inclusion number density is
another crucial factor that cannot be ignored. This is because
a larger number density of inclusions can increase the colli-
sion frequency between inclusions of various sizes, which fa-
vors the formation of large-sized inclusions. The effect of the
number density on the collision rate of different types of in-
clusions is depicted in Fig. 12. For this calculation, the dia-
meter of inclusion i is fixed at 2 pm, and the number density
values of inclusions i and j are the same (n; = ;). It is ob-
served that under the condition of the same diameter and
number density of inclusions, the collision rate of Al,O; in-
clusions in Mo-HEA is higher than that in Ref.-HEA, while
that of HfO, in Hf-HEA is the smallest among the three al-
loys (Fig. 12(a)). This tendency is inconsistent with the cal-
culated coagulation coefficients of Al,O; and HfO, inclu-
sions in different alloys. Also, the collision rate significantly
increases with an increase in the number density of inclu-
sions. The influence of the number density of inclusions can
be clearly observed in Fig. 12(b); the collision rate of HfO,
inclusions in Hf-HEA under a number density (n) of 20000 is
more than 10 times that of Al,Os inclusions in Mo-HEA and
Ref.-HEA under a number density of 5000. However, the
collision rate of Al,O; inclusions is approximately 1.5 times
that of HfO, inclusions under the same number density. This
shows that the number density has a more pronounced effect
on the collision rate than the inclusion type. Based on the ex-
perimental results in Fig. 5(a), the number density of HfO,
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Fig. 12. Effect of (a) inclusion number density and (b) inclusion radius on the collision rate of inclusions.
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inclusions in Hf-HEA is approximately two or three times
higher than those of AL, O; inclusions in Mo-HEA and Ref.
-HEA. Considering the number density difference in HfO,
and Al,O; inclusions, the collision rate of HfO, inclusions
can be higher than that of AL,O; inclusions. This might be the
reason for the larger size range of HfO, inclusions in Hf-
HEA compared with Al,O; inclusions in Mo-HEA and Ref.
-HEA.

4. Conclusions

This work examined the effect of refractory elements (Hf
and Mo) addition on inclusion formation in Co-based dual-
phase HEAs. The appearance of different types of inclusions
was represented, and the formation mechanisms were ana-
lyzed by thermodynamic calculations. The main findings can
be summarized as follows:

(1) The stable oxide inclusions in Ref.-HEA and Mo-HEA
are Al,Os, and the size range of these inclusions is signific-
antly higher in Mo-HEA. Hf-rich inclusions are the stable ox-
ides in Hf-HEA, which have the largest number density and
size ranges compared with Al,O; inclusions in Ref.-HEA and
Mo-HEA. Dendritic Mn(S,Se) inclusions were observed in
Ref.-HEA, whereas globular inclusions were more com-
monly found in Mo-HEA and Hf-HEA.

(2) Based on thermodynamic calculations, HfO, is more
stable than AlO;, and ALO; can be reduced by Hf.
Moreover, Mo addition does not affect inclusion types but
can lead to different inclusion characteristics by affecting the
physical parameters of the HEA melt.

(3) The coagulation coefficients and observed size ranges
of AL,O; in Mo-HEA and Ref.-HEA were jointly affected by
the interfacial energy, surface tension, and density of the
HEA melt. Moreover, the coagulation coefficient and colli-
sion rate of Al,O; inclusions are higher than those of HfO, in-
clusions. The larger size range of HfO, inclusions found ex-
perimentally can be explained by their larger number density,
which is the main factor that affects their agglomeration be-
havior.
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