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Abstract: Face centered cubic (FCC) high-entropy alloys (HEA) exhibit excellent ductility while
body centered cubic (BCC) HEAs are characterized by high strength. Development of fine two-
phase eutectic microstructure (consisting of a tough phase such as fcc and a hard phase such as
bce/intermetallic) can help in obtaining an extraordinary combination of strength and ductility
in HEAs. Designing eutectic high entropy alloys is an extremely difficult task for which different
empirical and non-empirical methods have been previously tried. In the present study, the possibility
of developing a eutectic microstructure by the addition of Mo to CoCrFeNi was evaluated by
calculation of the pseudo-binary phase diagram. Experimental results validated the presence of
eutectic reaction in the calculated phase diagrams; however, small changes in the calculated phase
diagrams were proposed. It has been shown that calculated pseudo-binary phase diagrams can
provide a very good starting point for the development of eutectic HEAs and help in exponentially
reducing the amount of experimental effort that may be required otherwise. Eutectic mixture
consisting of FCC (A2) phase and intermetallic phases (o and p) was successfully obtained by the
addition of Mo to the CoCrFeNi system. The development of the eutectic microstructure showed
a profound effect on the mechanical properties. Hardness of the samples increased from 150 HV
for CoCrFeNiMoy ; to 425.5 HV for CoCrFeNiMoj (, whereas yield strength increased from around
218 MPa for CoCrFeNiMoy 1 to around 1100 MPa for CoCrFeNiMoy g.

Keywords: thermodynamic modeling; eutectic high entropy alloys; scanning electron microscopy;
XRD; strength; ductility; compression test

1. Introduction

Conventional alloys are currently used for the majority of structural applications.
Some of the common examples include the use of aluminum alloys and titanium alloys for
applications requiring high strength /weight ratios (aerospace industry) [1], steels as a load-
bearing material for applications requiring high strength and ductility at low cost [2-7],
cobalt-based alloys for biomedical applications [8-10], and nickel-based superalloys for
applications requiring high resistance to mechanical degradation at elevated tempera-
tures [11,12]. It is believed that the conventional alloy design approach has more or less
reached its limits and cannot meet the requirements of demanding structural applications.
The concept of high-entropy alloys was introduced in 2004 [13,14]. Unlike conventional
alloys, they contain five to thirteen major alloying elements in equal proportions [15], and
in most cases were found to possess single-phase microstructures (FCC [16,17], BCC [18,19],
hexagonal closed packed (HCP) structure [20,21]). Increased stability of the solid solu-
tions in high-entropy alloys was attributed to the high entropy of mixing that lowered
their relative Gibbs free energy and stabilized them [14,22-24]. High-entropy alloys have
shown a superior combination of physical and mechanical properties in comparison to
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their conventional alloy counterparts. Some of the outstanding mechanical properties
of high-entropy alloys include high wear resistance [25,26], high strength even at high
temperatures [18,27,28], tremendous thermal stability [27-29], and good corrosion resis-
tance [30-33]. Courtesy of their outstanding combination of mechanical properties, HEAs
are considered as promising candidates for a diverse range of advanced engineering appli-
cations, such as aero-engines [34,35], super conductors [36,37], and nuclear reactors [38,39].

Demanding structural applications require alloys with extraordinary combinations
of strength and ductility. Most of the previous work on HEAs was dedicated to the de-
velopment of either single-phase FCC HEAs and/or BCC HEAs [40-43]. Finding the
aforementioned balance of strength and ductility through the development of single-phase
HEAs seems difficult. A number of attempts, including the development of eutectic high-
entropy alloys (EHEAs), have been carried out to overcome the strength—ductility tradeoff.
High-entropy alloys undergoing eutectic reaction (L—+Solid; + Solidy) are expected to
benefit from the properties of HEA matrix as well as from the characteristics of eutectic
microstructure [44-46]. The fine distribution of a tough and a hard phase obtained through
eutectic reactions in HEAs can help in obtaining alloys with significantly high strength
and ductility. The first eutectic high-entropy alloy (AlCoCrFeNi, 1) consisting of a ductile
FCC and hard BCC phase was designed and synthesized [47] in 2014 and exhibited an
excellent combination of ductility and strength. In addition to good mechanical proper-
ties at ambient temperatures, it also showed a better combination of properties even at a
temperature of 700 °C. Besides its excellent combination of mechanical properties, the de-
veloped EHEAs showed excellent castability [46,47], resulting in the successful production
of superior grade industrial scale ingots with excellent chemical homogeneity. Considering
the extraordinary combination of mechanical properties obtained in EHEAs, the possibil-
ity of developing eutectic microstructures has been evaluated in several other systems,
including AINi;CrFe [48], AlCo,CrFeNi; and AlINizCoCrFe [49], Alj9Co15Cr5Nis; [50],
Fe35Niz5Cr25M015 [51], F820C020Ni41A119 [52], CoCrFeNiTao.395 [53], C02M00.8N12VWO.8 [54],
Nb25SC25Tiz5Zr25 [55] ’ COCI‘FeNiN_bO.5 [56], ZI‘O.6COCI'FQN12.0 [57], N-b()A74COCI'FeNiz.0 [57],
Hf 55CoCrFeNi, g [57], Tage5CoCrFeNi, o [57], and CoCrFeNiTag 75 [58]. Eutectic microstruc-
tures obtained in these systems consisted of FCC and BCC phases [48-50,59-61], FCC and
Laves phases [62-67], and BCC and B2 phases [68,69]. Developing a eutectic microstructure
is relatively easy in conventional alloys due to the availability of experimental and calcu-
lated phase diagrams [70-72]. The absence of multicomponent phase diagrams and lack of
experimental efforts required for their determination make designing eutectic high-entropy
alloys a very challenging task.

The present study was aimed at the development of a eutectic HEA consisting of finely
distributed fcc and intermetallic phases in order to obtain an extraordinary combination
of strength and ductility. CoCrFeNi is one of the well-studied FCC HEA systems and
was shortlisted for the present study. Mo was selected for the development of EHEAs,
as its addition to some of the constituent elements of the selected HEA system has been
reported to cause precipitation of intermetallic phases and cause a eutectic reaction. The
CoCrFeNi-Mo phase diagram has been calculated with the help of Thermo-Calc software
(TCHEA database, Thermo-Calc Software AB, Stockholm, Sweden), the verification of
which was carried out by performing some experiments. Eutectic HEAs consisting of FCC
and intermetallic phases have been successfully developed, and the effect of the developed
eutectic mixture on the mechanical properties of the studied alloys has been evaluated.

2. Experimental Techniques

Pure element pellets (Fe: 99.95%, Cr: 99.95%, Co: 99.95%, Ni: 99.95% and Mo: 99.95%)
were used as raw materials, and buttons of high-entropy alloys were prepared by arc
melting under argon atmosphere in a water-cooled copper hearth. A vacuum of 10~> mbar
was created prior to the insertion of pure argon, and Ti getter was melted for 1 min to
absorb any traces of oxygen prior to the melting of high-entropy alloys. Samples were re-
melted 5 times and flipped over after each melting to ensure chemical uniformity. Crystal
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structure characterization of the developed alloys was carried out with the help of XRD
(STOE, Darmstadt, Germany Cu Ka radiation, Generator: 20 kV, 5 mA, step size: 0.04°,
Time/step: 1 s), which helped in identification of the constituent phases. Microstructural
characterization of the developed alloys was carried out with the help of scanning electron
microscope (JEOL JSM 6490LA, Tokyo, Japan). The effect of microstructural changes on
the mechanical properties of developed alloys was evaluated with the help of Vickers
hardness tests and compression tests. A load of 300 N was applied for 15 s and a minimum
of 8 indents were made to measure the hardness of each sample. Rectangular samples
of 3mm x 3 mm X 7 mm were taken out from the alloy buttons with the help of a wire
electric discharge machine (EDM) (Jiangsu sanxing machinery manufacture company,
Taizhou, China) for compression tests. Samples were polished in order to remove EDM
wire-cutting marks, and compression testing was performed on a universal testing machine
(Shimadzu, Kyoto, Japan) at a strain rate of 1 x 1073 /s.

3. Results and Discussion

The prediction of a eutectic reaction in a five-component system using the hit and
trial method can be a very tedious and time-consuming task. Thermodynamic calcula-
tions/predictions, in this regard, can provide a good starting point. The Calphad method
was employed in the present study, and a pseudo-binary phase diagram of the CoCrFeNi-
Mo system was calculated with the help of Thermo-Calc software utilizing the TCHEA
database. The calculated pseudo-binary phase diagram of the aforementioned high-entropy
alloy system is shown in Figure 1.
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Figure 1. Pseudo-binary phase diagram of CoCrFeNi-Mo system.

The calculated phase diagram, shown in Figure 1, predicted the presence of a eutectic
reaction, pointing to the possibility of obtaining a eutectic mixture of fcc and o phase that
could help in reducing the strength—ductility tradeoff and obtaining a better combination
of mechanical properties. In order to experimentally validate the possibility of a eutectic
reaction in the studied system and study its effect on the mechanical properties, different
alloy compositions were prepared. The exact compositions of alloys shortlisted for the
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present study are given in Table 1 and are also superimposed on the calculated phase
diagram in Figure 1.

Table 1. Composition of selected HEAs.

Composition of the Alloy

Name of Alloy Co Cr Fe Ni Mo
Xi wt. % Xi wt. % Xi wt. % Xi wt. % Xi wt. %
CoCrFeNiMoy ; 0.244 251 0.244 221 0.244 23.8 0.244 25 0.024 4.0
CoCrFeNiMogys  0.235 23.6 0.235 20.8 0.235 223 0.235 235 0.059 9.8
CoCrFeNiMoy 5 0.222 21.6 0.222 19.0 0.222 20.5 0.222 215 0.110 17.4
CoCrFeNiMo;p  0.200 18.3 0.200 16.2 0.200 17.4 0.200 18.3 0.200 29.8

XRD measurements were carried out in order to identify the phases present in the
developed alloy compositions. A comparison of the XRD patterns of the developed
CoCrFeNiMoy (x = 0.1, 0.25, 0.5, 1.0) HEAs is shown in Figure 2. XRD analysis revealed the
presence of a single-phase FCC in the CoCrFeNiMoy ; and CoCrFeNiMoy »5 high-entropy
alloys. In comparison to the CoCrFeNiMoy 1, the XRD pattern for CoCrFeNiMoy »5 showed
a slight shift towards the left, indicating an increase in the lattice parameters of the FCC
phase due to the presence of higher amounts of a large atomic-size element (Mo) in the crys-
tal structure. FCC also appeared as the major phase in the XRD analysis of CoCrFeNiMoyg 5
and CoCrFeNiMoj o, whereas the presence of a small quantity of intermetallic phases (o
and p) was also observed. The relative quantity of the o phase in CoCrFeNiMo; o was
higher than that of the p phase. Peaks corresponding to both intermetallic phases became
more prominent in comparison to the FCC phase with increasing amounts of Mo, thereby
indicating increased stability of intermetallic phases and decreased stability of the FCC
phase with increasing amounts of Mo in the CoCrFeNi HEA.

A microstructural investigation of the studied samples was carried out with the help
of a scanning electron microscope. SEM images of the developed HEA compositions
are shown in Figure 3. SEM micrographs of CoCrFeNiMog 1 and CoCrFeNiMoy »5 high-
entropy alloys, shown in Figure 3a,b, respectively, confirmed the presence of the single-
phase microstructure, which was identified as the FCC phase from the XRD analysis
(shown in Figure 2), while no evidence of eutectic transformation was found in these
two alloy compositions. The microstructure changed from cellular for CoCrFeNiMoy 5 to
hypoeutectic microstructure for CoCrFeNiMog 5. From the intensity of peaks in the XRD
pattern and the amount of phases in the SEM images, it was concluded that dark gray areas
in the SEM images (Figure 3) corresponded to the pro-eutectic FCC phase, whereas light
gray areas corresponded to the eutectic microstructure of the FCC and intermetallic phases.
The amount of eutectic mixture evidenced in CoCrFeNiMog 5 was very small, and that,
too, was found at the grain boundaries. A large increase in the amount of Mo was made,
and CoCrFeNiMo; g was developed in a search for the complete eutectic composition.
SEM images of CoCrFeNiMo;j o are shown in Figure 3d. As shown in the Figure, the
microstructure of CoCrFeNiMoj o showed the presence of relatively high volume fraction
of the eutectic lamellar mixture in comparison to CoCrFeNiMoy 5, whereas a relative
decrease in the amount of dendrites corresponding to the pro-eutectic FCC phase, was
evidenced. It is evident from Figure 3c,d that the volume fraction of the eutectic lamellar
microstructure increased with the increase in Mo content.
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Figure 2. XRD patterns of developed HEAs: (a) CoCrFeNi-Mogi, (b) CoCrFeNi-Mogs, (¢) CoCrFeNi-Moy s,
(d) CoCrFeNi-Moj .

Figure 3. Cont.
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Figure 3. Scanning electron micrographs of developed HEAs: (a) CoCrFeNi-Moy 1, (b) CoCrFeNi-Moy 35, (¢) CoCrFeNi-Mog 5,
(d) CoCrFeNi-Moj , (e) CoCrFeNi-Moy g (higher magnification).

A comparison of the SEM and XRD results obtained during the present study with the
calculated phase diagrams showed some deviations. The calculated pseudo-binary phase
diagram predicted the CoCrFeNiMoy ; and CoCrFeNiMoy »s5 alloys as non-eutectic three-
phase (FCC + o + p) alloys at room temperature. The SEM and XRD analyses carried out
during the present study confirmed them as non-eutectic alloy compositions, but they were
found to be single-phase fcc alloys. It can be safely concluded that the calculated pseudo-
binary phase diagram of the CoCrFeNi-Mo HEA system underestimated the composition
range of the single-phase FCC region, as it should be on the right of CoCrFeNiMoy 5. The
experimental results of CoCrFeNiMog 5 showed the presence of three phases (FCC + o + 1)
in the microstructure, whereas the amount of eutectic mixture in this composition was small
and at the grain boundaries, thereby indicating that this composition was to the right of, but
close to, the boundary of the FCC phase. The calculated phase diagram contained a three-
phase mixture (FCC, o, and ) for the CoCrFeNiMog 5 and CoCrFeNiMo; g compositions
at high temperatures and a two-phase mixture (FCC and ) at low temperatures. However,
the experimental results obtained for these as-cast compositions showed the presence of
three phases (FCC, o, and p) which as per the calculated phase diagrams, corresponded
to the high temperature microstructures of these compositions. The presence of these
phases at room temperature can be associated with the sluggish diffusion kinetics generally
attributed to high-entropy alloys. Moreover, the calculated pseudo-binary phase diagram
predicted a eutectic reaction in the center of the CoCrFeNiMogs and CoCrFeNiMoy
compositions, whereas the experimental results obtained even for CoCrFeNiMo; o showed
the presence of a hypo-eutectic microstructure. Thus, it can be concluded that the calculated
phase diagram showed a eutectic reaction at lower amounts of Mo while the actual eutectic
reaction was to the right side of even CoCrFeNiMoj . Based on the above discussion,
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some changes in the pseudo-binary diagram of the CoCrFeNi-Mo system are proposed, as
shown in Figure 4.
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Figure 4. Modified pseudo-binary phase diagram of CoCrFeNi-Mo system.

The effect of microstructural changes in CoCrFeNi caused by the addition of Mo on
its mechanical properties was evaluated by performing Vickers hardness and compression
tests. Hardness results for different samples are shown in Figure 5a, while compression
test results are shown in Figure 5b. CoCrFeNiMog ; showed a hardness of around 150.4 HV.
A slight increase in the hardness was evidenced on increasing the amount of Mo from
CoCrFeNiMoyg ;1 to CoCrFeNiMoy »5. This small increase in hardness can be attributed to
solid solution strengthening as both of these alloys showed the presence of a single-phase
FCC microstructure. Increasing the amount of Mo to CoCrFeNiMoy »5 increased the solid
solution strengthening, thereby causing a small increase in hardness. As the Mo content
increased further, the value of hardness jumped to 257.5 HV for CoCrFeNiMoy 5 and to
425.5 HV for CoCrFeNiMoj o. This steep change in the slope of the hardness curve was
in line with the microstructural changes, as both of these alloys manifested a eutectic
microstructure consisting of hard intermetallic compounds (hard o and p) along with the
FCC phase. It can be concluded that the hardness of the developed HEA can be increased
by increasing the volume fraction of the o and p phases.

In addition to the hardness test, the effect of microstructural changes on the mechanical
properties of the studied HEA system was evaluated with the help of compression testing.
Results of the compression tests of the studied samples are shown in Figure 5b, whereas
the variation in yield strength as a function of increasing amounts of Mo is shown in
Figure 5c. As shown in Figure 5b,c, CoCrFeNiMog ; and CoCrFeNiMoy »5 alloys showed
closely similar values for yield strength and ductility. This was because they both had
a single-phase FCC structure. The value for the yield strength of CoCrFeNiMoy 75 was
a little higher than that of CoCrFeNiMoy 1, which could be attributed to the increase in
solid solution strengthening due to the increased amount of Mo in the solid solution. The
values for the yield strengths of CoCrFeNiMog 5 and CoCrFeNiMoj g were found to be
considerably higher than those of the CoCrFeNiMoy ; and CoCrFeNiMoy »5 alloys. This
significant increase in the hardness in these samples has been attributed to the presence of
fine-grained eutectic microstructures that consisted of hard intermetallic phases along with
a soft FCC phase. The fine distribution of the hard and soft phases as a result of eutectic
reaction helped in obtaining significantly higher values for yield strengths. The alloy
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CoCrFeNiMoj o showed the highest value for yield strength due to the increased amount
of intermetallic phases; however, increase in the amount of intermetallic phases also caused
decreases in its ductility. Machine displacement was used for strain measurements due to
the size of the compression test samples, and it might have involved some contribution from
sample slippage. The strain data are therefore reliable only for qualitative analysis. It can
be seen from the hardness as well as from the compression test results that the introduction
of a small amount of Mo in the CoCrFeNi HEA did not change its constituent phases, and
the microstructure of CoCrFeNiMog; and CoCrFeNiMoy »5 consisted of a single-phase
FCC. The introduction of Mo in the same FCC lattice caused lattice distortion, thereby
leading to solid solution strengthening that resulted in a slight increase in the hardness as
well as the yield strength. Further increases in the amount of Mo changed phase stability
and the solidification path. Crystal structure and microstructural characterization of
CoCrFeNiMoy 5 and CoCrFeNiMoj g confirmed the development of eutectic microstructure
(consisting of finely distributed fcc and intermetallic phase) in the studied HEA system.
As a result, significant increases in hardness and yield strength were evidenced. Thus,
it was concluded that development of eutectic high-entropy alloys consisting of finely
distributed hard and tough phases can help in achieving a far superior combination of
mechanical properties in comparison to their HEA counterparts, in addition to improving
their castability [46,47,50].
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Figure 5. (a) Variation of hardness as a function of amount of Mo in the CoCrFeNiMoyx HEA; (b) compression testing results
for the studied CoCrFeNiMoy alloys; (c) variation of yield strength as a function of amount of Mo in the CoCrFeNiMoy HEA.
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The CoCrFeNiMo HEA system has also been partially investigated in a previous
study [73]. They reported the presence of an fcc phase in CoCrFeNi HEA and CoCrFeNiMoy 3
HEA, whereas the presence of a two-phase microstructure (FCC + o) and three-phase mi-
crostructure (FCC + o + n) was evidenced in the CoCrFeNiMog 5 and CoCrFeNiMoy g5
HEAs, respectively. Crystal structure findings of this study [73] were found to be in
agreement with the experimental results and predictions of thermodynamic calculations
carried out in the present study. Shun et al. [73] did not report the presence of eutectic
microstructure in the CoCrFeNiMog 5 and CoCrFeNiMog g5 HEAs, whereas the presence of
eutectic microstructure was clearly evidenced in the CoCrFeNiMoy 5 and CoCrFeNiMoj o
HEAs prepared during the present study. The presence of eutectic microstructure in these
compositions was also predicted by the pseudo-binary phase diagram calculated during
the present study with the help of Thermo-Calc using the TCHEA database. Difference in
the microstructure between the two studies could be attributed to the purity of starting
components. The raw materials used in the present study were 99.95% pure, whereas those
used in the previous study were 99% pure. The purity of starting components can greatly
affect the solidification path, especially in multicomponent systems such as HEA, and be
responsible for changes in the microstructure. The yield strength of CoCrFeNiMoy 5 (the
only common HEA in the two studies) was found to be similar (~510 MPa).

Designing eutectic HEAs has been a tedious and time-consuming task. Empirical
and semi-empirical methods based on thermodynamic variables (such as valence electron
configuration, atomic size difference, entropy of mixing, electronegativity difference, and
enthalpy of mixing) were previously used for estimating phase stability in HEAs and for
designing EHEAs. The accuracy of these simple formulas may not be very high due to the
complex interactions in multicomponent systems, and even in the best-case scenario, these
formulas could only predict phase stability in a specific composition. Systematic alloy de-
sign and microstructure modification may not be possible. In the present study;, it has been
shown that calculated phase diagrams can serve as a very good starting point to evaluate
the possibility of obtaining eutectic microstructure in a selected HEA system and for the
systematic investigation of eutectic HEAs. The amount of experimental effort required
to design hypo eutectic, complete eutectic, and hyper eutectic alloys can be significantly
reduced. The pseudo-binary phase diagrams calculated during the present study required
slight adjustments, and that, too, was possible by carrying out the microstructural and
crystal structural characterization of a few samples. Some deviations from the calculated
phase diagrams were expected, as the developed HEAs were studied in the as-cast state
and were not in complete thermodynamic equilibrium. Despite these small deviations, the
accuracy of calculated phase diagrams is quite high and can be attributed to the significant
evolution of thermodynamic models and thermodynamic descriptions constituting lower-
order systems over the last few decades [74,75]. It is believed that calculated pseudo-binary
phase diagrams hold great potential not only in aiding exploration of HEA and EHEA
systems but also in facilitating the design of non-equiatomic HEAs.

4. Conclusions

A pseudo-binary phase diagram of the CoCrFeNi-Mo system was successfully calcu-
lated with the help of the Thermo-Calc software package using the TCHEA database. The
calculated phase diagram pointed to the possibility of developing eutectic microstructure
in the selected HEA system, which was also experimentally validated.

Characterization results of the developed alloys were found to be similar to those
predicted by the calculated pseudo-binary phase diagram. Some changes in the calculated
phase diagram have been proposed in light of the obtained experimental results. Compari-
son of experimental and calculated results revealed that calculated pseudo-binary phase
diagrams can serve as a very good starting point for the design and development of EHEAs
and, as a result, experimental efforts required in this regard can be significantly reduced.

Single-phase FCC high-entropy alloys (CoCrFeNiMoy ; and CoCrFeNiMoy »5) and eutec-
tic high-entropy alloys (CoCrFeNiMog 5 and CoCrFeNiMoj o) were successfully developed.
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The addition of small amounts of Mo (CoCrFeNiMog; and CoCrFeNiMo »5) caused
solid solution strengthening, and a small increase in the hardness and yield strength was
also evidenced. A significant increase in the hardness and yield strength was confirmed by
the development of eutectic morphology in the microstructure. As a result, hardness of
the samples increased from 150 HV for CoCrFeNiMoyg ;1 to 425.5 HV for CoCrFeNiMoy j,
whereas yield strength increased from around 218 MPa for CoCrFeNiMoy; to around
1100 MPa for CoCrFeNiMo g. No fractures were evidenced during the compression tests
of CoCrFeNiMoy 1, CoCrFeNiMoy 25, and CoCrFeNiMoy 5 alloys, which provided a far
superior combination of strength and ductility in comparison to the parent HEA. A decrease
in the toughness observed in the CoCrFeNiMoj o allow was attributed to the increased
amount of intermetallic phases in the microstructure.
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