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Design of a Seven-Component
Eutectic High-Entropy Alloy

M.R. RAHUL and GANDHAM PHANIKUMAR

A eutectic high-entropy alloy with seven components
(Fe, Ni, Cr, V, Co, Mn, and Nb) was designed via the
melt route guided by CALPHAD predictions. Config-
urational entropy estimated for the two-phase
microstructure qualifies it to be referred to as a
high-entropy alloy. When the Nb content exceeded 9.7
at. pct, the microstructure changed from hypoeutectic
with primary face-centered cubic phase to hypereutectic
with primary Laves phase.
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Multiphase alloys such as alpha-beta Ti alloys,
dual-phase (DP) steels, and super alloys have delivered
strength and toughness in many structural applications.
The design of alloys with multiple principal elements
generates the possibility of developing materials with
unique properties and microstructural characteristics.!"!
High-entropy  alloys (HEAs) with  multiphase
microstructures’”  exhibit good combinations of
mechanical properties. High-entropy alloys with
microstructures analogous to those of DP or TRIP
steels have been reported in the literature.”! Eutectic
HEAs (EHEASs) form a class of HEAs that are expected
to possess good strength as well as ductility owing to
their characteristic microstructure.'> The good casta-
bility and strength of EHEAs have rendered them
promising candidates for future high-temperature appli-
cations.[*”) High-entropy alloys show sluggish diffu-
sion, which reduces the rate of coarsening of the
eutectic microstructure. This ensures better mechanical
properties due to the fine interlamellar spacing that
promotes alloy strength in line with the Hall-Petch
relation. The design of EHEAs with five elements is
reported in the literature, and such alloys exhibit better
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mechanical properties than the conventional alloys
do.”'? Different methods to determine the eutectic
composition domains, including the mixing enthalpy
and binary eutectic domains, have been reported.['>'*¥ A
combination of primary phase and eutectic region
confers an optimal combination of strength and ductil-
ity compared to a fully eutectic structure.'” Proper
selection of elements is required to design EHEAs with
properties that can be explored for use in structural as
well as high-temperature applications. The design of
alloys with high-entropy phases can be explored in the
EHEA domain to obtain stable microstructures. In this
study, we explore a eutectic alloy with face-centered
cubic (FCC) and Laves (C14 Laves) phases to provide
the desired mechanical properties and
stable microstructure.

High-entropy alloys with entropy stabilization can be
explored if the number of elements were to be increased.
A non-equiatomic alloy 35Fel0C025Nil5Cr10V5Mn
with single-phase composition with a large FCC domain
was reported recently.!'”) The alloy shows enhanced
cryogenic as well as structural properties. In this alloy,
the atomic percentage of Fe is close to the maximum
concentration limit of the high-entropy domain. The
eutectic alloy was designed by replacing Fe with
elements that destabilize the single phase.

In this study, a eutectic alloy with seven components
was designed and verified using experimental studies
guided by CALPHAD tools. The eutectic alloy was
designed by adding Nb to the single-phase alloy. Nb is
an element that forms eutectic systems with Fe, Co, Ni,
and Cr, and the eutectic composition domain was
selected based on CALPHAD estimates using the
TCHEA?2 database from Thermo-Calc®. Figure 1(a)
shows a pseudo binary-phase diagram with variation in
Nb concentration plotted along the X-axis. The diagram
shows that the eutectic point is in the range of § to 10
at. pct. The composition chosen for the current study is
in the range of 8.66 to 9.8 at. pct Nb and is listed in
Table I. The solidification pathway using Scheil’s
assumption (Figure 1(b)) for the hypoeutectic side
(Nb = 8.66 at. pct) on the phase diagram shows the
formation of the primary FCC phase followed by the
formation of the eutectic region of the FCC and C14
Laves phases. Figure 1(c) shows the solidification path-
way for the hypereutectic side (Nb = 9.8 at. pct) where
the primary C14 Laves phase is formed from the liquid
followed by the formation of the eutectic region of the
FCC and C14 Laves phases. Figures 1(d) and (e) show
that the FCC volume fraction is more than 70 pct with
the Laves phase accounting for the remainder, which
could imply better strength and ductility in these alloys.
The FCC phase accounts for the ductility, and the hard
Laves phase contributes to the strength. The configura-
tional entropy of the alloy studied, as shown in Table I,
confirms that the entropy of mixing increases with Nb
content. We expect this increase in configurational
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Table 1.

Configurational Entropy Calculated Based on Composition and Experimental Results for All Compositions

Composition 10V-15Cr-5Mn-10Co-

Fraction of FCC (x)

Fraction of Laves (y) [ASmix] = (X|ASmixlFcc

25Ni-(35-X) Fe-X Nb (Atomic Percent) [AS x| (From Experiments) (From Experiments) + Y|ASmix|Laves)
X=0 1.61R 1 0 1.61R
X = 8.66 1.80R 0.65 0.35 1.745R
X =95 1.81R 0.65 0.35 1.762R
X =97 1.815R 0.64 0.36 1.758R
X =973 1.816R 0.49 0.51 1.760R
X =938 1.816R 0.34 0.65 1.761R
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Fig. 1—(a) Pseudo binary-phase diagram, () Scheil’s solidification pathway for Nbg e, (c) Scheil’s solidification pathway for Nbgg, (d) Phase
fraction with temperature diagram for Nbggs, (¢) Phase fraction with temperature diagram for Nbgg. Alloy designations are expanded in

Table 1.

entropy to result in the stabilization of the microstruc-
ture for high-temperature applications.

The alloys were prepared using the technique of
vacuum arc melting. The high-purity (> 99.9 pct) ele-
ments, measured in terms of atomic percentage, were
placed in a vacuum chamber that was evacuated to 10~°
mbar. Melting was carried out using the arc created by a
nonconsumable W electrode in the chamber back°filled
with Ar gas. To obtain a homogeneous sample, the
melting was carried out six times, with the sample being
flipped at each melting. The as-cast button was suction
cast to a 6-mm-diameter rod. Scanning electron micro-
scopy (SEM) was employed to obtain backscattered
electron (BSE) images of the polished samples: Quanta
400® FEG-SEM system attached with an energy dis-
persive spectroscopic (EDS) detector manufactured by
BRUKER®was used. Compositional analysis and EDS
mapping were carried out to identify the elemental
partitioning between the phases. Transmission electron
microscopy (TEM) was carried out on select samples
using a Tecnai® instrument. The structural characteri-
zation was carried out using X-ray diffraction (XRD)
(Panalytical X’pert Pro® instrument) with Cu-K,

METALLURGICAL AND MATERIALS TRANSACTIONS A

radiation (4 = 0.154056 nm). The microhardness of
each polished sample was measured using a microhard-
ness tester with a load of 500 gf and dwell time of
10 seconds.

The BSE-SEM images of the as-cast samples are
displayed in Figures 2(a) through (e), showing that
change in Nb concentration affects the formation of the
eutectic region. The solidification pathways as well as
the morphologies of the phases formed differed at
hypereutectic and hypoeutectic concentrations. In the
case of Nbges and Nbgs alloys, the solidification
pathway can be expressed as Liquid — Liquid +
FCC, followed by Liquid — Laves phase + FCC
(eutectic reaction). Table II shows the compositions of
the individual phases, and reveals that the primary FCC
phase is rich in Cr and Fe. The Laves phase is enriched
with Nb. Co is distributed almost equally between the
phases. The individual configuration entropies of the
different phases, as shown in Table II, confirm that the
elements chosen in the system yield high-entropy phases.
The configurational entropies calculated based on phase
fractions are shown in Table I, and all the values are
greater than 1.5R, which qualifies the alloy in the
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Table II. Compositions of Individual Phases Measured by EDS Point Analysis and Calculated Configurational Entropy Based on
EDS Composition
FCC Phase
10V-15Cr-5Mn-10Co-25Ni-(35-X) Fe-X Nb (Atomic Percent) Fe Ni Cr \% Co Mn Nb  |AShixlrce
X = 8.66 3141 2510 15.66 10.62 1047 431 244 1.70R
X =95 30.04 2520 16.50 10.56 10.39 497 2.56 1.72R
X =97 2945 2537 1635 10.60 10.29 4.85 3.10 1.73R
X =9.73 28.37 26.69 1595 11.07 998 5.01 2.64 1.72R
X =938 28.19 2634 1580 11.03 10.16 5.10 3.37 1.74R
Laves Phase
10V-15Cr-5Mn-10Co-25Ni-(35-X) Fe-X Nb (Atomic Percent) Fe Ni Cr \% Co Mn Nb |ASmix|Laves
X = 8.66 24.12 2289 13.07 9.78 10.58 4.35 1522 1.83R
X =95 24.15 22.69 1447 9.87 1049 432 14.01 1.84R
X =97 2741 18.83 1551 7.70 1096 4.02 15.56 1.81R
X =9.73 2649 1795 1379 640 11.17 3.69 20.51 1.80R
X =938 2644 18.04 1395 6.21 1146 3.66 20.25 1.80R
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Fig. 2—SEM-BSE images for alloys (a) Nbg ¢, (b) Nbg s, (¢) Nbg 7, (d) Nbg 73, (¢) Nbgg, (f) XRD pattern for all composition. Alloy designations

are expanded in Table 1.

two-phase solid state to be referred to as a HEA. An
important feature of this alloy is that the difference in
the elements segregated across the two phases renders
the diffusion processes sluggish and promotes stability
of the microstructure. The XRD patterns confirm the
presence of the Laves phase (Nb-rich, with hexagonal
close-packed (HCP) structure, C14 Laves phase) and
FCC phase (rich in Fe, Cr) in the alloy.

Figure 2(c) shows the Nbg; condition that has the
highest eutectic fraction as well as the smaller
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interlamellar spacing among all the samples. The solid-
ification pathway is similar to that of the Nbygge
condition as is the elemental partitioning, as shown in
Table II. The pro-eutectic FCC phase shows a dendritic
morphology with the interdendritic region enriched with
the eutectic. The hypereutectic region is seen in the
Nby 73 and Nbg g compositions wherein the solidification
pathway is as follows: Liquid — Liquid + Laves phase,
followed by Liquid — Laves phase + FCC (eutectic
reaction). The EDS mapping (Figure S2) shows the
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Fig. 3—TEM micrograph of Nbg 73 alloy.
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Fig. 4—(a) Variation of microhardness with respect to Nb concentration; (b) variation of eutectic area fraction with respect to Nb concentration;

(c) variation of interlamellar spacing with respect to Nb content.

depletion of Fe, Cr, Ni, V, and Mn from the primary
Laves phase, but their concentrations remain in the
high-entropy domain. The morphology of the Laves
phase is different than that of the primary FCC phase in
the hypoeutectic condition. The Nbg g condition shows a
branched morphology for the primary Laves phase with
a sixfold symmetry that can be attributed to the HCP
structure of the C14 Laves phase. Figure 2(f) shows the
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XRD pattern that confirms the formation of the FCC
and Laves phases at all compositions. The peak intensity
varies with phase fraction. The inset in the images
(Figures 2(a) through (e)) shows the eutectic microstruc-
ture with lamellar morphology at a higher magnifica-
tion. The composite microstructure obtained by varying
the Nb and Fe contents provides the compositional
window to explore improved mechanical properties. The
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microstructures reveal that the fully eutectic point lies in
the Nb concentration range 9.7-9.73 at. pct.

Figure 3 shows the TEM image of the Nbg 73 condi-
tion wherein the primary Laves phase and eutectic
region are present. The diffraction pattern confirms that
the primary phase is the C14 Laves phase with a HCP
lattice and the eutectic consists of the FCC and Laves
phases. The TEM and XRD studies confirm the
applicability of the CALPHAD approach in guiding
the design of specific alloys. The predictions match with
the experimental results and enable the identification of
an optimal composition of this seven-component alloy
system.

The microstructure is correlated with the microhard-
ness measurements. Figure 4(a) shows the variation in
microhardness with the increasing Nb content. It was
found that the microhardness increases with the Nb
content as the latter increases up to 9.73 at. pct, and
decreases thereafter. Both the primary phase and the
eutectic region contribute to the microhardness changes
measured. The SEM images of indentation reveal
contributions from both the regions. The hardness is
in the range of 400 to 600 HV, which is comparable to
those of CoCrNiFeNbD, alloys.”? The Nby; condition
shows the hardness of the eutectic region wherein the
indentation is completely concentrated on the eutectic
region, and the average value of hardness is 500 HV.
Figures 4(b) and (c) show the eutectic area fraction and
interlamellar spacing. The eutectic area fraction
increases with Nb content in the hypoeutectic region
and decreases in the hypereutectic region. This can be
attributed to the partitioning of Nb in the primary phase
in the hypereutectic condition. It is found that hardness
is higher in the hypereutectic region than in the
hypoeutectic region, and this can be attributed the
strengthening effect offered by the primary Laves phase
in the hypereutectic region. The hard and brittle Laves
phase ensures high hardness, as can be seen from the
cracks forming in the indented region (highlighted with
red circles in the SEM image in Figure 4(a)). The
interlamellar spacing decreases with the increasing Nb
content, and this also causes the increase in hardness in
the hypoecutectic region, as expected from the Hall-
Petch relation. In the hypereutectic region, the inter-
lamellar spacing increases with the increasing Nb
content.

A new EHEA with seven components
((35-x)Fe-10Co0-25Ni-15Cr-10V-5Mn-xNb) was
designed using an optimal combination of experiments
guided by CALPHAD estimates. The solidification
pathway was confirmed and correlated well with the
microstructure’s formation. The eutectic is formed
between the Nb-rich Laves phase with HCP structure
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and the FCC phase. The variation in microhardness
correlated well with the interlamellar spacing and
eutectic fraction.
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The online version of this article (https://doi.org/10.
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