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Abstract
ACoCrCuFeNihigh entropy alloy (HEA)preparedbymechanical alloying (MA) exhibits evolutionof two
phases, aBCCphase (a=0.287±0.002 nm) and a small amount of FCCphase (a=0.362±0.002 nm)
after 65hofmilling. Fromthe scanning electronmicrographs,flakynature ofmilledpowders and awide
rangeof particle size (5 to 10μm) canbe seen.Thenanostructureof the crystallites evolved in the 65h
milledpowderwas analyzedusingXRDand selected area electrondiffraction techniques. The stability of
the 65hmilledpowder is studied through in situhigh-temperatureX-ray diffraction (HT-XRD)over a
rangeof temperatures. The as-milledpowder is thermally stable up to 623K, and then theprecipitationof
the tetragonal (Cr-Co/Fe)based sigma (σ)phase (a=0.845±0.002 nm, c=0.454±0.002 nm)occurs.
Onannealing at 623K, precipitationof theσphase started,while onannealing at 1073K theBCCphase
disappears associatedwith adecrease in the amount ofσphase. Eventually, the FCCphase
(a=0.362±0.002 nm) appeared tobe the stable phase alongwith anegligible amount ofσphase.

1. Introduction

The advent ofHigh Entropy Alloys (HEAs) [1] has broken the paradox thatmulti-principal element alloys form
intermetallic compoundswith complex crystal structures. In several cases, it has been verified thatmulti-
componentHEAswill result in simple solid solution phases, if processed under appropriate conditions. There is
an expeditious increase in the research efforts to design and developHEAswith improved properties [1–13]
Maximumpossible ideal configurational entropy ofmixing (>1.61R) in these alloys is achieved bymixingfive or
more elements in equiatomic or near-equiatomic proportion. The high entropy of the alloy system significantly
increases the chances of stabilizing a single solid solution phase (ΔGmix=ΔHmix-TΔSmix). Single phaseHEAs
hold promise to serve as good basematerials for alloy design and development due to solid solution
strengthening. In general, all the conventionalmaterials correspond to the region near to terminals of a
multicomponent phase diagram; thismeans that a vast number of possible alloys are unexplored in the central
regions of the phase diagrams ofmulticomponent systems.

A variety of processing routes are adapted to prepare this new class ofmaterials, such as casting,mechanical
alloying (MA), and thinfilmdeposition [14]. The casting is themost commonly used route for preparation of the
HEAs.Most of theHEAs prepared by casting route show simple solid solutions, while a detailed analysis of the
microstructure of the samples thus prepared has shown some segregation in dendritic and inter-dendritic
regions [1, 14–17]. The problemof segregation can be avoided by the use ofMA [18]. Therefore, its use for the
synthesis ofHEAs has increased in recent years.Murty et al [19]were thefirst to prepare the nanostructured solid
solution ofHEAs byMA. ThroughMA, almost any kind ofmaterial can be produced at room temperature
[20, 21]. The extended solid solubility of alloying elements plays a vital role during the synthesis of alloyed
powders [18]. Due to this extended solid solubility, simple crystal structures are expected for a similar
composition compared to casting route. Further, theMA route used to synthesizeHEAs facilitates the formation
of nanocrystalline phases [9].
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The solid solubility of binary alloys is usually predicted by theHume-Rothery rules, based on the various
factors, namely crystal structure, atomic size, the valence electron, and electronegativity. However, theHume-
Rothery rules cannot be used directly formulti-component systems. One can predict the behavior of an element
with respect to other elements in the alloy systems based on the enthalpy ofmixing for binary subsystems. Large
negative deviation in the enthalpy ofmixing from the ideality (ΔHmix=0) favors the formation of intermetallic
compounds, whereas positive enthalpywill favor clustering and segregationwithin the selected alloy systems.
Formation of the disordered solid solution takes place formoderate values of enthalpy ofmixing. The solubility
of one component into other depends on substitutional solid solution forming criteria which in turn control the
value of enthalpy ofmixing and configurational entropy ofmixing. High entropy inmulti-principal elemental
compositions overcomes the effect of small positive enthalpy ofmixing, resulting in the formation of disordered
solid solutions. Zhang et al [22] have reported that small size difference favors the formation of solid solution.
Thus, enthalpy and atomic size factor play an important role alongwith high configurational entropy in deciding
whether the intermetallic, amorphous, or disordered solid solution phase will form.

Among theHEAs, CoCrCuFeNi systemhas been extensively investigated earlier [14, 23–27]. Al andTi are
generally added to this alloy in varying amounts to study the phase evolution andmechanical properties of the
designed systems.Most of the studies on these alloy systems are carried out on as-cast samples [27]. Praveen et al
[14] andThangaraju et al [27] have studied this systemby theMA route. They have reported the presence of the
phase after sintering the alloy.However, Thangaraju et al [27] have not reported anyσ phase formation after
sintering. Due to this conflict in the results, it is important to reassess the thermal stability and evolution of theσ
phase inCoCrCuFeNi system. In the present context, the thermal stability of the alloy is studied using in situ
high-temperature X-RayDiffraction (XRD) technique.

2.Materials and experimental procedures

Equiatomic proportion (20 at.%) of above 99.9%purity elemental powders of copper, cobalt, chromium, iron,
and nickel weremilled in a high-energy planetary ballmill (Retsch PM400) at room temperature. TheMA
process was carried out at a speed of 200 rotations perminute (rpm)with a ball to powderweight ratio of 10:1.
Tungsten carbide (WC) vials and balls of 10 mmdiameter were used for themilling. Toluenewas used as the
process control agent (PCA) for thewetmilling. The powders were collected at every 5 h to study structural
evolutionwith respect to time. Phases, lattice structures, andmicrostructures of themilled powder were
investigated throughXRD (Rigaku, 40 kV, 15 mA), transmission electronmicroscope (TEM, FEI Tecnai G2
T20, 200 kV), and scanning electronmicroscope (SEM, FEIQuanta 200F, 20 kV), respectively. In-situ phase
evolutionwas studied through high-temperature XRD (Rigaku Smart Lab, 45 kV, 200 mA)withCu-Kα

radiation.

3. Results and discussion

3.1. Empiricalmethod of phase forming rules and the stability of CoCrCuFeNiHEA
In the empirical approach, important parameters such as enthalpy ofmixing (ΔHmix), the configurational
entropy ofmixing (ΔSmix), atomic radius difference (δ) and valence electron concentration (VEC) based on
extendedHume-Rothery rules are calculated for the selected alloy system tofind outwhether it will form a single
phase ormixture of phases. The literature on the phase stability ofHEAs suggests that these parameters play
significant roles in predicting a single phase disordered solid solution. For quinary and higher systems, a single
phase solid solution can be expected forΔHmix<3.2 kJ/mol but>−11.6 kJ/mol, whileΔSmix�1.61R
[10, 28, 29]. ExperimentalDHmix

ij data are rarely available formany binary alloys. Therefore,DHmix
ij is estimated

for binary solutions using theMiedema’smodel considering electron density changes at the boundary of
dissimilar atoms and thework function of puremetals [30]. Formation enthalpy usingMiedema’smodel can be
calculated for binary system as
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The binary interaction parameters,Ωij, obtained from the calculatedmixing enthalpy usingMiedema’s
model are used to estimate the integralmolar enthalpy ofmixing formulticomponent alloy solutions [5],
ΔHmix, which is similar to a regular solutionmodel.
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Themixing enthalpy of amulticomponent alloy consisting ofN elements is as follows

( )åD = W
>

H x x 3mix
i j i

N

ij i j
,

where W = DH4ij mix
ij is an interaction parameter for the system ij, xi is the atomic fraction of the ith component,

DHmix
ij is themixing enthalpy for the binary equiatomic alloy, which is determined usingMiedema’smodel [31].

The calculated values formixing enthalpy of the binary subsystems are given in table 1 alongwith the parameters
used for the calculations of enthalpy ofmixing for solid solution. TheΔHmix value calculated for the quinary
HEA (2.35 kJ/mol) is well within the specified range for forming solid solution phase (−11.6 kJ/mol
<ΔHmix<3.2 kJ/mol) [22]. From table 1, it can be seen that all the binary systems (other than those
containingCu) except Co-Ni have small negative values of enthalpy ofmixing, favors formation of solid solution
phase.

The configurational entropy ofmixing ofN-elements can be expressed as follows

( )åD = -
=

S R x xln 4mix
i

N

i i
1

where xi is the atomic fraction of ith element, R the gas constant. Zhang et al [29] defined a parameterarising
from the atomic size difference to establish a relationshipwith solid solubility formulti-component systems.
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where ri is the atomic radius of the ith element of atomic concentration and r̄ is a weighted average of ri, which is
given by ¯ = å =r x ri

n
i i1 . Value of δ�6.6 favors the formation of simple solid solution [29]. As all the elements

are from the 3d transition series, the atomic size difference calculated using the above formula for solid solution
forming is equal to 1.03, which ismuch smaller than 6.6. This also favors the formation of a solid solution.
Valance electron concentration (VEC) play a critical role in determining the disordered BCC, FCC, ormixture
of two phases forms. For anN component system, theVEC is given [32] by

( ) ( )å=
=

VEC x VEC 6
i

N

i i
1

It has been shown that a single phase FCC solid solution forms forVEC�8, whereas a single phase BCC
solid solution is expected forVEC�6.8 [32]. For intermediate values of VEC, a two-phasemixture of FCC and
BCCphases is expected. VEC represents the total number of electrons in the valence band, including the
d-electrons. The calculated values of all the parameters, asmentioned above, are given in table 2.Many
researchers [5, 9, 28, 33] have pointed out that enthalpy and the atomic size difference play a dominant role in
the formation of a solid solution inHEAs compared to the entropy effect. For the system chosen, both these
parameters are found to bewithin a solid solution forming range. In the present context VEC value is 8.80
indicating the possible formation of the FCCphase.

Table 1.Parameters used inMiedema’smodel for calculation ofmixing enthalpy and binarymixing enthalpy.

Element nws nws
1 3 f V V2/3

DHmix
ij

Co Cr Cu Fe Ni

Co 5.36 1.75 5.1 6.7 3.55 L 5.5 11 11 3

Cr 5.18 1.73 4.65 7.23 3.74 5.5 L −4 −1 0

Cu 3.18 1.47 4.45 7.12 3.70 11 −4 L −1 −7

Fe 5.55 1.77 4.93 7.09 3.69 11 −1 −1 L −2

Ni 5.36 1.75 5.2 6.6 3.52 3 0 −7 −2 L

Table 2.Calculated values of all the parameters which play an important role in
phase stability.

ΔHmix ΔSmix

Alloy (kJ/mol) (J/mol/K ) δ (%) VEC Δχ

CoCrCuFeNi 2.35 14.40 1.03 8.80 0.09
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3.2. Characterization of CoCrCuFeNimilled powder
The quinary CoCrCuFeNiHEAwasmechanicallymilled for up to 65 h. Evolution of the phases at regular
intervals ofmilling time has been studied throughXRD. The diffraction patterns corresponding to the different
milling times are given infigure 1. At the initial blending of powder (10 min.), diffraction peaks corresponding
to every constituent element could be observed confirming the presence of all the alloying elements in the
startingmaterial. The diffraction intensities of all the constituent elements decrease with broadening of the
peakswith an increase inmilling time. The peaks intensity corresponding to (100) and (101) planes of Co and
(200) plane ofNi reduced significantly after 10 h ofmillingwhich disappeared completely by 30 h ofmilling. It
can be seen thatmost of the peaks lose their identity except those corresponding to Fe/Cr andCu. As the lattice
parameters of the Fe andCr are very close, peaks corresponding to themoverlap. This suggests that a solid
solution has formed by the dissolution of Co andNi in the lattice of Fe/Cr. It is not clear at this stage whether Co
andNi are forced in Fe or Cr host lattice to formBCCphase as lattice parameter of the evolved phase is close to
that of Fe aswell as Cr.Due to a reduction in the crystallite size and increasing internal strain, there is a
significant reduction in the peak intensities of all the higher order reflections. No further changes occur in the
diffraction pattern of the powdersmilled for 50–65 h and correspond to the formation of two-phase structure.
Crystallite size and strain have been determined using the Scherrer’smethod [34], inwhich, the following
equations estimate the peak broadening B due to crystallite size and internal strain.

( )l
q

=B
k

Lcos
7crystallite

( )h q=B tan 8strain

Figure 1.XRDpatterns of CoCrCuFeNiHEApowders as a function ofmilling time.
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where L is the average crystallite size, η strain induced due toMA, k a constant (which in general is equal to 1.0).
The Pseudo-Voigtmethodwas followed for peak fitting and then the FWHMof the prominent peakwas
measured [35]. The decrease in crystallite sizewith increasing lattice strain concerningmilling time is shown in
figure 2. Themorphology of the powdermilled for 65 h has been studied through scanning electronmicroscopy
(SEM) as given in figure 3. It could be observed that particles areflaky in nature and their sizes vary in the range
of 2 to∼10μmwith a few exceptions of 15 to∼20 μmas shown infigure 4. This flaky nature of the particles is
due to the heavy deformation involved during themechanical working of the powder. The SEMEDXanalysis of
the 65 hmilled powder is close to the nominal composition of the alloy as shown infigure 5 and suggests that the
powder is homogeneous in composition.

The existence of two phases can be seen on indexing the selected area diffraction (SAD) pattern obtained
through transmission electronmicroscopy. TheBright field (BF), and corresponding selected area diffraction
(SAD) pattern of the 65 hmilled powder is given infigures 6(a) and (b). Indexing of the SADpattern confirms the
BCC solid solution phase (a=0.285±0.002 nm). A diffuse ring ofminor FCC (a=0.360±0.002 nm)
crystal. Figure 6(c) showed the center dark field image of the same area. It could be ascertained that a large
fraction of the particles have sizes in the nanometer range. This is consistent with the fact thatMA iswell known
for producing nanostructuredmaterials. Formation of the uniform rings in SADpattern indicates that the alloy
particles are nanosized and randomly oriented in the alloymatrix. These results further corroborate the phase
evolution byXRD analysis of the 65 hmilled powder.

The STEM-EDS elementalmapping of 65 hmilled powder is given infigure 7 It has been found from the
elementalmapping that Fe, Cr, Co, Cu, andNi are alloyed to form the BCCphasewhile someCu remains
unalloyed in thematrix asminor FCCphase.

Figure 2.Variation of crystallite size and lattice strain has been shown as a function ofmilling time. It shows that crystallite size
decreases with increases in lattice strain asmilling proceedwith time.

Figure 3. SEMmicrographs of CoCrCuFeNi high entropy alloy powdermilled at 65 h.
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3.3. Thermal stability of CoCrCuFeNiHEA
Diffusional transformations of phases in the chosenHEA, if any, is studied over a wide range of temperatures,
the alloywas heated from room temperature to 1173 K in in situ heatingXRD. TheX-ray diffraction patterns
corresponding to various temperatures are given infigure 8. At room temperature, similar diffraction peaks are
observed as that of themilled powder after 65 h ofmilling.We can observe that the sample is stable below 673 K,
above this newpeaks become visible in the diffraction pattern (a=0.845±0.002 nm, c=0.454±0.002 nm)
which closelymatches with that of the orderedσ phase of Cr-Co/Fe. The peak intensity corresponding to (111),
(211), (221) and (530)planes ofσ phase increases as the sample is further heated through 873 K to 1173 K. The
intensity of peaks corresponding to theminor FCCphase was found to be increasing with temperature,
indicating thatmore FCCphase is forming. The intensities of (200) and (220) peaks corresponding to FCCphase
start increasing above 673 K. It can be also seen thatmajor peak (111) of FCCphase is slowly increasing with
disappearance of the (110) peak of BCCphase.On the other hand (200) and (211) peaks of BCCphase show
reduction in the intensity continuously with increasing temperature, and disappear at 1073 K. This implies that
stable FCCphase is continuously evolving. This could be because the holding time in in situ heatingXRD is not
enough to complete the formation of the FCCphase due to slow diffusion. The powder sample was annealed at
1073 K for 2 h, analyzed byXRD (figure 9) in order to confirm the equilibriumphases present. A stable FCC
phase (a=0.362±0.002 nm) got evolved alongwith a small amount ofphase, while the BCCphase completely
disappeared. The number of peaks and intensity ofσ phase ismore in in situXRDcompared to annealed sample
at same temperature. Thismay be due to the small holding time in the in situXRDcompared to annealed sample.
Itmay be predicted that theσ phasemay also disappear completely with sufficiently prolonged annealing. The

Figure 4.Particle size distribution in the SEMmicrograph.

Figure 5.Elemental analysis ofmilled powder through EDX analysis.
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(a) (b)

(c)

Figure 6.TEManalysis of CoCrCuFeNi alloy. (a)Brightfield image (b) Indexed selected area diffraction(c)Darkfield imagewhere F
andB indicates FCC andBCC respectively on the reflections in (b).

Figure 7. STEM-EDS elementalmapping of CoCrCuFeNi alloy showing Fe rich region.
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Figure 8. In situ high temperature XRDon as-milled powder.

Figure 9.XRDpatterns of annealedCoCrCuFeNiHEApowders at 623 and 1073 K.
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CoCrCuFeNi alloys prepared by arcmelting [23, 24] and Laser cladding [25, 26] have been shown to have FCC as
a single stable phase. This shows that the FCCphase obtained after annealing of the 65 hmilled powder at 1073 K
for 2 h can be considered as a stable phase in this alloy.

On annealing themilled powder at 623 K, a small amount of sigma phase formation can be seen from
figure 9. Thus, the onset temperature of theσ phase is approximately 623 K. Theσ phase pronemulticomponent
system can be predicted throughVECvalues (6.88� VEC� 7.84) [36]. In the present context, VEC value is
indicating forσ-free phase, butwe are obtaining theσ phase on annealing above 673K. It is shown that theVEC
range for theσ phase formationwith that for themixed FCC andBCC solid solutions formation:
6.87�VEC�8. [28]. HenceVECparameters are not valid for present alloys to predictσ phase formation.
However, the formation of a two-phasemixture perhaps facilitates the formation of theσ phase.

4. Conclusions

Conclusions from the present work are as follows

(i) The nanostructured CoCrCuFeNi equiatomic alloy prepared byMA is exhibiting two phases, onewith BCC
crystal structure having lattice parameter a=0.287±0.002 nmand a small amount of FCCphase having
lattice parameter a=0.362±0.002 nm.

(ii) The BCC and FCC phases formed byMA respectively are Fe-rich and Cu-rich as analyzed from STEM-EDS
elementalmapping.

(iii) The semi-empirical parameters calculated for the prediction of phases such as enthalpy of mixing and the
weighted average of the atomic size difference is within the solid solution-forming range
(−11.6 kJ/mol<ΔHmix< 3.2 kJ/mol and δ�6.6).

(iv) The synthesized HEA is stable up to 623 K and then due to diffusion assisted transformations σ phase
precipitates.

(v) A simple FCC phase (a=0.362±0.002 nm) is obtained after annealing the 65 h milled powder at 1073 K
for 2 h, having a lattice parameter, which is very close to that of Cu (a=0.361 nm).

(vi) The VEC ranges for predicting phase formation, are not valid in the present alloy. However, the formation
of a two-phasemixture is predicted to facilitate the formation of theσ phase.
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