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a b s t r a c t
Multi-component high entropy alloys (HEAs) are observed to form simple solid solutions in contrary to
general perception that complex compounds may form in such multi-component equi-atomic alloys. In
the present study, alloying behavior was investigated using XRD in AlCoCrCuFe and NiCoCrCuFe equiatomic high entropy alloys synthesized by mechanical alloying (MA) and spark plasma sintering (SPS).
Simple FCC and BCC phases evolved after MA, while Cu-rich FCC and sigma () phases evolved along
with FCC and BCC phases after SPS. Further, NiCoCuFe, NiCoCrFe and NiCoFe equi-atomic alloys were
investigated to conﬁrm the formation of Cu-rich FCC, and  phases. The hardness was observed to be
770 ± 10 HV for AlCoCrCuFe and 400 ± 10 HV for NiCoCrCuFe. Phase evolution after MA and SPS indicate
that conﬁgurational entropy is not sufﬁcient enough to suppress the formation of Cu-rich FCC, and 
phases, and enthalpy of mixing appears to play an important role in determining the phase formation in
high entropy alloys after sintering.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
In general, structural materials that are currently available for
most of the applications are based on single principle elements
viz. Fe-based steels, Al-based alloys, Ni-based superalloys, etc.
Although, solid solution strengthening by more than one solute in
equi-molar proportion is a viable option, processing of alloys based
on multi-principal elements was not attempted for a long time
on the notion that they may form complex compounds with complex crystal structures. However, the ﬁrst impressive report by Yeh
et al. [1], followed by a few research groups [2–5], has emphatically
shown that multi-component high entropy alloys (HEAs) can be
processed to form simple solid solutions under appropriate conditions. The term “high entropy” in HEAs originates from the resultant
high entropy of mixing (>1.61R, where R is gas constant) when
more than ﬁve elements are mixed in equi-molar proportion. The
HEAs formed with simple crystal structures have also exhibited
interesting properties such as high room temperature strength, and
strength retention at higher temperatures [1,2,5].
There have been several processing routes to prepare HEAs,
viz., casting, sputtering, splat quenching, mechanical alloying (MA),
and among those processes, HEAs prepared by casting route are
widely studied. Although, HEAs prepared by casting nominally

show simple solid solutions, detailed analyses have shown conclusively that casting route usually results in typical dendrite structure
with some segregation in dendrite and inter-dendrite regions [3–7].
Similarly, metastable phases relative to casting are formed during
splat quenching or sputtering method, and reported that these may
become stable after annealing at high temperature [3]. On the contrary, HEAs formed via MA route appear to give more homogeneous
and stable nanocrystalline microstructures [8–14]. Further, good
densiﬁcation characteristics and high hardness were observed for
HEA synthesized by MA and spark plasma sintering (SPS) [13].
Based on the contradicting observations in the literature on
alloying, the persistent question one needs to ask is whether solid
solution criteria proposed for HEAs in the literature [15,16] are
valid for MA route. It is also important to know why some single phase HEAs formed after MA, phase-separate (or precipitate
other phases) during densiﬁcation [12,13]. In order to address these
issues, in the present study, equi-atomic AlCoCrCuFe, NiCoCrCuFe,
NiCoCuFe, NiCoCrFe and NiCoFe were chosen for synthesis of HEAs
by MA followed by densiﬁcation. Alloying behavior of the above
alloys during MA and after densiﬁcation is studied by employing a
detailed characterization via X-ray diffraction (XRD) and scanning
electron microscopy (SEM).
2. Experimental details
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Equi-atomic elemental blends of Al, Co, Cr, Cu, Fe, Ni powders
with purity higher than 99.5% were mechanically alloyed to synthesize equi-atomic AlCoCrCuFe, NiCoCrCuFe, NiCoCrFe, NiCoCuFe
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and NiCoFe HEAs. FritshPulverisette-P5 high energy ball mill at a
ball to powder weight ratio of 10:1 using hard chrome steel vials
and balls was utilized for mechanical alloying. Ball milled powders were consolidated by SPS at 900 ◦ C for 15 min at a pressure
of 50 MPa. To study the alloying behavior during milling, powder
samples were taken at a regular interval of 5 h and XRD experiments were carried out in Xpert Pro Panalytical instrument. Phase
evolution after sintering was also studied by XRD. Hardness measurements were carried out on the consolidated samples at a load
of 1 kg with dwell time of 10 s in Wilpert WilsonVicker’s hardness
instrument. The reported hardness measurements are an average
of at least ten measurements done on both sides of the sample
pellet. A SEM equipped with energy dispersive spectrometry (EDS)
was used for phase identiﬁcation and composition analysis of the
phases. In order to verify the homogeneity of the dense pellets, SEM
and hardness measurements were carried out on both sides of the
pellet for each alloy system.
3. Results
The XRD, SEM micrographs and hardness measurements
reported here are the representative results of a given composition. All the results (XRD, SEM and hardness) presented here are
observed to be consistent on both sides of the pellets, and thus
ensuring the homogeneity and uniformity of the dense pellets.
3.1. Phase evolution during MA
Fig. 1a and b represents the XRD patterns of the mechanically
alloyed powders of AlCoCrCuFe and NiCoCrCuFe as a function of
milling time, respectively. Major BCC (designated as B) phase and a
minor FCC phase were observed in AlCoCrCuFe after 15 h of milling.
A closer look at the peak positions of the minor FCC phase indicates
that this FCC phase is Cu rich and has been designated as FCu . In
contrast, Cu dissolves completely in NiCoCrCuFe, and a major FCC
(designated as F) phase evolves together with minor BCC phase
(designated as Bminor ). It is clear from Fig. 1b that in NiCoCrCuFe, Ni
peaks shift towards lower angles (towards Cu peaks) with milling
time (compare the XRD of 10 min and 10 h milling) and the ﬁnal
FCC (F) phase peak positions are close to that of Cu.
Subsequently, the afﬁnity for FCC phase formation was veriﬁed by choosing two different compositions, NiCoFe and NiCoCrFe
without Cu, and another composition NiCoCuFe with Cu. Fig. 2a
shows the XRD patterns of NiCoFe, NiCoCrFe and NiCoCuFe together
with NiCoCrCrFe. Among these three alloys, NiCoFe and NiCoCuFe
have shown single phase FCC (F) formation, while the Cr containing NiCoCrFe has shown a small amount of BCC phase (Bminor ) along
with FCC (F) on MA, which is clear from the asymmetry in the lowest angle XRD peak (Fig. 2a). Fig. 2b and c shows the ﬁrst two XRD
peaks of NiCoCrFe and NiCoCrCuFe in de-convoluted form, which
illustrate that a minor BCC phase (Bminor ) forms in Cr containing
alloys.
It is interesting to note from the XRD patterns of NiCoCuFe and
NiCoCrCuFe (Fig. 2a) that the FCC phase (F) peak positions are very
close to those of Cu in both the alloys containing Cu. This observation suggests that all the other elements appear to be dissolving
into Cu. Interestingly, XRD patterns of NiCoFe and NiCoCrFe show
that the FCC (F) peak positions in these alloys are also same as in the
alloys with Cu, though these alloys do not contain Cu. This clariﬁes
that all other elements are dissolving in Ni and not in Cu and thus
the peak shift of Ni is not because of formation of FCC (F) phase with
Cu. It is also important to note that when Al replaces Ni to form an
alloy such as AlCoCrCuFe (Fig. 1a), all the elements except Cu are
observed to be dissolving into Fe or Cr and no shift in peaks was
observed with milling time.

Fig. 1. XRD patterns of mechanically alloyed powders of (a) AlCoCrCuFe and (b)
NiCoCrCuFe HEAs as a function of milling time.

3.2. Phase evolution due to densiﬁcation by SPS
Fig. 3 shows the XRD pattern of AlCoCrCuFe and NiCoCrCuFe
after SPS at 900 ◦ C. A detailed analysis of the XRD pattern of AlCoCrCuFe after sintering illustrates that a major ordered BCC phase (B2),
a Cu rich FCC phase (FCu ), and minor sigma phase () are visible. It
is important to note that in contrast to only one BCC (B) phase with
partial dissolution of Cu after 15 h ball-milling, additional phase ()
evolved during sintering. The Cu is observed to segregate out as an
FCC phase (FCu ) and accordingly diffraction peaks corresponding to
Cu are clearly visible.
Inset in Fig. 3 shows the prominent XRD peaks of NiCoCrCuFe in
de-convoluted form illustrating the formation of two FCC phases (F1
and F2 ) after SPS. As compared to only one FCC phase (F) and a minor
BCC (Bminor ) after 15 h ball-milling in NiCoCrCuFe (Fig. 1b), two FCC
phases (F1 and F2 ), and minor sigma phase () are observed after
SPS in NiCoCrCuFe (Fig. 3). Unlike AlCoCrCuFe, no ordered BCC (B2)
phase was observed in NiCoCrCuFe after sintering. Fig. 4 shows the
XRD pattern of NiCoFe, NiCoCrCuFe, NiCoCrFe, and NiCoCrCu after
SPS at 900 ◦ C; inset shows the de-convoluted form of XRD peaks.
Formation of the second FCC phase (F2 ) in Cu containing systems
(NiCoCuFe, NiCoCrCuFe, AlCoCrCuFe) indicates that the presence of
Cu led to the segregation of second FCC phase (F2 ). Absence of minor
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Fig. 2. (a) XRD patterns of mechanically alloyed HEAs, (b) and (c) enlarged part of XRD patterns showing de-convoluted peaks.

Fig. 3. XRD patterns of AlCoCrCuFe and NiCoCrCuFe after SPS. Inset shows the deconvoluted form of XRD peaks of NiCoCrCuFe showing the formation of F1 and F2 .

Fig. 4. XRD patterns of NiCoFe, NiCoCuFe, NiCoCrFe and NiCoCrCuFe after SPS. Inset
shows the de-convoluted form of XRD peaks corresponding to NiCoCrCuFe.
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Table 1
Phase evolution after MA and SPS based on XRD analysis.

Table 3
Crystallite size and lattice strain of MA and SPS samples.

HEAs

After MA

After SPS at 900 ◦ C

AlCoCrCuFe
NiCoCrCuFe

BCC (B) and Cu rich FCC
(FCu )
FCC (F) and BCC (Bminor )

NiCoCrFe
NiCoCuFe
NiCoFe

FCC (F) and BCC (Bminor )
FCC (F)
FCC (F)

Ordered BCC (B2), Cu rich
FCC (FCu ), sigma phase ()
Two FCC (F1 and F2 ), sigma
phase ()
FCC (F) and sigma phase ()
Two FCC (F1 and F2 )
FCC (F)

HEAs

AlCoCrCuFe
NiCoCrCuFe
NiCoCrFe
NiCoCuFe
NiCoFe

Mechanically alloyed powder

Sintered compact

Crystallite
size (nm)

Strain (%)

Crystallite
size (nm)

Strain (%)

10
7.0
6.0
9.0
10

0.50
1.00
0.83
0.73
0.98

74
27
13
16
25

0.09
0.14
0.00
0.05
0.00

Table 4
Vickers hardness for HEAs.

Table 2
Relative density obtained for the SPS samples.
HEAs

Theoretical
density (g/cm3 )

Experimental relative
density (%)

AlCoCrCuFe
NiCoCrCuFe
NiCoCrFe
NiCoCuFe
NiCoFe

6.75
8.33
8.17
8.64
8.53

99
94
94
86
92

HEAs

Hardness (HV1 )

AlCoCrCuFe
NiCoCrCuFe
NiCoCrFe
NiCoCuFe
NiCoFe

770
400
490
160
230

±
±
±
±
±

10
10
10
10
5.0

3.4. Crystallite size and Vickers hardness
sigma phase () in NiCoFe and NiCoCuFe suggests that the minor
sigma phase () in NiCoCrCuFe and NiCoCrFe is a Cr containing
phase. A detailed summary of phases formed after MA and SPS are
listed in Table 1 for comparison

3.3. Microstructural characterization after SPS
Fig. 5a and b represents back-scattered electron (BSE) images of
AlCoCrCuFe at different magniﬁcations after densiﬁcation by SPS,
and Fig. 5c and d represents those of NiCoCrCuFe. In both these alloy
systems, a clear two-phase contrast is visible from BSE-SEM micrographs. Fig. 6a and b illustrates the spot EDS analysis on the two
phases (white and grey) in AlCoCrCuFe, and the light grey and dark
grey phases in NiCoCrCuFe. Black spots scattered in microstructure
correspond to micro and nano porosity.
The BSE-SEM micrographs (Fig. 5a and b) together with spot EDS
analysis (Fig. 6a) suggest that white phase is a Cu-rich phase and
grey phase is a Cu-depleted phase in AlCoCrCuFe. Irrespective of
Cu distribution, other elements are presented at near equi-atomic.
Clearly, this Cu-rich phase (white) can also be correlated with the
FCC (FCu ) phase, and Cu-depleted phase (grey) with major BCC (B2)
phase observed in XRD pattern (Fig. 3). Spot EDS analysis (Fig. 6b)
on NiCoCrCuFe indicates that dark grey phase is Cr-rich phase while
light grey phase is Cr-depleted phase. Atomic percentage of Ni
and Cu observed to be more in Cr depleted phase than Fe and
Co. However, Ni, Fe Co and Cu are observed to be distributed at
near equi-atomic percentage in Cr rich phase. At lower magniﬁcation, as shown in Fig. 5c, Cr-depleted light grey phase seems to be
distributed as a network like structure. However, at higher magniﬁcation (Fig. 5d), Cr-rich phase is distributed within the Cr-depleted
phase. The Cr-depleted phase (light grey) can be correlated with
that of FCC (F2 ) phase of XRD (Fig. 3), and Cr-rich phase (dark grey)
with that of FCC (F1 ) and the small amount of  phase observed in
XRD pattern (which is not clearly visible in the SEM images).
Theoretical density of the alloys was calculated using rule of
mixture of elemental densities and experimental density was measured using Archimedes principle. Relative density (%) is calculated
with respect to theoretical density and reported in Table 2. AlCoCrCuFe shows a high relative density of 99%. However, when Al was
replaced by Ni, the alloy shows a decrease in relative density to 94%
under same parameters of sintering. Also, higher densiﬁcation was
observed in Cr containing system than systems without Cr.

Pseudo-Voigt function was used for ﬁtting XRD peak proﬁle and
Si standard was used for instrumental broadening correction. Crystallite size and lattice strain were calculated for the consolidated
sample using Williamson–Hall method. XRD pattern proﬁle ﬁtting,
size and strain calculation were done using Xpert Highscore plus
software. Table 3 presents the crystallite size and lattice strain for
mechanical alloyed powders and spark plasma sintered samples
estimated using the Williamson–Hall analysis. Crystallite sizes of
6–10 nm and lattice strain of 0.5–1.0% are observed for mechanical alloyed powders. However, after SPS, lattice strain was reduced
to less than 0.2% and some growth in crystallite size was observed
while retaining the nanocrystallanity. Growth in crystallite size is
observed to be higher in AlCoCrCuFe (10–74 nm) than in other alloy
systems.
Vicker’s hardness values for the spark plasma sintered samples are shown in Table 4. The highest hardness of 770 ± 10 HV is
observed for AlCoCrCuFe. When Al is replaced by Ni, hardness drops
drastically to 400 ± 10 HV. Further, the removal of Cu from NiCoCrCuFe brought up the hardness value to 490 ± 10 HV. However, when
Cr is absent from NiCoCrCuFe and NiCoCrFe, the hardness value is
observed to be very less, 160 ± 10 HV for NiCoCuFe and 230 ± 5 HV
for NiCoFe.
4. Discussion
4.1. Anomalies with solid solution criteria for HEAs
The excellent work by Yeh et al. [1–6] has established that it
is possible to form simple solid solutions when ﬁve or more than
ﬁve elements are mixed in equi-atomic proportion. Subsequently,
Zhang and Zhou [15,16] have proposed a solid solution criteria
for multi-principle elemental HEAs. It’s been suggested that multicomponent equi-atomic HEAs are expected to form single phase
solid solution, if the following conditions are satisﬁed: conﬁgurational entropy (Sconﬁg ) greater than or equal to 1.61R (R is
universal gas constant), enthalpy of mixing (Hm ) in the range
of {(−2.685ı) − 2.54} < Hm < {(−1.28ı) + 5.44 kJ/mol} (i.e. 5 to −15
for ı = 4.6%), and atomic size difference (ı) less than or equal to 4.6%
[15,16]. Thus, these parameters are calculated for the alloy systems
in the present study and are listed in Table 5. It is important to note
that solid solution criteria speciﬁed by Zhang and Zhou are satisﬁed
by all the alloy systems studied in the present work. However, as
summarized in Table 1, at least two phases are observed in all the
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Fig. 5. The BSE-SEM images of SPS pellets: (a) and (b) of AlCoCrCuFe and (c) and (d) of NiCoCrCuFe.

Fig. 6. Spot EDS analysis results of different regions in (a) AlCoCrCuFe and (b) NiCoCrCuFe.

Table 5
Solid solution criteria parameter values for HEAs.
HEAs

AlCoCrCuFe
NiCoCrCuFe
NiCoCrFe
NiCoCuFe
NiCoFe

Table 6
Enthalpy of mixing (kJ/mol) between elements.

Entropy of mixing
(Smix )
(R = 8.314 J/mol K)

Enthalpy of mixing
(kJ/mol) (Hmix )

Atomic size
difference (%) (ı)

1.61R
1.61R
1.34R
1.34R
1.10R

−2.56
3.20
−3.75
5.00
−1.33

4.99
1.07
1.03
1.03
0.76

alloys, except in NiCoFe. Thus, it is anticipated that the solid solution criteria speciﬁed for multi-principle elemental alloys appear
to be a necessary condition but not sufﬁcient enough to predict the
single phase solid solution formation in HEAs.

Al
Co
Cr
Cu
Fe
Ni

Al

Co

Cr

–
−19
−10
−1.0
−11
−22

−19
–
−4.0
6.0
−1.0
0.0

−10
−4.0
–
12
−1.0
−7.0

Cu
−1
6.0
12
–
13
4.0

Fe

Ni

−11
−1.0
−1.0
13
–
−2.0

−22
0
−7.0
4.0
−2.0
–

In addition, Cu is observed to precipitate out and such an observation is also consistent with earlier reports dealing with the alloy
systems containing Cu [3,4,6,7]. The possible reasons for Cu segregation can be explained based on the enthalpy of mixing of Cu
with other elements in a given alloy system. Table 6 presents the
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enthalpy of mixing of the equi-atomic binary pairs of elements used
in this study.
It is illustrated clearly in Table 6 that as compared to all other elements in the present alloy systems, Cu has positive enthalpy mixing
with more number of elements (with Co, Cr and Fe). According to
the so-called deﬁnition of HEAs [1] and based on solid solution
criteria for HEAs [15,16], simple FCC phase or BCC phase with no
intermediate phase is expected to form in the present alloy systems. However, in addition to Cu-rich phase precipitation during
densiﬁcation, sigma phase is also observed in all the alloy systems
containing Cr. This sigma phase could be CoCr or FeCr intermediate phase with tetragonal structure and it was documented to
be observed at the center of the phase diagrams of Cr–Co and
Fe–Cr [17–19]. Previous studies on Al0.5 CoCrCuFeNiTix (x = 0–2),
AlCox CrFeMo0.5 (x = 0.5–2) and AlCoCrx FeMo0.5 Ni have also shown
the formation of Co–Cr  phase [6,20,21].
In the present study, NiCoFe system has the least conﬁgurational
entropy among the ﬁve alloy systems studied, however, a single
phase FCC solid solution has formed after MA in this alloy, and
this phase is stable even after sintering. This observation together
with afore-mentioned discussion suggest that higher or lower conﬁgurational entropy alone cannot justify the formation of single
phase solid solution in HEAs. Wang et al. [22] also made similar
observation, and reported that conﬁgurational entropy alone is not
sufﬁcient enough to suppress the formation of Al–Ni intermetallic
compound in AlCrFeCoNiCu. Also, in the present study intermetallic B2 phase formation could not be suppressed in AlCoCrCuFe
alloy after SPS, although the alloy has large conﬁgurational entropy
due to equi-atomic quinary composition. Thus, there is a need for
devising an appropriate and valid solid solution criteria for multiprincipal HEAs, and the existing criteria are insufﬁcient to explain
the present results.
4.2. Possible explanation for speciﬁc phase formation in each
system
In NiCoCrCuFe alloy (Fig. 1b), a shift in the Ni peaks towards
lower angles during MA is observed and all the elements are
observed to be dissolving into Ni peaks with increasing milling
time. The shift in the peak can be attributed to alloy formation initiated after 10 h of milling. The FCC being a closed pack structure,
it may not be able to accommodate other elements without lattice
expansion, and thus a shift in Ni peaks towards left. A similar behavior has been observed by Gomez-Esparza et al. in NiCoAlFeCu [14].
Lattice parameter of Ni and Cu are 3.52 and 3.61 Å, respectively.
The lattice parameter of NiCoFe, NiCoCuFe, NiCoCrFe and NiCoCrCuFe estimated from the respective XRD patterns are 3.58, 3.60,
3.59 and 3.62 Å, respectively. A small increase in lattice parameter
can be seen with increasing the number elements, which clearly
suggests the lattice expansion and shift in Ni peaks towards left
with increasing the number of elements. In contrast, no peak shift
is observed in AlCoCrCuFe as the milling progresses, and all the elements except Cu are observed to be dissolving into Fe or Cr peaks.
It is possible that Fe and Cr having more open BCC crystal structure, they are able to accommodate other elements without much
expansion. In addition, it is also possible that some elements might
expand, while others might contract the lattice and hence the lattice parameter may not show appreciable change. In addition, the
fundamental peak positions of B2 phase are very close to the Fe/Cr
peak positions and hence the BCC phase observed after MA could
be disordered B2 phase, which after SPS reorders and shows the
superlattice reﬂections. This reordering is caused by the annihilation of defects introduced into the structure due to high-energy ball
milling.
Complete solubility of Cu is not observed in AlCoCrCuFe after
MA, and subsequently Cu segregates out as a Cu-rich FCC (FCu )

phase during sintering. As explained in detail in Section 4.1, the
high positive enthalpy of mixing of Cu with other alloying elements
could be the primary reason for such behavior. In contrast, when
Al was replaced by Ni, complete solubility of Cu into the FCC (F)
phase was observed during MA. This could be attributed to the fact
that Cu and Ni have complete solid solubility. Complete segregation of Cu after sintering is not observed in NiCoCrCuFe. The Cr
depleted FCC phase (F2 ) has more at.% of Cu followed by Ni, Co and
Fe are observed. Despite positive enthalpy of mixing of Cu with
other elements, strong afﬁnity of Cu and Ni prevents the complete
segregation of Cu into the second FCC phase (F2 ) after sintering, in
contrast to Cu-rich FCC phase (FCu ) in AlCoCrCuFe. Thus, in the NiCoCrCuFe alloy, the F1 phase could be the Fe–Ni–Cr FCC phase (as
observed in Ni containing steels as Ni is FCC austenite stabilizer)
with some amount of Co and Cu in it. The F2 phase in these alloys
could be the Cu–Ni FCC phase.
Removal of Cr or both Cr and Cu in NiCoCrCuFe leads to formation of single FCC (F) phase after MA. However, the presence
of Cu or Cr led to the formation of new FCC phase (FCu ) or sigma
phase () after sintering, respectively. This observation suggests
that MA being a non-equilibrium process facilitates the formation of metastable FCC phase. Consequently, densiﬁcation at higher
temperatures has resulted in more stable phases by segregation of
Cu and Cr into either Cu rich phase FCC phase or Cr containing sigma
phase, depending on the composition.
4.3. High strength HEAs
As explained in Section 3, MA resulted in the formation of
nanocrystalline phases. It is also interesting to note that even after
the sintering, the crystallite growth is not very signiﬁcant (<30 nm)
in all the alloys except in AlCoCrCuFe. In this connection, it is important to note that FCC is the major phase in all the systems except
in AlCoCrCuFe. Crystal growth or grain growth is governed by diffusion kinetics in a given system. In general, BCC being an open
structure, diffusion takes place easily as compared to close packed
structure of FCC. Thus, crystal growth in Ni containing alloys (FCC
phases) is sluggish in contrast to BCC structure of AlCoCrCuFe.
Although crystallite size of AlCoCrCuFe is higher among the
alloys studied, it exhibits the highest hardness. There can be
a combination of factors contributing to such a higher hardness in AlCoCrCuFe. Presence of ordered BCC (B2) phase together
with highest density and nanocrystallinity in AlCoCrCuFe must be
responsible for exhibiting higher hardness. One of the reasons for
this alloy to show higher hardness than other alloys could be due
to its higher density. The higher density in this alloy after SPS in
comparison to the other alloys could be due to its BCC structure,
which could have enhanced diffusion causing better sintering. More
analysis in this regard to contribution of strength coming from
various factors is underway [23]. The alloys containing FCC phase
have shown lower hardness due to their solid solution (no ordered
phase) and their lower density. However, it is interesting note that
the hardness of NiCoCrCuFe is signiﬁcantly higher than the as cast
NiCoCrCuFe [3]. Further, it has been observed that addition of Cr to
an alloy system increases the hardness, possibly due to the formation hard sigma phase [20,21]. The hardness obtained for NiCoCrFe
and AlCoCrCuFe HEAs is higher than the mechanically alloyed and
spark plasma sintered CoCrFeNiTiAl HEAs, and vacuum arc melted
refractory TaNbHfZrTi HEA [13,24].
5. Conclusions
Nanostructured AlCoCrCuFe and NiCoCrCuFe HEAs are produced
by MA in metastable form, and stable microstructures are obtained
after SPS at 900 ◦ C. Transformation of BCC to FCC takes place when
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Al is replaced by Ni in AlCoCrCuFe. During MA, partial dissolution
of Cu in AlCoCrCuFe forms a minor FCC along with BCC phase, and
partial dissolution of Cr in NiCoCrCuFe forms a minor BCC phase
along with major FCC phase. In AlCoCrCuFe after SPS, the Cu-rich
phase precipitates out, major BCC transforms into an ordered BCC
(B2) phase, and a minor sigma phase forms. A detailed characterization of phases in these alloys together with NiCoFe, NiCoCrFe, and
NiCoCuFe conﬁrms the formation of Cu and sigma phases in NiCoCrCuFe and AlCoCrCuFe. Conclusively, it has been shown that Cu
precipitates out during sintering in an alloy system containing Cu,
and Cr-rich sigma phase forms in a system containing Cr. Nanocrystallinity has been maintained even after sintering at 900 ◦ C. The
AlCoCrCuFe shows very high hardness of 770 ± 10 HV due to its
nanocrystalline B2 structure. Alloys containing Cr exhibit higher
hardness (due to  phase) as compared to other alloys systems.
Clearly, the solid solution criteria proposed for HEAs needs a revision to account for enthalpy of mixing between elements in a given
alloy system.
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