
TECHNICAL ARTICLE
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In this work, synthesis and phase stability of a novel dual-phase (HCP–BCC) AlCoTiZn high-entropy alloy
are presented. Microstructural evolution and thermal stability of the alloy powder were studied up to their
melting point. X-ray diffraction, scanning electron microscopy, differential scanning calorimetry, atomic
emission spectrophotometry analysis and hardness measurements were used for the characterization of the
HEA. As-milled and the bulk samples consist of an HCP and Co-rich BCC dual phases. The samples heat-
treated at intermediate temperatures show HCP and Co-rich two FCC phases. Thermal stability studies
reveal that vaporization of Zn occurs at around 800 �C. An extraordinary hardness of 1005 ± 50 HV was
observed in the bulk sample. This is mainly attributed to the presence of dual-phase HCP–BCC structures.

Keywords hexagonal close-packed structure, high-entropy alloys,
mechanical alloying, phase stability

1. Introduction

High-entropy alloys (HEAs) have received more attention in
recent times due to their remarkable properties. These alloys
consist of multiple components with stoichiometric composi-
tion lying between 5 and 35% (Ref 1). It has been reported that
HEAs with stable single or multiphase microstructures shows
extraordinary properties such as wear resistance, corrosion
resistance, room and high-temperature strength (Ref 2-7). Phase
formation and stability of the phases are predicted using
different thermodynamic parameters such as atomic size
mismatch (d), enthalpy of mixing (DHmix), mixing entropy
(DSmix), X and valence electron concentration (VEC) (Ref 8-
11). Among these, VEC is used to predict the phases present in
the systems. For example, face-centered cubic (FCC) structure
has been observed when VEC of alloy exceeds 8. Body-
centered cubic (BCC) structure is observed when the VEC
value drops below 6.8. In between these two values, dual-phase
(FCC and BCC) structure is mainly observed (Ref 2, 10, 12-
18). Very recently, HEAs with a hexagonal close-packed (HCP)
structure have been reported (Ref 14, 19-22). Recent studies
show that VEC value for HCP-based HEAs is less 3 (Ref 23).

Various Zn containing high-entropy alloys have been
processed via mechanical alloying (Ref 24-31). AlFeTiCrZnCu

alloy had thermal stability up to 800 �C and exhibit high
hardness and high wear resistance (Ref 25). CuNiCoZnAl alloy
had ordered phase of FCC-L12 (Ref 30). AlCrCuFeZn
combination had majorly BCC structure after mechanical
alloying while FCC–BCC composite had been cited after
compaction (Ref 27). The major phases observed in these
alloys were FCC and BCC (Ref 25, 27, 30, 32). AlCrCuFeZn
manufactured with mechanical alloying followed by spark
plasma sintering (SPS) had two phased body-centered cubic
(BCC) with 91% density. Sintered sample had dual-phase
structure with CuZn- and FeAlCr-rich BCC phases with
hardness up to 627 HV (Ref 31).

It has been reported that systems with Zn such as
Ti20Fe20Cr20CuxZny and AlCoCrCuFeMoNiTiVx (x = Mn,
Zn) show excellent hardness (Ref 18-20, 32). The first HEAs
such as BeCoMgTi and BeCoMgTiZn with HCP crystal
structure were synthesized by mechanical alloying using the
principal elements having HCP crystal structure in equimolar
compositions. However, these alloys had an amorphous
structure due to huge lattice distortion (Ref 33). It has been
reported that the use of rare earth metals (as majority of the
elements exhibit HCP structure) leads to the formation of
single-phase HCP crystal structure (Ref 34). A similar trend has
been noticed during the fabrication of HEAs with Y/La series
elements showing a single-phase HCP structure in equimolar
concentrations of HoDyYGdTb (Ref 35). Very recently, single-
phase HCP was observed in the annealing of FCC lightweight
Al20Li20Mg10Sc20Ti30 high-entropy alloy, and it was found that
the hardness of the alloy after annealing (HCP phase) is better
than the initial state (FCC phase) (Ref 35, 36). The literature
clearly shows that only a few HCP-based high-entropy alloys
using rare earth elements (HCP metals) have been developed
till now. Therefore, in this work, we try to develop HCP HEAs
using 3-d transition metals such as Zn, Co and Ti. Further, it
was found that the addition of minor amount FCC elements can
help to retain HCP phase (Ref 2, 3). Therefore, in this work
AlTiZnCo HEA alloy system is designed based on thermody-
namic parameters (Table 1). Most of the HCP-based HEA
system were developed through mechanical alloying and were
observed only in as-milled state. Nevertheless, most practical
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applications require the alloys in a bulk and stable form. Most
consolidation techniques require the powders to be heated to
high temperature. Therefore, the thermal stability study of any
mechanically alloyed system is of paramount importance.
However, the thermal stability of HCP-based HEAs has been
least explored.

In this work, a novel AlTiCoZn dual-phase HCP–BCC-
based high-entropy alloy is synthesized through mechanical
alloying. Also, thermal stability and microstructural evolution
are studied up to the melting temperature. The present study
provides an insight into the phase stability of dual-phase HEAs
containing volatile elements such as zinc.

2. Materials and Methods

Elemental powders of Al, Ti, Co and Zn (from Alfa Aesar,
USA) of purity greater than 99.5% were used as a starting
material. The elemental powders were milled in a planetary ball
mill (Pulverisette-5, Frisch) with WC vials and balls (diame-
ter = 0.01 m). The powders were milled at 300 rotations per
minute and 10:1 ball-to-powder ratio. The alloying was carried
out in a wet milling condition where toluene was used as a
process control agent. The milling was interrupted every
30 min with a pause time of 10 min to prevent the heating of
powders. Powder samples were collected for characterization at
5, 10, 20 and 30 h of milling.

Differential scanning calorimetric (DSC) measurements
were taken using a STA 449 Fe Jupiter DSC. As-milled
powder samples were heated in an alumina pan up to 1400 �C
and cooled at a rate of 10 �C/min; procedure had been repeated
on heat-treated sample without removing sample from alumina
pan for second run. Green compacts of 10 mm diameter and
5 mm height were prepared from 30 h ball-milled powder
using a hydraulic press. Based on the DSC results, the green
compacts were heat-treated/sintered in a vacuum (10–4 Torr) at
various temperatures, 800, 900, 1100, 1300 and 1400 �C with a
very slow heating rate (1 �C/min), and all the samples were
held for 5 min. The sample heat-treated till the melting point
(1400 �C) is referred as bulk sample. X-ray diffraction (XRD)
analysis was carried out on as-ball-milled and heat-treated
samples using a Bruker D8 FOCUS diffractometer with V-
filtered Cu Ka (k = 1.54 Å) radiation. A scanning electron
microscope (SEM) (ZEISS SEM FEI) equipped with energy-
dispersive spectroscopy (EDS) (Inca PENTA FET X3, Oxford
Instruments) was used to analyze the microstructure and
chemical composition of the samples. XRD analysis of the
samples was carried out by matching the diffraction patterns
with the available data base using a X�Pert High Score Plus
software. In addition, analysis of HCP phase was also carried
out manually using the Eq. 1. Initially, �a� and �c� values
obtained from (100) and (002) reflections and then �d� values for
all the reflections were obtained using the Eq. 1. The �d� values

obtained from the calculation and the experiments are given in
Table 3.

d ¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2

� ��1=2

ðEq 1Þ

A micro-plasma atomic emission spectrometer (MP-AES,
Agilent technology, USA, 4200, G8003A) was used to identify
the composition of the heat-treated samples. The sample for
MP-AES measurement was prepared with 200 times dilution of
heat-treated powders in aqua regia. Hardness of the samples
was obtained using a Vickers micro-hardness tester (Matzuza-
wa Nxt 7). The applied load was 500 gmf with a dwell time of
10 s. The average hardness was obtained from ten measure-
ments at different points on the sample.

3. Results

3.1 Mechanical Alloying of AlCoTiZn HEA

Various thermodynamic parameters have been proposed to
predict phase stability in HEAs (Ref 18, 20, 23, 32-35, 37). The
design of alloy was done through thermodynamic parameters
such as atomic size mismatch (d), enthalpy of mixing (DHmix),
mixing entropy (DSmix), X; and valence electron concentration
(VEC).

The atomic size mismatch (d) is used to estimate the amount
of lattice strain present in the alloy (Ref 23), given by Eq. 2

d ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn
i¼1

xi 1� ri=
Xn
i¼1

xiri

 ! !2
vuut ðEq 2Þ

where xi and ri are the atomic percentage and atomic radius of
the ith element.

The enthalpy of mixing (DHmix) is defined by Eq. 3,

DHmix ¼
Xn

i¼1;i6¼j

4DHmix
i�j xixj ðEq 3Þ

where DHmix
i�j is the enthalpy of mixing between the ith and jth

elements; and xi and xj are the atomic ratios of the ith and jth
components, respectively (Ref 38).

The amount of change in mixing entropy is calculated using
Eq. 4,

DSmix ¼ �R
Xn
i¼1

xi ln xi ðEq 4Þ

where R is the gas constant (8.314 J/K mol)(Ref 38).
The dimensionless stability parameter �X� can be estimated

using Eq. 5,

X ¼ DSmix

Xn
i¼1

xi Tmð Þi

 !,
DHmixj j ðEq 5Þ

Table 1 Calculated thermodynamic parameters for AlCoTiZn

Alloy composition DHmix, kJ mol21 DSmix, J mol21 K21 d, % X VEC

AlCoTiZn �24 11.526 5.83 0.64 7
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where (T
m
)
i
is the melting temperature of the ith element of the

alloy. The value of X is proposed to be greater than 1 for the
formation of a stable solid solution (Ref 39).

The valence electron concentration (VEC) is used to
determine the phase and obtained by Eq. 6

VEC ¼
Xn
i¼1

xi VECð Þi ðEq 6Þ

where (VEC)i is the VEC of the ith element (Ref 37).
The calculated values of the above-mentioned thermody-

namic parameters for the AlCoTiZn alloy are given in Table 1.
The proposed VEC value for a HEA to form a BCC structure
is £ 6.67; for the FCC structure, VEC ‡ 8. A mixed
microstructure is supposed to form between 6.67 and 8 (Ref
37). However, there is not any commonly accepted VEC value/
range for HCP structure. It has been recently reported that VEC
for HCP structure falls below 3 (VEC £ 3) (Ref 23).
However, further experimentation/database would be required
to substantiate this claim as the literature for HCP-based HEAs
is scant. Atomic radius, VEC, melting temperature and mixing
enthalpies of atomic pairs of Al, Co, Ti and Zn are provided in
Table 2.

The value of DHmix and d is within the range of solid
solution formation. Since the system contains four elements,
DSmix is slightly less. According to Eq. 4, X is directly related
to DSmix and if X becomes less than 1.1 as in this composition,
it will satisfy one of the favorable conditions for amorphous
phase formation. Also, the VEC value of 7 indicates that the
structure could be FCC and BCC as per the VEC criteria.
However, the XRD analysis of the sample as shown in Fig. 1
shows crystalline phase mix formation of HCP and BCC.
Therefore, the X value or the VEC criterion is insufficient to
predict the phase formation in HEA, especially for HCP, which
is in tune with recent studies (Ref 37).

Figure 1(a) shows the XRD patterns of mechanically
alloyed powder of AlCoTiZn at 5, 10, 20, 30 h and pre-milled
powder, and Fig. 1(b) shows the XRD pattern of 30 h sample
with intensity in logarithmic scale. The diffraction peaks of
individual elements can be observed in pre-milled conditions
(0 h). A change in the initial peaks is observed after 5 h of
milling, confirming the initiation of alloy formation. The XRD
patterns 20 and 30 h of milling are nearly identical. However,
milling is carried out for up to 30 h for a complete dissolution
of alloying elements and alloy formation. The analysis of the
milled powder shows that the peaks have no similarity with the
well-established database of various Al-, Co-, Ti- and Zn-based
alloy systems, which ensure the complete dissolution of all the
allotting elements. The 30 h ball-milled powder contains HCP

and BCC phases. The �d� values obtained from the calculation
and the experiments are given in Table 3. The lattice parameters
of the HCP phase are found to be a = 2.84 Å and c = 4.95 Å.

The lattice parameter of the BCC phase was 2.87 Å. The
volume fraction of the HCP and BCC phase in 30 h ball-milled
powder was 58 and 42%, respectively.

Elemental maps and BSE image of 30 h milled AlCoTiZn
alloy powder is shown in Fig. 2. Ti is dispersed throughout the
alloy matrix. A close examination of the figure shows some Al
deficit areas in the microstructure (shown by yellow arrows).
The EDS compositional analysis reveals that the marked
regions are deficit in Al and rich in Ti with Co and Zn.

3.2 Phase Stability Study AlCoTiZn HEA

Figure 3 shows the DSC curve of 30 h mechanically alloyed
(MAed) AlCoTiZn powder. During the first run, three signif-
icant endothermic peaks are observed at around 800, 905 and
1333, with one mild exothermic peak at 500 �C and one
significant at 1100 �C. The DSC second heating cycle shows
only one endothermic peak at 1333 �C, which is related to the
melting of the AlCoTiZn alloy, and it also indicates that there is
no phase transformation till its melting point. The second run of
the DSC was carried out on the same sample without removing
it from the machine after the first run. The presence of only one
endothermic peak (melting) during the second run of the DSC
indicates that the alloy is in more stable state after the melting
(during first run). The first exothermic peak (500 �C) implies
the formation of new phases (FCC) in the system, while the
second endothermic peak observed at 800 �C could be
attributed to vaporization of Zn. Later, the atomic emission
spectrophotometry (AES) analysis of heat-treated samples was
studied to quantify the Zn vaporization from the alloy. The
chemical composition of as-milled and annealed AlCoTiZn
powders obtained by AES analysis is shown in Table 4.
Evaporation of Zn is started occurring from 700 �C, and
complete evaporation is occurred at around 800 �C. The second
endothermic peak observed at around 900 �C could be related
to dissolution of the phase that formed at 500 �C. EDS analyses
of the heat-treated samples also show only a trace of Zn (less
than 0.5%) after 800 �C (Table 4). Other elements, namely Al,
Co and Ti, appear to be stable up to the near melting point of
the alloy. The atomic fraction of Al, Co and Ti remains constant
at 21, 40 and 38%, respectively, up to 1300 �C, followed by a
minor change at 1400 �C. An exothermic peak at 1100 �C
suggests a new phase transformation (Also see Table 5). The
sharp endothermic peak at 1333 �C is the melting temperature
of AlCoTiZn alloy.

Figure 4 shows the XRD pattern of the heat-treated samples
at a temperature of 800, 900, 1100 and 1300 �C. The XRD
patterns of heat-treated samples show a few additional peaks
compared to that of as-milled powders, thus indicating the
formation of new phases. These new phases could have formed
at around 500 �C (Fig. 3, a broad exothermic peak at 500 �C).
Rietveld analysis of XRD data was performed for all the
conditions for quantitative analysis using a X�Pert High Score
Plus software. The parameter derived from the XRD analysis of
heat-treated powders is presented in Table 5. The alloy displays
a dynamic change in phase fraction with respect to temperature.
The XRD analysis of samples at higher temperatures reveals
that annealing of the sample results in the formation of two
FCC phases (FCC1 and FCC2) and an HCP phase. The phase
transformation from parent BCC + HCP to FCC1 + FCC2 +

Table 2 Atomic radius, VEC, melting temperature and
mixing enthalpies of atomic pairs present in AlCoTiZn

Element Al Co Ti Zn

Radius, in pm 143.17 125.10 146.15 139.45
VEC 3 9 4 12
Melting temperature, in K 933 1768 1941 692.53
Mixing enthalpies DHmix

i�j , kJ/mol
Co � 19 … … …
Ti � 30 � 28 … …
Zn 1 � 5 � 15 …
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HCP may have taken place at 500 �C as indicated by the
exothermic peak at 500 �C. In detail, the phases present at
intermediate temperatures ( ‡ 500 �C) consist of two Al-Ti-Co-
rich FCC (space group: Fm-3m 225) and Al-Ti-rich HCP
phases (space group: P 63/m m c). One of the FCC phases
(FCC1) has a lattice parameter of approx. 5.80 Å, whereas the
other FCC phase (FCC2) has a lattice parameter of 11.87 Å.
The lattice parameters of the two FCC phases remained
approximately constant at all temperatures. The major change
was observed at 900 �C, where the c/a ratio of the HCP phase
changed drastically from 2.19 to 1.77. A continuous reduction
in c/a ratio of HCP was observed with an increase in
temperature. Also, the phase fraction of the HCP phase
remained nearly constant till 1100 �C. However, a drastic
increase in the weight fraction of HCP (from 18 to 41%) was
observed at 1300 �C.

Figure 5 shows the SEM image of the alloy powders heat-
treated at various temperatures. The distribution of the phases
can be clearly observed. The XRD analysis (Via Rietveld
refinement) suggests that the BCC phase is rich in Co, whereas
the HCP phase is rich in Al and Ti. The phases were indexed as
BCC or HCP based on XRD analysis (Rietveld refinement) and

x-ray spectroscopy (EDS) analysis. The EDS analysis was used
to analyze the composition of each region in the micrograph.
Figure 6 shows the variation of Co and Al at various heat
treatment conditions. The Rietveld analysis (Via Wyckoff
position refinement) of the heat-treated samples revealed that
FCC phase is rich in Al, Co and Ti while HCP is rich in Al and
Ti. It was also found that (Table 4) FCC is the major phase in
the alloy at all intermediate temperatures. Also, two different
phase contrasts are clearly visible in the SEM images of the
alloy (Fig. 5). Based on the EDS analysis, it can be clearly seen
that the dark phase is deficient in Co (and rich in Al) and the
bright phase is rich in Co. The combined EDS and XRD
analysis were used to designate the bright phase as BCC (only
in as-milled and bulk sample) and FCC (heat-treated samples)
and the dark phase as HCP (presence in all the conditions). The
variation of Al and Co content in various phase is already given
in Fig. 6 of the manuscript. The sample was slowly heated to
1400 �C to better understand AlCoTiZn alloy behavior near its
melting point. The microstructural characterization and hard-
ness of the post-melted consolidated bulk sample were studied.
Figure 7 shows the XRD patterns of 30 h as-milled and post-
melted samples of AlCoTiZn.

Fig. 1 (a) X-ray diffraction patterns of AlCoTiZn alloy at different milling times. (b) XRD pattern of 30 h sample with intensity in logarithmic
scale

Table 3 HCP phase calculation

2theta theta Sin (theta) d spacing d2 h k

a c c/a

Percentage deviation

1 2.85 4.28 1.50

l

Calculation factors

Calculated ’d’a c

36.41 0.32 0.31 2.46 6.07 1.00 0.00 0.00 2.85 0.00 2.46 0.00
42.17 0.37 0.36 2.14 4.58 0.00 0.00 2.00 0.00 4.28 2.14 0.00
44.55 0.39 0.38 2.03 4.13 1.00 0.00 1.00 2.35 2.03 2.14 5.15
61.03 0.53 0.51 1.52 2.30 1.00 0.00 2.00 1.75 3.03 1.62 6.57
64.81 0.57 0.54 1.44 2.06 1.00 1.00 0.00 2.87 0.00 1.42 � 0.97
73.21 0.64 0.60 1.29 1.67 1.00 0.00 3.00 1.49 3.87 1.23 � 4.37
80.01 0.70 0.64 1.20 1.43 1.00 1.00 2.00 2.40 2.40 1.18 � 1.07
80.01 0.70 0.64 1.20 1.43 1.00 1.00 2.00 2.40 2.40 1.18 � 1.07
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The XRD pattern obtained from the post-melted sample at
1400 �C was like the XRD pattern of the as-milled sample. The
XRD peaks of post-melted were sharp in contrast to the peaks of
as-milled samples. Again, the XRD analysis of the post-melted
sample suggests that it contains two phases. One of the phases
was identified as BCC (Pm-3 m 221), and the other phase was
identified as the HCP phase, like as-milled 30 h powder. The

Fig. 2 SEM (BSE) and elemental mapping image of 30 h milled AlCoTiZn alloy powder. The yellow arrows point to Al deficient areas (Color
figure online)

Fig. 3 DSC of 30 h mechanically alloyed AlCoTiZn powder

Table 4 Chemical composition (at.%) of as-milled and
annealed AlCoTiZn powder

Elements\conditions %Al %Co %Ti %Zn

As-milled 15.51 31.95 24.49 28.05
At T = 800 �C 20.97 40.31 37.14 01.59
At T = 900 �C 20.87 40.39 38.43 <0.5
At T = 1100 �C 20.66 40.88 38.45 <0.5
At T = 1300 �C 20.55 40.86 38.58 <0.5
At T = 1400 �C 17.79 55.72 26.25 <0.5
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lattice parameters of the HCP structure are 2.85 and 4.28 Å,
respectively, with an axial ratio of 1.50 (close to the axial ratio of
the HCP structure (1.63)). The BCC phase has a lattice parameter
of 2.86 Å. The BSE image and the corresponding elemental
mapping of the post-melted sample are shown in Fig. 8. The two
distinct phases are visible in the image with different composi-
tions. One of the phases (identified as BCC) is rich in Co, and the
other phase (HCP) is rich in Ti. Again, both EDAX and XRD
(Rietveld analysis) were used to index the phases. No traces of Zn
were visible in SEM analysis of the post-melted samples.

The post-melted AlCoTiZn sample had a hardness of 1005 ±
50 HV. The presence of intermetallic phases and HCP structure
could be the reason for such extraordinary hardness and brittleness.

4. Discussion

The present study aims at developing a novel HCP-based
HEA and studying the phase stability of the same. However, the
apparent difficulty in designing an HCP-based HEA is the lack
of sufficient data, which results in a poor understanding of
phase formation and stability criteria. Nonetheless, the
AlCoTiZn alloy composition was designed in this study. The
thermodynamic parameters of the alloy are given in Table 1 and
2. The DSmix of the alloy is 11.56 J mol�1 K�1. Although the
alloy does not satisfy the component-based definition of HEA,
it can be classified as HEA through entropy-based definition.
The enthalpy of mixing of the alloy (DHmix) is -24 kJ mol�1.
Such a high negative value of DHmix often promotes inter-
metallic phases in a HEA. Also, the DHmix of most element
combinations/pairs (Table 2) is highly negative, suggesting a
high possibility of forming multiple binary intermetallics. It has
been previously reported that a high value of X ( ‡ 1.1) and a
small value of d �6:6%ð Þ promote the formation of high-
entropy stabilized solid solution phase (Ref 23). The X of the
alloy considered in this study is 0.64, which is significantly less
than 1.1. The VEC of the alloy is 7. The VEC rule suggests that
the alloy should be dual-phase FCC–BCC. Surprisingly, the
alloy is a simple dual-phase HCP–BCC as opposed to multiple
complex intermetallic phases. The VEC rule is one of the most
accepted criteria for phase prediction in HEAs. However, many
exceptions to the VEC rule have already been reported (Ref
37). Also, the absence of multiple complex intermetallic phases
(expected due to high negative values of DHmix) implies that
entropy was able to stabilize simple solid solution phase even
with low X. The above observations suggest that the current
conventions/rules for HCP-based high entropy are insufficient
for phase prediction and stability and warrant further investi-
gation.

Table 5 XRD analysis of heat-treated powders

Sr. No. Temperature Phase
Lattice parameter, Å

Weight fraction, %

1 As-milled BCC (BCC1) a = 2.87 42
HCP a = 2.85 c = 4.28 58

c/a = 1.50
2 800 �C FCC (FCC1) a = 5.80 52

FCC (FCC2) a = 11.87 28
HCP a = 2.67 c = 5.84 20

c/a = 2.19
3 900 �C FCC (FCC1) a = 5.81 50

FCC (FCC2) a = 11.87 30
HCP a = 2.67 c = 4.56 20

c/a = 1.77
4 1100 �C FCC (FCC1) a = 5.80 46

FCC (FCC2) a = 11.84 35
HCP a = 2.83 c = 4.55 19

c/a = 1.61
5 1300 �C FCC (FCC1) a = 5.84 34

FCC (FCC2) a = 11.88 25
HCP a = 2.88 c = 4.60 41

c/a = 1.60
6 1400 �C BCC (BCC1) a = 2.86 55

HCP a = 2.92 c = 4.66 45
c/a = 1.59

Fig. 4 X-ray diffraction patterns of as-milled and heat-treated (800,
900, 1100 and 1300 �C) AlCoTiZn alloy
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In this work, mechanical alloying was preferred over
melting and solidification (such as vacuum arc melting
(VAM)) due to the presence of Zn in the system which
evaporates at around 900 �C (Ref 40), thus making it
unsuitable to be synthesized by VAM. The XRD analysis and
DSC analysis (Table 5) suggest that BCC to FCC (FCC1 +
FCC2) may have occurred at 500 �C. The thermal stability
study reveals the metastable nature of the 30 h mechanical
alloyed powder. Evaporation of Zn started at 700 �C and
completed nearly at 800 �C. EDS analyses (Table 4) of the
heat-treated sample (800 �C) also show only traces of Zn (less
than 0.5%). The XRD analysis of the 30 h MAed samples
shows no trace of any individual element (Fig. 1). One of the
hypotheses during the design of this alloy was that the Zn
melting/evaporation could be avoided with alloying, and as Zn
forms of the solid solution, individual property of the Zn (such
as melting point) would have no significance. However, the

current result suggests that the volatile element, such as Zn,
may evaporate from the alloy. This raises a conceptual
conundrum regarding such alloys to be defined as high-entropy
alloys. Clearly, as the Zn has evaporated out of the system at
higher temperatures, the alloy now only has 3 elements. The
three-component alloys cannot be defined as HEA by any of the
definitions. However, such questions are tricky to answer. A
similar dilemma is experienced when the HEAs contain binary
complex intermetallic phases such as NiAl, TiAl. Such phases
should not be considered as HEA as they are based on two
components only. However, many studies have considered such
alloys (containing binary intermetallic phases) as high-entropy
alloys. Such classification is derived from the assumption that
the alloy has a single value of entropy (configurational
entropy). However, the entropy can change with temperature.
Also, complete solubility of all the alloying elements across all
the composition range and temperature is seldom observed. In

Fig. 5 SEM micrograph of individual powder particles heat-treated at (a) 800 �C, (b) 900 �C, (c) 1100 �C and (d) 1300 �C

Fig. 6 Variation of Co and Al at various heat treatment temperatures
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reality, the chemical partition between the parent and product
phases at first-order transformation is common for most HEAs.
In our view, it would be better to call such alloys multiprincipal
element alloys (MPEAs) as compared to HEAs.

However, a constant decrease in c/a ratio of the HCP phase
was observed up to the alloy’s melting point (Table 5). The
change in c/a ratio is drastic (decreases from 2.19 to 1.61) in the

range of 800-1100 �C followed by gradual/very minute (1.61 to
1.59) change after 1100 �C. This suggests that the change in c/a
ratio of HCP phase may be caused by the evaporation of the
residual Zn that might be present in the system till 1100 �C.
The lattice parameter of the two FCC phases remained
practically constant across the temperature range. However, a
different trend is observed in the change of the wt.% of the
phases. The wt.% of the FCC and HCP phases remained nearly
constant in the temperature range of 800-1100 �C only to cause
significant change at 1300 �C (Table 5). The change is again
observed post-melting. The above observation suggests that
phase formation and stability in this alloy are not sensitive to
Zn content and depend strongly on temperature. This is also
substantiated by the fact that phases formed in as-milled
(containing Zn) and post-melt (without Zn) are almost the same
(Fig. 7). The only difference is the c/a ratio of the HCP phase,
which was 1.81 in as-milled sample compared to 1.59 in post-
melted samples. Again, the difference in c/a ratio might be due
to the absence of zinc in the post-melted sample.

The post-melted samples contain a Co-rich BCC and a Ti-
rich HCP phase. The wt. fraction of the BCC and HCP phases
was found to be 55 and 45%, respectively. The presence of a
dual-phase BCC–HCP structure resulted in an extraordinary
hardness of 1005 ± 50 HV with density around 5.47 g cm�3.
Such a high harness is expected to impart a brittle nature in the
alloy. The brittle nature of the alloy is evident from the cracks
generated during the hardness testing of the alloy. For the
comparison, the hardness of the current system is compared
with that of other reported HEA systems with density lesser
than 7 g cm�3. Table 6 shows the density, hardness and density
ratio of various HEAs. It is evident that AlCoTiZn alloy shows

Fig. 7 X-ray pattern of as 30 h as-milled powder and a consoli-
dated bulk sample of AlCoTiZn

Fig. 8 SEM (BSE) image of post-melted AlCoTiZn alloy
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better relative hardness than many other HEAs. The hardness-
to-weight ratio of lightweight HCP (Al20Li20Mg10Sc20Ti30)
HEA is slightly better than the AlCoTiZn system. In conclu-
sion, mechanical alloying and thermal stability studies clearly
show that AlCoTiZn alloy has a two-phase microstructure with
excellent hardness-to-weight ratio.

5. Conclusions

A novel AlCoTiZn high-entropy alloy was synthesized by
high-energy ball milling followed by sintering. Green compacts
of 30 h mechanically alloyed powders were heat-treated at
different temperatures up to its melting point to study the phase
stability and microstructural evolution. The mechanically
alloyed 30 h powder and bulk samples (post-melted) have a
dual-phase HCP–BCC structure. The melting point of AlCo-
TiZn alloy was found to be 1333 �C. Phase evolution, DSC
analysis and thermal stability study indicate evaporation of Zn
and phase transformation at intermediate temperature. The
intermediate phases consist of two FCC phases and an HCP
phase. The phase analysis in this study suggests that
temperature is the primary factor for phase transformation,
whereas the Zn plays a vital role in determining the c/a ratio
of the HCP phase. The evaporation of Zn from the system
causes a reduction in the c/a ratio of HCP phase, while
turning high-entropy combination to medium-entropy com-
bination. The evaporation of Zn even after forming part of
the solid solution calls for caution regarding the design of
HEAs using volatile elements such as Zn through mechanical
alloying route, especially for high-temperature applications.
Nevertheless, the stability and mechanical properties of
AlCoTiZn HEA may be further enhanced by replacing Zn
with another suitable element.
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