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Abstract An equiatomic MgAIlSiCrFe high-entropy alloy
was synthesized by mechanical alloying. The alloying
behavior, phase evolution, phase composition and thermal
stability of as-milled nanostructured powders of HEA were
ascertained through X-ray diffraction and transmission
electron microscopy, scanning electron microscopy and
differential scanning calorimetry (DSC), respectively. The
milling of elemental powders for 60 h led to the formation
of HEA with a major BCC phase having lattice parameter
of 0.2887 £ 0.005 nm very close to that of the a-Fe and a
minor fraction of undissolved Si. The nanocrystalline HEA
powder formed during milling has crystallite size of
19 £ 0.8 nm. The STEM-EDS mapping of these milled
powders confirms the homogenous elemental distribution
after 60 h of mechanical alloying. The DSC thermogram of
60 h milled HEA powder shows the thermal stability of
milled powder up to ~ 400 °C. The exothermic heating
events observed in the DSC thermogram correspond to
phase transformation of MgAlSiCrFe HEA powder, and it
may be correlated with the phases observed through the ex
situ XRD of HEA powders annealed at different tempera-
tures up to 700 °C. After annealing the 60 h milled pow-
der, various phases along with parent BCC phase have
evolved, i.e., B2 type Al-Fe phase, FCC phases (AlI-Mg
solid solution), CrsSi;, Mg,Si, Al3Fes. Further, the
experimental findings were correlated with various ther-
modynamic parameters for understanding the phase evo-
lution and stability.
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1 Introduction

The upsurge in the demand for materials with high
strength-to-weight ratio has led to design and development
of many new classes of materials. The conventionally used
alloys for engineering applications are mostly based on a
single element with minor addition of other elements to
enhance its mechanical and functional properties [1]. In the
last three decades, considerable efforts were made by
researchers toward development of high-strength materials.
This led to the discovery of quasicrystals [2], bulk metallic
glasses [3] and high-entropy alloys [4, 5]. Among the
various new classes of materials developed, the high-en-
tropy alloys (HEAs) are a relatively new category of alloys
based on highly concentrated multicomponent elements.
High-entropy alloys are defined as multicomponent alloys
with five or more elements having a concentration between
5 and 35 at.% [6-10]. They can form a solid solution,
intermetallics or bulk metallic glasses depending on com-
position and processing routes selected [9, 11, 12]. As per
the recent review published on HEAs, Steurer has reported
the existence of only 80 single-phase high-entropy alloys
till date [13]. However, during the last decade, HEAs have
become a part of immense research owing to their excellent
structural properties like hardness, strength, ductility as
well as functional properties like magnetic and electrical
[1]. Most of the high-entropy alloys so far studied consist
of transition elements like Cr, Fe, Co, Ni and non-transi-
tion elements with atomic size and electronegativity close
to them [14-21]. Although the HEAs containing transition
metals with or without addition of Al have high strength,
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the density of such alloys is more than 7.0 g cm ™" [22-25].
A few of the recent literature on HEAs have described the
concept of low-density high-entropy alloys (LDHEA),
having density < 5.0 g cm™> [26-32]. However, there is
very limited literature on low-density high-entropy alloys
exhibiting less density compared to the transition met-
als based HEAs. There have been also very few studies on
low-density high-entropy alloys (LDHEASs) comprising of
non-transition metals elements like Mg and Si. Youssef
et al. [27] showed the formation of complete FCC phase
after 16 h of MA in AlyoLisgMg,0Sc,0Tisg. Chen et al. [33]
studied BeCoMgTi and BeCoMgTiZn HEAs synthesized
by MA and demonstrated the amorphization of HCP ele-
ments. Kai et al. [34] developed AlyoBeyoFe,oSizgTizs by
casting route having density of 3.91 g cm™>. There are
several well-established existing methods for synthesis of
HEAs, e.g., casting, but in the present investigation, we
have chosen the mechanical alloying technique because it
is a relatively easier method to synthesize alloys from the
constituent elemental metal powders [35]. Also, unlike
casting route, segregations and inhomogeneity of structure
can be avoided in mechanical alloying route [1] and most
of the cases lead to the formation of single solid solution
phase.

In the present investigation, efforts were made to study
the alloying behavior of low-density HEAs by incorporat-
ing elements like Mg and Si (having HCP and diamond
cubic crystal structure respectively) with Al (FCC), Cr
(BCC) and Fe (BCC) elements and processing through
mechanical alloying route. The mechanical alloying is the
most preferred technique for synthesis of MgAISiCrFe
HEA, as to negate the phase separation tendency arising
from the positive enthalpy of mixing among the binary
alloys. Further efforts were also made to establish the
thermal stability of MgAlSiCrFe HEAs up to an elevated
temperature of 700 °C. The effect of Mg and Si on possible
solid solution formation has been discussed in accordance
with the various thermodynamic and fundamental
properties.

2 Experimental Details

The elemental powders of Mg, Al, Si, Cr and Fe (pu-
rity > 99%; powder particle size < 75 pum) having nomi-
nal COIl’lpOSitiOIl of MgzoAlzosi2ocr20Fez() (at.%) were
mechanically alloyed through high-energy ball milling.
The mechanical alloying was carried out in a planetary ball
mill (make: Retsch, Germany; model: PM 400/2) with a
milling speed of 200 r.p.m. and ball-to-powder ratio of
10:1. The elemental powders were taken in a 250 ml
tungsten carbide (WC) vials with 10 mm WC balls having
toluene as a process control reagent. The milling was
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continued up to 60 h, and samples were drawn after every
10 h. The milling was intermittently stopped for 15 min
after every 30 min of operation to avoid any excessive rise
in the temperature during milling. The details of the milling
operation and procedure are described elsewhere [36-39].

The phase evolution of MgAlSiCrFe HEA was ascer-
tained through X-ray diffractometer [make: Rigaku, Japan;
model: MiniFlex, 600 W Benchtop XRD; source: Cu-K,
(4 =0.15402 nm)] operating at 40 kV/20 mA with a
scanning speed of 10°/min. The morphology, microstruc-
ture and elemental distribution of milled powders were
established through scanning electron microscope (make:
FEI; model: Quanta 200F) operating at 30 kV and equip-
ped with energy-dispersive X-ray spectroscopy (EDS)
detector. The fine microstructural features and nanostruc-
tured nature of 60 h milled powder were discerned through
transmission electron microscopy (make: FEI; model:
TECNAI G*T20) operating at 200 kV. Further, the STEM—
EDS mapping of 60 h milled powder was used for
observing the compositional homogeneity in the LDHEA
sample.

The thermal stability of 60 h milled powders was
evaluated through differential scanning calorimeter (make:
NETZSCH, Germany; model: DSC 404F3 Pegasus) at a
heating rate of 40 k/min up to 800 °C in a nitrogen
atmosphere. The heating events observed through the DSC
have been correlated with the phases observed in ex-situ
XRD of annealed powders at elevated temperatures. The
60 h milled samples were vacuum sealed in a quartz tube
back filled with argon gas. The milled samples were
annealed from 400 to 700 °C with an interval of 100 °C.
The samples were annealed with a heating rate of 5 °C/min
and held at desired temperature for 60 min, followed by
furnace cooling.

3 Results

Figure 1 shows the phase evolution during mechanical
alloying of MgAlSiCrFe HEA powders milled up to 60 h.
The diffraction peaks corresponding to all the alloying
elements in MgAISiCrFe HEA are observed in the
mechanically milled powder for 1 h. The variation in the
intensity of alloying elements may be attributed to differ-
ence in the atomic scattering factor of the elements. Con-
tinuous milling till 10 h leads to the disappearance of lower
melting point elements, i.e., Mg and Al. Due to the 10 h
milling, all the diffraction peaks of Mg disappear along
with the minor peaks of Al still visible. The milling of
these powders till 20 h lead to the complete disappearance
of the diffraction peaks corresponding to that of Al
However, all the intese and weak diffraction peaks cor-
responding to Si are still evident. Further increasing the
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Fig. 1 Phase evolution during mechanical alloying of MgAIlSiCrFe
high-entropy alloy milled up to 60 h

milling duration up to 30 h leads to the formation of a
major BCC phase solid solution with a minor phase frac-
tion corresponding to that of the Si. (Only major reflection
was observed). The major BCC phase in Fig. 1 shows all
the intese reflections corresponding to that of the BCC,
i.e.,, (110), (200), (211), (220) and (310). Although the
major BCC type phase is observed as early as 30 h of
milling without any asymmetric peak [associated with
(110) peak of BCC phase], the milling is continued till 60 h
for incorporation of minor fraction of retained Si into the
solid solution. After 60 h of milling, the phase fraction of
retained Si decreases as revealed from the reduced inten-
sity of the reflections of Si i.e., (111), (220). It is observed
that the milling induces significant broadening of the
diffraction peaks corresponding to BCC type phase. The
broadening of the peaks may be attributed to nanostruc-
turing and lattice strain induced during milling up to 60 h.
The crystallite size of 60 h mechanically alloyed powder is
calculated by Williamson—Hall method [40]. The crystal-
lite size of the MgAlSiCrFe HEA powder is ~ 19 £ 0.8
nm, and it confirms the nanocrystalline nature of the
mechanically alloyed MgAISiCrFe high-entropy alloy
powder. The precision lattice parameter of BCC phase is
found to be 0.2887 £ 0.005 nm. Its value is found to be

closer to BCC-Fe (0.2866 nm) which appears to act as a
host lattice for other alloying elements.

The structure and fine microstructural features are
identified through TEM micrographs shown in Fig. 2. The
bright-field image, selected area diffraction pattern (SADP)
and corresponding dark-field image of MgAIlSiCrFe HEA

Fig. 2 TEM micrograph showing a bright-field image, b selected
area diffraction pattern and ¢ dark-field image of MgAISiCrFe HEA
powder milled for 60 h
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powder are shown in Fig. 2a—c, respectively. The bright-
field image (Fig. 2a) shows the presence of dark patches
throughout the powder particle investigated. The nanos-
tructured grains of < 20 nm are also seen in the MgAl-
SiCrFe HEA powder particles. The dark patches observed
in the bright-field images are due to the presence of strain
accumulated during mechanical alloying for 60 h of the
HEA powder particles. This observation is in line with the
XRD pattern of 60 h milled HEA powder showing con-
siderable broadening. The polycrystalline ring pattern
shown in Fig. 2b have rings [i.e., (110), (200), (211)]
corresponding to the BCC solid solution phase. However,
the particle investigated does not show the minor fraction
of retained Si. The polycrystalline nature of the SADP is
due to the random orientation of the powder particles
milled up to 60 h in a high-energy planetary ball mill. The
nanocrystalline nature of the MgAISiCrFe HEA powder is
evident from Fig. 2c. The dark-field image corresponding
to the (110) plane of the HEA powder shows the presence
of nanostructured grains having a size of ~ 15 + 4 nm.
The grain size observed through TEM investigation is very
close to that of the crystallite size observed through XRD
results shown in Fig. 1.

The elemental distribution of alloying elements in the
MgAISiCrFe HEA powder is studied through STEM-EDS
elemental mapping. The STEM-EDS elemental mapping
shows the homogenous distribution of all the alloying
elements, i.e., Mg, Al, Si, Cr and Fe in HEA powder
mechanically milled for 60 h. The absence of any signature
of major heterogeneity confirms the incorporation of
alloying elements into the BCC host lattice observed
through XRD and TEM in Figs. 1 and 2, respectively.
However, slight variation in the intensity of Cr may be
discerned through the STEM-EDS map of MgAlSiCrFe
HEA powder (Fig. 3). This may be attributed to the repe-
ated fracturing and cold welding leading to the formation
of HEA powder particles with variable size, shape and
thickness. These parameters influence the interaction of the
electron beam with the milled powder particles and the
generation of X-ray signals leading to localized variation in
the intensity during STEM-EDS mapping.

The SEM micrograph in Fig. 4a—c shows morphology of
HEA powder particles mechanically alloyed for 20 h, 40 h
and 60 h, respectively. It may be seen from Fig. 4 that
milled particles are irregular in shape as well as size. From
the BSE-SEM micrograph in Fig. 4a, two distinct type of
color contrast may be observed, i.e., light gray and dark
gray. However, on increasing the duration of milling, only
light gray contrast may be observed (Fig. 4b, c) due to the
homogenous distribution of elements and formation of a
major single BCC phase solid solution already observed
through XRD and TEM. The SEM micrograph of 60 h
milled HEA powder also shows the presence of river-like

@ Springer

pattern. This river-like pattern may be attributed to the
cleavage fracture of powder particles due to repetitive
fracturing and cold welding occurring during mechanical
alloying/milling. The elemental composition of 60 h milled
HEA powder particle is ascertained through SEM-EDS
analysis and is reported in Table 1. The elemental com-
position obtained through SEM-EDS analysis is very close
to that of the nominal chemical composition. This confirms
the homogenous distribution of every elements at
micrometer length scale.

The thermal stability of MgAISiCrFe HEA powder has
been established through differential scanning calorimetry
by heating it up to 800 °C (1073 K) at scan rate of 40 K/
min. The DSC thermogram shown in Fig. 5 represents four
(04) exothermic heating events marked as T1, T2, T3 and
T4 occurring at a temperature of 439 °C (712 K), 549 °C
(822 K), 659 °C (932 K) and 734 °C (1007 K) respec-
tively, and is seen to be stable up to 439 °C (712 K). The
heating events correspond to the phase transformation
taking place during heating of HEA powder particles. The
phase evolution corresponding to the heating events can be
ascertained through ex situ XRD of the annealed HEA
powder treated up to 700 °C (973 K). Figure 6 shows the
phase evolution during annealing of HEA powder particles
at room temperature: 300 °C (573 K), 400 °C (673 K),
500 °C (773 K), 600 °C (873 K) and 700 °C (973 K). The
60 h milled powder particle at room temperature has a
major BCC phase solid solution with a minor fraction of
the retained Si. The MgAlSiCrFe HEA powder particle is
thermally stable up to 300 °C (573 K) as discerned from
Fig. 6a. There may be some difference in the results
obtained for thermal stability for milled powder particles
through non-isothermal heating in DSC and isothermal
annealing treatment. There are no additional phases formed
apart from diffraction peaks corresponding to a major BCC
phase (parent phase) and minor Si phase. On annealing the
powder at 400 °C (673 K) along with the parent phase and
minor Si phase, additional peaks corresponding to the
partially ordered B2-type AlFe phase (cP2; a=b =c =
0.2889 nm; o = f =y =90°) and Mg,Si phase (cF12;
a=b=c¢=06343 nm; o= =17y=90° appear. On
further annealing, the powder at 500 °C (773 K), minor
fraction of Al-Mg solid solution phase (cF4; a =b = c =
0.4082 nm; o = f = y = 90°) designated as FCC1 may be
seen in addition to the phases observed and seen at 400 °C
(673 K). The shallow exothermic heating event at T1 as
shown in Fig. 5 may be attributed to the formation of FCC1
phase. The minor fraction of Si is evident only up to
500 °C (773 K); however, the (111) and (220) reflection of
Si disappears after annealing the sample at 600 °C (873 K).
At 600 °C (873 K), minor fraction corresponding to the
Alj3Fey phase (mC102; a = 1.549 nm, b = 0.808 nm,
c=1248 nm; o= =90° 1y =107.72°) appears as
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Fig. 3 STEM-EDS mapping of equiatomic MgAISiCrFe high-entropy alloy mechanically alloyed for 60 h showing homogenous elemental

distribution

observed in Fig. 6a, b along with parent BCC phase, B2-
type AlFe phase, Mg,Si phase and FCC1 phase. The
exothermic heating event at T2 may be attributed to the
formation of Al ;Fe; phase. On further increasing the
annealing temperature to 700 °C (973 K), the FCC1 phase
transforms to another Al-Mg solid solution phase (cF4;
a=b=c=04215nm; o= =y =90°) designated as
FCC2 having slightly different cell parameter from that of
the FCC1 phase. Along with the parent phase, B2-type
AlFe phase, Al;3Fe; phase, Mg,Si phase, FCC2 phase
and additional peaks corresponding to CrsSi; phase (tI32;
a = b=0.917 nm, ¢ = 0.463 10\; o= =7y=90° are also
observed (Fig. 6). The exothermic heating event at T3 may
be attributed due to transformation of FCC2 phase and
formation of CrsSi; phase. Due to our experimental limi-
tation, we are only able to systematically anneal the
LDHEA powder up to 700 °C and study the phases
evolved. However, the exothermic peak at T4 may be
speculated to phase transformation of FCC2 (Al-Mg solid
solution) phase to B-AlsMg, phase (cF1168; a =b = ¢ =
2.824 nm; o= f =y =90°). The detailed analysis on
high-temperature phase transformation of this LDHEA
along with spark plasma sintering results will be published
elsewhere.

4 Discussion

The phase evolution during mechanical alloying may be
explained based on the various thermodynamic parameters
related to MgAISiCrFe high-entropy alloy. In order to
explain the phase formation, three parameters namely
enthalpy of mixing, the entropy of mixing and the atomic
size difference have been calculated. The enthalpy of
mixing of the five components MgAISiCrFe HEA as cal-
culated by regular solution model [41] has been found to be
15.84 kJ/mol. The enthalpy of mixing have been calculated
by Miedema model for the proposed binary systems [42]
and are mentioned in Table 2. The entropy of mixing by
Boltzmann hypothesis formula mentioned in Yang et al.
[41] was found to be 13.38 J/mol/k. The atomic size dif-
ference parameter ‘¢’ introduced by Yang and Zhang [41]
was found to be around ~ 12% (Table 3). According to
prediction rule for the formation of solid solutions for
multicomponent alloys, the proposed values of the enthalpy
of mixing and the entropy of mixing should lie in the
interval of — 22 to 7 kJ/mol and 11 to 19.5 J/mol/k
respectively. The atomic size difference should be < 8.5%
[43]. Hence, the alloy system selected in our work is in
good agreement with mixing enthalpy and mixing entropy.
However, the deviation has been noticed in the third
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Fig. 4 SEM micrograph showing morphology and alloying of elements in MgAlSiCrFe HEA powder. a Mechanically alloyed for 20 h;

b mechanically alloyed for 40 h and ¢ mechanically alloyed for 60 h

Table 1 Elemental composition of MgAlSiCrFe HEA powder milled for 60 h

Sample designation of MgAISiCrFe HEA powder Milling duration (in h) Elemental composition (at.%)

Mg Al Si Cr Fe
Desired composition 0 20 20 20 20 20
Final composition 60 20.39 £ 0.8 22.05 £ 1.2 1920+ 09 19.05 £ 1.0 19.28 +£ 0.9

parameter i.e., atomic radius mismatch ‘0’ which must
be < 8.5%. Yang and Zhang [41] proposed another
parameter ‘Q)” to predict the solid solution formation in
HEAs. The valence electron concentration (VEC) was also
described by Guo and Liu [43] to predict the structure. The
Q parameter and VEC have been calculated and found to
be 3.18 and 4.6 respectively. They appear to be favourable
for the formation of solid solution phases. The ‘Q’

@ Springer

represents the ratio between the entropy and enthalpy of the
system. The calculated thermodynamic parameter is men-
tioned in Table 3. MgAIlSiCrFe HEA system having Q > 1
and VEC < 6.87 is in line with the criteria described for
the formation of BCC phase.

The sequence of phase evolution during mechanical
alloying of MgAIlSiCrFe high-entropy alloy powder may be
summarized as follows:
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Pre-mixed powders of Mg + Al + Si + Cr + Fe (0 h)

lh = Mg+ Al+ Si+ Cr + Fe

10 h = Mg (disappear) + Al (minor peak
disappears) + Si + Cr + Fe

20 h = Al (disappear) + Si + BCC phase + Cr ((110)
asymmetric peak with BCC)

30 h = Si (minor peak disappear) + BCC phase

40 h = BCC phase (broadening) + Si (minor fraction)

50 h = BCC phase (broadening) + Si (minor fraction)

60 h = BCC phase (broadening) + Si (minor fraction; only (111)

and (220) peaks remaining)

The disappearance of diffraction peaks can be seen as
the beginning of solid solution formation. Chen et al. [44]
showed the relationship between the alloying rate and
melting point of alloying elements in HEA. The high
melting point elements necessarily have higher bonding
strength between the atoms. Peaks corresponding to high

Fig. 6 aPhase evolution during
annealing of 60-h milled
MgAISiCrFe HEA powder up to
700 °C (973 K) and b blown-up
image for (110) peak of BCC
phase showing evolution of
other phases
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Table 2 Chemical enthalpy of mixing (AHT™, kJ/mol) of atomic pairs for MgAlSiCrFe high-entropy alloy, following the Miedema’s approach

[72]

Elements Mg Al Si Cr Fe
Mg - -2 — 26 24 18
Al -2 - -2 - 10 - 11
Si — 26 -2 - - 37 - 35
Cr 24 - 10 - 37 - -1
Fe 18 - 11 - 35 -1 -
Table 3 Calculated thermodynamic and physical parameter of MgAlSiCrFe HEA

AHyix (kJ/mol) AScont (3 K™'/mol) Tm (K) Q d (%) VEC
— 15.84 13.38 1497 3.18 12 4.6

elting point elements i.e., Cr and Fe have maintained their
identity; the lattice parameter suggests that Fe appears to
be acting as host lattice to accommodate other alloying
elements Mg, Al, Si and Cr.

Based on the experimental results, it is concluded that
60 h milling of MgAIlSiCrFe HEA leads to the formation of
a major BCC solid solution phase coexisting with minor
amount of retained Si. The order in which the phases
evolve mostly depends on the physical parameters of the
constituent elements of equiatomic HEA given in Table 4.
In principle melting point, atomic radii and self-diffusion
coefficients are some of the decisive factors for sequence of
phase evolution. Higher melting point elements have
higher bond strength and stability in comparison with the
elements with a low melting point and therefore, there is a
probability of it to act as a host lattice for HEA. The self-
diffusion coefficient also plays an important role in
deciding the sequence of phase evolution. All the above
factors dictate the sequence of phase evolution during the
mechanical alloying of MgAlISiCrFe HEA. Cr has highest
melting point among all the other elements used. Similarly,
Mg possesses the highest self-diffusion coefficient and Si
the lowest among all the elements used. Shivam et al.

[14-16] have shown the role played by melting point of
individual elements for their special affinity to form host
lattice during the systematic investigation of phase evolu-
tion in AlCoCrFeMnNi, AICoCrFeNi and AlICoCrFeNi-
Ti HEA. The sequence is highly dependent on the bond
strength of the elements used in the HEA. They have also
reported the presence of minor phases of Mn along with the
Fe and Cr as host lattice after completion of milling.
Similar to the present case, Maulik et al. [45] have also
shown the presence of two BCC phases with the increase in
mole fraction of Mg in MgyAlCrFeCu (X = 1.0, 1.7).
Maulik et al. [45] have justified the sequence of phase
evolution on the basis of bond strength and a function of
melting point, atomic radii and self-diffusion coefficient.
The sequence followed by the self-diffusion coefficient
(D) is mentioned in Table 4. In spite of having lower
melting point than Fe and Cr, Si is able to maintain its
identity even after 60 h of MA due to its extremely lower
diffusion coefficient, being one of the important
parameters.

The MgAISiCrFe HEA powder has been found to be
thermally stable up to 439 °C (712 K). The sequence of
phase evolution during annealing of the HEA is as follows:

Table 4 Physical parameter of constituent elements in MgAISiCrFe HEA

Element Mg Al Si Cr Fe

Atomic radius (1&) 1.62 1.438 1.18 1.249 1.241
Crystal structure HCP FCC DC BCC BCC
Melting point (°C) 650 660 1410 1863 1538
Self-diffusion coefficient 1071 1071 10-62 1074 1073
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Major phases Minor phases

R.T = BCC (Fe-based) Si

300 °C = BCC (Fe-based) Si

400 °C = BCC (Fe-based) B2-AlFe 4+ Mg,Si + Si

500 °C = BCC (Fe-based) + B2- FCC1 + Mg,Si + Si
AlFe

600 °C = BCC (Fe-based) + B2- FCC1 + Mg,Si + AlsFey
AlFe

700 °C = BCC (Fe-based) + B2-
AlFe + A113FC4

FCC2 + Mg,Si + CrsSis

Due to the negative enthalpy of mixing between binary
elements such as Al-Fe (— 11 kl/mol), Cr-Si
(— 37 kJ/mol), Mg-Si (— 26 kJ/mol), Al-Mg
(— 2 kJ/mol), the formation of compounds between these
elements is thermodynamically more favorable. The large
atomic size difference between elements lead to the solid
solution plus intermetallic microstructure in annealed
MgAISiCrFe sample. Though milled MgAlISiCrFe HEA
powder contains BCC phase along with some minor
amount of undissolved Si, after annealing, some volume
fraction of BCC phase is transformed to partially ordered
BCC phase (B2 type) and other complex phases have also
evolved. It is because, supersaturating solid solution of all
the elements in the single BCC phase after mechanical
alloying, lead to the formation of complex phase while
annealing [44]. Maullik et al. [45, 46] have reported the
thermal stability of MgyAlCrFeCu (X = 0, 0.5, 1.0, 1.7) up
to 500 °C (773 K). They have further reported the forma-
tion of B2-type AlFe phase along with minor fraction
corresponding to disordered BCC, Cu,Mg, Mg,Cu for
MgxAlICrFeCu (X = 1.0, 1.7) phases in the spark plasma
sintered [at 800 °C (1073 K)] sample. Similarly, in an
investigation, Li et al. [47] have reported the formation of a
major HCP-based phase along with the formation of minor
fraction corresponding to Al-Mn icosahedral quasicrys-
talline phase in Mg, (MnAlZnCu);go_, (X = 20, 33, 43,
45.6, 50 at.%) HEAs. They have further reported their
stability up to 600 °C (873 K). In the present investigation
also, major phases pertaining to B2-type AlFe, disordered
BCC and Al 3Fe4 phase are observed. Our understanding
on the phase evolution and thermal stability of MgAl-
SiCrFe low-density HEA will definitely help toward the
design and development of lightweight material for trans-
portation industry.

5 Conclusions

In the present work, efforts were made to study the alloying
behavior and thermal stability of MgAISiCrFe low-density
high-entropy alloy through mechanical alloying. The fol-
lowing conclusions can be drawn:

e A nanocrystalline equiatomic MgAISiCrFe high-en-
tropy alloy having a major solid solution phase
coexisting with minor amount of undissolved Si was
synthesized after mechanical alloying for 60 h. The
disordered BCC phase solid solution having a lattice
parameter close to that of o-Fe
(a = 0.2887 4+ 0.005 nm) was confirmed. The minor
fraction of retained Si could not be dissolved com-
pletely like other elements into BCC phase even after
60 h of milling.

e The nanocrystalline nature of 60 h milled MgAlSiCrFe
LDHEA powder was corroborated through TEM con-
firming the formation of BCC phase having a size
of ~ 19 nm. The STEM-EDS mapping establishes the
homogenous distribution of alloying elements in the
milled powder particles.

e The 60 h milled LDHEA powder was found to be
thermally stable up to a temperature of 400 °C. The
phase transformation above 400 °C has been observed.
At 700 °C, the annealing treatment has led to the
formation of a major BCC phase and B2-type AlFe
phase with a few minor phases, i.e., FCC phases (Al—
Mg solid solution), CrsSis, Mg,Si, Al,sFe,.

e The ratio of — TAS/AH is ~ 3.2, which is in the range
of solid solution forming HEAs as reported in the
literature. The VEC value of 4.6 for this alloy indicates
the possibility of formation of a single BCC phase.
While deviation of atomic size mismatch factor
(~ 12%) may be held responsible for giving rise to a
variety of phases after annealing treatment of milled
alloyed powder of a nearly single solid solution phase.
The high positive enthalpy of mixing among binary
Mg—Cr, Mg-Fe and high negative enthalpy of mixing
among Mg—Si, Cr-Si, Fe-Si are also not favorable for
the formation of a single-phase high-entropy solid
solution. Thus, the selection of alloying elements is of
paramount importance for developing single-phase
solid solution in a multicomponent system.
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