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ABSTRACT

Nearly two decades have passed since the introduction of high entropy alloys, which can be synthesized using solid,
liquid, or gas methods. This study focuses on the solid-state method of mechanical alloying to create high entropy
alloy AlCoCuFeNi and examines the properties of the material at various stages of synthesis. The solid-state method
of mechanical alloying was utilized in this research to synthesize a high entropy alloy, with samples taken at regular
intervals of 10, 20, 30, 40, and 50 hours. X-ray diffraction (XRD) was used to characterize the alloys, with further XRD
analysis performed to determine crystallite size and lattice strain. In this study, high entropy alloys were successfully
synthesized as two-phase solid solutions with a dual-phase crystal (FCC) structure. The resulting alloy had a crystallite
size of 8.4 nm and a residual strain of 1.7%. Elemental mapping image revealed that after 50 hours of mechanical
alloying, all elements in the high entropy alloy were dissolved into each other with nearly identical atomic ratios, a
finding confirmed by XRD analysis. The solid solution alloys synthesized in this research exhibited an intriguing phase
separation phenomenon at the nano scale. The observation of dual phases with different lattice constants highlights
the versatility of high entropy alloys and their potential for diverse applications

Keywords: High entropy alloy, Mechanical Alloying, phase separation, powder metallurgy.

1. Introduction high entropy of the random combination of ele-

Pure metals rarely show suitable mechani-
cal properties for structural applications. For this
purpose, alloying elements are used to achieve the
desired microstructure and an optimal combina-
tion of strength and toughness [1]. In 2004, a new
example of an alloy design was proposed, which
included the combination of several elements to-
gether to form an alloy. These multi-component al-
loys were designed by Yeh et al.[2] and were named
High Entropy Alloys (HEAs), which indicated the

ments in these alloys. The concept of high entropy
introduces a new path for the development of ad-
vanced materials with unique properties that can-
not be achieved by conventional alloys [3]. In nor-
mal alloys, there is always a dominant element in
them, but in HEAs, none of the used elements are
dominant, and in these alloys, each element is used
almost equally, and a lot of configurational entropy
is created in these alloys [2]. The type and num-
ber of constituent elements are effective factors in
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determining the type of microstructure and prop-
erties of HEAs. This has caused these alloys to be
used in many applications, such as tools[4], molds,
mechanical parts, and furnace parts [5]. The high
entropy of these alloys leads to the formation of
FCC (face centered cubic) and BCC (body centered
cubic) solutions instead of complex microstruc-
tures. Alloys containing elements with close atomic
ratios have high state entropy. As a result, accord-
ing to the Gibbs free energy formula, an increase in
entropy causes AG to become more negative and,
in fact more stable, makes it easier to form a solid
solution [2,6]. HEAs are used as high-temperature
alloys. Among their properties, high resistance
against softening at high temperatures, low kinetic
penetration, high resistance against fracture, high
resistance against creep, and good compressive
strength at room temperature can be mentioned
[7]. HEAs typically exhibit a high melting point
and retain strength at extremely elevated tempera-
tures. In some cases, the strength of HEAs surpass-
es that of conventional superalloys. These unique
properties make HEAs promising candidates for
high-temperature applications, where they can
offer superior mechanical performance compared
to traditional alloys. The exceptional strength and
thermal stability of HEAs have garnered significant
attention in materials science and engineering, po-
sitioning them as potential alternatives to existing
high-temperature structural materials [3].

Among different HEAs, the FeCoNiCuAl sys-
tem has been studied a lot due to its unique features
[8,9]. Various methods such as arc melting and
casting [10,11], vacuum casting [12], Bridgman so-
lidification [13], deposition with electric spark [14],
and plasma spark sintering [15] have been used to
make this alloy. This alloy shows a dual-phase FCC
structure in all processing routes. The reason for
using CoFeNiCuAl as a base for high entropy al-
loy is that based on dissolution conditions such as
mixing enthalpy, atomic size, and electronegativity,
Co, Cu, Fe, and Ni elements have good solubility.
The CoFeNiCuAl system is associated with a com-
bination of dual-phase crystal structures with ex-
cellent characteristics in hardness and compressive
strength, which is considered as an excellent base
in high entropy alloy[16]. Also, this alloy shows
phase stability and unique mechanical properties
under very high temperature and pressure condi-
tions[17].

Generally, mechanical alloying steps have been
investigated in several studies [18,19]. In the stage
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of "formation of equiaxed particles”, welding and
fracture happen successively at the same ratio. The
last step is the random orientation of the particles.
In the context of steady-state processing, the inter-
layer spacing becomes so refined that it is no longer
discernible in SEM micrographs, and the size of the
crystallites can be examined using XRD. This phe-
nomenon is often observed when the crystal lattice
becomes imperfect, leading to the broadening of
X-ray diffraction peaks. The microstructure, which
denotes the extent and quality of lattice imperfec-
tions, is a key factor in this process. Understanding
the impact of these microstructural changes on ma-
terial properties is essential for the comprehensive
characterization of materials, particularly in the
context of high strain rate deformation. Therefore,
the precise analysis of microstructural parameters,
such as interlayer spacing and crystallite size, is
fundamental for gaining insights into the behavior
of materials under various processing and loading
conditions. The configurational entropy affects the
rate of dissolution and speed of alloying. The opti-
mal mechanical alloying time for single phase FCC
FeNi systems is 20 hours, while for CoCrFeNi, Co-
CrFeMnNi, and CoFeNj, it is 15 hours[20]. Opti-
mal grinding time has been studied to synthesize
nanostructures[21-23], and some research has also
been conducted for high entropy alloys [24,25].
Milling time may vary depending on the type,
intensity, ball to powder ratio (BPR), and process
temperature [26]. For high entropy alloys, process
speed [27] and BPR [28] have been of interest to
researchers. Additionally, changing the size of the
ball increases the energy transferred through the
ball to the powder[27]. Researchers were able to
synthesize AICuNiFeCr high entropy coating in
the solid-state[28]. In another study, the optimum
time of powder particle crushing was identified,
which did not change the size of the particles over
time[29]. The characteristics of mechanical alloy-
ing and the time of crystallite refinement have been
fully described and studied, as reported by Mirza-
deh and Zomardian [30].

1.1. Design of HEA

The properties of high entropy alloys can be
significantly different from those of convention-
al alloys due to the high degree of compositional
complexity. The design of high entropy alloys is
therefore a critical aspect of their synthesis. One
key principle in the design of HEAs is to ensure
that the elements are alternated in the unit cell. This



Mansouri E, J Ultrafine Grained Nanostruct Mater, 56(2), 2023, 223-245

is because the atomic radius of different elements
can vary slightly, and if atoms of the same element
are placed too close to each other in the unit cell, it
can lead to unfavorable atomic packing and reduce
the stability of the alloy. Therefore, it is essential to
design HEAs in such a way that does not favor the
placement of each atom in each position.

High entropy alloys with a single FCC phase
are predicted to be ductile without high strength.
[31] Researchers used AlCoCrFeNi2.1 EHEA to
engineer an ultrafine dual microstructure and
showed that the intentionally layered nature of
the dual-phase composite improved the strength
compared to previously reported methods. The
as-prepared samples exhibited hierarchical struc-
tural heterogeneity due to phase separation and the
improvement of mechanical properties observed
during deformation is also attributed to an effect of
the inhibition mechanism produced by the micro
cracks itself [32- HEAs typically exhibit

35].

The phase separation and its mechanism in
HEAs have not been thoroughly examined and
discussed to date. A summary of multicomponent
alloys, as presented in Table 1, demonstrates the
occurrence of phase separation in the literature.
Equiatomic Cu is a common component in these
alloys. This prevalence is attributed, in part, to the
positive mixing enthalpy Cu exhibits with many of
the alloying elements in the system. It is notewor-
thy that while Ni seems to enhance miscibility in
Cu-containing HEAs, this effect may be mitigated

if the repulsion between Cu and the majority of the
alloying elements is particularly strong.

Aluminum, nickel and copper powder have FCC
phases, this partially predicts the final phase of the
structure as FCC [41]. Based on the past research,
when the atomic ratio of the elements in the com-
position of the HEAs AICoCuFeNi is the same, the
dominant phase is FCC[42]. Many studies have
reported high entropy alloys without the presence
of copper as a single phase, but the presence of the
copper element due to the positive enthalpy and
repulsion definitely causes the separation of the
structure [43]. The positive mixing enthalpy of cop-
per leads to phase separation and, in most cases,
formation of dual-phase HEAs. Accordingly, the
engineering of the final phases of the alloy as well
as the complexity of the chemical composition is
the first effective step in choosing the elements of a
multicomponent system[44].

1.2. Theory of HEA

The energy stability of a system is higher in cases
where the mixing enthalpy is negative. Therefore,
elements with positive mixing enthalpy tend to
separate more readily. Moreover, a higher tempera-
ture is required to prevent phase separation in the
liquid state. However, even if phase separation does
not occur in the liquid state, it can occur during
cooling[40]. The researchers have suggested that
separated layers or phases are associated with a
large miscibility gap and that even the high entropy
of equimolar mixtures may not be sufficient to pro-

Table 1- High entropy alloys with copper element

No System Ref.
1 Cr-Cu-Fe-Mo-Ni [32]
2 Ag-Al-Co-Cr-Cu-Fe-Ni [36]
3 Ag-Al-Co-Cr-Cu-Ni [37]

Al0.5-Co-Cr-Cu-Fe-V, Co-Cr-Cu-Fe, Co-Cr-Cu-
4 (38]
Fe-Ni-Nb, Co-Cr-Cu-Fe-Ti-V
5 Co-Cr-Cu-Fe-Mo-Ni [39]
Co-Cr-Cu-Mn, Co-Cr-Cu-Mn-V
6 [40]
Co-Cr-Cu-V
234

Table 2- Weight percentage of powders used.
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mote effective mixing between elements. In such
cases, the multicomponent system is more stable
in segregation[36]. Until now, researchers believed
that heat treatment causes spinodal decomposition
of the solid state, which affects magnetic resistance.
This phenomenon can be considered either posi-
tive or negative. The selection of elements that lead
to alloy separation is one of the key factors in the
design of high entropy alloys. Therefore, studying
other methods, such as the liquid state or cooling
rate, may provide a microstructure with complex
properties[38].

Based on previous studies[32], HEAs exhibit a
variety of exceptional characteristics, primarily at-
tributed to their capacity to create solid solutions
rather than intermetallic compounds. The develop-
ment and stability of solid solution phases are influ-
enced by numerous factors. These factors include
the atomic size difference, mixing enthalpy, and
mixing entropy, all of which must be satisfied for
the formation of solid solution phases in high-en-
tropy alloys. This distinguishes them from bulk
metallic glasses, where the atomic size difference is
a significant point of differentiation. Additionally,
the presence of equilibrium intermetallic phases in
high-entropy alloys can be predicted using a simple
thermodynamic criterion, which is a crucial aspect
of understanding their phase stability and proper-
ties.

These factors contribute to the unique properties
of HEAs, which include a higher degree of fracture
resistance, tensile strength, and corrosion and oxi-
dation resistance compared to conventional alloys.

The stability of high-entropy alloy (HEA) sys-
tems is governed by the disparity in Gibbs free
energy, which is closely linked to entropy and en-
thalpy. The substantial configurational entropy of
HEA contributes to its stable structure, while the
nearly zero mixing enthalpy minimizes resistance
to solid-solution phase formation. The subsequent
section will discuss these two thermodynamic pa-
rameters. The variance in Gibbs free energy (AG) is
a fundamental factor in thermodynamics for deter-
mining phases in HEAs.

AGpix = AHpix — TASpix (1)

The changes in mixing entropy and enthalpy are
denoted by ASmix and AHmix, respectively, while
T represents the absolute temperature. The solid
solution system in high-entropy alloys (HEAs) can
be viewed as an ideal solid solution with low mix-
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ing enthalpy and non-configurational mixing en-
tropy. The variation in Gibbs free energy is mainly
influenced by configurational entropy, which af-
fects phase stability [47].
The AS_, can be defined via Boltzmann's hy-
pothesis as follows:
n
AS,.;. = —R Z C; LnC; )
i=1

The symbol R represents the gas constant, and
C, represents the mole percent of the component,
where ¥_"C=1. As per Equation (2), the mixing
entropy reaches its maximum when the molar per-
centage of the alloy is equal. Simultaneously, the
Gibbs free energy difference is at its lowest, leading
to the formation of a stable structure. In equiatomic
multicomponent high entropy alloys, the enthalpy
and non-configurational entropy play a more cru-
cial role than the configurational entropy in terms
of phase stability. Moreover, the mixing entropy of
HEAs with suitable components can approach a
maximum value with minimal variation [47,32].
Considering the mixing enthalpy is essential.

Another key characteristic parameter is the mix-
ing enthalpy, which can be expressed as follows:

n
AHp = Z . ,‘Qi]' CiC]' 3)
1=1,i#j
TmaS iy
Q= AHpmix (4)

where C, or C, denotes the atomic percentage of
the ith or jth component. (= (4AH,,™* ). where
AH, ™™ is the mixing enthalpy for the binary liquid
AB alloys. As the AH, ™* becomes more positive,
the elements in HEAs tend to separate more eas-
ily, while more negative AH, /™ values favor the
formation of intermetallic compounds. T_m rep-
resents the average melting point of all constituent
elements [32]. The ratio Q of T AS _ and |AH,__ |is
commonly used to assess the solid-solution forma-
tion ability, which is more accurate than individual
entropy or enthalpy considerations.

The lattice structure of High Entropy Alloys
(HEAs) typically undergoes significant distortion,
distinguishing it from the relatively uniform lattice
structure found in pure metals. This distortion aris-
es when the constituent elements of HEAs maintain
their original size but are forced into the lattice. As
a result, the lattice structure of HEAs differs sub-
stantially from that of pure metals. The high entro-
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py effect of HEAs plays a vital role in stabilizing the
phase structure through lattice distortion, ensuring
that the distortion is sufficient to maintain phase
structure stability. To quantify this distortion, the
atomic size difference (§) is commonly expressed
using the following equation:

A2
5= c(1-2) 7 =3kan (5)

here, C, and r, are the atomic percentage and the
atomic radius of the ith atom, respectively.

A quantitative criterion for the formation of a
simple solid solution in HEAs was proposed in a re-
cent review paper [47], which includes the follow-
ing criteria: -10 < AH < 5k]J/mol, AS  <13.38]/
(mol.k) , and 6 < 4%. However, the observations of
this research contradict a group of researchers who
suggested that a positive mixing enthalpy would be
expected if there is a large difference in atomic radi-
us but a small difference in electronegativity.

The number of valence electrons is closely as-
sociated with the chemical activity of alloys, influ-
encing bonding and structure stacking. While not
entirely precise in predicting structure, the Valence
Electron Concentration (VEC) is a key parameter
for phase stability at room temperature and is gen-
erally essential to calculate. The VEC, defined as
the sum of the atomic percentages of the valence
electrons of each element, has been found to sig-
nificantly impact the phase stability of alloys. Un-
derstanding the influence of VEC on phase stability
is crucial in the design of alloys and the regulation
of the mechanical properties of HEAs. The VEC is
defined as[45,46]:

VEC=Y", G, VEC; (6)
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where C, is the atomic percentage of ith element,
VEC, is the VEC of ith element. The phase devel-
opment of solid solutions of the FCC or BCC type
can be quantitatively anticipated using the Valence
Electron Concentration (VEC). Stable phases are
FCC when the VEC value exceeds 8, BCC when it
is less than 6.87, and a coexistence of mixed FCC
and BCC phases when the value falls between 6.87
and 8. This understanding of the effect of VEC on
phase stability is crucial for alloy design of HEAs.

Nonetheless, the results of this study confirm
that an increased probability of separation occurs
even in single-phase systems when the VEC falls
within a range of 8.09-8.44 and § is between 3.39
and 4.25 [32]. Additionally, VEC has an impact on
the arrangement of atoms [46].

In this research, the selection of elements for the
high entropy alloy was based on the consideration
of both electronegativity and atomic radius. Iron,
aluminum, copper, cobalt, and nickel were cho-
sen as the constituent elements for their favorable
properties and their compatibility with the princi-
ple of atomic alternation in the unit cell.

According to the information stated in the in-
troduction, in past research, the combination of
iron, nickel, cobalt, copper and aluminum has been
investigated and synthesized. In this research, we
have studied and investigated this high entropy
compound using mechanical (wet) alloying. We
have also checked the elemental mapping of Al-
CoCuFeNi image and the formation of phases by
XRD. The main objective of the present work is to
fabricate a nanocrystalline dual phase FCC HEA.
Considering this purpose, elements with FCC
structures such as Co, Ni, and Cu were selected.

The synthesis of nanocrystalline HEAs offers
advantages due to the superior combined mechan-
ical and functional properties achieved through
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Fig. 1- SEM image of the morphology of AICoCuFeNi powder particles.
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solid-solution strengthening and grain-boundary
strengthening. Mechanical alloying is superior to
other nanocrystalline material synthesis methods
due to its shorter processing time and lower en-
ergy consumption making it a more efficient and
cost-effective technique. In our research, we have
utilized the mechanical alloying method for the
synthesis of nanocrystalline AlCoCuFeNi HEAs.

2. Experimental details

The high entropy alloy AICoCuFeNi was synthe-
sized using powders of Al, Co, Cu, Fe and Ni with
a purity of over 99 % and a size of less than 50 um.
Initial mixing was performed using a simple mixer,
followed by sampling and XRD analysis. Mechani-
cal alloying was initiated with a ball to powder ratio
of 1:10, using 30 g of powder in a 300 cc mechanical
alloying chamber with stainless steel balls. The balls
were decontaminated using an electrolysis machine
for 10 minutes. To prevent oxidation of the pow-
ders, acetone with a weight of 30 grams (equal to
the powder) was used as the liquid process control
agent (PCA). The innovation of using a liquid PCA
was to prevent oxidation the powders, ball, and
mixed PCA were then milled in a high-energy ball
mill at 500 rpm, with sampling performed every 10
hours.

Figure 1 displays the spherical morphology of
the raw material powder in the state of simple mix-
ing, as observed through SEM imaging. These find-
ings highlight the precision and care taken in the
synthesis process, which can impact the resulting
alloy's properties and performance.

Philips XRD X'pert MPD diffractometer (Cu
Ka radiation, 40 kV and 30 mA) was used to in-
vestigate the structural changes, constituent phases,
grain size, and lattice strain. Cu ka X-rays with a
wavelength of 1.542 A, a step time of 1s, a step
size of 0.05 degrees, and an angle range of 20 to
80 degrees were selected to perform the test. Also,
XPERT PLUS software was used to check constit-
uent phases and Scherer's relation was used to cal-
culate crystallite size. The Scherrer equation can be
written as the following equation:

. KA
" Bcos®

The Scherrer constant, denoted as K, is a param-
eter that characterizes the shape of particles. It is
commonly assigned a value of 0.9. In the context of
X-ray diffraction, the Scherrer equation is utilized
to determine the average crystallite size in a mate-

(7)
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rial. The equation incorporates the wavelength of
the X-ray beam ()), the full width at half maximum
(FWHM) of the peak (), and the Bragg angle (9).
This fundamental equation is instrumental in the
analysis of microstructural parameters from X-ray
diffraction peak broadening, providing valuable
insights into the characteristics of materials at the
nanoscale.

A Philips XL30 series scanning electron micro-
scope (SEM) was used to investigate and observe
the effect of mechanical alloying steps on the mor-
phology and particle size of the produced alloy
powder. The elemental distribution of the samples
was also determined by energy dispersive spectros-
copy (EDS).

3. Results and discussion

As mentioned, this research focused on the syn-
thesis of dual-phase high entropy alloy. Mechanical
alloying synthesis method was chosen to achieve
this goal. Elements with the minimum difference in
atomic radii were selected, which, according to the
laws of high entropy alloys, have a high probability
of forming an HEA structure.

The Miedema's model states that the enthalpy of
solid solution formation comprises three parame-
ters: the enthalpy from atom mixing, the mismatch
due to differences in atom size, and the variance in
valence electrons of the solvent and solute atoms'
crystalline structure. For high entropy alloys, cal-
culating the change in chemical enthalpy or mixing
is essential, as presented in Table 2, which details
the mixing enthalpy in this research [48,49].

Enthalpy and entropy are vital factors in predict-
ing the formation of high entropy alloys. Howev-
er, given the complexity of these alloys, additional
parameters such as §, ), and VEC have been pro-
posed to more accurately characterize and forecast
the final product. Table 3 shows the calculations of
thermodynamic parameters using equations 1 to 6.

In this particular research, the samples were tak-
en every 10 hours to observe the stages of mechan-
ical alloying. The electron microscope images in
Figure 2 (a) provide a visual representation of the
microstructural changes that occurred during the
alloying process. These images are important for
understanding the progress of the alloying process.

As shown in Figure 2 (a), after 10 hours of me-
chanical alloying, plastic deformation and cold
welding of powder particles occurred, resulting in
the formation of crystallites with a size of 9.25 nm.
Increasing the milling time to 20 hours led to an
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Table -2 Enthalpy of the elements of this research [48]

AH;; Fe Co Ni Cu Al
Fe 0 -1 -2 13 -11
Co 0 0 0 6 -19
Ni 0 0 0 4 -22
Cu 0 0 0 0 -1
Al 0 0 0 0 0

Table 3- Calculation of thermodynamic parameters AICoCuFeNi HEA

parameter AS (ﬁ) AH (ﬁ) 8 (%) a e M (%
AlCoCuFeNi 13.38 -5.28 3.65 3.85 8.2 -18.66

10 Hrs.
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Fig. 2- SEM images at different times of mechanical alloying at 10, 20, 30, 40, and 50 hours, (b) The effect of milling time on lattice
strain and crystallite size of AICoCuFeNi powder.
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increase in the density of dislocations, resulting in
greater hardness and facilitated failure of the par-
ticles. By increasing the time of milling process
up to 20 hours, the fracture mechanism gradually
overcame the cold-welding mechanism, and the
particle size decreased to 8.9 nm. After 30 hours of
milling, the particles were crushed with a smaller
slope, in this stage, it was evident that cold weld-
ing had a more pronounced effect compared to the
previous, resulting in a decrease in crystallite size
distribution to 8.5 nm. Further reduction in crystal

size was observed after 50 hours of milling, reach-
ing 8.4 nm. Figure 2 (b) illustrates the relationship
between crystallite size distribution and lattice
strain over the course of mechanical alloying time.

The uniform distribution of elements in the im-
age is shown in Figure 3 the elemental mapping af-
ter 50 hours mechanical alloying.

Mechanical alloying is associated with an in-
crease in the strain of the structure, which is cal-
culated and plotted in Figure 4. In metallurgical
and crystallographic literature, the term "strain” is

21.0 21.8
19.3 19.0
20.7 20.5
233 212
NiKa.
CoKa

Fig. 3- Elemental mapping of AlCoCuFeNi image after 50 hours of mechanical alloying.
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frequently employed to describe various structural
distortions within materials. It's essential to clarify
these distinctions to avoid confusion, particularly
in the context of HEAs, where past literature has
sometimes attributed strains incorrectly.

Figure 4 (a) represents the material in an un-
strained state. The blue color indicates the un-
strained condition, while the red dashed line il-
lustrates peak displacement and its effect on peak
appearance. There are generally three recognized
categories of strain, classified based on either the
cause of displacement or the length scale over
which the strain operates. It is important to under-
stand how each type of strain manifests in experi-
mental data, as this understanding also applies to
how each type affects diffraction data, which is a
widely used method for analyzing strains. These di-
agrams aim to elucidate the impact of various strain
types on the observed diffraction data: Figure 4 (b)
shows that macroscopic strains affect large regions
of the material, often spanning the entire sample
or component. These strains result from bulk ap-
plied stresses, which cause uniform deformation
of all crystals within the material along a single
direction. In diffraction data, reflections aligned
with the plane normal parallel to the applied stress

exhibit changes in interplanar spacings, either in-
creasing or decreasing in response to the stress. In
Figure 4 (C), Type c strains act on a smaller scale
than Type b strains and vary within the material's
microstructure. They arise due to crystallographic
anisotropy, which leads to non-uniform changes in
interplanar spacings in diffraction patterns. Type e
strains in Figure 4 (e) operate at an even smaller
length scale, within individual crystals, and result
from localized disruptions in the long-range lattice
structure caused by stress fields around crystal de-
fects, such as dislocations or atomic interface dis-
continuities. These disruptions cause slight changes
in interplanar spacings, leading to broader diffrac-
tion peaks when a wider angular range results in
constructive interference. The three categories of
strains discussed earlier encompass a broad range
of strains, but atomic-level displacements due to
alloying effects require distinct consideration. This
is particularly crucial in HEAs, where a highly dis-
torted lattice structure plays a central role. When
a secondary atom with a different atomic radius is
incorporated into a host lattice, it induces local dis-
tortions that displace neighboring host atoms due
to size mismatches. In cases of substitutional incor-
poration, as seen in HEAs, these displacements are

Fig. 4- a, b, ¢, d, and e Comparison of strain in crystal lattices. (f) Compare ideal monoatomic material and high entropy alloys.
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isotropic. To clarify, we refer to the static displace-
ment of an atom from its ideal position as local lat-
tice strain, which can be considered an additional
strain type, similar to Type e. It is important to note
that in any real crystal at a given temperature, con-
stituent atoms experience displacements from their
ideal positions due to thermal oscillations. In de-
fect-free crystals, these oscillations center around
the ideal position, with the average atom position
aligning over time. These dynamic displacements,
resulting from thermal motion, are not considered
a form of local lattice strain. However, in crystals
with static displacements, such as solid solutions,
thermal oscillations occur around the displaced lo-
cation rather than the ideal position, resulting in
instantaneous atom locations being a combination
of static and dynamic displacements.

Figure 4 (f) schematically compares the high
entropy alloy with a normal crystalline structure.
The presence of strain in the network structure is
not favorable in terms of energy and makes the sol-
id solution unstable. According to the Hume-Rout-
ery law, there is a direct relationship between the
solubility of the solid phase and the local strain in
the network. In this way, if the difference in atom-
ic radius in binary solutions is more than 15%, the
solubility decreases. Accordingly, we find that the
difference in atomic radius plays a decisive role in
the local strain and solubility of the solid phase.
Based on this, it is predicted that there is a certain
limit for increasing the network strain, beyond
which the system becomes thermodynamically un-
stable and decomposes. But no answer was found
to calculate this range. Substitution of elements
with a larger atomic size or larger radius causes the
structure to expand. In binary alloys, the expansion
of the unit cell network structure is described and
calculated by Vegard’s law. In general, it is found
that the substitution of larger elemental species
results in a wider structured network. According
to Vegard’s law, the lattice parameter has a direct
relationship with the number of alloying elements.
However, this rule is violated in the case of high en-
tropy alloys, and it is not possible to find a linear
dependence between the lattice parameter and the
percentage of alloy elements in multicomponent
systems[50].

The difference in the ionic radius of the main
and impurity ion means that if the jonic radius of
the impurity ion is greater than the main ion, the
lattice constant increases and if the ionic radius
of the impurity ion is smaller than the parent ion,
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the lattice constant decreases. Based on the factor,
generally in solid solutions, Vegard’s law is used to
calculate the lattice constant.

The pattern of phase changes in the AlICoCuFe-
Ni system during the mechanical alloying process
from zero to 50 hours using X-ray diffraction anal-
ysis is shown in Figure 5. The diffraction patterns of
all pure elements can be seen in zero hour. With in-
creasing milling time, peak intensities sharply de-
creased after 10h of the milling process, indicating
the beginning of dissolution. After 10h, the Al peak
completely disappeared and the intensity of the Co
and Ni peaks decreased more sharply than that of
the Fe and Cu peaks. Al dissolves faster than other
elements, which means that Al has the highest al-
loying rate compared to other elements in the sys-
tem, which can be due to the lower melting point /
higher diffusion coeflicient of Al

After 20 hours of milling, the Co peaks almost
disappeared, but the Fe and Ni peaks were still vis-
ible, indicating a low alloying rate between Fe and
Ni, according to research by Chen et al.[51], this can
be due to the high melting point/lower penetration
coeflicient of these elements. These studies have
shown that higher melting temperatures reduce
the amount of alloying because an element with a
higher melting point has a higher bond strength
and therefore a lower penetration coefficient. From
a mechanical point of view, an element with a low-
er melting point usually has a lower hardness, thus
has better flexibility (hammering) to help disperse.
This means that in the initial stage, elements with
higher malleability such as Al can penetrate more
rapidly into other elements and the solution phase.
Due to the melting point of Co (1495 °C) and Ni
(1455 °C) According to the melting point of nick-
el, it is expected that during mechanical alloying
process, its alloying speed is higher than cobalt, but
because cobalt has an hcp structure and has less slip
systems, cobalt is more brittle. Therefore, the melt-
ing point is the primary factor to determine the al-
loying speed of an element, and secondary factor
such as the crystal structure is more important for
elements with similar melting points [52].

By increasing the milling time up to 30 hours,
the very small peaks were removed and no oth-
er peaks were recognizable except the three main
peaks of the FCC structures. The lattice parameters
of this system were determined after mechanical
alloying for HEA. As the milling time increased
from 30 hours to 50 hours, no change was observed
in the XRD patterns except flattening of the main
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peak. During the milling process, a decrease in in-
tensity, peak flattening, and subsequent disappear-
ance may be the result of factors such as shrinking
of crystallite size, lattice strain, and reduced crys-
tallinity [53].

Dual phases FCC1 and FCC2 were observed in
the synthesized alloy[39], as shown in Figure 5.

One of the important things in mechanical al-
loying is changes of the lattice constant due to this
process. In Table 4 lattice constant in AICoCuFeNi
was calculated. After 50 hours mechanical alloying,
the interplanar distances for the FCC1 phase have
been meticulously determined, and they perfect-
ly correspond to the reflections emanating from
these specific planes (111), (200), and (220) were
2.076, 1.799, and 1.468 A, respectively. In the same
way the lattice parameter of the FCC1 phase was
found to be 3.78 A. Interplane distances calculated

after 50 hours of mechanical alloying in the FCC2
phase attributed to reflections from (111), (200),
and (311) planes, were 2.912, 2.510, and 1.596 A,
respectively. Also, the FCC2 phase lattice parame-
ter was equal to 5.12 A.

Lattice distortion in HEAs is a fundamental is-
sue that has not been studied by many researchers.
Mechanical alloying of elements that have different
sizes creates a residual strain field with atomic scale
fluctuations caused by the difference in atomic size
and the mismatch of the Elastic modulus of prima-
ry elements (before alloying). The residual strain
field includes two volume and shear components. It
can be considered that the average value of the re-
sidual strain can be neglected and thus the network
constant is close to each other for both networks.
The size of the residual strain fluctuation is a mea-
sure of the lattice strain, which is also attributed to

Table 4- Lattice constant in AICoCuFeNi

Phase Peak Num. d-Spacing (A) Pos. (260) h k 1 Lattice Parameter (A)
1 2.079 43.56 1 1 1
FCC 1 2 1.799 50.71 2 0 0 3.78
3 1.468 63.50 2 2 0
1 2912 30.69 1 1 1
FCC 2 2 2510 3576 2 0 0 5.12
3 1.596 57.74 3 1 1
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Fig. 5- X-ray diffraction pattern at different times of mechanical alloying for AICoCuFeNi system.
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Poisson's ratio of an alloy in addition to the differ-
ence in atom size [54].

These parameters are shown in Table 5. By care-
fully examining the position of the main peak in
the X-ray diffraction pattern for different milling
hours, it can be seen that the main peak has been
moved to smaller angles. With increasing mechan-
ical alloying time, the amount of this displacement
increased. According to Bragg's law, moving the
peaks to smaller angles indicates an increase in the
distance between the plates and thus the lattice pa-
rameter [46,55].

Therefore, the lattice parameter has increased
over time. The lattice parameters of the Fe-Co-Ni-
Cu-Al system during the MA were calculated from
the XRD patterns. According to Figure 5, it seems
that with the penetration of Ni and Al elements, the
HEA structure stabilizes towards a structure with a
larger lattice parameter.

Finally, the presence of contaminants during
mechanical alloying is one of the main problems
of this method. Although complete control of pol-
lution is impossible during the MA process, some
suggestions can help to minimize the formation of
unwanted contaminants. High purity powders and
controlled atmosphere can be used to control pol-
lution.On the other hand, the formation of a layer
of powder on the balls, in this process, can prevent
the entry of impurities and pollution, which can be
controlled by choosing the right resting time[56].
In the present study, we tried to follow the above
suggestions. For this purpose, high-purity primary

powders and high-quality steel cups and balls were
used for the MA process. In addition, light and
short mills for Co-Fe-Ni-Cu-Al-Mn powders were
done before the MA process. This resulted in the
formation of a thin coating on the wall of the cup
and balls, which further restricted the entry of the
Fe element into the milled powders.

4. Conclusions

This study aimed to synthesize a high entropy
alloy AlICoCuFeNi using mechanical alloying and
investigate the thermodynamic phase stability of
HEAs during the process. In summary, the study
includes the following results:

1- Nanocrystalline AlCoCuFeNi HEA powder
was successfully synthesized using mechanical al-
loying.

2- Analysis of the resulting powder using X-ray
diffraction and scanning electron microscopy at
different time intervals confirmed the formation of
HEA after 50 hours of MA.

3- The synthesized powder after 50 hours of me-
chanical alloying has a crystallite size of 8.4 nm and
a residual strain of 1.7%.

4- Thermodynamic calculations predicted the
formation of two phases in the final alloy, which
was confirmed by experimental data.

5- The presence of the copper element, due to
the positive mixing enthalpy, led to a dual phase
structure, highlighting the potential of the chem-
ical composition's complexity in the design of
high-entropy alloys.

Table 5- Burger's vector, lattice constant, Poison’s ratio, and Crystal structure for the constituent elements in the AlCoCuFeNi

system[55]
Fe 2.48 2.86 0.29 BCC
Co 2.48 2.50 0.32 HCP
Ni 2.48 3.52 0.31 FCC
Cu 2.55 3.61 0.34 FCC
Al 2.86 4.04 0.35 FCC
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