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ABSTRACT

KEYWORDS

In this research, an attempt was made to produce multi-component nanocrystalline
Cu;5Co35NiyTisAls alloy by mechanical alloying. To produce this high-entropy alloy, the
primary powders were milled for 40 h and characterized by XRD, SEM, EDS, and DSC
analyses. The milling process has reduced the size of the crystallites to the nanometer scale and

a nanostructured multicomponent powder with a crystallite size of 29 nm was obtained.

Mechanical alloying
High-entropy alloys
Solid solution
Unsuccessful synthesis
Thermodynamics

According to the XRD patterns and EDS maps of the milled powder for the longest time,

OPEN ACCESS

aluminum and copper were homogeneously distributed, cobalt had a less homogeneous

distribution than these two elements, but nickel and titanium remained in concentrated spots.

Finally, thermodynamic calculations were done to clarify the reason for the impossibility of

forming a solid solution for the synthesis of the Cu;5Co35NiyTisAls high-entropy alloy.

© 2023 The Authors. Published by Synsint Research Group.

1. Introduction

Alloying is the greatest award of metallurgy to humankind. The
invention of new materials has been very important since ancient times
because of its impact on human civilization’s progress. Since the
accidental discovery of alloys in the primeval fires, these materials
have been an essential part of materials development [1, 2]. The
traditional alloy design scenario is that one or two elements are selected
as the basic elements for primary properties and a number of minor
elements are added to improve certain properties. Using this traditional
path, several alloys like steel and aluminum alloys have been advanced
[3-5].

High-entropy alloys (HEAs) were introduced almost simultaneously by
Cantor et al. [3] and Yeh et al. [5], which led to a significant growth in
the development of alloys. They introduced HEAs as alloys consisting
of at least 5 principal elements with contents between 5% and 35%.
The high entropy of the components in these alloys results in the
synthesis of a simple solid solution instead of complex phases because
of the high mixing entropy effect [6].

* Corresponding author. E-mail address: e.borhani@semnan.ac.ir (E. Borhani)

To produce a high-entropy alloy, several key factors and elemental
properties play crucial roles in the characteristics of the alloy. HEAs
are characterized by their unique composition, typically comprising
multiple principal elements in approximately equiatomic or near-
equiatomic ratios. The size mismatch and electronegativity of the
constituent elements play significant impacts [7-9]. The combination
of elements with varying atomic sizes and electronegativities
contributes to the high configurational entropy of HEAs, which boosts
their solid solution behavior [10, 11]. Additionally, the mixing enthalpy
is another crucial parameter that influences the phase formation and
thermodynamic stability of HEAs. Elements with different crystal
structures and electronic configurations can lead to the formation of
solid solution phases, thereby contributing to the high entropy effect
[12-14].

Yeh [15] introduced four core effects as characteristics of properties
and microstructure of high-entropy alloys including high
configurational entropy, sluggish diffusion, lattice distortion, and the
cocktail effect [15-17]. The appealing properties of high-entropy alloys
such as great strength [18], high fracture toughness at low temperatures
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[19], and admirable oxidation and corrosion resistance [20-22] have
made these materials a popular choice for most engineering
applications [23-27]. It should be noted that the crystallographic lattice
of a HEA determines its mechanical properties [28].

Several methods can be used to synthesize HEAs such as vacuum arc
melting, rapid solidification, and mechanical alloying (MA) [29]. In
addition to bulk HEAs, which have been widely produced,
nanocrystalline HEAs have also been expanding recently. Being
nanocrystalline increases the excitement of the vast composition area
and elaborate applicability of the HEAs. Good magnetic behavior,
enhanced mechanical properties, and great thermal stability are
characteristic of nanocrystalline HEAs [30-32].

High-energy ball milling or mechanical alloying is a solid-state and
non-equilibrium technique, which can be applied to achieve a stable
microstructure with better homogeneity and nanocrystalline structure.
The basis of this process is the milling of elemental powder particles to
obtain alloying at atomic scale. The procedure of manufacturing
different materials by the MA method includes repeated fracturing and
cold welding of powders entrapped between the milling media and the
balls, the expansion of which is related to the mechanical properties of
powder components [33].

Although the MA route was originally developed for oxide dispersion
strengthened (ODS) alloys [34], it was successfully used to fabricate a
wide range of materials such as solid solution alloys, ordered
compounds, intermetallics, and nanocomposites [35]. Mechanical
alloying can also increase solid solubility even in immiscible systems.
Dissimilar to chemical techniques and decomposition routes for
manufacturing nanomaterials, extensive synthesis of powder is
appropriate over the MA employing machines like planetary ball mill
[33].

The present study focuses on the possible synthesis of
Cu35Co35NiyTisAls high-entropy alloy through mechanical alloying.
The formation of structures, phase evaluation during mechanical
alloying, and thermal stability are also studied. The feasibility of
producing this HEA is also evaluated by thermodynamic calculations
considering the principles of solid solution formation.

2. Experimental procedure

Nanocrystalline Cu;sCo35NiyTisAls high-entropy alloy was tried to be
prepared through mechanical alloying of certain values of elemental
powders of Cu, Co, Ni, Ti, and Al. The purity of all metal raw
materials was above 99%. Figs. 1 and 2 show the SEM micrographs
and XRD patterns of the mentioned elemental powders, respectively.
Mechanical alloying was conducted with a high-energy planetary ball
mill (Retsch PM 100) with tungsten carbide balls and toluene as a
process control agent. Ball to powder weight ratio (BPR) was equal to
10:1. This work was performed under an argon atmosphere at a speed
0f 200 rpm for 10, 20, 30, and 40 h.

The phase analysis was done by XRD on the milled powders using a
Philips PW3710 diffractometer with Co K, radiation (1.78 A) at a scan
step of 0.02 °. Crystallite size calculations were performed by X’Pert
HighScore Plus software. An FEI ESEM Quanta 200 scanning electron
microscope (SEM) equipped with an energy-dispersive spectroscope
(EDS) was used to investigate the effect of milling on the
microstructure and chemical composition of the 40-h milled powder
sample, respectively. Differential scanning calorimetry (DSC) was
carried out using TA-1A Pishtaz Engineering Co. apparatus with a
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Fig. 1. SEM images of the used elemental powders.

heating rate of 10 °C/min up to 1300 °C in an argon atmosphere to
analyze the thermal behavior of the 40-h milled specimen.

3. Results and discussion

The XRD patterns of the CussCossNiyTisAls powders for various
milling times are shown in Fig. 3. It can be observed that with the
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Fig. 2. XRD patterns of the used elemental powders.

increase of the milling time, the intensity of the peaks related to each
element is significantly reduced and some broadening of the peak is
observed. However, increasing the milling time has not been able to
remove the peaks related to the elements. The drop in the intensity of
the peaks and their broadening is attributed to the decrease in crystallite
size and formation of nanocrystalline structure, high lattice strain, and
refined crystal structure due to milling [29, 36, 37].

The alloying process during mechanical alloying can be considered
similar to that in traditional diffusion coupling, while unlike traditional
diffusion coupling, the scale is micrometer in mechanical alloying and
the diffusion is carried out through strain in the milled powder [38].
Also, most of the milling time was not effective in approaching the
peaks and merging them with each other or in the disappearance of the
diffraction peaks, which is a sign of no solid solution formation [16, 36,
39]. By comparing the peaks in the XRD patterns for different milling

times, it can be pointed out that the intensity of the Al peaks decreases
sharply than the peaks of the other four elements. In addition, the
intensity of the peaks related to Cu lessens more than the other three
elements of Ti, Ni, and Co. The next rank in the reduction of peak
intensity is attributed to the Co. The findings of XRD patterns are
confirmed by EDS elemental mapping in the following sections.
However, the trends seen in diminishing peaks of Al and Cu may be
associated with the softer structure of these metals. The Ti is several
times harder and has a higher melting temperature, so it may not be
dispersed and cold-welded, due to insufficient milling energy.

The size of crystallites was measured at different times of milling using
XRD patterns and X'Pert HighScore Plus software, which uses
Scherer's formula (Eq. 1) to calculate crystallite sizes. Scherer's
formula expresses the relationship between crystallite size (D) and the
wavelength of incident rays (A), the diffraction angle (0), and the full
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Fig. 3. XRD patterns of Cu;5C035NiyTisAls milled powders based on various milling times.
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Fig. 4. Variation of crystallite size of CussCo35NiyoTisAls powders by milling time.

width at half maximum intensity (8). According to Fig. 4, which shows
the variations in the crystallite size versus the milling time, it is obvious
that with enhancing milling time, this parameter decreases. Such a
trend can be predictable due to the repeated recrystallization during the
MA process [40].

D= 0.9 )
BCos6

In addition to the XRD test, SEM/EDS analyses were employed to
study the local microstructure and dispersion of the five elements in the
target HEA. The SEM image and the results of EDS map analysis of
the desired Cu;sCossNiyTisAls sample after milling for 40 h are shown
in Figs. 5 and 6, respectively. According to the EDS elemental
mapping, it is clear that aluminum and copper were homogeneously
distributed, and cobalt had a less homogeneous distribution than these
two elements. However, nickel and titanium remained in relatively
segregated spots. Among nickel and titanium, nickel showed a more
homogeneous dispersion than titanium.

Fig. 5. SEM image of Cus5Co35NiyTisAls powder mixture after
milling for 40 h.

It seems that cobalt, nickel, and titanium need more time to disperse
and become uniform, and the milling duration may not be long enough
to create such a uniform microstructure. The findings of this study are
consistent with the results reported in Ref. [38], which investigated the
alloying of different elements in a composition similar to the present
work, but with an order of AlI-Cu—Co—Ni—Ti. In the mentioned
research, it was shown that the order of the alloying progress of the
basic elements of an alloy over milling is predictable with the alloying
stages. Among the important influential metallurgical factors such as
crystal structure, melting point, atomic size, and self-diffusion
coefficient, the melting point was introduced as the most important
factor in the alloy sequence in that system of elements [38].

In another study on the production of AIMgNiCrTi high-entropy alloy,
the effect of melting points on the alloy sequence of different elements
was confirmed [41]. Similar to the diffusion theory of conventional
alloy systems, which states a close relationship between the coefficient
of diffusion and the melting point, this relevance can be extended to the
element’s intrinsic diffusion in a material with polybasic elements [38,
42].

In addition to the role of diffusion, the effect of mechanical
fragmentation and structural deformation of the basic elements should
be considered because it is also affected by the melting point. In fact, a
metal with a lower melting temperature will have better malleability
and lower hardness, so it will have better distribution. This means that
metals with higher malleability like aluminum and copper, are
dispersed faster in the early stages of milling, and are diffused rapidly
into other elements and phases in later stages [38].

Although the melting point of cobalt is higher than that of nickel, the
tendency of this element to form an alloy is higher than that of nickel.
Considering the similar diffusion coefficient of these two elements, a
mechanical factor can be used to explain this reverse trend.
Additionally, the fewer slip systems in the HCP structure of the cobalt,
make this element more brittle than nickel, so cobalt breaks and
disperses faster than nickel during milling. Thus, the melting
temperature is considered the main factor in determining the dispersion
rate of a metal, but for elements with relatively similar melting points,
other factors such as crystalline structure will be important [38].
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Fig. 6. EDS map analysis of CussCo35NiyTisAls powder mixture after milling for 40 h.

Fig. 7 shows the DSC curve of the CussCossNiyTisAls HEA target,
milled for 40 h, with a heating rate of 10 °C/min up to 1300 °C. In this
analysis, which is a thermal analytical technique, the amount of heat
needed to intensify the temperature of the original sample and the
reference sample is measured as a function of temperature, and thermal
stability is determined based on exothermic and endothermic reactions
[41]. According to the DSC results, it is clear that the sample had a
slight endothermic trend close to zero in the entire range of analysis.
The absence of a specific endothermic peak indicates that the melting
point of the synthesized powder is higher than 1300 °C, even though
the melting points of Al and Cu are 660 °C and 1083 °C, respectively.
Therefore, the milled powder is thermally stable up to at least 1300 °C.
It should be reminded that the melting temperature of nickel, cobalt,
and titanium are 1453 °C, 1495 °C, and 1660 °C, respectively.

According to the results of the above-mentioned experimental
observations and scientific discussions, it can be stated that the
synthesis of CussCossNiyTisAls high-entropy alloy and the formation

of a solid solution is not possible. In the following, the thermodynamic
principles and the rules governing the formation of solid solutions will
be discussed to clarify the reasons for the failure in the HEA synthesis.
Yeh et al. [5] explained formation of HEAs through the ASix
parameter, which can be calculated from Eq. 2 [5, 43]:

AS . = —Rzn: (c;Inc,) ?2)

where R is the universal gas constant (8.314 Jk'.mol'), n
shows the number of components, and ¢; is the atomic
percentage related to the i" component. At the beginning of the
invention of HEAs, the condition of AS.y > 13.38 Jk'.mol"
seemed to be sufficient to obtain a high-entropy alloy without
the synthesis of any intermetallic or other complex phases [5,
43, 44]. Higher AS.x would reduce AGu parameter based on
AGpix = AHpix - TASnix relationship, where AG, represents the

Gibbs free energy of mixing and AH,x is the enthalpy of
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Fig. 7. DSC analysis of the 40-h milled Cu;5Co35NiyTisAls sample heated up to 1300 °C.
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mixing. Later it was proved that the higher amount of AS

parameter does not necessarily reduce AGu value and the
ASmix > 1338 Jk'.mol! condition is not enough to achieve a
HEA solid solution [43, 45, 46].

To predict the certainty of the formation of a HEA solid solution, the
conditions of dr < 6.6% (atomic size difference) and Q > 1.1 (scaled

ratio of AS,ix to AHix) should be examined [47]:

or = ici(lfri/i:ciri)2 (3)
ol ol
T, AS
= TuASny 4
|AH,, @

where 1; represents the atomic radius of the i" component and
T.,,=ZTZIC,(T,,,). , (Twm) is the melting point of i™ constituent

[47].
parameters

element
AH i
respectively [47,48]:

Pauling electronegativity difference (dy) and

can be calculated using Eqs. 5 and 6,

et en) 5)

AH , = i 4AH[¢cic, ©6)
i=Lizj

where y; is the electronegativity of the i™ constituent, ¢ is the atomic
percentage related to the j" component, and AH{™ represents the
enthalpy of mixing related to the i" and j" components [47, 48].

for the Cu;sCo;5NiyTisAls high-entropy
Table 1. According to these
AHpix, or, &y, Q and T,
parameters for the Cu;sCossNiyTisAls sample are 11.28 Tk .mol™,
2,51 kJmol”, 4.49%, 0.097%, 7.11 and 1583 K (1310 °C),
respectively. Based on the calculated value for the AS,;x parameter
(11.28 Jk'.mol"), the initial condition for the synthesis of the
Cus5Co35NiyTisAls solid solution (ASyy > 13.38 Jk'.mol™") was not
satisfied. Hence, obtaining the target high-entropy alloy is not possible

The simulation results
alloy are summarized in

calculations, the values of ASy,

thermodynamically.

Table 1. Simulation results of alloy composition.

Element1 Element2 Element3 Element4 ElementS5
Elements Ni Co Cu Al Ti
Element 1 Ni Ni 0 4 -22 -35
Element 2 Co Co 6 -19 -28
Element 3 Cu Cu -1 -9
Element 4 Al Al -30
Element 5 Ti Ti
Element1 Element2 Element3 Element4 ElementS5
Ni Co Cu Al Ti
Atomic size (A) 1.246 1.251 1.278 1.431 1.461
Composition fraction 0.2 0.35 0.35 0.05 0.05 1
0.2492 0.43785 0.4473 0.07155 0.07305 1.27895
1.33E-04 1.67E-04 1.93E-07 7.07E-04 1.01E-03 2.02E-03
Atomic size difference (%) 4.4943098
Melting point (K) 1728 1768 1358 933 1941
345.6 618.8 4753 46.65 97.05 1583.4
Melting point (K) 15834
Electronegativity 1.91 1.88 1.9 1.61 1.54
0.382 0.658 0.665 0.0805 0.077 1.8625
0.000451 0.000107 0.000492 3.19E-03 0.0052 0.00943875
Pauling electronegativity difference 0.09715349
VEC 10 9 11 3 4
2 3.15 3.85 0.15 0.2 9.35
VEC 9.35
Enthalpy of mixing (kJ/mol) -2.51
Entropy of mixing (J/mol.K) 11.27658
Omega 7.11368
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Changes in the value of the AH,,x parameter from zero to negative
increase the probability of intermetallic phase formation [49].
Therefore, according to the value of the AH,; parameter
(-2.51 kJ.mol™), the formation of small amounts of intermetallic phases
can be predicted for the CussCo3sNiyTisAls composition.
Finally, for the prediction of the solid solution crystalline structure, the
valence electron concentration (VEC) parameter is computed according
to Eq. 7:
VEC = Z“:ci (VEC), (7)
i=1
where VEC; is the VEC of the i® component. If VEC > 8, the final
structure will have an FCC lattice [50, 51]. According to Table 1, a
value of 9.35 is calculated for the VEC parameter of the
Cu;35Co35NiyTisAls composition.

4. Conclusions

A study was done to synthesize multi-component Cu;sCo35NiyTisAls
high-entropy alloy by mechanical alloying. The application of the
milling process reduced the size of the crystallites to the nanoscale. On
the basis of the results of the XRD test, the elimination of elemental
peaks and complete diffusion of elements into each other were not
successful. The results of the EDS analysis showed a homogeneous
distribution of Al and Cu, a relatively homogeneous distribution of Co,
and a heterogeneous distribution of Ni and Ti. The DSC analysis on the
40-h milled powder showed that the melting point of the prepared
sample was higher than 1300 °C. A thermodynamic approach was
employed to disclose the reason for the impossibility of the synthesis of
the Cu;35Co35NizTisAls high-entropy alloy and the formation of a solid
solution.
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