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Abstract: Multi-principal element (MPE) alloys can be designed to have outstanding properties for
a variety of applications. However, because of the compositional and phase complexity of these
alloys, the experimental efforts in this area have often utilized trial and error tests. Consequently,
computational modeling and simulations have emerged as power tools to accelerate the study and
design of MPE alloys while decreasing the experimental costs. In this article, various computational
modeling tools (such as density functional theory calculations and atomistic simulations) used to
study the nano/microstructures and properties (such as mechanical and magnetic properties) of
MPE alloys are reviewed. The advantages and limitations of these computational tools are also
discussed. This study aims to assist the researchers to identify the capabilities of the state-of-the-art
computational modeling and simulations for MPE alloy research.

Keywords: multi-principal element alloys; computational models; first-principles calculations;
molecular dynamics; phases; properties

1. Introduction

Multi-principal element (MPE) alloys, are a specific class of multicomponent alloys consisted of
five or more alloying elements usually with near equi-atomic compositions [1]. The development of
MPE alloys can be retrospect to one and a half decades ago, opening the door to alloy design with
a vast variety of compositions, microstructures and properties [2]. Since then, numerous research
projects have been conducted regarding the design, development, and study of different aspects of
these alloys. However, the majority of these studies have been done using experiments involving trials
and errors [3]. Due to the different type of principal elements in MPE alloys, designing of these alloys
to achieve desired microstructures and properties is a challenging task. In addition to the severe lattice
distortions and very sluggish elemental diffusions due to different neighboring atomic sites in each
lattice [4,5], cocktail effects and high order of elemental interactions make designing of these alloys
difficult [1]. In traditional design of MPE alloys only substitutional elements were considered, and the
latest designs of MPE alloys that consider interstitial elements or precipitants [6–10] have increased the
design intricacy of these alloys. Fundamental studies on phase formations, microstructure evolutions,
and structural transformations of these alloys are required.

Figure 1 shows how the number of publications on MPE alloys has dramatically increased over
the years since the first publications in 2004. The data used in Figure 1 is extracted from the Scopus
abstract and citation database in December 2018, using high entropy alloy and/or multi principal
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element alloy keywords. Based on this data, more than 2300 research articles have been published in
various journals and a number of publications are growing remarkably every year.
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Figure 1. Number of publications on multi-principal element (MPE) alloys per year.

According to the comprehensive review article of Miracle and Senkov [1] in 2017, 37 different
elements have been used so far to produce MPE alloys. These elements were 22 transition metals, six
lanthanides, three metalloids, two basic metals, two alkaline earth metals, one alkali metal, and one
non-metal [1]. Figure 2 shows the most common elements used in MPE alloys [1] with their value rates
and price fluctuations (volatility) over 10 years period [11]. As it can be seen, most of these common
elements are low-priced elements, however elements with intermediate prices (e.g., Co) or even high
price (e.g., Ta) are used to produce MPE alloys as well.
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Figure 2. The most common elements used in MPE alloys [1] and their volatility of prices over a period
of 10 years. Black elements have a low price (~$0.5/mole of average 50 years), blue elements have an
intermediate price (~$5/mole of average 50 years), and the red element has a high price (~$100/mole
of average 50 years) [11].
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Traditionally, the term high entropy alloys (HEAs) have been employed broadly by researchers
to describe the MPE alloys. This high entropy definition is based on the ideal configurational
molar entropy, calculable by Boltzmann equation [12]. Based on this definition, metallic alloys with
∆Sideal

con f ig ≥ 1.61R (where R is gas constant) are called HEAs. The primary problem with this description
is that it denotes a single value of configurational entropy for each alloy system [1]. This assumption
can be viable if the atomic positions on lattices are totally random. However, alloy configurational
entropy can constantly change with temperature due to the change in atomic positions, formation of
different phases, elemental segregations, and possible phase transformations [1,13]. Another approach
to defining MPE alloys that have been used in the literature is compositional-based definition instead
of the entropy-based concept. In this approach, these alloys are called complex concentrated alloys
(CCAs). Based on this definition, alloys with non equi-molar compositions, and/or alloys with four
alloying elements are also considered as CCAs [1].

Figure 3 illustrates the relationship between the properties/price ratio and the entropy of common
alloys [14]. According to this data, MPE alloys (HEAs in this figure) can be expensive (medium to low
cost effective), but some of them may belong to the most cost-effective zone which includes metallic
glasses and super alloys, and further research is needed for their design and development [14]. It
should be mentioned that the authors in Figure 3 have employed the ideal configurational entropy.
Therefore, considering the complexity of configurational entropy of MPE alloys as a function of
composition, atomic configuration, and temperature, the projected property-price relationship and its
variation with alloy entropy can change.
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(this figure is from Reference [14]; IMs: Intermetallics or metallic compounds).

To overcome the complexities in experimental design of MPE alloys, reduce the inevitable
expenses in empirical investigations, and decrease the number of time-consuming trials and errors,
developing and utilizing computational modeling and simulations seem to be credible. Over the
years various computational modeling tools have been developed or utilized in order to predict the
microstructures and properties of different MPE alloys. In this study, we review the research articles
published in the last decade studying different features of the MPE alloys by using computational
modeling and simulations. This study is prepared in two major sections. First, the studies on phase
equilibria and crystal structures of the MPE alloys are discussed, and then the research about predicting
the properties of the MPE alloys are reviewed. Furthermore, in each section and shortcomings of each
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of the computational modeling tools are clarified. The purpose of this review article is to provide
the current state of the art in computational modeling and simulations of MPE alloys, and assist the
researchers to gain more knowledge about their capabilities and shortcomings in the study and design
of these alloys.

2. Phase Equilibria and Crystal Structures of MPE Alloys

Similar to other alloy systems, nano- and microstructures of MPE alloys essentially affect their
properties. In spite of being compositionally complex due to having multiple principal elements, the
majority of MPE alloys are designed to form simple microstructures, mainly solid solutions (SS) [15].
Miracle and Senkov [1] reported that from 643 different studied MPE alloys, SS microstructures were
the most common with 48% of all the cases. SS plus intermetallics (IM) microstructures are 42%,
and IM microstructures are only 10%. Moreover, within the reported SS microstructures for various
MPE alloys under different processing conditions (e.g., as-cast, heat treated, etc.), single-phase SS
is the most common SS microstructure (25% of the cases) and double-phase SS ranks second (17%).
Body-centered cubic (bcc) and face-centered cubic (fcc) phases are the most common phases in the
experimentally studied MPE alloys (43% and 56%, respectively), while MPE alloys with an hcp phase
are very rare (1%) [1]. Therefore, regardless of thermodynamic stabilities/instabilities of these reported
microstructures discussed by E.J. Pickering and N.G. Jones [16], the strong tendency to form simple
microstructures could make it easy to theoretically predict the microstructures and investigate the
phase equilibria of MPE alloys. On the other hand, the presence of multiple principal elements increases
the order of interactions between the elements which can result in the complexity of calculations and
computational simulations.

Calculating the phase equilibria, predicting the stable phases and crystal structures, and
investigating the phase formations/transformations are the initial steps in computational materials
design. Over the last few years various computational techniques and theoretical approaches have
been utilized to study and predict the phase equilibria and crystal structures of MPE alloys. These
theoretical and computational studies provide valuable information about the various aspects of the
crystal structures and microstructure evolutions of MPE alloys, however, they have their limitations
and challenges.

Zhang et al. study on the relationship between SS stability, atomic size difference (δ), and
enthalpy of mixing (∆Hmix) was one of the earliest theoretical studies attempted to predict the crystal
structures and phases of MPE alloys [17]. According to their study, SS in MPE alloys forms when
1 ≤ δ ≤ 6 satisfying Hume-Rothery rule [18], and −15kJ.mol−1 ≤ ∆Hmix ≤ 15kJ.mol−1 [17]. Figure 4
shows how SS and ordered SS microstructures in MPE alloys can be achieved when 1 ≤ δ ≤ 6 and
−15kJ.mol−1 ≤ ∆Hmix ≤ 5kJ.mol−1 [17].

Later, Guo et al. [19] reported a successful study about the relationship between valance electron
concentration (VEC) and crystal structures of the MPE alloys. Their study suggested that a single bcc
phase forms for VEC < 6.87, while for VEC ≥ 8, a single fcc phase is stabilized. Consequently at
6.87 ≤ VEC < 8, both fcc and bcc phases can co-exist in the microstructure of an MPE alloy [19]. The
VEC criterion has been also applied to determine the presence of σ-phase in Cr and V containing MPE
alloys [20]. According to Tsai et al. [20], σ-phase can be stabilized in Cr and V containing MPE alloys if
6.88 ≤ VEC ≤ 7.84. These criteria have been applied to many different MPE alloys and the results
seem to be mostly consistent with experiment [21].

Thermodynamics based approaches are some of the most popular techniques that can be applied
to theoretically study the phase equilibria of materials without laborious and rather expensive
experiments. Various thermodynamic methods and approaches are available to study different
characteristics of alloys, including MPE alloys. For instance, Ye et al. [13] studied the trend
of the elemental segregation in the number of SS MPE alloys by calculating the deviation of a
designed composition from the optimum composition at different temperatures using their modified
thermodynamic regular solution model [13]. In another example, Morral and Chen [22] studied the
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miscibility gaps and their stabilities in MPE alloys using thermodynamical criteria. Furthermore,
the semi-empirical calculation of phase diagram (CALPHAD) method, which method is based on
minimization of the free energy of the system, was introduced in 1970 by Kaufman and Bernstein [23,24].
CALPHAD method is known to be the most general and extensible method capable of predicting the
phase equilibria of MPE alloy systems [25].Metals 2019, 9, x FOR PEER REVIEW  5  of  23 
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and atomic size difference (this figure is from Reference [17]).

It has been shown that in multicomponent systems, three separate Gibbs free energies can be
considered to determine the total Gibbs free energy of a phase (Equation (1)) [25]:

GPhase = G0 + Gideal + Gexcess, (1)

where G0 is the reference Gibbs energy equivalent to the mechanical mixture of the constitute
components of the phase, Gideal is the ideal Gibbs energy corresponding to the ideal solution entropy
of mixing, and Gexcess is the excess Gibbs energy for a regular solution.

CALPHAD method is available in some thermodynamic software packages, such as Factsage [26],
Thermo-Calc [27,28], and Pandat [29]. In addition to predicting structures and phases of MPE
alloys, thermodynamic methods were also used to calculate the mixing enthalpy, configurational
entropy, mismatch entropy, and other thermodynamic aspects of high entropy bulk metallic glasses
(HE-BMGs) [30,31].

Thermo-Calc has recently become arguably the best commercial tool to study the phase equilibria
of multicomponent systems, including MPE alloys. For example, Tang et al. [32] were able to
determine the stabilities of different Al-transition metal binary phases in some MPE alloys by
calculating their enthalpy of mixing using the Thermo-Calc SSOL5 database. Sonkusare et al. [33]
calculated sudo-binary phase diagram of CoCuFeMnNi, Saal et al. [34] studied the phase fractions
of CoCrFeMnAl, Yao et al. [35] computed the mixing Gibbs free energies and phase fraction of four
refractory MPE alloys, Fang et al. [36] determined the phase molar fractions of selected light-weight
MPE alloys, and Stepanov et al. [37] calculated the phase molar fractions of AlCrxNbTiV, using
TCHEA1, TCHEA2, TCNI7, TCNI8, and TTTI3 databases of Thermo-Calc, respectively. Moreover,
B. Gwalani et al. [38] have comprehensively studied the effects of thermo-mechanical processes on
microstructures of Al0.3CoCrFeNi MPE alloy and their discrepancies from thermodynamic predictions
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by TCHEA database of Thermo-Calc. According to this study, nanoscale ordered L12 phase was
formed experimentally when the alloy was solutionized at 1150 ◦C before annealing. This meta-stable
L12 phase was not captured in the equilibrium thermodynamic calculations due to different driving
forces for nucleation, as well as different nucleation barriers in different phases [38]. According to
the recent comprehensive study of Abu-Odeh et al. [39], the calculated phase equilibria of 71% of
alloys (153 alloys out of 216 total studied alloys) using TCHEA1 (the database deigned for MPE alloys)
matched the experiments. In another study, Tancret et al. [40] have reported the predictive capability of
TCNI7, TTNI8, TCFE8, and SSOL5 databases of Thermo-Calc. According to this study, TCFE8 was the
most successful database for MPE alloys, while SSOL5 was the most accurate for non-MPE alloys [40].
Figure 5 shows the accuracy of different CALPHAD databases in predicting the phase formations in
MPE and non-MPE alloys [41]. It should be noted that current databases of Thermo-Calc are not able
to capture the phase formations in most of the experimentally studied MPE alloys.
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The Pandat thermodynamic software package has also been utilized to study the phase equilibria
of a few MPE alloys. For instance, Liu et al. [42] calculated the phase molar fractions and a phase
diagram of AlCrCuFeNi2 alloys using the PanHEA database of Pandat. Nevertheless, some researchers
prefer to develop their own thermodynamic databases [43,44] or use the available CALPHAD-based
databases (e.g., SGTE) directly without using commercial software [45,46]. This will allow these
frameworks to study MPE alloys for which there are not enough experimental data available in the
databases of commercial software. A statistical study was performed by Miracle and Senkov [1]
illustrating the predictive capability of the CALPHAD calculations with respect to the experimental
results. They compared two CALPHAD datasets (f AB = 1 and f AB = All) at two different temperatures
(600 ◦C and melting temperature (Tm)). According to their findings, CALPHAD predicts more phases
in the microstructures of the MPE alloys than the experimental observations. Also, some phases are
over predicted while some phases are neglected. In addition to predicting structures and phases of
MPE alloys, thermodynamic methods and approaches were also used to calculate the mixing enthalpy,
configurational entropy, mismatch entropy, and other thermodynamic aspects of high entropy bulk
metallic glasses (HE-BMGs) [30,31].

First-principles approaches (electronic scale simulations), including density functional theory
(DFT) calculations and ab-initio molecular dynamics (AIMD) simulations, are other strong theoretical
tools which can provide the thermodynamic information and phase stabilities of MPE alloys with good
precisions. These approaches are the smallest scale simulations in the multi-scale computational
materials framework and are known to be the most successful methods to study the electronic
structures of materials [47]. Different commercial and open-access ab-initio based software packages,
such as VASP [48], Quantum Espresso [49], ABINIT [50], and CASTEP [51], are available to study
different aspects of the MPE alloys. First-principles approaches have been used to study the phase
equilibria and crystal structures of different MPE alloys. For instance, Ma et al. [52] studied
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the thermodynamic properties of the CoCrFeMnNi using DFT and AIMD. They found that the
ferromagnetic hcp structure is stable at ground state with respect to other structures (bcc or fcc)
and other magnetic states (non-magnetic or disordered local moments). They also calculated the
temperature dependent free energy values of different crystal structures and magnetic states, and
temperature dependent vibrational entropy, magnetic entropy, and electronic entropy [52]. In
other examples, Niu et al. [53] calculated the mixing enthalpy and lattice constant of NiFeCrCo,
Yalamanchili et al. [54] studied the configurational entropy of (AlTiVNbCr)N, Jiang and Uberuaga [55]
developed an ab-initio based small set of ordered structures (SSOS) and calculated the instability
energies as energy difference between fcc and bcc structures for different bcc MPE alloys, Tian et al. [56]
studied the similar energy difference for number of CoMoW-based MPE alloys, Li et al. [57] calculated
the hcp-fcc energy difference, lattice vibration, and magnetic entropy of Co20Cr20Fe40-xMn20Nix MPE
alloys, Heidelmann et al. [58] determined the stable structures for matrix and inter-grain phases of
ZrNbTiTaHf, and Mu et al. [59] computed the lattice constants of five different refractory MPE alloys,
all using first-principles calculations.

Moreover, first-principles approaches can provide information about phase evolutions and
structural properties of the MPE alloys. For example, Zhang et al. [60] determined an unstable
sluggish pressure-induced phase transformation from fcc to hcp in NiCoCrFe alloy by calculating the
Gibbs free energies and lattice constants of fcc and hcp phases at different pressures and lattice volumes.
In another study, Tian et al. [61] investigated the phase stabilities of paramagnetic (NiCoFeCr)1−yAly
MPE alloys by calculating Gibbs free energies and structural energies of different phases as a function
of Al content, Middleburgh et al. [62] studied the segregation and migration of species in CrCoFeNi
alloys by calculating the vacancy energy and defect energy versus lattice binding energies, Yu et al. [63]
investigated the nano-scale phase separation in some fcc MPE alloys using ground state formation
energies, and Leong et al. [64] applied the rigid band approximation (RBA), a simplification of density
functional theory approach, to investigate the phase formation behaviors in MPE alloys and several
phases were successfully predicted.

In addition to crystal structures and phase formations, other nano/microstructure and phase
equilibria related properties can be calculated using first-principles approaches. For example,
Gutierrez et al. [65] calculated the melting temperature, chemical energy, and specific heat of
CoCrFeNiMn MPE alloys. They also calculated the temperature dependent thermal expansion
and lattice constants. Due to the complexity of the MPE alloys with high chemical disorder and
composition fluctuation, energy dissipation and defect evolution have also been important topics to
study, especially for designing radiation resistant materials used in extreme radiation environments.
Based on first-principles approaches, Y. Zhang et al. [66] applied ab initio Korringa–Kohn–Rostoker
coherent-potential-approximation (KKR-CPA) method for electron structure calculations of NiCoFeCr
to study the controlling factors in radiation resistance mechanisms. Based on their first-principles
and experiments, they suggested that exploiting single-phase concentrated solid solutions of MPEs
could be an effective approach to modifying intrinsic material transport properties, which can affect
equilibrium and non-equilibrium defect dynamics [66].

First-principles calculations can also be integrated with thermodynamic CALPHAD models to
study the phase stabilities and phase diagrams of MPE alloys. For instance, enthalpy of mixing for
different structures and compositions can be calculated using DFT methods and the results can be
considered in the CALPHAD formulations [67,68]. The advantage of incorporating first principles
with CALPHAD approaches is to improve the predictive capabilities of CALPHAD by adding more
physical factors into the calculations [69].

Despite the capabilities of the first-principles approaches in studying the structures and phase
equilibria of the MPE alloys [70], small scale (pm to nm), small number of atoms (a few hundred
atoms), and relatively high computational costs are the main limitations of these methods. Therefore,
using combinations of thermodynamics and first-principles approaches have shown better promising
results in studying the MPE alloys [71–73].
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In addition to the first-principles and thermodynamics approaches as the most popular methods
to study the crystal structures and phase equilibria of MPE alloys, other multi-scale computational
methods, such as molecular dynamics (MD), Monte-Carlo, and some analytical-numerical methods
have also been applied to study different features of the microstructures of some MPE alloys. For
instance, Choi et al. [74] studied the migration vacancy energies of the species in CoCrFeMnNi alloy,
and Sharma et al. [75] calculated the crystallization temperatures and stable phases in AlXCrCoFeNi
alloy, using MD simulations with considering second nearest-neighbor modified embedded atom
method (2NN-MEAM) and Lennard-Jones (LJ) potentials, respectively. The main problem in using
the MD simulations is generally the unavailability of the interatomic potentials. If the interatomic
potentials are not specifically developed for the target materials or the temperature of interest, the
results may not be useful or accurate. Developing interatomic potentials can be a time-consuming and
computationally expensive process.

Some researchers have utilized Monte Carlo simulations which are a broad range of computerized
mathematical algorithms to study the probability of different objectives [76]. For example,
Anzorena et al. [77] investigated the evolution probabilities with temperature for different coordination
matrices in MoTaVWZr, and Feng et al. [78] calculated the pair correlation functions in AlCoCrFeNi;
both work employed Monte Carlo simulations. In another work, hybrid Monte Carlo and MD (hybrid
MC/MD) approach was used to simulate the structure and calculate the partial radial distribution
functions in Al1.33CoCrFeNi MPE alloy (Figure 6) [79]. The large amounts of the required data in
Monte Carlo simulations usually increase the complexity of such simulations.
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Figure 6. (a) Simulated structure of Al1.33CoCrFeNi at T = 300 K viewed along the [001] direction.
(b) and (c) Partial radial distribution functions gαβ(r) showing the atomic distributions around Al and
Cr atoms, respectively (this figure is from Reference [79]).

It should be noted that some characteristics and properties of the MPE alloys have been studied
by other numerical, analytical, and statistical analyses, such as lattice distortion by an analytical
calculation method [80], lattice constants and short range order matrices by a theoretical atomistic
model [81], densities and melting temperatures by a combination of physical and statistical models [82],
and elemental diffusivities by combinations of different theoretical methods, including Darken and
Miedema’s scheme [83].

Although the reviewed multi-scale computational tools improve the research capabilities in study
and design MPE alloys, due to the configurational disorders in MPE alloys, these approaches still have
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uncertainties and errors, either in modeling or calculations. Various models have been utilized in the
literature to study the structures and properties of different systems. For instance, coherent potential
approximation (CPA) to study the chemical and magnetic disorders, special quasi-random structure
(SQS) as one of the most successful models known for binary and ternary alloys, and coarse-grain
cluster expansion (CE) to investigate short-range order effects in Monte-Carlo simulations [55]. In
two recent studies, Fernandez-Caballero et al. [84,85] investigated the configurational entropy as a
functional temperature, and calculated the multi-body ordering probabilities and short range ordering
(SRO) for Cr-Fe-Mn-Ni and MNbTaVW MPE systems, by developing a hybrid combinations of effective
cluster interactions (ECIs) derived from DFT and Semi-Canonical Monte Carlo Simulations.

Due to the unique characteristics of MPE alloys, such as a large number of alloying elements, high
interaction order, and large local atomic displacements (lattice distortions), there are some noticeable
discrepancies between computational data and experiments [55]. The uncertainty of computational
data must be reported, which is often ignored, and more efforts need to be dedicated to developing
more accurate models.

3. Properties of MPE Alloys

3.1. Mechanical Properties

MPE alloys can be designed to have exceptional mechanical properties. As it can be seen in
Figure 7 [86], MPE alloys can show excellent damage tolerance (strength combined with toughness)
when compared to conventional alloys. Therefore, a more comprehensive understanding of the
mechanical behaviors of MPE alloys can result in optimization the design of these alloys.Metals 2019, 9, x FOR PEER REVIEW  10  of  23 
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Generally, elastic constants (C), bulk modulus (B), Young’s modulus (E), shear modulus (G), and
the Poisson ratio (υ) are some of the most important mechanical properties of alloys. To measure
the elastic constants through experimental technique, large and homogeneous single crystal samples
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without any defects are required. As a result, limited experimental data on the elastic constants of
MPE alloys have been reported in the literature. Due to the great challenges of experimental studies in
this area, computational modeling tools have become essential alternatives to study the properties of
MPE alloys in a time-efficient and low-cost manner. In the following subsections, different mechanical
properties of MPE alloys predicted by computational approaches are reviewed.

3.1.1. Elastic Properties

Elastic properties are determined by applying external forces bellow the yield limit on
computer models.

Starting with first-principles calculations at the electronic scale, exact muffin-tin orbital (EMTO)
method [87] is an efficient approach to solve Kohn–Sham equations, while coherent potential
approximation (CPA) [88] is a technique which can powerfully treat the substitutional disorder for
degrees of freedom of chemical and magnetic. It was demonstrated that combined EMTO and CPA
(EMTO-CPA) can successfully predict the elastic properties of materials. For example, Tian et al. [89]
employed the EMTO-CPA method to determine the elastic properties and equilibrium volume of
CoCrFeMnNi based MPE alloys. They also studied the effects of alloying elements on electronic
structures and elastic properties of TiZrNbMoVx MPE alloys [90]. Moreover, they indicated that the
VEC value of about 4.72 is critical for the elastic isotropy in these refractory MPE alloys. In another
study, Li et al. [91] utilized first-principles calculations to determine the effects of crystallographic
directions on the Young’s modulus of some fcc and hcp MPE alloys (see Figure 8).Metals 2019, 9, x FOR PEER REVIEW  11  of  23 
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In another first-principles study, Cao et al. [92] investigated the equilibrium bulk properties of
AlxMoNbTiV alloys by employing EMTO-CPA, in which the fraction of Al was controlled between
x = 0 and x = 1.5. They have shown that the υ, B/G ratio and ab-initio Cauchy pressure of these
alloys decreased with the increase of Al content. Moreover, these alloys were predicted to become
isotropic when VEC ≈ 4.82 or x ≈ 0.4. Employing the EMTO-CPA method, Li et al. [93] studied
the equilibrium volume, the ideal tensile strength, and elastic properties of some bcc-phase MPE
alloys, ZrVTiNb, ZrNbHf, ZrVTiNbHf and ZrTiNbHf. The obtained results were expected to provide a
guideline to design refractory MPE alloys with controlled strength level [93]. Furthermore, Li et al. [94]
investigated the variation behaviors of the ideal tensile strength (ITS) and the ideal shear strength (ISS)
in terms of the composition of elements. The ab-initio EMTO-CPA calculations were combined with the
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quasi-harmonic Debye-Grüneisen model by Ge et al. [95] to investigate the equilibrium bulk properties,
thermo-elastic properties, and the Curie temperature of ferromagnetic and paramagnetic CoCrFeMnNi
alloys. In their study, the elastic moduli were found to linearly decrease and the ductility increase
with the temperature increase [95]. All of these studies demonstrated that integrated the EMTO-CPA
method is capable of determining elastic properties of MPE alloys with five or fewer elements.

Virtual lattice approximation (VCA) is a method that allows the study of a crystal structure that its
primitive unit cell can be periodically repeated, but it contains fictitious “virtual” atoms that interrupt
between the atoms behaviors in the parent material [96]. By combining DFT and VCA methods,
Tian et al. [97] calculated the elastic constants, ITS and ISS of single-phase TiVNbMo alloys. Their
simulation results implied that the single-phase bcc TiVNbMo exhibits good ductility, but low tensile
strength and shear strength [97]. Moreover, Mu et al. [59] used ab-initio EMTO and VCA methods to
study the properties of refractory MPE alloys. They showed that the refractory MPE alloys consisting
of Cr, Ti, Ta, Zr, V, Mo, Nb and W have stable single-phase bcc instead of fcc and hcp phases [59]. Also
their studied alloys showed superior ductile and isotropic properties [59].

Table 1 summarizes the available Young’s moduli of various MPE alloys in the literature. Despite
the great progress that has been achieved by the aforementioned computational approaches, great
amounts of experimental studies are still needed to validate the obtained computational results.

Table 1. Available Young’s moduli (GPa) of MPE alloys in literature.

Alloys EDFT EMD Eexp.

Al0.1CoCrFeNi - 199 [99] 203 [99]

CoCrFeNi 275.7 [94], 274.1 [89],
225 [100], 196 [100] - 226 [101]

CoCrMnNi 265.6 [89] - 171 [100]
CoFeMnNi 267.2 [95] - -

CoCrFeMnNi 262.4 [94], 279.7 [95], 207 [100] - 215 [102], 137 [100]
Cr10Mn40Fe40Co10 328.1 [94] - -

TiZrVMoTaNb 71.9 [59] - -
TiZrVMoTaNbCr 130.9 [59] - -

TiZrVMoTaNbCrW 166.7 [59] - -
NbVTiZrAl 118.0 [98] - -

ZrNbHf 95.4 [93] - -
ZrVTiNb 95.1 [98], 117.5 [93] - 80 [103], 101 [104]
ZrTiNbHf 88.9 [93] - -

ZrVTiNbHf 97.1 [93] - -
TiZrNbMoVx 141.1 (x = 1) [90], 127.8 [96] - -
AlxMoNbTiV 174.4 (x = 1) [92], 185.4 [96] - -
TaNbHfZrTi 185.4 [96] - 78.5 [103], 87 [104]
NbTaTiWV 257.3 [96] - -

WNbMoTaV 218.0 [96] - -
MoNbTaTiV 130.5 [96] - -

MoTiZrNbHfTa 136.6 [96] - -

In addition to EMTO-CPA and VCA methods, several other theories and methods were developed
to predict elastic properties of MPE alloys. The maximum entropy (MaxEnt) method [96], which
is based on the first-principles, is used to study the effect of lattice distortions on the elasticity of
several single-phase MPE alloys. Compared to EMTO-CPA, it has been shown that MaxEnt is a
more reliable method in studying the elastic properties of MPE alloys, as well as studying the local
atomic environment [96]. Moreover, the MaxEnt method can be potentially used in the MPE alloy
systems with 4 to 10 elements, with different concentrations [96]. In addition to the discussed methods,
first-principles approaches can be directly applied to study the mechanical properties of MPE alloys.
For instance, Qiu et al. [98] examined the effect of Al on structure stability, electronic structure, chemical
bonding and mechanical properties, such as strengthening mechanisms of bcc NbVTiZrAl alloys by
directly using first-principles calculations.
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Although, the majority of the studies on elastic properties of MPE alloys have used first-principles
based approaches, some meso-scale computational techniques also have sparsely employed. For
example, a finite element analysis (FEA) model was developed by Štamborsk et al. [105] to study
the effect of anisotropic as-cast microstructure on high-temperature compression deformation of
multiphase Co24Cr19Fe24Ni19Al8(Ti,Si,C)6 Compositionally Complex Alloys (CCA), which is derived
from single phase CoCrFeNi-based MPE alloys. They qualitatively studied the local microstructure
evolutions, such as the fragmentation of brittle phase and plastic deformation of the ductile phases,
with respect to 3D numerical modelling of local strains and stresses [105]. Their approach was
proposed to be helpful in the initial screening of the composition of alloy during the design of new
MPE alloys [105].

3.1.2. Plastic Deformation

Similar to the other types of structural material, it is essential to study the plastic deformation
behaviors and the underlying deformation mechanisms of MPE alloys [106].

In a study on equimolar MPE alloys, Ye et al. [107] identified a non-symmetric residual strain
field using first-principles calculations with atomic scale fluctuations, which provided a further
understanding of the plasticity enhancement in MPE alloys, such as dislocation strengthening. Besides,
to calculate the essential residual strain in MPE alloys and other types of alloys, Ye et al. [108] developed
a self-sufficient geometric model. This approach is expected to be useful in compositional selection for
designing of new MPE alloys. But the chemistry effects were ignored in their calculations [108].

The stacking fault energy (SFE) of materials is one of the most important factors in determining
the dominant plastic deformation mechanisms. By using a first-principles approach, Kivy and Asle
Zaeem [109] recently calculated the generalized stacking fault energy (GSFE) of CoCrFeNi-based
single phase MPE alloys to investigate the effect of Cu, Ti, Mo, Mn, Al elements on their plastic
deformation mechanisms. With randomly distributed alloy systems, possible variations in formation
energies were obtained. Uncertainties were calculated by first running five to nine simulations for each
composition to determine the atomic positions within the DFT supercell that results in the most stable
(lowest energy) configuration, then, the stacking fault plane was placed at different locations to take
into account the composition effects at the stacking fault plane and its neighboring planes on GSFE
calculations. Examples of calculating GSFE curves are shown in Figure 9. This study demonstrated that
relatively high amounts of Al, or the presence of Cu and Mn, endorse martensitic transformation and
dislocation mediated slip as plastic deformation mechanisms. Alternatively, mechanical twining and
dislocation glide in alloys containing Mo or Ti, and dislocation gliding for alloys with a low amount of
Al would be the plastic deformation mechanisms [109].

In another study, SFEs for a series of solid solution alloys (SSAs) were studied by first-principles
calculations [110]. Their obtained results indicated that these SSAs exhibit low (even negative) SFEs
depending on the alloying elements [110]. To determine the temperature dependence of the SFE in
Fe-Cr-Co-Ni-Mn alloy, Huang et al. [111] analyzed the chemical, strain and magnetic effects using the
first-principles method. They predicted very low SFE values with a large positive temperature factor
at cryogenic conditions, which can be used to explain the observed twinning induced plasticity (TWIP)
effect at temperatures lower than zero and transformation induced plasticity (TRIP) effect. These effects
may also explain the observed combinations of superior ductility and strength of Fe-Cr-Co-Ni-Mn
MPE alloys [111].

With a different approach, Pei et al. [112] used the algorithm of particle swarm optimization
within Peierls–Nabarro model to obtain the dislocation structures and provided a pathway to efficiently
determine their mobility and geometries.

In a recent study, Choudhuri et al. [113] investigated the effects of σ and B2 intermetallic phases
on deformation twinning of Al0.3CoCrFeN MPE alloy, using a combination of experiments and MD
simulations. According to this study, σ and B2 intermetallic compounds endorsed deformation twining
and strain hardening of the fcc matrix. They used ~900 K atoms with an EAM interatomic potential in
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their simulations [113]. In a three dimensional MD simulation study, Wang et al. [114] investigated
the strengthening mechanism and plastic deformation behaviors of AlCrCuFeNi MPE alloys. They
used 1.5 M atom simulations utilizing a combination of EAM and Morse potential, and determined
the surface topography, friction coefficient, dislocation density and subsurface damaged structure
during the process of nanoscale scratching, and the dynamic evolution of scratching forces, and
compared them with those in pure metals [114]. In another study, the strain-induced transformation
plasticity of single-crystal and nanocrystalline Co25Ni25Fe25Al7.5Cu17.5 MPE alloy during fcc to bcc
phase transition was investigated using MD simulations by Li et al. [115]. With 2.3M atom simulations
using a normalized EAM potential, they concluded that the fcc to bcc phase transition provides
an alternative approach in designing novel MPE alloys with improved strength and ductility [115].
Sharma and Balasubramanian [99] have investigated the deformation mechanisms of a single phase
Al0.1CoCrFeNi, under tension by employing MD simulations. They considered an EAM-LJ hybrid
potential with 62,500 atoms. Their simulation results attempted to offer insights on the nucleation
and dynamic evolution of defects, which cannot be achieved by experiments and not unfeasible by
first-principles calculations [99]. Finally, by employing MD simulations focusing on dislocation motion
behavior, and utilizing an EAM potential in 1.4M atom simulations, Smith et al. [116] demonstrated
that the SFE in equiatomic CrMnFeCoNi MPE alloys should be considered as a spatially local property
instead of global variable. In Table 2 the calculated SFE values of several MPE alloys by DFT, MD,
and experiment are compared, demonstrating that calculations of SFE is mostly ignored by the most
of previous MD studies, therefore one can’t confidently utilize such MD simulations to study plastic
deformation in MPE alloys.
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Figure 9. (a) fcc supercell structure used for calculating generalized stacking fault energy curves and
surface energies of CoCrFeNi-based single phase MPE alloys. (b) Calculated GSFE curves for CoCrFeNi
and CoCrFeNiAl0.3Ti0.1 by considering two different fault planes shown in (a); subset pictures show
twin boundary formation for these two cases (this figure is from Reference [109]).

As discussed before, the main issue in utilizing MD simulations to study the MPE alloys, or
multicomponent alloys in general, is unavailability of interatomic potentials for these alloys. The
accuracy of the results in MD simulations is directly controlled by the interatomic potentials, therefore
developing and benchmarking of interatomic potentials for MPE alloys are urgently desired.

As can be seen in Tables 1 and 2, the calculated results for Young’s moduli and SFEs show
considerable differences with respect to the experimental data. These discrepancies are the results of
the configurational disorders of MPE alloys, discussed previously in Section 2 of the current review
artilce. SFE results presented in Figure 9 shows how the distribution of atoms in fcc supercells and
their relative positions to the stacking fault plane affect the GSFE curves. Although specific modeling
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methods, such as SQS have shown good results for some MPE systems, these methods still show large
uncertainties for some other MEP alloys, and in general they can be computationally expensive.

Table 2. A summary of available SFE (mJ/m2) of MPE alloys in literature.

Alloys γSFE-DFT γSFE-MD γSFE-exp

FeCrCoNiMn 21 [111], 27.3 [100], 29.7 [109] - 25 [117], 26.5 [118], 19 [100]
CoCrFeNi 31.6 [109], 31.7 [100] - 27 [118]

CoCrFeNiCu0.5 29.0 [109] - -
CoCrFeNiCu 27.5 [109] - -

CoCrFeNiCuAl0.5 32.0 [109] - -
CoCrFeNiCuTi0.5 37.4 [109] - -

CoCrFeNiAl0.3 35.2 [109] - -
CoCrFeNi 31.6 [109] - 26.8 [117]

CoCrFeNiCu0.5 29.0 [109] - -
CoCrFeNiCu 27.5 [109] - 49.0 [115]

CoCrFeNiCuAl0.5 32.0 [109] - -
Co20Cr26Fe20Ni14Mn20 - - 3.5 [117]
Co15Cr20Fe20Ni25Mn20 - - 38 [118]

Co26Cr18.5Fe18.5Ni18.5Mn18.5 - - 9.7 [100]
(CoCrFeNi)86Mn14 - - 29 [118]
(CoCrFeNi)94Mn6 - - 28 [118]

FeCrNi - 20 [114] -

3.1.3. Solute Strengthening

Solute strengthening is an important characteristic of MPE alloys which causes improvement in
the strength of these alloys compared to their constitutes [98]. It is well known that the strength of
materials can be changed by adding more solute atoms with large differences in shear moduli and size
of solvent and solute atoms [119–121].

First-principles calculations have shown good potential in elucidating the mechanisms of solute
strengthening. For instance, the Labusch model was used to study the solute strengthening of fcc
NiCoFeCr and NiCoFeCrMn MPE alloys by Varvenne et al. [122]. This model uses dislocation/solute
interaction energies from first-principles calculations as inputs, and quantitatively analyzes the effects
of composition, strain-rate and temperature on the yield strength and activation volume [122]. Their
calculated results for temperature dependent yield strength for 77K ≤ T ≤ 700K showed good
agreement with the experimental results available for these MPE alloys [122]. In another study,
Varvenne et al. [123] also demonstrated that the additional solute strengthening of MPE alloys due to
dilute additions of another solute could be predicted. Moreover, Toda-Caraballo et al. [124,125] applied
the Labusch model to compute the hardening parameter in multicomponent alloys, and analyzed
the capability of this model in predicting the solid solution hardening (SSH) effect. Wang et al. [80]
developed an analytical model based on the Labusch formula to study the effects of the addition of Hf
and the resulting lattice distortion on strength and solid solution strengthening mechanisms of bcc
TiNbTaZrHfx MPE alloys. They have predicted that this theoretical model could be used in studying
the yield stress, and also in the design of the other bcc MPE alloys.

Besides Labusch model, another general model was proposed by Walbrühl et al. [126] to study
the SSH coefficients. Their model is based on an Integrated Computational Materials Engineering
(ICME) framework. Different from Labusch [127] models, Walbrühl et al. model directly fits the
experimental hardness data, but avoids modeling of misfit parameters. Prediction of SSH of MPE
alloys by this model has ±13% overall accuracy [126]. Moreover, I. Toda-Caraballo et al. [128] proposed
a methodology which can be employed to compute the distribution of interatomic distances in HEAs
by using the unit cell parameter and bulk modulus of component elements. They applied the method
for benchmarking the bcc MoNbTaVW alloy and its 5 sub-quaternary systems. The results obtained by
this method shows mean variations in the range of 1–2 pm with respect to DFT simulations, which
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means it can be used as a better starting point for the time consuming DFT simulations and to quantify
the SSH effects in MPE alloys [128].

3.2. Thermo-Chemical Properties

Due to the potential applications in extreme conditions, such as high temperatures or corrosive
environments, the studies of thermo-chemical properties of MPE alloys are of great interest.

First-principles approaches were applied to investigate the magnetic and thermal properties
of FeCoNiCu-based MPE alloys by Huang et al. [129], and L12 (Co,Ni)3(Al,Mo,Nb) phases by
Yao et al. [71], providing data for the design of novel tungsten-free high-temperature Co based MPE
alloys. In another study and by employing the EMTO-CPA method, Cao et al. [92] predicted that the
addition of Al slightly decreased the thermodynamic stability of bcc AlxMoNbTiV MPE alloys [92].
Furthermore, Löffler et al. [130] assessed the heat capacity of the quaternary AlCuMgSi Q phase
precipitation by the combination of experiment and first-principles calculations.

To study the heat-transfer behavior in a WTaMoNb refractory MPE alloy, Zhang et al. [131]
developed a macro-grid and micro-grid nested model coupled with the finite difference-finite element
(FD-FE) method. They have simulated the thermal stress-strain and temperature distributions in
a continuous selective laser melting (SLM) process [131]. Moreover, by coupling finite element
model (FEM) with the thermomechanical simulation using Gleeble 3800 thermo-mechanical simulator,
Rahul et al. [132] studied the material flow pattern and strain field distribution at different conditions.

Although above efforts have provided some valuable data on thermal or chemical properties
of some specific MPE alloys, such data for most of MPE alloys do not exist, and first-principles
calculations or MD simulations can be utilized to provide databases for thermal or chemical properties
of MPE alloys.

3.3. Magnetic Properties

In addition to the mechanical and thermo-chemical properties of MPE alloys, the magnetic
performance of these alloys has attracted great attention from researchers. The magnetic behavior of
an MPE alloy depends on the alloying elements and composition, and the crystal structures of the
generated phase(s). In recent years, some computational studies, mostly based on DFT calculations,
have been conducted to investigate the magnetic properties of some MPE alloys.

For example, a computational method based on DFT calculations and the small unit cell SQS
was proposed by Zunger et al. [133] to derive defect formation enthalpies for MPE alloys. This model
was designed to simulate the multisite correlation functions and some relevant near neighbor pairs of
random substitutional alloys [134]. It was found that the vacancy significantly affects its surrounding
local spin magnetic moment. In another study, DFT calculations and five different experimental
methods were combined and utilized to determine the magnetic ordering in the CoCrFeMnNi
MPE alloys [135]. Their first-principles calculations showed that interactions of Fe-located and/or
Mn-located moments with the nearby magnetic structure may be responsible for the experimental
macroscopic magnetization bias. Separately, systematic first-principle calculations were carried out
in order to study the Curie temperature (TC) of some equiatomic MPE alloys [136]. An integrated
computational study of the mean field, and DFT calculations was also conducted to compute Curie
temperatures of MPE alloys [137]. Some candidate MPE alloys with good magnetic properties were
revealed, including CoFeNiCrAg0.37, CoFeNiCr0.8Cu0.64 or CoFeNiCrAu0.29. It was also concluded
that the hypothetical TC maps can be directly used in creating ferromagnetic MPE alloys with
well-defined target magnetizations and TC’s. Figure 10 shows the calculated local magnetic moments
in AlxCrMnFeCoNi (0 ≤ x ≤ 5) MPE alloys using a first principles approach [138].
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In some other work, the magnetic properties of CoFeMnNiX (X = Cr, Al, Sn and Ga) MPE alloys
were investigated experimentally, and compared with DFT and AIMD simulation results [139,140].
DFT calculations predicted that the anti-ferromagnetic order related to Mn in the CoFeMnNi fcc phase
can favor ferromagnetism in the CoFeMnNiAl bcc phase. While CoFeMnNiCr alloy is paramagnetic.
By employing DFT calculations and Korringa–Kohn–Rostoker method with the coherent potential
approximation (KKR-CPA), Calvo-Dahlborg et al. studied the effects of electronic structures on
magnetic properties of some Fe, Co, Cr, and Ni based MPE alloys [141]. Moreover, Sun et al. have
studied the dissimilar magnetic moment behaviors of the elements in different concentrations of doped
Al in CrMnFeCoNi [138]. Further experimental, theoretical, and computational efforts are still desired
in improving the understanding of the magnetic properties of MPE alloys reported in most of these
computational studies. Specially to study the effects of grain boundaries and defects on magnetic
properties in micro scale, meso-scale models, such as phase-field simulations can be utilized.

4. Summary

In this review article, we have provided a comprehensive overview of current computational
modeling and simulation tools for the study and design of MPE alloys. In particular, we focused on
the capabilities of different computational modeling tools to study, and predict the structures and
properties of MPE alloys. Table 3 summarizes the computational modeling and simulation approaches
reported in the literature to study the structures and properties of MPE alloys.

As it can be seen in this table, first-principles approaches have been commonly used to study MPE
alloys, and there are many databases created for structures and properties (in particular mechanical
properties) of MPE alloys. This can be due to the readiness and the high accuracy of these methods,
however the first-principles calculations (e.g., DFT calculations and AIMD simulations) are limited in
the model size (up to a few hundred of atoms) and simulation time.

In larger length and time scales, MD simulations were employed in few studies to investigate the
structures and mechanical properties of some MPE alloys, but the applicability of such simulations
relies on the availability of the interatomic potentials for MPE alloys. The reliability of results is
also significantly dependent on the accuracy of interatomic potentials. Therefore, development of
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accurate interatomic potentials for MPE alloys is of great interest to study and predict structures and
phases of these alloys by MD simulations; such models will also open the door to study nanostructural
evolutions in MPE alloys.

To study microstructural evolutions and microstructure-dependent properties of MEP alloys,
computational modeling and simulations are needed at the mesoscale (such as PFM simulations). Such
studies and models are scarce in the literature, and also for verification and validation of such models
high-throughput and in-situ experiments are required.

Table 3. The reviewed computational modeling methods used to study the structures and properties of
MPE alloys.

Method First-Principles Monte-Carlo MD Microscale (e.g.,
PFM simulations) FEM Thermodynamics

Structures/
Phases a b c × × d

Properties
Mechanical e × f × g ×

Thermo-Chemical h × × × i ×
Magnetic j × × × × ×

a: [52–65]; b: [74,75] [84,85]; c: [77,78]; d: [17,20,21] [13,22,32–37,39,40,42–45]; e: [87–90,92–95] [106–111] [122–125]; f:
[116] [99] [114,115]; g: [105]; h: [71] [92] [129,130]; i: [131,132]; j: [133–141].
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