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Abstract The formation of single disordered solid solution

phase in multi-principal element alloys (MPEAs) is crucial

for the properties of the alloy, and thus several empirical

rules have been proposed to predict the stability of disor-

dered solid solution phase in MPEAs. Compared to these

empirical rules, Calphad approach provides a more reliable

and quantitative prediction. In the present work, we choose

three model systems of AlxCoCrFeNi, CoCrxFeMnNi and

AlxLiMgSnZn to evaluate these empirical rules by com-

paring with the Calphad calculated results. The Calphad

calculated temperature-composition sections reveal the

effect of composition on the phase formation under equi-

librium condition. Corresponding diagrams along these

sections illustrate parameter variations from empirical rules

associated with alloy compositions and highlight predic-

tions and limitations. The impact of the different sources of

atomic size data is also discussed.

Keywords Calphad � empirical rules � high entropy alloys �
multi-principal element alloys (MPEAs) � phase stability

1 Introduction

The concept of High Entropy Alloys (HEAs) was initially

proposed based on equiatomic multi-component alloys con-

sisting of a single disordered solid solution (DSS) phase.[1,2]

The HEAs attract attention due to their promising properties

such as excellent strength, hardness and wear resistance,

exceptional mechanical performance both at high and cryo-

genic temperatures, as well as high corrosion resistance.[3] Later

research showed that also non-equiatomic multi-component

alloys with dual-phase structure,[4] or with a solid solution

phase strengthened by hard intermetallic compounds,[5] exhibit

excellent combinations of strength and ductility. Then the term

compositionally complex alloys[6] or complex concentrated

alloys (CCAs)[7] describes the characteristics of these alloys

more appropriately. The concentrations of all elements in these

alloys are similar, and each element can be as ‘‘principal’’ for

the alloys. Thus, the term multi-principal element alloys

(MPEAs) was designated in contrast to traditional iron, tita-

nium, magnesium, aluminum alloys, which generally contain

only one or two principal elements. In the literature, the terms

HEAs, CCAs and MPEAs are not distinguished and often used

interchangeably for these alloys. To give a clear usage of these

terms in this article, we specify the MPEAs as a general term for

these series of alloys, the HEAs as single disordered solution

phase alloys and the CCAs as dual-phase or multiphase alloys.

One of the hot topics of the ongoing research on MPEAs

is to to find a proper method to predict an alloy containing

only one single DSS phase, i.e., HEAs, as opposed to

multiple phases, i.e., CCAs. In order to achieve this, sev-

eral empirical rules[8-21] have been proposed trying to

predict the interface or boundary between the HEAs and

CCAs, which we define here as the HEA/CCA interface.

Compared to empirical rules, the Calphad approach pro-

vides a more reliable and quantitative prediction on the HEA/

CCA interface when a validated thermodynamic description

of the system is available.[22-28] In the present work, we will

explore the HEA/CCA interface of three typical quinary

AlCoCrFeNi, CoCrFeMnNi and AlLiMgSnZn systems

through the Calphad approach, and then evaluate all

parameters obtained from empirical rules by comparison of

the Calphad calculations to the empirical predictions.
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2 Summary of Empirical Rules Proposed
in the Literature

The proposed empirical rules in the literature to predict the

phase stability of the multicomponent DSS phase in

MPEAs are essentially divided into two groups. The first

group is based on Hume-Rothery rules,[14,29] such as

atomic size difference parameters, electronegativity v,

electron concentration (e/a) and valence electron concen-

tration (VEC). The second group is using parameters which

are essentially derived from thermodynamic property val-

ues, such as DH, DS and DG and temperature, but notice

the meaning of D differ greatly in different empirical rules,

which will be explained in detail later.

2.1 Parameters Based on Hume-Rothery Rules

2.1.1 Atomic Size Difference

The atomic size effect is the most convincing rule in

Hume-Rothery rule. For a binary system, solid solution

phase can only be formed when the atomic size difference

between solute and solvent element is less than 15%.[30]

The most widely used parameter to evaluate the atomic

size difference in multicomponent alloys is the dr param-

eter, which is defined as:

dr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

N

i¼1

cið1 � ri=�rÞ2

v

u

u

t � 100%; �r ¼
X

N

i¼1

ciri ðEq 1Þ

where N is the number of components; ci is the atomic

fraction of the ith component; ri is the atomic radius of the

ith component. The parameter of dr was firstly introduced by

Zhang et al.[8] to predict the formation of DSS phase in

MPEAs, and then accepted by other researchers.[7,9-11] The

value of dr = 6.6% was considered as a critical value for the

formation of DSS phase. The condition of dr B 6.6% is the

necessary condition for the formation of DSS phase.[10,13,14]

Wang et al.[15] claimed that the dr parameter did not

describe the solubility of HEAs very well, and they pro-

posed another parameter c, which is defined as:

c ¼ 1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðrS þ �rÞ2 � �r2

ðrS þ �rÞ2

s

 !,

1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðrL þ �rÞ2 � �r2

ðrL þ �rÞ2

s

 !

ðEq 2Þ

where rL and rS are the radii of the largest and smallest

atoms in the alloy. Besides the average of the atomic radii,

the largest and smallest atoms in multicomponent alloy

systems also play a role in stability of the DSS phase. They

concluded that c\ 1.175 was the necessary condition for

determining the solubility of the multicomponent alloys.

Their collected multicomponent alloys with multiphase

regions and metallic glasses are all distributed in the region

of c[ 1.175.[15]

2.1.2 Pauling Electronegativity

The electronegativity difference Dv is defined as

Dv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

N

i¼1

ciðvi � �vÞ2

v

u

u

t ðEq 3Þ

where �v ¼
P

N

i¼1

civi and vi is the electronegativity of element i.

Rather than using a single critical value, Yang et al.[16]

proposed to use Dv value range to predict the formation of

solid solution phases. Their analyzed results showed that

HEAs typically have values ofDv around 0.1-0.15, and CCAs

are around 0.15-0.25, for low density CCAs are 0.15-0.40.

2.1.3 Electron Concentration

According to Hume-Rothery rule, the electron concentration

plays a key role in stabilizing some particular phases in

alloys.[29,30] The electron concentration is basically descri-

bed by two definitions: number of electron per atom, e/a, or

the valence electron concentration (VEC). For a multi-

component alloy, the e/a and VEC are often defined by the

weighted average value from the constituent components.

e=a ¼
X

N

i¼1

ciðe=aÞi ðEq 4Þ

or

VEC ¼
X

N

i¼1

ciðVECÞi; ðEq 5Þ

where (e/a)i and (VEC)i are the e/a and VEC for the individual

element. The determination of the e/avalue for transition metal

(TM) elements is difficult and controversial.[31] The e/a value

of some TM elements even varies in different environment.

Guo et al.[9] proposed to use VEC to study the electron con-

centration effect on the phase stability of HEAs. They con-

cluded that except the Mn-containing HEA alloys, other HEA

alloy systems, such as AlCoCrCuFeNi and MoNbTaVW,

satisfy the condition that the alloys with VEC C 8.0 contain

one single Fcc phase, VEC\6.87 for one single Bcc phase

alloys, and 6.87 B VEC\ 8.0 for fcc ? Bcc two-phase

alloys. The VEC rule is also discussed in detail in Ref 32.

2.2 Parameters Associated with Thermodynamic

Properties

2.2.1 Entropy of Mixing

The concept of high entropy alloy (HEA) was initially

proposed due to the high configurational entropy of mixing
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of the alloys (DSc) with equiatomic 5 or more elements. It

was proposed that the formation of the intermetallic phases

could be suppressed due to the high entropy effect of the

alloys.[2] Although some later research as summarized in

Ref 7 indicates that high entropy effect alone is not the

determining factor for the suppression of the intermetallic

phases, the high entropy alloy is becoming the most pop-

ular term for this type of the alloys, and the configurational

entropy of mixing (DSc) is often used as a replacement of

entropy of mixing (DSmix) of the alloys to evaluate the DSS

phase stability of the HEAs.

Besides the configurational contribution, some other

effects also contribute significantly to the entropy of mixing

and cannot be ignored in many cases. Ye et al.[18] proposed a

method by applying the hard sphere model[33] to calculate the

excess entropy of the mixing, DSE. The DSE is generally

expressed asDSE = DSE (ci, ri, n), where ci and ri are the mole

fraction and atomic radius of the ith element, and n is the

atomic packing fraction of the n-element alloy ranging from

0.68 to 0.74 for close atom packing at room temperature. The

full set of equations used to calculateDSE are very tedious and

not repeated here for brevity. Interested readers are recom-

mended to refer to the original references.[18,33] Note that here

DSE is a thermodynamic property, but it is the atomic radius

that plays a key role.

2.2.2 Enthalpy of Mixing

Enthalpy of mixing (DHmix) is also regarded as an indicator

for the formation of single disordered solution phase. The

DHmix is determined approximately as:

DHmix ¼
X

N

i¼1;i 6¼j

xijcicj ðEq 6Þ

where xij ¼ 4DHmix
A;B is the regular-interaction parameter

between ith and jth elements. Essentially, the DHmix should

be the enthalpy of the mixing of the single DSS phase of

the HEAs, but we accept the enthalpy of mixing of the

liquid phase calculated by the Miedema’s macroscopic

model[34-36] for the DHmix
A;B as the same method used in the

references.[8-10,12] It was proposed that when the DHmix

value is close to zero, then the tendency of forming single

DSS phase is large. Different researchers proposed differ-

ent critical values for DHmix region of forming one single

phase. It was suggested a range of -15 kJ mol-1

B DHmix B 5 kJ mol-1 in Ref 10; while a range of

-11.6 kJ mol-1\DHmix\ 3.2 kJ mol-1 in Ref 12.

2.2.3 The X Parameter[10]

Considering that neither the entropy of mixing nor enthalpy

of mixing alone is so effective on predicting the phase

stability of the solid solution phase, Yang and Zhang[10]

proposed a combined parameter of X, which is defined as

X ¼ TmDSmix

DHmixj j ; ðEq 7Þ

in which DSmix is the entropy of mixing which is often

replaced by the configurational entropy of mixingDSc.DHmix

is the enthalpy of mixing of the solid solution phase, also often

replaced by the enthalpy of the mixing of the liquid phase, and

estimated based on the Miedema’s model as detailed in sec-

tion 2.2.2. Tm is described as the melting temperature of n-

element alloy and calculated by the rule of mixtures:

Tm ¼
X

N

i¼1

ciðTmÞi: ðEq 8Þ

By compared with the collected experimental data, a

critical condition for the formation of the single solid

solution phase with X[ 1.1 was proposed in Ref 10.

2.2.4 The / Parameter[19]

After derived the value of DSE based on hard sphere

model,[18] Ye et al.[19] proposed a new / parameter defined

as

/ ¼ DSC � DSH

DSEj j ðEq 9Þ

where DSC is the configurational entropy of mixing, DSE is

the excess entropy of mixing that is a function of atomic

packing and atom size, calculated from Ref 18, DSH is

defined as DSH = |DHmix|/Tm, with DHmix is calculated

based on the Miedema’s model as described in sec-

tion 2.2.2. Tm is the average melting point Tm of the ele-

ments as treated in section 2.2.3. They proposed a critical

value of /c * 20. The MPEA alloy tends to display a

single-phase solid solution when /[/c, and multi-phase

structure when /\/c.

2.2.5 The U Parameter[20]

By considering the competition effect of the Gibbs energy

of the intermetallic phases and the DSS phases, King

et al.[20] proposed a U parameter, which is defined as

U ¼ DGSS

� DGmaxj j ðEq 10Þ

where DGSS = DHss - TDSss is the formation Gibbs energy

of the DSS phase with references to its individual elements.

The DHss is calculated by the Miedema’s model for solid

solution phase[34] as detailed in the supplementary file of

Ref 20 which is different from the Miedema’s model for

liquid phase applied for DHmix calculations as described in
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section 2.2.2; the DSss also only considers the configura-

tional entropy of mixing as described in section 2.2.1. The

DGmax, which could be the lowest value (negative) for

intermetallic phases or the highest value (positive) for seg-

regation, is the absolute maximum value of Gibbs energy of

formation obtained from the possible binary sub-systems of

the MPEA alloy system. For the intermetallics (IM) they

treated the DSint = 0; and, thus, obtained DGint = DHint.

The detailed description of this rule is given in the original

paper.[20] The values of all these parameters can be calcu-

lated using their website: www.alloyASAP.com.

They proposed that the alloys with U[ 1 are HEAs

containing only one single solid solution phase, while the

alloys with negative value of U are CCAs containing more

than one phases.

2.2.6 The j Parameter[11]

Senkov and Miracle[11] proposed a linear relationship for

the enthalpies and entropies between solid solution phases

and intermetallic phases i.e.,

j1 ¼ DHIM=DHSS and j2 ¼ DSIM=DSSS; ðEq 11Þ

For an alloy system, the thermodynamic condition for

the formation of a solid solution phase at temperature T is

DGss\DGIM, i.e.,

DHss � TDSss\DHIM � TDSIM: ðEq 12Þ

Combining Eq 11 and 12 results in:

j1 ¼ DHIM=DHSS\� 1 � j2ð ÞTDSSS=DHSS þ 1

¼ jcr
1 Tð Þ:

ðEq 13Þ

where

DHIM ¼
X

N

i¼1;i 6¼j

4HIM
ij cicj ðEq 14Þ

HIM
ij is the formation of enthalpy of the compound with the

most negative value in the binary subsystems. The HIM
ij

values can be obtained from the density-functional-theory

(DFT) calculated results such as the appendix table in Ref

17 or online databases,[37,38] which are also cited in Ref 17

or open quantum materials database (OQMD)[39-41] and

Materials Project database (www.materialsproject.org)[42]

to name just a few in this incomplete list. However, one

should keep in mind that the HIM
ij values from different

sources may also differ greatly. Take Al-Mg system for

example, HIM
ij is the enthalpy formation of Mg17Al12 phase

which has the most negative value. This value is

0.033 eV atom-1 provided in Ref 17 but it is

0.024 eV atom-1 in OQMD,[39] 0.02 eV atom-1 in Mate-

rials Project,[42] 0.0384 eV atom-1 in Ref 37 and two

values of 0.0375 and 0.0366 eV atom-1 in http://aflowlib.

org.[38] In the present work, the data from Ref 17 which are

accepted in Ref 11 are used for AlCoCrFeNi and CoCr-

FeMnNi systems calculation. But the HIM
ij values for Al-Li,

Li-Mg, Li-Zn, Mg-Sn and Sn-Zn binary systems, which are

not available in Ref 17 are taken from OQMD.[39]

The enthalpy of formation of the solid solution phase

(DHSS) is simplified as the enthalpy of mixing DHmix, as

described in section 2.2.2. The entropy of formation of the

solid solution phase (DSSS) is also simplified as the con-

figurational entropy of mixing (DSc). The j2, a structural

ordering related parameter, can be estimated by the site

occupancy in the sublattice model of IM phases.[7] The

value of j2 could increases from 0.4 to 0.8 with decreasing

the level of ordering of the IM phase, and a middle value of

j2 = 0.6 was applied in Ref 11 for their prediction.

Thus, the condition of suppression IM phases at tem-

perature T is simplified as,

j1\jcr
1 Tð Þ; i:e:; DHIM=DHSS\jcr

1 Tð Þ ðEq 15Þ

This inequality condition looks simple, but it is actually

equivalent to the condition of DGss\DGIM. All the

properties values for DGss and DGIM are required from

empirical rules estimations and DFT calculations.

2.3 Parameters Combining Atomic Size

and Thermodynamic Properties

2.3.1 The K Parameter[21]

Singh et al.[21] proposed one parameter K by combining the

thermodynamic property of DSmix and the atomic size

difference parameter dr, defined as

K ¼ DSmix=d
2
r ðEq 16Þ

in which the DSmix is also simplified by using DSc, dr is the

same atomic size difference parameter as described in

section 2.1.1. They recommended that single DSS phase

tends to be formed in alloys with K[ 0.95; solid solution

phases together with compounds tend to be formed in

alloys with K value between 0.95 and 0.24; intermetallic

compounds are formed in alloys with K\ 0.24.

3 Calculations Based on Calphad Approach
and Empirical Rules

The PandatTM software[43] has been used for Calphad

calculations. The PanHEA database, www.computherm.

com, was used for AlCoCrFeNi and CoCrFeMnNi system

calculations, while a magnesium database development by

our group (MgDB)[44] was used for AlLiMgSnZn system.

The PanHEA database contains the full thermodynamic
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descriptions on all the binary and ternary sub-systems of

AlCoCrFeNi and CoCrFeMnNi systems, and the reliability

of these systems has also been validated and discussed in

Ref 22-25. The calculated results using Thermo-calc[45]

with TCNI7 database also show good agreement with

experimental data for AlCoCrFeNi and CoCrFeMnNi

systems,[25,26] but the encrypted TCNI7 database is not yet

available in the authors’ group, thus the differences

between TCNI7 and PanHEA are not compared in detail. In

MgDB database,[44] all the binary sub-systems and the

ternary sub-systems of Al-Li-Mg, Al-Mg-Sn, Al-Mg-Zn,

Al-Sn-Zn, Li-Mg-Zn, and Mg-Sn-Zn in AlLiMgSnZn

system have the full thermodynamic descriptions. There-

fore, in this work we did not compare the Calphad results

with the experimental work in detail, which are normally

required, but used the Calphad calculated results for eval-

uation and discussion the reliability of the empirical rules.

The values of the parameters from empirical rules are

also calculated in this work with the equations described in

section 2. Data for the elements are listed in Table 1.[9,46-49]

The DHmix
A;B values used for DHmix calculations are obtained

from Ref 36 and DHIM data from Ref 17 and OQMD[39] are

shown in Table 2. The U parameter[20] values are directly

calculated using the website, developed by King and

McGregor: www.alloyASAP.com.[50]

4 Calphad Calculation Results and Evaluation
of the Empirical Rules

4.1 Al-Co-Cr-Fe-Ni System

Figure 1(a) shows the Calphad calculated temperature-con-

centration section of AlxCoCrFeNi with x variation from 0 to

2. Just below the solidus temperature the temperature-con-

centration section can be divided into four solid phase

regions: the Fcc single phase region with x\ 0.52; the

Fcc ? B2 two phase region with 0.52\ x\ 0.72; the

Fcc ? B2 ? Bcc three phase region with 0.72\ x\ 1.35;

and the B2 ? Bcc two phase region with 1.35\ x\ 2. For

these alloys, the HEA/CCA interface corresponds to the

phase boundary between Fcc single phase region and

Fcc ? B2 two phase region. The r phase is also formed in

some regions at a temperature lower than 900 �C, but in the

present work we will only consider the solid phases just below

the solidus temperature, and will not discuss the r phase and

other intermetallic phases formed at low temperature.

Figure 1(b) represents the relationship of Al content xwith

the empirical rules parameters based on Hume-Rothery rules,

i.e., the parameters of dr,
[10] c,[15] Dv,[16] VEC,[9] and K.[21]

The dr value increases with the increase of Al content, which

indicates that the Al addition reduces the stability of the DSS

Table 1 Data for the elements used in the present work

Elements ri, pm(a) Tm, K(b) v(c) VEC(d)

Al 143 933.473 1.61 3

Co 125 1768 1.88 9

Cr 128 2180 1.66 6

Fe 127 1810.94 1.83 8

Li 156 453.6 0.98 1

Mg 160 923 1.31 2

Mn 126 1519 1.55 7

Ni 125 1728.3 1.91 10

Sn 155 505.08 1.96 4

Zn 139 692.68 1.65 12

(a)Values taken from the metallic atomic radius data in Ref 47

(b)Values taken from Ref 48

(c)Values taken from Ref 49

(d)Values taken from Ref 9 identical to Ref 46

Table 2 The enthalpy data for empirical rules calculations used in

the present work. The mol refers to mol of atoms

DHmix
A;B (a), kJ mol-1 DHIM(b), kJ mol-1

Al-Co -19 -60.69

Al-Cr -10 -13.31

Al-Fe -11 -35.60

Al-Li -4 -18.53

Al-Mg -2 -3.18

Al-Mn -19 -26.82

Al-Ni -22 -65.32

Al-Sn 4 0

Al-Zn 1 -50.17

Co-Cr -4 0.48

Co-Fe -1 -5.79

Co-Mn -5 -1.83

Co-Ni 0 -2.03

Cr-Fe -1 -0.77

Cr-Ni -7 -2.89

Cr-Mn -2 -10.61

Fe-Mn 0 0.87

Fe-Ni -2 -9.36

Li-Mg 0 -6.175

Li-Sn -18 -41.97

Li-Zn -7 -21.42

Mg-Sn -9 -21.42

Mg-Zn -4 -13.41

Ni-Mn -8 -11.10

Sn-Zn 1 0

(a)Values taken from Ref 36

(b)Values taken from Ref 17, for the value contains Li or Sn, which are

not included in Ref 17, are taken from OQMD (http://oqmd.org/)[39]
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phase and intermetallic phases tend to be formed in higher Al

content. According to the phase diagram shown in Fig. 1(a),

the highest x value for HEA/CCA interface is x = 0.52 at the

solidus temperature, where dr = 4.28. The dr value for all

AlxCoCrFeNi alloys with x\ 2 are less than the critical value

of dr = 6.6 proposed in Ref 10.

Unlike the dr, which shows clear variation with increasing

Al content, another atomic size difference parameter c[15] is

almost constant near 1.158 (from 1.157 to 1.160) for alloys

from Al0CoCrFeNi to Al2CoCrFeNi. Based on the critical

condition of c\ 1.175 suggested in Ref 15 all AlxCoCrFeNi

alloys (x\ 2) satisfy the conditon; they have the same level

of potential on the formation of DSS phase, while the Calphad

phase diagram shown in Fig. 1(a) indicates that four different

phase regions exist in this composition range of the alloys.

From this point of view, this parameter c is considered not

superior to or even less effective than dr.

With the value x in AlxCoCrFeNi increasing from 0 to 2,

the Dv value increases from 0.099 to 0.127, which is within

the suggested region of 0.1-0.15 in Ref 16 for the formation

of HEAs. The VEC value decreases from 8.25 to 6.5.

VEC[ 7.65 is Fcc single phase, VEC between 7.65 and

7.45 is Fcc ? B2 two phase region, 7.45 and 6.92 is

Fcc ? B2 ? Bcc three-phase region; and a VEC

value\ 6.92 is Bcc ? B2 two phase region. Based on the

current Calphad calculation, the Fcc single phase region

forms when K[ 0.73, which is less than critical value of

0.95 proposed in Ref 21.

Fig. 1 The AlxCoCrFeNi system with x variation from 0 to 2:

(a) Calphad calculated temperature-composition section phase dia-

gram, (b)-(d) The values of parameters based on empirical rules. The

meaning of the parameters in empirical rules is explained in section 2.

In Fig. 1(c), two sets of curves are provided for DS, DHmix and X:

DSc, DHmix1 and X1 are calculated based on the equations proposed in

Ref 10, which are often used as empirical rules. DSmix, DHmix2 and X2

are obtained based on current Calphad calculations using the

consistent thermodynamic databases
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Figure 1(c) shows the variation of several empirical

parameters, associated with thermodynamic properties,

with the amount of x in AlxCoCrFeNi alloys. Two entropy

values, i.e., the configurational entropy of the alloy DSc and

Calphad calculated mixing entropy DSmix, are presented.

The DSc value reaches maximum value of 13.382 at x = 1,

where Fcc ? B2 ? Bcc three phases are stable at the

solidus temperatures. But DSmix reaches its maximum

value of 11.727 at x = 0.15, where the Fcc phase is the

only stable phase at temperatures just below the solidus.

Two enthalpy of mixing values DHmix are also presented:

the DHmix1 refers to the enthalpy of mixing value calcu-

lated based on the Miedema’s model as described in sec-

tion 2.2.2, which is widely used as an empirical rule[8-10,12];

the DHmix2 refers to the enthalpy of mixing values by the

present Calphad calculations at the liquidus temperatures

of the alloys. Both DHmix decrease with increasing the

value of x from 0 to 2, but the DHmix2 value decreases more

significantly than the decrease of the DHmix1 value.

Based on the two entropy and enthalpy values, two X
parameter values are also obtained. The X1 is following the

empirical rule as treated in Ref 10 and described in sec-

tion 2.2.3. The X1 values are calculated based on equation:

X1 ¼ TmDSc

DHmix1

�

�

�

�

�

�

in which Tm ¼
P

N

i¼1

ciðTmÞi. The X2 are

based on the Calphad calculation in this work, with X2 ¼
TmDSmix

DHmix2j j in which Tm is the Calphad calculated liquidus

temperature of the alloys, which is shown in Fig. 2(a). The

Fig. 2 The CoCrxFeMnNi system with x variation from 0 to 5:

(a) Calphad calculated temperature-composition section phase dia-

gram, (b)-(d) The values of parameters based on empirical rules. The

meaning of the parameters in empirical rule is explained in section 2.

The methods used to determine the value of two DS, DHmix and X
parameter in (c) are the same as in Fig. 1(c)
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X2 value is lower than the X1 value in all alloys. The

critical value of X2 for limit of Fcc single phase region is

1.4, and of X1 is 2.5.

The values obtained for the parameter / proposed in Ref

19 (section 2.2.4) are also presented in Fig. 1(c). With

increasing Al content, the / value decreases greatly. When

/\ 12.8, which is less than the proposed value of 20 in

Ref 19, the AlxCoCrFeNi alloy transforms from Fcc single

phase region to Fcc ? B2 two phase region.

Figure 1(d) shows two parameters U[20] and j.[11] Both

parameters are associated with the Gibbs energy of dif-

ferent phases, and their values were obtained from empir-

ical methods and simplifications.[11,20] It was proposed that

a value of U[ 1 suggests a stable solid solution at the

alloy’s solidus temperature.[20] With increasing x from 0 to

2 in the AlxCoCrFeNi alloys, the U value first increases and

then decreases. The U value is lower than 1 when x[ 0.1.

For the j parameter, the intersection points of the j1
cr

(T) curves with the DHIM/DHSS curve shown in

Fig. 1(d) are critical points where DHIM/DHSS = j1
cr (T).

When Al content in the alloy is less than the critical value,

the condition DHIM/DHSS\j1
cr (T) is satisfied which pre-

dicts the formation of a single solid solution phase struc-

ture.[11] The values determined from Fig. 1(d) are x = 0.34

at liquidus temperature Tm, x = 0.29 at 1600 K and

x = 0.23 at 1400 K. But all these values are lower than the

Calphad calculated value of 0.52.

4.2 Co-Cr-Fe-Mn-Ni System

The equiatomic CoCrFeMnNi alloy with single Fcc phase

was first produced by Cantor et al.[1] Figure 2 shows the

phase diagram of CoCrxFeMnNi system and the evolution

of parameters from empirical rules with the variation of

x from 0 to 5. According to the Calphad calculated phase

diagram of CoCrxFeMnNi system as shown in Fig. 2(a),

the CoCrxFeMnNi alloys transform from Fcc single phase

alloy structure to Bcc ? Fcc two phase structure and then

to Bcc single phase structure again with increasing Cr

content x from 0 to 5. When x\ 1.71, it is a Fcc single

phase structure at 1100 �C. When x is between 1.71 and

3.21, two phases, Fcc ? Bcc, are stable in the alloys. A

stable Bcc single phase region appears at temperature

between 1100 and 1300 �C when x[ 3.21.

Figure 2(b) shows the variation of the parameters of dr,

c, Dv and VEC, associated with the Cr content x in

CoCrxFeMnNi alloys. With Cr amount of x increasing from

0 to 5, the Dv value decreases from 0.143 to 0.116, and the

VEC value from 8.5 to 7.1. All these alloys are predicted to

be HEAs with Dv value between 0.1 and 0.15,[16] which

contradicts with the present Calphad calculation. The Fcc

single phase region corresponds to VEC[ 7.75, and the

Fcc ? Bcc two-phase region to VEC\ 7.75. When

VEC\ 7.38, the Bcc single phase region can also be

stable at high temperature as shown in Fig. 2(a). Although

it was claimed that VEC rule did not fit for Mn-containing

alloys,[9] the VEC values qualitatively agree with the

statement in Ref 9. The alloys transform from Fcc single

phase structure to Fcc ? Bcc two phase and Bcc single

phase structure with decreasing the VEC values. The crit-

ical value of VEC for Fcc/Fcc ? Bcc boundary is 7.75 in

this work which is close to 8 proposed in Ref 9. The critical

value of VEC for Fcc ? Bcc/Bcc boundary is 7.38 in this

work instead of 6.87 in Ref 9.

The c value of the CoCrxFeMnNi alloys is constant with

1.160, which is less than the critical value of 1.175 proposed

in Ref 15 and favor to form single solid solution phase. The

dr value of the alloys varies from 0.66 to 1.01 with variation

of Cr content in the alloys. This value is much smaller than

the critical value of 6.6 proposed in Ref 10 From the atomic

size effect parameters, CoCrxFeMnNi alloys are strongly

favorable to have a single solid solution phase.

Figure 2(c) shows the thermodynamic properties

parameters obtained by empirical rules and Calphad cal-

culation in this work. The entropy of mixture at liquidus

temperature (DSmix) obtained by Calphad calculation is less

positive than the configurational entropy value (DSc). The

enthalpy of mixing obtained by empirical rule (DHmix1) is

between -4 and -5 kJ mol-1, while the enthalpy of

mixing calculated by Calphad approach in this work

(DHmix2) is between -3.5 and -6.5 kJ mol-1. The X
parameter obtained by empirical rules (X1) is between 4.9

and 5.0, while the value by Calphad calculations is between

2.2 to 4.8. Using the enthalpy, entropy and X values

obtained by both methods in the corresponding empirical

rules they all predict CoCrxFeMnNi alloys as single phase

HEAs in contrast to Fig. 2(a).

The course of parameters j1
cr (T) and U with variation of

Cr content x in CoCrxFeMnNi alloys is shown in Fig. 2(d).

The j1
cr (Tm) value is always higher than DHIM/DHSS,

which indicates the formation of single solid solution phase

is preferred as suggested in Ref 11. The value of U is about

1.0 to 1.1 for all these alloys, which is slightly higher than

the critical value of 1.0 for the formation of single solid

solution phase proposed in Ref 20.

For these alloys, the K values are between 27 and 11,

which are much higher than the critical value of 0.95

proposed in Ref 21 thus based on this rule, the entire

composition range of this alloys should be always in single

DSS phase, again in contrast to Fig. 2(a). The same applies

for the parameter /, which varies from 674 to 300 for

CoCrxFeMnNi alloys, much higher than the critical value

of 20 in Ref 19. The values of K and / obtained here are

much higher than the suggested critical values for CoCrx-

FeMnNi alloys, and, therefore, are not presented in any of

the diagrams here.
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For all the CoCrxFeMnNi alloys with x between 0 and 5

all parameters values based on empirical rules, except the

VEC, predict HEAs with single solid solution phase. The

main problem is that the empirical rules did not distinguish

the single solid solution phases as Bcc, Fcc or Hcp, thus

they failed to predict the wide two-phase region Fcc ? Bcc

in this case.

4.3 Al-Li-Mg-Sn-Zn System

In order to explore low-density MPEAs, several

works[16,51,52] have been done on light weight elements

such as, Li, Mg and Al. One published example is the Al-

Li-Mg-Sn-Zn system.[16] In the present work, we use

AlxLiMgSnZn alloys with x from 0 to 5 as an example to

compare the Calphad calculations and the empirical rule

parameters. The Calphad calculated phase diagram and

empirical parameter values are shown in Fig. 3.

Figure 3(a) represents the Calphad calculated phase

diagram of the AlxLiMgSnZn section with x from 0 to 5.

Two multiphase regions, shown in Fig. 3(a), are below the

solidus line: one contains Li7Sn3 ? LiSn ? Mg2

Sn ? MgZn2, four solid phases; the other contains

Fcc ? Li7Sn3 ? LiSn ? Mg2Sn ? MgZn2, five solid

phases. With increasing Al content, the amount of Fcc

phase increases, but other intermetallic phases still exist.

This result indicates that AlxLiMgSnZn system is not

suitable for developing HEAs or CCAs.

Fig. 3 The AlxLiMgSnZn system with x variation from 0 to 5:

(a) Calphad calculated temperature-composition section phase dia-

gram, (b)-(d) The values of parameters based on empirical rules. The

meaning of the parameters in empirical rule is explained in section 2.

The methods used to determine the value of two DS, DHmix and X
parameter in (c) are the same as in Fig. 1(c)
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The calculated phase diagram shows two liquid phases

coexisting, one is enriched with Li and Sn (L1), and the

other is enriched with Al, Mg, Zn (L2). This is a result of

the thermodynamic modeling of liquid phase and has not

been justified by experimental work. But one can not

excluded the existence of the miscibility gap in the liquid

phase either, with considering the existence of miscibility

gap in Mg-Al-Sn ternary system[53] and the experimentally

detected existence of short-range ordering in Li-Sn binary

system.[54,55] Although the reliability of the database for

Al-Li-Mg-Sn-Zn quinary system has not been verified by

any five-component system, all the binary sub-systems

have been thermodynamically assessed and properly

modeled. Some discrepancy with the experimental results

may exist regarding the formation of some more

stable ternary phases which are not included in the current

used Mg database. For example, the Li2MgSn phase was

experimentally detected in Ref 16, rather than the binary

intermetallic phases shown in Fig. 3(a). Nevertheless, the

Calphad calculation is still considered superior to the

empirical rules, which only considered the simplified

interaction effects of binary systems.

Figure 3(b) shows the relationship of parameters VEC,

Dv, dr, c and K with Al content x in AlxLiMgSnZn alloys.

With increase of Al content from 0 to 5, the VEC value

decreases from 4.75 to 3.78; the Dv value decreases from

0.367 to 0.254; the dr value varies between 5.40 and 4.84;

the c value is almost constant with 1.15; and the K value

varies between 0.417 and 0.462. If we follow the empirical

rules, the Dv and K parameters predict the formation of

light weight CCAs, but the obtained values of the param-

eters of dr and c of AlxLiMgSnZn alloys are all less than

the critical values and predict the formation of single solid

solution phase structure, in contrast to the Calphad calcu-

lations in this work and experimental results.[16]

Figure 3(c) represents the thermodynamic properties

based on empirical rules and Calphad calculations. The

maximum value of entropy of mixing (DSmix) at liquidus

temperature by Calphad calculation is 7.4 J mol-1 K-1 at

x = 2.1, which is much lower than the maximum value of

configurational entropy of mixing of 13.38 J mol-1 K-1 at

x = 1, thus no longer a high entropy system. The Calphad

calculated enthalpy of mixing (DHmix2) at the liquidus

temperature is also much more negative than the enthalpy

of mixing calculated from empirical rules (DHmix1). As a

result, the Calphad calculated parameter X2 is less than the

empirical rule calculated parameter X1. Following the

prediction method in Ref 10, the obtained X1 value is

higher than the critical value of 1.1, and only one single

DSS phase is expected. But if we use the Calphad calcu-

lated X2, which is between 0.16 and 1.0, less than the

critical value of 1.1, and intermetallic phases are expected,

as shown in fact in Fig. 3(a).

The / value of AlxLiMgSnZn alloys increases with

increasing Al content as shown in Fig. 3(c), but the / value

is always less than 12, much less the critical value of 20

proposed in Ref 19. This result predicts the formation of

multi-phase structure in AlxLiMgSnZn alloys.

Figure 3(d) shows that the j1
cr (Tm) value is always less

than DHIM/DHSS, and the U value is close to zero. Both

parameters predict that intermetallic phases will be formed

in this alloy system, which is consistent with Calphad

calculations and experimental results.

5 Discussion

5.1 The Source of the Atomic Size

The atomic size difference is considered as the funda-

mental condition on the formation of DSS phases, thus

many empirical rule parameters, such as dr, c, DSE, / and

K are essentially determined by the atomic size of the

elements as component of the alloy. Although the value of

the atomic radii of the element is so important for these

parameters, none of the paper described in detail which

atomic radii values were adopted in their calculations.

Actually, the atomic radius value is not so well defined and

determined. The webelement website,[46] which is the

source for Ref 7, 9, and 56 states ‘‘The size of the neutral

atoms depends upon the way in which the measurement is

made and the environment. The term ‘atomic radius’ is not

particularly helpful although its use is widespread. The

problem is its meaning, which is clearly very different in

different sources and books’’.

The atoms in solid materials are held through three types

of bonding: Covalent bonding, ionic bonding and metallic

bonding.[57] Correspondingly, the atomic radius can be

covalent radius, ionic radius, and metallic radius.[47] Based

on the bonding theory for metals and alloys assumption in

Ref 57, covalent bond and metallic bond coexist in metals

and alloys, no metal or alloy can be 100% metallic bond or

100% covalent bond. Thus, it is controversial to use

covalent radius value or metallic radius value for describ-

ing the atomic size differences. Fang et al.[58] used the dr

parameter for Mg-based bulk metallic glasses prediction

and they accepted the covalent atomic radius to elements.

Zhang et al.[8] firstly proposed the dr parameter citing from

Ref 58 to predict the phase stability of MPEAs, but they[8]

referred the atomic radii data to Ref 59 an earlier version of

Ref 47. In, Ref 47 Kittel suggested three types of atomic

radius, i.e., standard radii for ions in inert gas (ionic atomic

radius), radii of atoms when in tetrahedral covalent bonds

(covalent atomic radius) and radii of ions in 12-coordinated

metals (metallic atomic radius). But in Ref 8 it is not

mentioned which values were adopted in their prediction.
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The atom radius values in Ref 7 are from Ref 56 where the

atomic radii were used to predict the glass forming ability

of amorphous metallic alloys. In Ref 56 three

sources[46,60,61] were provided for different elements. Most

of radii values in Ref 56 are close or identical to the values

of the metallic atomic radii in Ref 47, but some show

significant differences.

A typical example is the element manganese. The

covalent atomic radius value in Ref 58 is 146 pm, metallic

atomic radius in Ref 47 is 126 pm, and atomic radius in

Ref 7 and 56 is 135 pm cited from webelements website in

year 2000. However, in 2017 the current webelement

website[46] provides a value of 140 pm for empirical

atomic radius, 161 pm for calculated atomic radius, and

139 pm for covalent atomic radius. The difference between

the smallest value of 126 pm and largest value of

161 pm[46] is 35 pm, which is more than 20% of the atomic

size value. Table 3 shows the impact of different radii

source on the parameter for the equiatomic CoCrFeMnNi

alloy. The value of the parameters show significant dif-

ferences especially for the parameters / and K.

5.2 Discussion on Different Empirical Rule

Parameters

The atomic size difference parameter dr provides a very

simple rule, but the condition of dr\ 6.6 can only be

considered as a necessary condition for the formation sin-

gle solid solution phase structure. In this work, all the

calculated alloys satisfy this condition, but the single solid

solution phase only exist in some regions of AlxCoCrFeNi

and CoCrxFeMnNi alloys. The AlxLiMgSnZn alloys also fit

the condition dr\ 6.6, but the intermetallic phases are the

dominant phases. Compared to the parameter dr, another

atomic size parameter, c, is even less effective. The vari-

ation of c with alloy composition in the three alloy systems

investigated in this work is almost undetectable, for Alx
CoCrFeNi varies from 1.157 to 1.160, CoCrxFeMnNi keeps

constant at 1.160, and AlxLiMgSnZn from 1.147 to 1.149.

The tiny differences between alloys and even different

alloy systems cannot provide useful prediction on the for-

mation of the phases.

The VEC values for AlxCoCrFeNi and CoCrxFeMnNi

alloys are between 8.5 and 6.5, Fcc phase appears at higher

values while Bcc phase at lower values. The VEC values

for AlxLiMgSnZn alloys are between 4.75 and 3.78, but

intermetallic phases always appear in these alloys while the

amount of Fcc phase increases with decreasing VEC.

The comparison of the Calphad calculated thermody-

namic properties with the values obtained by empirical

rules indicates that the simplification of configurational

entropy of mixing for entropy of mixing of the solid

solution phases may generate large deviation, especially for

alloys contain light weight elements, such as the

AlLiMgSnZn alloys in this work. The high entropy effect is

not the key factor for the formation of the single solid

solution phase. The parameter X obtained from the ther-

modynamic data by Calphad calculations provides better

prediction than the value calculated from the method

suggested in the original paper.[10]

The j and U parameters provide the most reliable pre-

dictions for AlxCoCrFeNi and AlxLiMgSnZn systems, but

both methods also require complicated calculations. and

they failed to find the transformation from Fcc to Bcc

single phase regions in CoCrxFeMnNi system.

5.3 Reliability of the Thermodynamic Database

Used in Calphad Calculations

In the present work, we used PanHEA database for Al-Co-

Cr-Fe-Ni and Co-Cr-Fe-Mn-Ni systems, and MgDB data-

base for Al-Li-Mg-Sn-Zn system.

The PanHEA database contains the full thermodynamic

descriptions on all the binary and ternary sub-systems of

AlCoCrFeNi and CoCrFeMnNi systems, and the reliability

of these systems has also been validated and discussed in

Ref 22-25. In the currently used Mg database[44] for

AlLiMgSnZn system calculations, all the binary sub-sys-

tems and the Al-Li-Mg, Al-Mg-Sn, Al-Mg-Zn, Al-Sn-Zn,

Li-Mg-Zn, and Mg-Sn-Zn ternary subsystems have the full

thermodynamic descriptions.

6 Conclusion

In this work, we critically reviewed all available empirical

rules for prediction the HEA/CCA interface. It is shown

that the atomic size data may be quite different in various

sources and that may generate significant impact on the

values of related parameters, such as dr, c, / and K. The

effectiveness and limitation of the empirical rules on the

selected AlxCoCrFeNi, CoCrxFeMnNi and AlxLiMgSnZn

systems have been evaluated based on Calphad calcula-

tions, providing validated phase diagrams. The empirical

rules can make a reasonable prediction for the

Table 3 The impact of atomic radii data in different sources on the

dimensionless parameter of dr, c, / and K for the equiatomic CoCr-

FeMnNi alloy

Sources dr c / K

[This work] 0.92 1.1599 389 15.671

[2017Mir] 3.27 1.1596 30 1.25

[This work]: all radii data are from the metallic radius value in Ref 47

[2017Mir]: radii data are from the value provided in Ref 7
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AlxCoCrFeNi system; however, in the CoCrxFeMnNi sys-

tem, most of the empirical rules can not predict the HEA/

CCA interface, specifically the interface between Fcc sin-

gle-phase structure and Fcc ? Bcc two-phase structure.

For the AlxLiMgSnZn system, the parameters of dr, c,

DSmix1, DHmix1 and X1 from empirical rules predict the

formation of HEA, though the Calphad calculations and

experimental results indicate intermetallic phases tend to

form in this alloy system. The Calphad approach is con-

sidered the benchmark, it can provide a better prediction

than empirical rules if all the binary sub-systems have been

properly thermodynamically assessed.
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