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Abstract: Strengthening high entropy alloys (HEAs) via second phases is a very effective approach.
However, the design of intermetallic (IM) phases in HEAs is challenging, mainly because our
understanding of IM phases in HEAs is still very limited. Here, a statistical approach is used to
enhance our understanding towards IM phases in HEAs. A database consisting of 142 IM-containing
HEAs was constructed. Our aim is twofold. The first is to reveal the most common IM phase
types in published HEAs. The second is to understand whether HEAs inherit their IM structures
from their binary/ternary subsystems, or whether they tend to form new structures irrelevant to
their subsystems. The results show that the five most prevalent IM structures in the HEAs surveyed
here are Laves, o, B2, L1, and L2;. This trend is evidently different from the overall trend among
known binary /ternary IMs. As for structural inheritance, all the IM phases contained in the alloys
are existing structures in the binary/ternary subsystems of the respective alloys. This suggests that
the compositional complexity in HEAs does trigger additional complexity in IM structure formation.
These findings have important implications in the future design and development of HEAs.

Keywords: high-entropy alloys; intermetallic; alloy design; phase stability

1. Introduction

High-entropy alloys (HEAs) have attracted significant attention in the past decade [1-3].
The formation of simple solid solutions (SSSs) in these complex alloys is unexpected and intriguing.
Thus, a lot of effort in the HEA community has been devoted to the design and physical metallurgy
of SSS HEAs [4-11]. Studies have shown that these alloys do have unusual properties [12-16].
However, their room temperature mechanical properties are often not as pleasing. In particular,
the strengths of FCC alloys are often insufficient [17,18].

A very effective approach for strengthening alloys is the incorporation of second phases.
Therefore, recently, some researchers proposed that instead of focusing on SSS alloys, more attention
should be paid to HEAs that contain intermetallic (IM) phases [2,19,20]. In fact, incorporating
second phases was even considered one of the three key strategies for the future development of
HEAs [21]. Indeed, experimental results have shown that IM phases can improve the mechanical
properties of HEAs. For example, the outstanding wear resistances in the Aly,Co; sCrFeNi; 5Ti and
Aly3CrFe; sMnNi 5 alloys are the results of the formation of n and o phases, respectively [22,23].
Very recently, it has been demonstrated that through carefully designed second phases, high strength
and good ductility can even be achieved simultaneously [24-27]. For instance, the (FeCoNiCr)gsTi Alg
alloy shows a yield strength of over 1 GPa, while keeping a high tensile ductility of 17%. This is due to
the engineering of vy’ precipitates through various thermomechanical processes [24].
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However, the tailoring of IM phases in HEAs for property enhancement is still very challenging.
This is because compared with SSS phases; our fundamental understanding of IM phases in HEAs is
still very limited. For example, there have been more than 20 publications regarding the formation
criterion and stability of SSS phases in HEAs [6,28-31], although some of the earlier works have limited
accuracy due to imprecise experimental data. In contrast, papers discussing IM phases in HEAs
are very rare. Currently there are only one criterion on the general selection of IM phase type [32],
and three stability criterions on two specific IM phase types (o and Laves phases) [33-35].

To predict the stability of IM phases in HEAs, the reasonable first step is to identify the types
of phases that could form in the alloy, and then compare the relative stabilities of these candidates.
However, even the first step is difficult. Unlike the case in SSS phases, where only three types of
structures are concerned (FCC, BCC, and HCP), there are more than two thousand structure types for
IM phases [36]. A plausible assumption is that the candidate IM phases in HEAs are the IM phases in
their subsystems (for quinary HEAs this means all quaternary, ternary, and binary subsystems). This is
similar to the case in many ternary systems, where the IM phases are all inherited from the three binary
subsystems. Nevertheless, even in ternary alloys this assumption is not necessarily true (i.e., there
could be new structures that do not exist in the three binary subsystems). In HEAs, the composition is
apparently more complex, which renders the above assumption even more questionable. In addition,
in HEAs a new class of IM phases called high entropy intermetallics (HEI) have been reported [21].
These new IM phases show completely new compositions that have not reported before, which further
complicates the determination of the candidate IM phases.

This work is the first part of an attempt to understand the IM phases in HEAs from a macroscopic
viewpoint. A database of 142 IM-containing HEAs is constructed. Care is taken to reduce alloys with
similar composition so that the diversity in the database is enhanced. The alloys and their respective
IM structures are statistically analyzed. Our goal is twofold. The first is to reveal the most common
IM phase types in HEAs. The results in HEAs are then compared with the general trends in binary
and ternary IM phases and discussed. The second is to understand the inheritance of IM structures in
HEAs. The IM structure types in the HEAs are compared with those in their subsystems to see if the
structures are inherited from the subsystems of the alloys. The frequency which irrelevant (i.e., not
existing in corresponding subsystems) structure types occur is also probed and discussed.

2. Construction of the Alloy Database

The HEAs in this research were collected using the following principles:

(1) Only alloys that contain IM phases were collected because our target is the IM phases.

(2) Alloys that have unidentified or uncertain IM phase types were excluded. In other words,
either the formula (e.g., Fe,Ti) or the common/trivial name (e.g., o) of all the compounds in the alloy
has to be reported. This is because including these alloys leads to difficulty in our analysis.

(3) Alloys with similar composition and identical IM phase constituents were listed only once
(i.e., only one of the alloys was included). Two alloys are considered to have similar compositions
if they have the same composing elements, and only the relative concentrations of the elements
are different. This is because many studies fabricate series of alloys by systematically changing the
content of a particular element. For example, He et al. [37] conducted detailed study on the effect of Al
on the structure and properties of Al,CoCrFeMnNi alloys. They fabricated a total of 14 alloys (x = 0.02,
0.03, 0.04, 0.08, 0.09, 0.1, 0.11, 0.12, 0.14, 0.15, 0.16, 0.18, 0.19, and 0.25). Ten of the 14 alloys have the
same IM phase constituent: B2. This similarity is not surprising; the alloys are composed of the same
elements and the relative concentrations of these elements do not change significantly. If these alloys
are all included, they and the IM phase they contain will have an unreasonably high weighting in the
database, which will lead to biased results in subsequent analyses. Therefore, only one of the ten alloys
was included in the database.

(4) If the same alloy contains different IM phases under different processing
conditions, each condition with different IM phase constituents will be recorded separately.
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However, in subsequent analyses these phases will be combined into one entry and counted only once.
Assume the phase constituent of an alloy in the as-cast, 1100 °C annealed, and 900 °C annealed states
are (o, B), (et, B, v), and (x, 5), respectively. These three states will all be recorded in the database.
However, when calculating, for example, the number of occurrences for each IM phase, the three
records will be combined. The alloy will be regarded as containing four phases («, 3, v, and 6) and
counted only once.

Based on the above principles, a total of 142 IM-containing HEAs with sufficient compositional
distinction are collected. These principles enhance the diversity of our database, and can markedly
reduce the bias from compositional repetition. As an example, Miracle and Senkov published a
comprehensive review on HEAs recently [3]. In their review, an HEA database with a total of
408 unique alloys was constructed. 247 of the 408 alloys contain IM phases. However, using the
above principles, only 74 of the 247 alloys (~30%) will be included our database—70% of the alloys are
excluded because of compositional similarity. This clearly shows the efficacy of the above principles.

3. Results and Discussion

3.1. Characterization of the Database

Table 1 shows the alloy database constructed in this research. It lists the composition, processing
condition, and the solid solution and IM phases of each alloy. The abbreviations used in Table 1 are
explained in the footnote of the table. Because the target of this research is the IM phase, each IM phase
in the alloy is listed in a separate row. Three types of structure information are recorded (if possible).
The first is the phase name. This is the common name for each structure (if it exists). Common name
are either based on Strukturbericht notation or common trivial names [38] for certain structure types
(most notably the topologically closed packed phases). For example, B2 is the Strukturbericht notation
for cP2-CsCl and o is the trivial name for tP30-CrFe. The second is the compound name reported in the
original work (if reported). The third is the structure prototype of the phase. In many cases, the original
publication only reports the common name of the phase without indicating the exact compound.
In such cases the “compound reported” column will be left empty. Contrarily, if only the compound
is reported, the common name of the phase will be identified based on the structure prototype.
Moreover, to probe the structural inheritance in the alloys, the binary and ternary subsystems of each
alloy are examined using various handbooks [39-41] to see whether the observed IM phases already
exist in the subsystems. Binary subsystems are examined first. If the target IM phase can be found in
any of the binary subsystems, the search is stopped and the subsystem will be recorded in the “IM
Structure Found in” column. If the IM phase does not exist in any binary subsystem, the search will be
continued in ternary ones and then recorded (if found). It should be noted that one IM phase can often
be found in multiple subsystems. However, due to space limit only one of the subsystems is recorded.
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Table 1. Composition, processing condition, phase constituents, and structural inheritance of the

142 IM-containing HEAs considered in this study.

. Processin Solution IM Phases 3 ™M
Alloy Composition Con. ditiongl Phases 2 Compound Stract Structure Ref
PhaseName P ure Found in
Reported Prototype
AgAICoCrCuNi AC EB B2 - CsCl Al-Ni [45]
Alg5BCoCrCuFeNi AC F c32 CrB AlB B-Cr [46]
L1, - CusAu Al-Ni
AlBy 5CoCrCuFeMoNiSiTi AC +1173K B B2 - CsCl Al-Ni [47]
AC F - (Cr, Fe);C3 Cr;C3/Mn;Cs C-Cr [48]
Alg3Co1CoCrFeNi AC +1273K/72h F D8, (Cr, Fe)p3C Cr3Ce C-Cr [48]
AC + 973K/72h F - (Cr, Fe);C3 CryC3/Mn;Cs C-Cr (48]
D8, (Cr, Fe)p3Ce Cry3Ce C-Cr
Alg5C.2Co03CrFeNi MA + SPS(1273K) EB D8, CraCs CrCs CCr [49]
B2 - CsCl Al-Ni
B2 - CsCl AL-C
AICoCrCuFe SPS(1173K) F ° ° [50]
I - CrFe Cr-Fe
Aly(CoCrCuFeMnNiTiV)gg AC B DO, AlTi AlLTi ALTi [51]
) Sinter(773K/0.5h) + ,
AlCoCrCuFeMo »Ni 1573K/2h E B o - CrFe Cr-Fe [52]
AlgCo17Cr14CugFe1;Mog 1 Nisg s TiWg 1 AC F L1, - CusAu Al-Ni [53]
AlpsCoCrCuFeNi AC +CR + 1373K/5d F-1,F-2,B L1, - CusAu Al-Ni [54]
AC +CR + 973K /5d F-1,F-2,B o - CrFe Cr-Fe [54]
B2 - CsCl Al-Ni
AlCoCrCuFeNi AC F s ! [55]
L1, - CuzAu Al-Ni
Alg2CoCrCug gFeNiSig AC F L1, - CusAu ALNi [56]
AlggCoCrCug,FeNiSig» AC B B2 - CsCl Al-Ni [56]
Aly5CoCrCuFeNiTi AC F, B-1,B-2 o CoCr CrFe Co-Cr [57]
Al sCoCrCuFeNiTi; 5 AC EB-1,B2 o CoCr Crfe Co-Cr [57)
N/A TipNi TipNi Ni-Ti
AlpsCoCrCuFeNiTi, AC F,B-1, B2 B2 . Cscl ALNi [57)
N/A TipNi TipNi Ni-Ti
Al 5CoCrCuFeNiV AC EB o - CrFe Cr-Fe [58]
Cl4 - MgZn, Al-Zr
Al 4Co6Cr75CuMng 1Nizp 250 3Ti12 V1oZ121 5 AC B2 TiNi CsCl TiNi [59]
N/A Z17Nig Zr;Nigo Ni-Zr
AlCoCrCuMnTi AC E B-1,B-2 L2, - AlCu,Mn Al-Cu-Mn [60]
AlCoCrCuqsNi AC EB B2 - CsCl Al-Ni [61]
N/A CupY KH Cu-Y
AlCoCrCuNiTiY AC EB / "2 82 u [62]
L2 AN, Ti AlCu,Mn AL-Ni-Ti
Alg15CoCrFeMnNi AC EB B2 - CsCl Al-Ni [37]
AligCoCrioFessMn14Nizg i AC + 973K /24h/WQ F X - TisRex Ti-Cr-Fe [34]
L2 - AlCu,Mn Al-Co-Ti
Alg 4CoCrFeMnNiV AC +973K/20h/AQ - - CrFe Cr-Fe [33]
AICoCrFeMo s AC B2 - Gal Al-Co [63]
o - CrFe Cr-Fe
AICoCrFeMogsNi AC B2 - Gl AFNi [63]
o - CrFe Cr-Fe
AlCoCrFeNby sNi AC B Cl4 (Co, Cr),Nb MgZn, Co-Nb [64]
AC + CR(20%) +
) 1473K/0.5h/WQ + F L1, - CuzAu Al-Ni [44]
Aly3CoCrFeNi 823K /150h/WQ
AC + CR(20%) +
1473K/0.5h/WQ + F B2 - CsCl Al-Ni [44]
973K /50h/WQ
Alg3CoCr,FeNi AC +973K/20h/AC EB - - CrFe Cr-Fe [33]
Al,CoCrFeNiSi CL B B2 - CsCl Al-Ni [65]
AlCoy ¢CrFe(»NiSiTig » AC B Al5 Cr3Si Cr3Si Cr-Si [66]
AC + 1473K/4h + _ N
Aly(CoCrFeNi)oyTiy 17K/ F L1 CuzAu AFNi [24]
CR(30%) + 1273K o AlCuM ALNLT
2h + 1073K/18h 1 - u2Vin S
Al 5C05CrsFeys sNigoTigs 5 AC +973K/24h/WQ F L2 - AlCu,Mn AL-Ni-Ti [34]
Aly5CoCrFeNiTig 5 AC EB B2 - CsCl AN [67]
o - CrFe Cr-Fe
Aly5CoCrFeNiTi AC B-1,B2 B2 - csa ALNi [65]
C14 - MgZn, Cr-Ti
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i i 3 M
Alloy Composition Proce.s.smgl Soluhm; [M Phases Struct Ref
Condition Phases Compound Structure ructure
PhaseName P’ Found in
Reported Prototype
Aly5CoCrFe;NiTigs AC EB B2 - CsCl ALl-Ni [67]
AICoCrFeNiTi; 5 AC B Cl4 Fe,Ti MgZn, Fe-Ti [42]
CL EB N/A TipNi TioNi Ni-Ti [43]
AICoCrFeNiTi, cL FB B2 e ALNi [43]
N/A TipNi TipNi Ni-Ti
AlCoCrFeNiZro s AC B Cl15 - MeCu; CozZe [69]
B2 - CsCl Al-Ni
AC + 1473K/24h E B B2 - CsCl Al-Ni [70]
Alp5CoCrNiTig 5 AC + 1373K /24 EB B2 - CsCl Al-Ni 70]
o - CrFe Co-Cr
AC + 1173K/24h EB o - CrFe Co-Cr [70]
AlysCoCuFeNiSng, AC B B2 - ca AN 71]
N/A Nij7Sn3 Unkn. Ni-Sn
AlCoCuFeNiVZr AC EB N/A Z1,Niy Z1,Niy Ni-Zr [72]
AlCoCuFeNiZr AC EB N/A ZrFe3Al Unkn. Al-Fe-Zr [73]
AlCoCuNiZn SPS(873K/FC) F L1, - CuzAu Al-Ni [74]
AlCoFeMogsNi AC B2 - csal AN 75]
o - CrFe Co-Mo
AlyyCogNis; 75Tirg 75 V75 AC +973K/24h/WQ F B2 - CsCl ALNi [34]
Aly5Cr10Co35NizsSis AC F Llo - CuAu Al-Cr [76]
L1, - CusAu ALl-Ni
AlyCrasCopsNiysSis AC B B2 . oAl ALNi [76]
o - CrFe Co-Cr
AlCrCuFe MA + SPS(1073K) B o - CrFe Cr-Fe [771
o - CrFe Cr-Fe
AlCrCuFeMgy 5 MA + SPS(1073K) B B2 AlFe CsCl Al-Fe [77]
C15 MgCuy MgCuy Cu-Mg
o CrFe Cr-Fe
AlICrCuFeMg MA + SPS(1073K) B B2 AlFe CsCl Al-Fe [77]
C15 MgCuy MgCuy Cu-Mg
Cp Mg,Cu Mg,Cu Cu-Mg
. MA + Sinter .
AICrCuFeMgNiy 75 (1173K/2h) - L1, - CuzAu Al-Ni [78]
AC + CR(20%) +
Aly 3CrCuFeNi, 1473K/0.5h/WQ + F L1, - CuzAu Al-Ni [44]
823K /150h/WQ
Al; 5CrCuFeNiy AC FB B2 - CsCl ALNi 1791
AICrCuFeNi, AC EB B2 - i ALNi [80]
L1, - CuzAu Al-Ni
AICrCuFeNiTi AC B-1,B-2 C14 Fe,Ti MgZn, Fe-Ti [81]
Aly41CrgFerg 2Mn3p 9Nijg g AC F B2 - CsCl Al-Ni [82]
Alg3CrFe; sMnNi 5 Ag%é%f;[/fh * F B2 - ca AN [83]
Q o - CrFe Cr-Fe
AICrFe;Niy AC EB B2 - CsCl ALNi [84]
FeCrM Fi -F
AICrFeMoNi AC B il eCrMo Crfe Crfe [85]
B2 AINi CsCl Al-Ni
X - TisRepq Ti-Cr-Fe
Aly5CrsFe30NizoTipg AC +973K/24h/WQ - Cla - MgZn, Cr-Ti 34]
L2; - AlCupyMn Al-Ti-Fe
AC EB L2 - AlCu,Mn Al-Ti-Fe [86]
AlsCrpFessNin, Tig AC +1373K/6h/WQ + . 12 - AlCu,Mn AlL-Ti-Fe o
1173K/1h/WQ o - CrFe Cr-Fe
il - NizTi Ni-Ti
Alg5CrFeNiTiV AC +973K/20h/AQ - L2 - AlCu;Mn Al-Ti-Fe [33]
C15 - MgCuy Cr-Ti
C14 - MgZn, Al-Zr
AlCry5Mny3,6Niz7.15n03Ti12VipZror 5 AC - C15 N MgCuy Cr-Ti [87]
TiNi TiNi/CsCl Ni-Ti
AICrMoNbTi AC + 1373K/20h B Cl4 CryNb MgZn, Cr-Nb [88]
B2 - CsCl Al-Mo-Ti
AICTMoSiTi AC - s o 1891
D8g MosSis MnsSis Mo-Si
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oo S st R
PhaseName poun tructure Found in
Reported Prototype
Aly5CrNbTi, Vo 5 AC + 1473K/24h/AQ B Cl4 - MgZn, Cr-Nb [90]
AICINbTIVZr AC +1473K/24h B Cla-1 ZrCrAl MgZny Cr-Nb [91]
C14-2 ZrAlp MgZn; Cr-Nb
AICISITIV coating CL B D8 TisSis MnsSis Ti-Gi [92]
on Ti-6Al-4V CL + 1073K/24h B D8g TisSis MnsSis Ti-Si 2]
D8, AlgVs ZngCus ALV
AlCuy,Lig5MgZng 5 AC - D8, Mg3y(Al,Zn)yg Mgz (ZnyAl)yg Al-Mg-Zn [93]
AICuTiYZr AC B-1,B2,H N/A AlTiy Unkn. ALTi [94]
Aly3FesMns3Nigg AC F B2 - CsCl AL-Ni [95]
Aly3FesgMngzNiggTig AC F B2 - CsCl ALNi [95]
AlMoy sNbTag 5 TiZr AC + 1673K/24h/FC B B2 - CsCl Al-Mo-Ti [56]
AINDTaTiZr a Sz?ggfycdes) B N/A AlyZrs TisGay Al-Zr [96]
ALNbTi3V,Zr (Iﬁ%;(?gﬁ) B L1 - CuzAu Al'er [97]
N/A TipZrAl MgzCd Al-Ti
AINbTIVZr AC + 1473K/24h B cla MgZn, Al-Ze [98]
N/A ZryAl Coy75Ge Al-Zr
Al sNBTIVZE AC + 1473K/24h + 5 Cl4 MgZny Al-Zr (98]
1273K/100h N/A Zry Al Co175Ge Al-Zr
o AINb, CrFe Al-Nb
Bay(CoCrFeNi)zg AC +1023K/10min F C16 Fe,B CuAl, B-Fe [99]
Cl6 Fe,B CuAl, B-Fe
Bag(CoCrFeNi)yy AC + 873K/10min F D8, Crabs CrabBs BCr [99]
FeB FeB-b/TII B-Fe
Cp.1CoCrFeMnNi AC +1473K/14h/AQ F D8, Cry3Cs Cr3Cs C-Cr [100]
AC +873K/14h/AQ F Cr,Cs Cr;C3/Mn;Cs C-Cr [100]
CoasCoCreMnti AC + 1273K/14h/AQ F D8, CraaCe CrnCs CCr [100]
Cr;Cs Cr;C3/Mn;C3 C-Cr
Cy.1Hfg.sMog sNbTiZr AC B Bl CHf NaCl C-Hf [101]
CoCrCuFeMnNiTiV AC EB o CrFe Cr-Fe [51]
CoCrCuFeNi MA + SPS(1173K) F-1,F-2 I - CrFe Cr-Fe [50]
CoCrCuFeNiTi AC F Cl4 Fe,Ti MgZn, Fe-Ti [102]
CoCrCuFeNiZr AC C15, Zr(Ni, Cu)s BesAu Cu-Zr [103]
CoCrFeHfNi AC B C36 MgNi, Cr-Hf [32]
CoCrFeMnNbNi CL F Cl4 Fe,Nb MgZny Fe-Nb [104]
Cop5CrFeMn; 5Ni AC +973K/20h/AQ F o - CrFe Cr-Fe [33]
CoCrFeMnNiV AC + 1273K/24h F o - CrFe Cr-Fe [105]
CoCrFeMog gsNi AC F Z - vi/j:; CCJI\F;O [106]
AC +1273K/6d/WQ F n - WeFe; Co-Mo [107]
CoCrFeMoNi AC F o - CrFe Cr-Fe [32]
Co1.5CrFeMog 5Nij 5Tig s AC F o - CrFe Cr-Fe [108]
CoCrFeNby 3Ni AC F Cl4 - MgZn, Co-Nb [109]
CoCrFeNbNi AC F Cl14 - MgZn, Cr-Nb [32]
CoCr,FeNi AC +973K/20h/AQ F o - CrFe Cr-Fe [33]
CoCrFeNiTa AC F C14 - MgZn, Co-Ta [32]
CoCrFeNiTig 3 AC EH L1, - CuzAu Co-Ni [110]
C36 CopTi MgNi, Co-Ti
CoCrFeNiTiys AC E o CrFe CrFe Cr-Fe (1]
R TiNip TiNi, Ni-Ti
AC +1273K/6h/FC F ° Crfe CrFe [112]
R TiNi, TiNiy Ni-Ti
X TisRepy Ti-Cr-Fe
CoCrFeNiTi e cla MgZn, cr o .
n NisTi Ni-Ti
AC +1273K/2h EB N/A CoTiy TiNi Co-Ti [113]
B2 - CsCl Co-Fe
Coy 5CrFeNiy 5Ti ’?gﬁé%gﬁ//z}g F n - NigTi Ni-Ti [22]
CoCrFeNiV AC F o CrFe Cr-Fe [32]
CoCrFeNiW AC F n WeFey Fe-W [32]
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T
PhaseName poun tructure Found in
Reported Prototype
N/A YNis PuNi; Ni-Y
CoCrFeNiY AC B N/A YoNis ThyNigy Ni-Y (321
B27 YNi FeB-b Ni-Y
CoCrFeNiZr AC B C15 - MgCu, Co-Zr [32]
CoCrMnNiV AC +1273K/3d F o - CrFe Co-Cr [114]
CoCrNiTiV (133“‘1(*/ K/Iio E B o NizV3 Crie NV [115]
n NizTi Ni-Ti
CoCuFeNiSng 5 AC F N/A Cug;Sny) CuySnpy Cu-Sn [116]
CoCuFeNiTi AC F-1,F-2,B c15 - MgCu, Co-Ti [17]
CoFeMnMoNi AC +1273K/3d F n - WeFey Co-Mo [114]
CoysFepsMnysNigsTigasVy s AC + 973K /24h/WQ F Cl4 B MgZn, Fe-Ti [34]
CoFeMnNiV AC +1273K/3d F o - CrFe Fe-V [114]
CoFeMnTiVZr AC Cl14 - MgZn, Fe-Ti [118]
CoFeMoNiV AC F o Co,Mos CrFe Co-Mo [119]
CoFeNby75NiyVo 5 AC F Cl4 B MgZn, Co-Nb [120]
CoFeNiSigs AC F DOy NisSi Fe;sC Ni-Si [121]
CopsFesNijoTizgVip AC +973K/24h/WQ cu - MeZng Fe-Ti [34]
C15 - MgCuy Co-Ti
Coyg 75Fe31.25Ni75TisgVas AC + 973K /24h/WQ Cl4 - MgZn, Fe-Ti [34]
AC EB L NbNi WiFey Nb-Ni [122]
COHMBNITZr AC +1073K/1h FB " NbNi WeFer Nb-Ni [22]
N/A NbHf, Unkn. Hf-Nb
Co,MogsNipVWo g AC F n - WeFe; Co-Mo [123]
CrFe; sMnNig 5 AC F o CrFe CrFe Cr-Fe [124]
CrFeMnNiTi AC +1273K/3d X - TisReaq Ti-Cr-Fe [114]
Cl4 - MgCu, Co-Ti
CrFeNiTiVZr AC + 1273K/24h H C14 - MgZn, Fe-Ti [125]
CrFeNiVysW AC FB o - CrFe Cr-Fe [126]
CrHfNbTiZr AC +1173K/10min B C15 - MgCuy Cr-Hf [127]
C14 - MgZny Cr-Ti
Cry 5Mny3,6Nizg.15n03Tii2VipZrr s AC - C15 N MgCuy CrTi [87]
- TiNi TiNi/CsCl Ti-Ni
CrNbMoy 5 TagsTiZr HIP(1723K/3h) B-1,B-2 C15 - MgCu, Cr-Ta [128]
CrNbTaTiZr HT-DSC (1823K/2cycles) B,H Cl4 - MgZn; Cr-Nb [96]
C15 - MgCuy Cr-Nb
CrNbTiVZr H“;%ﬁfzﬁ‘) * B 15 - MgCu, Cr-Nb [129]
CrNbTiZr HH;%?Z/A}Z}I}‘) * B cis ; MgCu; Cr-Nb [129]
CuFeMnNiPt AC + 1373K/12h/FC L1, - CuzAu Fe-Ni [130]
Hfy5Mog sNbSig g TiZr AC B DS ZrsSis MnsSis Si-Zr [131]
HfNbSip s TiV AC B DSg TisSis MnsSis Si-Ti [132]
HINbTiVZr AC +1173K/10min B C15 - MgCuy V-Zr [127]
Moy sNbTiV3Zr AC +1273K/72h B-1,B-2 C15 B MgCus V-Zr [133]
MoTaVWZr AC B-1,B-2, H c15 - MgCu, V-Ta [134]
NbSnTaTiZr AC B N/A SnzZrs TisGay Sn-Zr [96]
NbTiVZr AC + 1273K/100h B, H C15 - MgCuy V-Zr [98]

1 The abbreviations used for processing conditions are: AC = As-Cast; MA = Mechanical Alloyed; SPS = Spark
Plasma Sintered; CR = Cold Rolled; WQ = Water Quenched; AQ = Air Quenched; CL = Cladded; FC = Furnace
Cooled; HT-DSC = High Temperature-Differential Scanning Calorimeter; VHP = Vacuum Hot Press; HIP = Hot
Isostatic Pressing. 2 The abbreviations used for SSS phases are: F = FCC; B = BCC; H = HCP. When there is
more than one FCC or BCC phases, a number will be added after the abbreviation. For example, F-1 and F-2.
3 The abbreviations for IM structures are: A15 = cP8-Cr3Si; B1 = cF8-NaCl; B2 = cP2-CICs; B27 = oP8-FeB-b;
C14 = hP12-MgZn2; C15 = cF24-Cu;Mg; C15b = cF24-Bes Au; C16 = t112-Al,Cu; C32 = hP3-AlB,; C36 = hP24-MgNi,;
Cb= 0F48-Mg2Cu, D011 = 0P16-F83C, D022 = tIS-Al3Ti; D82 = CI52-CU5ZH8; D84 = CF116-CI‘23C6; D88 = hP16-MI15Si3;
D8. = cl162-Mg3y(ZnyAl)yg; D8I = tI325-Cr5Bs; n = hP16-TiNiz; L2; = cF16-AlCu;Mn, x = cI58-TizRey;
L1p = tP2-AuCu; L1; = cP24-AuCusz; p = hR13-Fe;Wg; R = hR21-TiNiy; o = tP30-CrFe. Some reported compounds
have two different structures, both structures are listed and separated with a slash. For such compounds, “phase
name” will be left empty. In addition, structure prototypes of certain compounds are yet unknown. This is
abbreviated as Unkn.
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The 142 IM-containing alloys use a total of 25 elements. This includes 1 alkali metal (Li); 1 alkaline
earth metal (Mg); 18 transition metals (Ag, Co, Cr, Cu, Fe, Hf, Mn, Mo, Nb, Ni, Pt, Ta, Ti, V, W, Y,
Zn, Zr); 2 basic metals (Al, Sn); 2 metalloids (B, Si) and 1 non-metal (C). To understand the prevalence
of these elements in our alloy database, the relative frequency of usage of each element is calculated
and plotted in Figure 1. Co, Cr, Fe, and Ni are the most common elements in this study and have
relative frequencies higher than 66%. Al (56%) and Ti (49%) also have very high relative frequencies.
Three other elements, including Cu (28%), V (25%), and Zr (21%), have relative frequencies higher
than 20%. All other elements have relative frequencies below 20%.

I This Work s
[ Miracle's dataset

(o]
o
-

Relative Frequency of Usage (%)

: Al ;
| O D= S S O0O05 3 C LOoDCcE®
ARO2IHE>S5EL[2Z3NTN22IGTRS

Constituent Element

Figure 1. Relative frequencies of usage of various elements in the present study and in Miracle and
Senkov’s work, data from [3].

Miracle and Senkov published a comprehensive review on HEAs very recently [3].
They constructed an HEA database with a total of 408 unique alloys, regardless of the phase type
present in the alloy. Thus, their alloys can serve as a good comparison group to ours. The frequency
with which each element is used in their database has been calculated [3]. This data is converted
to relative frequency and plotted in Figure 1. As seen in Figure 1, Co, Cr, Fe, and Ni still have the
highest relative frequencies (74% or higher). Other elements having relative frequencies higher than
20% include Al (67%), Cu (46%), Ti (30%), and Mn (25%). Therefore, the seven most common elements
in both databases are the same, but the relative sequence is slightly different. The popularity of these
elements in both databases is largely because most of them belong to the two classic HEA systems [2]:
Al-Co-Cu-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni. These systems and their derivative systems (systems having
two or fewer different principal elements) constitute the largest HEA family [2,3]. Thus, the popularity
of these elements is not unexpected.

Comparing the relative frequencies of the same element in the two databases also helps to reveal
the differences between the two databases. Based on Figure 1, only six elements have lower relative
frequencies in our database than in Miracle and Senkov’s, namely Al, Fe, Co, Ni, Cu, and Mn.
Other elements all have higher relative frequencies of usage in our database than in Miracle’s.
The reason for the former is two-fold. Firstly, in our database, alloys with similar compositions
and identical phase constituents are only listed once (see Section 2). Many alloys containing Al, Fe,
Co, Ni, Cu, and Mn are thus excluded, leading to lower relative frequencies. For example, Miracle
and Senkov’s database lists 29 IM-containing alloys in the Al-Co-Cr-Cu-Fe-Ni system, but ours lists
only two. The second is that many simple solid solution alloys are also composed of these elements.
They are also excluded in the present study. The reason for the latter is evident—the majority of
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elements typically lead to the formation of IM phases. Thus, in a database of IM-containing alloys,
they exhibit higher relative frequencies.

The alloys in our database can be roughly categorized into three groups. The first is the
CoCrFeNi-based alloys. These are defined here as alloys containing more than 60 at.% of Co, Cr,
Fe, and Ni. The second is the refractory alloys, defined here as alloys containing more that 60 at.% of
refractory elements (Cr, Hf, Mo, Nb, Ta, Ti, V, W, and Zr). The third is other alloys, which includes all
alloys that do not belong to the previous groups. In our database, there are 86 CoCrFeNi-based alloys
(60.6%), 25 refractory alloys (17.6%), and 31 other alloys (21.8%).

It is also worth noting that processing route can have an evident effect on the type of IM phase
present in the alloys. For example, the IM phases in arc-melted [42] and cladded AlCoCrFeNiTi; 5 [43]
alloys are different. Another example is the Aly3CoCrFeNi alloy [44], in which different annealing
temperature can lead to completely different IM phase type, and thus different mechanical properties.

3.2. The Most Prevalent IM Structures

Figure 2a shows the relative frequencies of occurrence for the most common IM structures
in the present study. The sequence, in order of decreasing prevalence, is (values in parentheses
indicate number of occurrence): Laves (44), o (38), B2 (37), L1, (15), L2; (8), 1 (5), TipNi (5), D84 (4),
X (4), 1 (4), and D8g (4). The Laves phase includes three closely related structure types: C14, C15
and C36. Their respective values are indicated in the corresponding bars. From Figure 2a, Laves,
o, B2, L1; and L2, are the five most prevalent structures, with Laves, o, and B2 appearing in more
than 25% of the alloys. L1, and L21, on the other hand, appear in approximately 5-10% of the alloys.
All other structures have relative frequencies lower than 5%. In other words, the popularity of the
structures is quite non-uniform. This is not unexpected because among all identified IM structure
types, the distribution of popularity is also quite non-uniform. For example, about 50% of all known
IM compounds belong to 44 most popular structure types [38]—that is less than 2% of the known
structure types! Additionally, as shown in Figure 1, the usage of the elements in our HEAs is also quite
non-uniform. This will further concentrate the structure of the IM phases to certain structure types
because of compositional similarity.

IS
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Figure 2. Relative frequencies of occurrence for the most common IM structures in this study: (a) Based
on all alloys in the database; (b) Based on (Co, Cr, Fe, Ni)-based alloys only.

As mentioned previously, it is meaningful to compare the results of the present database
and Miracle and Senkov’s. Therefore, the relative frequencies of common IM structures in their
alloy database are also calculated and plotted in Figure 3a. The most common IM structures
in order of decreasing prevalence are (values in parentheses indicate number of occurrence):
B2 (177), o (60), Laves (58) [C14 (50), C15 (8)], L1, (15), E93 (6), TioNi (5), D0, (4), and L2; (4).
Thus, the top four most common structures in the two databases are the same, but the relative sequence
is different. This difference largely originates from the exclusion of compositionally similar alloys
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in the present study. For examples, there are a total of 334 IM-containing microstructure reports
in Miracle and Senkov’s study. However, the Al-Co-Cr-Fe-Ni alloy system alone accounts for 86
(or 25.7%) of them! This is because Al-Co-Cr-Fe-Ni is one of the two “classic” systems that have
been studied most thoroughly. Thus, the effect of composition has been probed in considerable detail.
For instance, Al,CoCrFeNi alloys with x = 0.3, 0.44, 0.7, 0.75, 0.8, 0.876, 0.9, 1, 1.2, 1.25, 1.5, 1.8, 2, 2.08,
2.5 and 3 have all been reported. Besides composition, the effect of processing route is also probed,
leading to even more microstructure reports. Unfortunately, the IM phases in the Al-Co-Cr-Fe-Ni
system are very similar—46 of them contain B2. Due to these reasons, the frequency of the B2 phase is
evidently overestimated. This probably explains why B2 tops the list in Miracle and Senkov’s database.
Although their work is comprehensive and of great value, we believe our analysis better represents
the overall reality by reducing the bias from similar alloys.

(a) 1400 - (b)
25 @
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Figure 3. (a) Relative frequencies of occurrence for the most common IM structures in Miracle and
Senkov’s work, data from [3]; (b) Frequency of occurrence for the most common IM structures in all
binary/ternary IM phases, data from [38].

Ferro and Saccone [38] calculated the most common structure types based on Villars and Calver’s
collection of about 26,000 known IM phases [36]. It is meaningful to compare our results with this
over trend in all IM phases. Figure 3b shows the most common structure types among all binary
and ternary IM phases [38]. Please note that the NaCl structure is omitted in Figure 3b because it
is typically associated with non-metallic elements such as O and N (i.e., mostly ceramic phases).
The five most common structures in order of decreasing prevalence are: Laves (including both C14 and
C15 structures), BaAly, C23, B2, and L1,. Compared with the top-five list in our database, it is seen
that the Laves, B2, and L1, phases remain popular in HEAs, but the BaAly and Co;,5i structures do not
appear in our HEA database at all. This distinction is not difficult to understand if we take a closer
look at compounds with these structures. BaAls-type compounds almost always contain elements in
the lanthanide and actinide series, which are still very rarely used in HEAs [36]. The case for the C23
structure is similar—C23-type compounds are typically formed in compounds containing lanthanide,
ITA, and IVA elements [36]. As will be shown later, IM structures formed in HEAs are always structures
that existing in their subsystems. Consequently, if the necessary component of a particular structure is
absent in an alloy, it is unlikely that such structure will form. By and large, the differences between the
common IM structures in the present study and that in all binary/ternary IM compounds is probably
because the explored compositional space in HEAs is still extremely limited.

For the (Co, Cr, Fe, Ni)-based alloys, the five most common phases (Figure 2b) listed in order
of decreasing prevalence are: o (32), B2 (23), Laves (20), L1; (12), and L2; (6). The common phases
are same as that in all alloys, but the relative popularity is different. This again suggests that the IM
phases present are still dependent on the composition. As will be shown later, the IM phases in HEAs
are basically the IM phases that already exist in its binary and/or ternary subsystems. Thus, the choice
of element is directly related to the type of IM phase.
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3.3. Structure Inheritance in HEAs

Before going further, it is useful here to explain the term “structural inheritance” using ternary
systems as examples. IM phases in ternary phase diagrams are very often extended from the boundary
of the diagrams. In other words, they are often solid solutions of binary IM phases. Thus, the IM
structure already exists in at least one of the three binary subsystems. In this work, this is described
as the inheritance of the IM structure in the ternary alloy from its binary subsystems. In some cases,
the IM phase region can even connect from one edge of the triangle to another, as illustrated in the
imaginary phase diagram in Figure 4a. Similarly, in a quaternary system, the IM structures can be
inherited from binary and ternary subsystems.

(a) p (b) A

L M Q R

Figure 4. Imaginary phase diagrams illustrating the inheritance of IM phases in ternary systems.
Colored areas represent single phase regions. (a) A phase inherited from two binary subsystems
(the v phase); (b) A phase that is original to the ternary systems (the o phase).

However, there are cases where the IM phase cannot be found in any of the binary subsystems.
Therefore, the IM phase is not inherited and is original to the ternary alloy. In such cases,
the phase region of the IM phase is in the interior of the phase diagram, as illustrated in Figure 4b.
Similar situations can be seen in quaternary systems, too. For example, in the Al-Co-Fe-Ti
system, the TiFeCoAl phase (cF16-LiMgPdSn) is original and does not exist in any of its binary
or ternary subsystems. What about the case in HEAs? Are the IM structures in HEAs inherited from
their subsystems? Do original structures exist? If so, what are they and how often do they appear?

Table 1 shows the IM structures in each HEA collected in this study. We performed a detailed
analysis on these structures to identify whether or not the structure is inherited. In some trivial
cases, this can be confirmed directly from the chemical formula. For example, a Fe;Ti phase in the
CoCrCuFeNiTi alloy is clearly inherited from the Fe-Ti binary system. In other cases, this is done by
comparing the structure prototypes of the IM phases in an HEA and those in its subsystems. The result
is indicated in the “IM Structure Found in” column in Table 1. As shown in the table, all the IM
structures in the 142 alloys can be found in the subsystems of the respective alloy. In fact, in more
than 90% of the alloys (129 out of 142 alloys), the IM structures are found in binary subsystems.
In the remaining 13 alloys, the structures cannot be found in binary subsystems and are seen only in
ternary ones. A typical reason for this is that the structure is intrinsically ternary (i.e., three different
elements are required to form that structure). This is typically reflected by a ternary prototype.
The best example is the L2; or Heusler phase (cF16-AlCu;Mn). 8 of the 13 remaining alloys contain
the L2; phase. There are also structures that are not intrinsically ternary, but are still found in ternary
subsystems only. The most notable case is the x phase (found in the Cr-Fe-Ti system).

Based on the above, for all the HEAs in this study, the IM structures are inherited from their
respective binary/ternary subsystems. This information has important implications. To predict the IM
phases in HEAs, whether via empirical or CALPHAD approaches, a list of candidate phases is necessary
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so that the relative stabilities of the candidate phases can be compared to determine the stable phase.
If the IM structures in an HEA are frequently irrelevant to its binary and ternary subsystems, given that
phase diagrams of quaternary and higher-order systems are very rare, the prediction of IM phases in
HEAs would be extremely difficult. Our results; however, show that the candidate IM phases basically
resides in the binary and ternary subsystems, so phase prediction is feasible. Another way of looking
at this is that if the composing elements in an HEA do not form a particular IM structure, it is unlikely
that that phase will appear in the alloy.

Our results also suggest that when considering the candidate IM phases in an HEA, it is reasonable
to consider just the phases in binary subsystems, plus certain important structures from known
ternary combinations. This is because in more than 90% of the alloys, the IM phases exist in their
binary subsystems. Moreover, those existing only in ternary subsystems are highly focused on certain
element combinations. For example, the L2; phase is related to the Al-Ni-Ti combination, and the x
phase is related to the Cr-Fe-Ti combination. Further analysis of the dependence of IM phase type on
composition is underway and will be published later.

4. Conclusions

A database of IM-containing HEAs has been constructed by examining related publications.
The database consists of 142 unique alloys. Care is taken to avoid compositional repetition so that the
diversity in the database is enhanced and statistical bias is reduced. The usage of elements in these
alloys is very non-uniform and highly concentrated to Co, Cr, Fe, Ni, Al, and Tij, all appearing in 50%
or more of the alloys.

Based on statistical analysis of the database, it is found that the five most prevalent IM structures
in all HEAs are Laves, o, B2, L1,, and L2;. Those in (Co, Cr, Fe, Ni)-based HEAs are the same,
but with a different sequence. These results are evidently different from the overall trend in known
binary/ternary IM structures mainly because the non-uniform usage of the elements in the alloys,
which prevents the formation of many structures.

All the IM structures in the HEAs surveyed here are existing structures in the binary/ternary
subsystems of the respective alloys. This means that HEAs tend to inherit IM structures from their
subsystems, instead of forming new structures irrelevant to their subsystems. It seems that the
compositional complexity in HEAs does not trigger additional structural complexity. Therefore, when
predicting IM phases in HEAs, it is probably reasonable to consider only the IM phase types existing
in the binary and ternary subsystems of the alloys, and ignore irrelevant phases. These findings have
important implications in the future design and development of HEAs.
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