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Abstract:

According to a recent Hume-Rothery approach, the electron concentration, e/a, and the average
radius can be used to identify the domain of stability of HEAs and to estimate the phases that
may occur in the alloy. The present study investigates the influence of the electronic structure
and the average radius on the hardness for a series of HEA alloys. The alloys investigated in
this work all contained Co, Fe and Ni as base elements. To this base system one or more
elements were added, including Al, Cr, Cu, Sn, Pd, Ru, Ti, and V in different proportions. For
comparison, data on phases identified and hardness have been taken from a wide range of
bibliography for other types of alloys in the systems Co-Cr-Fe-Cu-A-B-C-D-E-F, with A, B, C,
D, E,F=AIlTi, V, Nb, Cu, Mo, Mn, B, Si, Y, Sc, Ru, Re, Gd, Dy, Ho, Lu, Th, Er, Tm, La, W,
Ta, Hf, Zr. In order to predict the occurrence of mainly fcc, bcc and hcp phases, the average
atomic radius is preferable over to the average radius for a 12 nearest atoms neighbourhood.
Based on this [e/a; radius] system, it is shown that the hardness of the HEA composition can be
predicted. By using this classification, it is possible to determine compositions of HEA alloys

with adequate range of hardness, density and phases present. The consequences of such
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predictions when modelling the structure and mechanical behaviour of HEAs is fundamental

for their application.

Keywords: High Entropy Alloys, design, phases, hardness, density

1. Introduction

In 2004 the first reference was made of “high entropy alloys” (HEA) to designate alloys
consisting of five or more principal elements in equi- or near-equimolar amounts (5 to 35 at%),
having simple crystalline structures and extraordinary properties [1]. The same year another
publication reported the structure and microstructure of equiatomic multicomponent alloys
from 5 to 20 elements [2]. The notion of high entropy refers to their high entropy of mixing.
Since 2004 these alloys have been intensely investigated with respect to phase composition,
microstructure, as well as thermal, magnetic and mechanical properties [3-11]. It is now well
established that HEASs can be single-structured [12,13] but are not, or are almost never, single-
phased [14]. The identified structures belong in most cases to the face centred cubic (fcc-type),
the body centred cubic (bcc-type) and hexagonal close packed (hcp-type) families of structures.
It should be noted, though, that the identification of crystalline structures present in a many-
phase alloy is a very complicated matter and successful characterization depends on the
resolution of the experimental technique used. Since their discovery, the determination of the
phase stability of HEAs after solidification has been a significant issue in many investigations.
Phase changes due to external fields (temperature, pressure, etc) have been found to have a
profound influence on the microstructure and, thus, the mechanical and magnetic properties.
For this purpose, a combination of parameters relevant in this context have been considered for
their synthesis, including aspects of phase formation, microstructure and phase stability,
strengthening mechanisms, and high temperature properties, as well as the density and cost [15-

21].
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In the course of these investigations [1-21] it was shown that due to a unique
combination of crystalline structures and microstructures several HEAs can potentially
outcompete conventional alloys today in use in specific technological applications. Thus, a new
approach to metallurgy has emerged in that all elements have to be considered on an equal
footing during the solidification process. This is different to traditional alloys which usually
consist of a leading ternary or binary system, such as for example Ti-Al, while the other
elements can be considered as minor additions. Thus, the designation, “multi-principal element
alloys”, is also used for high entropy alloys.

The design of alloys that contain phases with specific crystalline structures is of utmost
importance in order to predict physical properties. An alloy containing fcc, bcc or hep phases
will have a very different mechanical behaviour and response to stress. Thus, many works have
reported the influence of compositions and phases on mechanical properties, especially
hardness [22-69].

The present work focusses on the use of a recent classification [31, 70] for predicting
phases in order to anticipate the hardness of HEAs. All investigated alloys contain Co, Fe and
Ni as base components (abbreviated to CFN below). When Cr is also present the abbreviation

CCFN is used.

2. Material and methods

The alloys investigated in this work all contained Co, Fe and Ni as base elements. To
this base system one or more elements were added, including Al, Cr, Cu, Sn, Pd, Ru, Ti, and V
in different proportions. All alloys were prepared by arc melting of pure elements, with purities
higher than 99.9 wt.% [14,71]. The alloys were re-melted several times in order to obtain
homogeneity and to minimize oxide impurities.

The crystalline structure of the phases that were found in these alloys as well as the

corresponding lattice constants were determined by high resolution diffraction techniques
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[14,72-75]. All diffraction studies were performed on as-cast materials. All diffraction studies
were performed on as-cast materials [76] and the crystalline structure of the phases present in
the alloys were determined by a refinement procedure using the DICVOL computer code [77].
All measurements were performed at ambient temperature.

Microstructures of most of the alloys presented in the manuscript have been published
in other papers by the authors: CoCrFeNi, CoCrFeNiPd, CoCrFeNiRu and CoCrFeNiSn in
reference [74,75]. CoCrxFeNiAly in reference [71] and CoCrFeNiPdy in reference [72,74,75].

Microhardness measurements were performed on a Wilson VH3300 Automatic
Vickers/Knoop Hardness Testers. Since each specimen was relatively thin, samples were
mounted in phenolic resin and then placed into the sample carrier to ensure no movement of
the sample during the hardness indentation. A load setting of Vickers HV1 was used with a
dwell time of 10 seconds. Each indent was measured at 20x magnification and matrix array of
4x4 indents with a 0.3mm spacing were made over the surface of the sample. The mean
hardness value was then taken and used in this paper.

For comparison, data on phases identified and hardness have been taken from a wide
range of bibliography for other types of alloys [1,3,18,23,26,28,32-69] in the systems Co-Cr-
Fe-Cu-A-B-C-D-E-F, with composition ranging from 0 to 35at% and A, B, C, D, E, F = Al, Ti,
V, Nb, Cu, Mo, Mn, B, Si, Y, Sc, Ru, Re, Gd, Dy, Ho, Lu, Tb, Er, Tm, La, W, Ta, Hf, Zr. The
exact compositions, reported phases and hardness can be found in these studies. Results are
reported at the end of this work for some designed alloys in order to present the design strategy.

For confidentiality reasons the compositions of these alloys cannot be detailed for the moment.

3. Results and discussion

3.1 A summary of the proposed classification system
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Recently a classification of HEAs with respect to the phases present was proposed using
the average value of the electron concentration or number of itinerant electrons per atom (e/a)
in the alloy and the average radius calculated for a 12-atoms neighbourhood [31,70].

The importance of the number of itinerant electrons per atom in understanding and
predicting the phases in solid solutions was stressed as early as 1966 [78]. In [79] the use of e/a
is discussed by Massalski for the determination of Hume-Rothery phases as opposed to an
approach using the total number of valence electrons per atom (VEC) (which includes the d
electrons). By applying this approach for HEASs as solid solutions a classification and design
methodology was proposed [31]. From the variation of the average magnetic moment per atom
and the hardness as a function of e/a and the 12 atoms radius, three Domains were identified
[31,70]: All alloys belonging to a specific Domain have been reported to have the type of
structure in the as-cast state as predicted by the classification scheme: Thus, in Domain | (e/a
<1.53) alloys with fcc or hcp structures are found while the alloys in Domain 111 (e/a >1.88)
contain structures of bcc type. The alloys in Domain 11 (1.53<e/a<1.88) form both fcc and bcc
structures as well as other intermetallics. It was also concluded that when the composition of a
HEA includes nickel the Ni electronic structure should be considered as being [Ar] 3d9 4s1
instead of the usually used [Ar] 3d8 4s2 [70].

The atomic radii were taken from Teatum [80] as these are probably the most useful when
analysing diffraction data. They are reported for a coordination number 12 atomic structure and
were obtained from considering observed atomic distances in face-centred cubic and hexagonal
close-packed structures. The first property used for classification of HEAs was the
magnetization at saturation [31,70]. The influence of different heat treatments on the stability

of HEA has been reported to depend on its location within the three identified Domains [21].

3.1 Vickers hardness as a function of the crystallographic structure of as-cast alloys
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For the use of HEAs in any industrial application the knowledge of the phases present

is crucial as it will determine their mechanical behaviour. Even though hardness is st only a

surface property of a sample it was used in order to investigate the efficiency of the above

classification. Furthermore, hardness can give a strong indication for surface properties of an

alloy for further applications. Fig. 1 presents the measured Vickers hardness as a function of

the calculated e/a for the investigated alloys. The vertical bars separate the three Domains, I, |1

and 111 of the classification system described above [31,70].
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Fig. 1: Vickers hardness, as a function of e/a for the investigated alloys in as cast conditions.

The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2,

J. Alloys and Compds 865 (2021) 158799. . https://doi.org/10.1016/j.jallcom.2021.158799 6



https://doi.org/10.1016/j.jallcom.2021.158799

O fcc+bee, X L21, 4 no diffraction data available. The vertical bars define the domains I, 11

and IlI.

The following can be observed from Fig. 1:

- Domain I contains alloys with fcc (+) and hcp (¢) structure. Domain 111 contains alloys
with bcc (o) type of structure while Domain Il contains alloys with different types of
structure.

- Alloys with hcp () structure can be found in both Domains I and 11I.

- Alloys with fcc structure in Domain | have low hardness, almost independent of e/a,
whereas alloys with hcp structure or in Domain 111 have moderate values of hardness.

Alloys in Domain Il have a rather large range of hardness values.

It was concluded in [31] that the electronic structure e/a alone was not enough to produce
a suitable classification but that the simple combination of e/a and r was necessary to give an
accurate first estimation of the phases present. Applying a solid solution first approximation,
the average radius rreatum for the alloys has been calculated from their atomic compositions as
a linear combination of the radius of the individual constituting elements. Providing error bars
for all of the calculated data (average radius, e/a) is acknowledged as challenging referring as
it does to commonly used databases of physics, such as the radius for bcc, fcc and hep structure
[80] and the number of different electrons per atom. Fig. 2 presents the variation of the
measured Vickers hardness as a function of the 12 neighbours radius as reported by Teatum

[80] for the investigated alloys. The two ranges of hardness values are clearly separated.
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Fig. 2: Vickers hardness, as a function of the average calculated Teatum [80] radius for the
investigated alloys in as cast conditions. The symbols indicate the types of phases identified by

diffraction: + fcc, o bcc, ¢ hep, @ B2, O fcc+bece, X L21, < no diffraction data available.

3.2 Alloys with hcp structure

Alloys with fcc type and bcc type structures are very distinct in the hardness
classification of Fig. 1. Alloys with fcc structure are located in Domain | and alloys with bcc
structure predominantly in Domain Ill. However, a noticeable feature of Figl and of the
classification using the Teatum [80] radii [e/a, rreatum] (Fig. 2) is that hcp alloys are present in
both Domain | and Ill. Several HEAs alloys have been found to contain hcp structure
[3,34,61,62,64,65,68,74].

As demonstrated in [31,70] for a complete classification to aid efficient alloy design,
the combined influence of e/a and the radius on the phases present should be considered.
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Accordingly, Fig3 presents e/a as a function of the Teatum average radius [80] for all

investigated alloys.
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Fig. 3: e/a, as a function of rreatum fOr the investigated alloys in as cast conditions. The symbols
indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hep, ® B2, O fcc+bee, X
L21,V intermetallic or sigma phases, > mixed phases, < no diffraction data available. The

horizontal bars define the domains I, Il and I1I.

From observation of Fig. 3 one can see that hcp is present in all three Domains. Thus, the present
classification in terms of e/a and the 12 atoms neighbourhood average radius, rreatum, IS not
satisfactory for the case of HEAs alloys containing hcp structure, especially in the case of

hardness, i.e. for mechanical behaviour.
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As pointed out in [81] the exact “atomic diameter” of an element is always difficult to
define. The atomic distances used in the Hume-Rothery approach are defined [82] as the closest
distances of approach of atoms in the crystals of the elements. The radii given in [80] seemed
in a first approximation to be the most useful for discussing metallic alloys as they are reported
for a coordination number of 12. They were obtained from the observed interatomic distances
in fcc, hep and bec structures but for details of the calculation we refer to the original publication
[80]. The Teatum radii have thus been used in the identification of phases from diffraction data
because of this particular isotropic aspect. However, this average diameter may not necessarily
be transferable to all alloys because the ‘radius’ of an atom is affected by the coordination
number, i.e. its environment.

In the specific case of hardness, and of mechanical behaviour in general, it is very
important to be able to clearly differentiate fcc, bce but also hep. The difference between the
three structures is based on the packing of the atomic planes. Consequently, the average
experimental atomic radius, rawmic, Of the alloy has been considered. The results for the same

compositions as in Fig. 3 are presented in Fig. 4.
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Fig. 4: e/a, as a function of atomic radius, ratwmic, for the investigated alloys in as cast conditions.

The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hep,

B2,

O fcc+bee, X L21,V intermetallic or sigma phases, & mixed phases, < no diffraction data

available. The horizontal bars define the domains I, Il and I11. The vertical bars determine radius

domains

From Fig.4, it can be concluded the following:

- The combined influence of e/a and the atomic radius clearly segregate alloys with

fcc, bee and hep types of structure.

- The three e/a Domains as identified in [31,70] are still the following:

Domain I: fcc type, e/a<1.53

Domain I11: bec type, e/a > 1.88

Domain Il: mixed phases (Sigma, intermetallics, etc), 1.53<e/a<1.88.
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- Hcp structures seems now to exist only in two subregions. Thus, the following
Domains might in this case be added for the occurrence of hcp phases:
r < 1.365 in Domain |

r>1.387 in Domain I11.

For elucidation, the correlation between e/a and rawmic including HEAs from the

bibliography results from the bibliography [1,3,18,23,26,28,32-69] are presented in Fig. 5.
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Fig. 5: e/a, as a function of atomic radius, ratmic, for as cast bibliography alloys. The symbols
indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2, O fcc+bec, X
L21,V intermetallic or sigma phases, & mixed phases, € no diffraction data available. The
horizontal bars define the domains I, 1l and Il and the vertical bars the identified radius

domains. a) The whole range of radius. b) A zoom to easy comparison with Fig. 4.

From the observation of Fig. 5 it can be seen, as in Fig. 4, that the use of the atomic
radius, ratmic, IS to be preferred to rreaum for the location of hcp structure. The horizontal bars

define the domains I, 11 and 11l and the vertical bars the identified radius domains.

3.4 Variation of alloy hardness and density within the [e/a, atomic radius] classification
For convenience, the Vickers hardness data presented in Figs. 1 and 2 have been decomposed
into three levels: below 300, between 300 and 450 and above 450. The results are presented in

Fig. 6 in the framework of the [e/a; atomic radius] classification of Fig. 4. The horizontal bars
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represent the three Domains of e/a and the vertical bars the radius locations identified in Fig. 4

for hep alloys.
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Fig. 6: e/a, as a function of atomic radius, rawmic, @) for the investigated alloys in as cast
conditions, b) for as cast bibliography alloys. The symbols indicate the types of phases
identified by diffraction: + HV<300, ¢ 300<HV<450, A 450<HV<700, ¥ HV>700. The
horizontal bars define the domains I, 11 and I11 and the vertical bars the radius domains identified

in Fig. 4.

The separation of hardness values into different domains is clearly seen in Fig. 6a for
the investigated alloys and confirmed by the comparison with the data found in bibliography
and presented Fig.6b. The alloys located in Domain |, with fcc structure, have low hardness

values while alloys in Domain 111 present hardness values above 300.
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For all investigated alloys the average density was calculated from textbook data of the
constituent elements and their atomic percent. Fig. 7 presents the calculated density for the
investigated alloys as a function of e/a, e.g. the same alloys as in Fig. 4. The vertical bars define

the domains I, 1l and IlI.
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Fig. 7: Calculated density, as a function of e/a for the investigated alloys in as cast conditions.
The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2,
O fcc+bee, X L21, ,V intermetallic or sigma phases, & mixed phases, < no diffraction data

available. The vertical bars define the domains I, 11 and IlI.

On Fig. 7 it can be seen that the density variation with the electronic structure follows

the same three Domains of phases as in [31,70].
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It can thus be concluded that from the results presented in Fig. 6 and Fig. 7, and from
the existence of domains as identified earlier and in Fig. 4, it should possible by using the above
classification scheme [e/a;ratomic] to design alloys with specific properties. This is demonstrated

in the following section.

3.5 Design of alloys with specific phases composition, density and hardness within the [e/a,
atomic radius] framework
Using the conclusions of Fig. 6 representing the different domains of hardness within
the [e/a; radius] framework, as well as Fig. 4 and Fig. 7, compositions of HEAs alloys have
been designed for specific phases, hardness values and density. The requested alloys were of
two kinds:
1) HEA alloys with specific elements, bcc type of phases, Vickers hardness higher
than 300, density around 6 g.cm™
2) HEA alloys with specific elements, fcc type of phases, Vickers hardness lower

than 300, density higher than 7 g.cm™.

Fig. 8, a, b and ¢ present the obtained results as compared with the prediction. In both
Figs. 8a and b the variation of e/a as a function of the atomic radius is presented for the designed
alloys. In Fig. 8a the symbols indicate the phases present and in fig. 8b the range of the measured

hardness.
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Fig. 8a: e/a as a function of atomic radius for the designed alloys. The symbols indicate the
types of phases identified by diffraction: + fcc, o bee, ¥ intermetallic or sigma phases <€ no

diffraction available. The horizontal bars define the domains I, Il and I11.
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Fig. 8b: e/a as a function of atomic radius for the designed alloys. The symbols indicate the
types of phases identified by diffraction: + HV<300, ¢ 300<HV<450, AHV>450. The

horizontal bars define the domains I, Il and I11.
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Fig. 8c: Calculated density as a function of e/a for the designed alloys. The symbols indicate
the types of phases identified by diffraction: + fcc, o bee, ¥ intermetallic or sigma phases <«
no diffraction data available and *the density measured on the produced alloys. The vertical

bars define the domains I, Il and 11I.

Two types of alloys could be designed (Fig. 8a): in Domain I, alloys with fcc phases
and in Domain 111, alloys with bce phases. In Domain 11, the alloys have mixed phases.

In Fig. 8b, it can be seen that, as predicted, the fcc designed HEA alloys in Domain |
have Vickers hardness below 300 and the bcc designed HEA alloys in Domain 111 have Vickers
hardness higher than 300.

Fig. 8c presents the calculated one from textbook data and atomic percentage of the

elements as a function of e/a. For each designed HEA alloy, the symbol indicates the phases
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present. The star symbols indicate the measured density for each designed alloy. The expected

densities of the designed alloys are very close to the measured ones.

Fig. 8, a to ¢ give a good example of the strength of classification of High Entropy
Alloys within the [e/a; atomic radius] framework to design alloys with specific elements and
targeted hardness, phases and density.

The importance of the number of itinerant electrons per atom, e/a, in predicting the
phases and properties in solid solutions was stressed as early as 1966 [78]. In [79] the use of
e/a as opposed to an approach using the total number of valence electrons per atom (VEC) is
discussed by Massalski for the determination of Hume-Rothery phases.

As detailed in [31] and [70] , the application of this approach for HEAs is suitable
because the approximation of solid solutions is applicable when the composition of each
constituting element is within the limits defined by Yeh [1], i.e. superior to 5 at% and inferior
to 35 at%.

In the present study, the authors have shown that the atomic radius has to be associated
to e/a in order to give a full classification and design.

Thus, because the e/a and atomic radius are easily available from any textbook, such an
approach can quickly identify potential alloy compositions of interest within user-targeted
domains.

Furthermore, from a modelling perspective this classification system can be easily
implemented as a numerical model to provide very fast screening of a large number of potential
compositions. The compositions identified by the numerical implementation of this

classification system can be used as a basis for DoE for experimental combinatorial studies.
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4. Conclusions
The combined influence of e/a and the atomic radius clearly separate alloys with fcc, bcc and
hcp types of structure.
The three e/a Domains as identified in [31,70] are still the following:
Domain I: fcc. e/a<1.53
Domain Il1: bec type: e/a > 1.88

Domain II: mixed phases. Sigma, intermetallics.

The following Domain should be added for the occurrence of hcp phases:
r < 1.365 in Domain |

r>1.387 in Domain I11.

By using this classification, it is possible to determine compositions of HEA alloys with
adequate range of hardness, density and phases present.
The consequences of such predictions when modelling the structure and mechanical behaviour

of HEAs is fundamental for their application.
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Figure captions

Fig. 1: Vickers hardness, as a function of e/a for the investigated alloys in as cast conditions.
The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2,
O fcc+bee, X L21, <€ no diffraction data available. The vertical bars define the domains 1, I

and IlI.

Fig. 2: Vickers hardness, as a function of the average calculated Teatum [80] radius for the
investigated alloys in as cast conditions. The symbols indicate the types of phases identified by

diffraction: + fcc, o bee,  hep, ® B2, O fec+bee, X L21, <« no diffraction data available.

Fig. 3: e/a, as a function of rreatum fOr the investigated alloys in as cast conditions. The symbols
indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hep, ® B2, O fcc+bee, X
L21,V intermetallic or sigma phases, X mixed phases, < no diffraction data available. The

horizontal bars define the domains I, Il and I1I.

Fig. 4: e/a, as a function of atomic radius, rawmic, for the investigated alloys in as cast conditions.
The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2,
O fcc+bee, X L21,V intermetallic or sigma phases, & mixed phases, <« no diffraction data
available. The horizontal bars define the domains I, 11 and I11. The vertical bars determine radius

domains

Fig. 5: e/a, as a function of atomic radius, rawmic, for as cast bibliography alloys. The symbols

indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2, O fcc+bec, X

L21,V intermetallic or sigma phases, > mixed phases, < no diffraction data available. The
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horizontal bars define the domains I, 1l and Il and the vertical bars the identified radius
domains. a) The whole range of radius. b) A zoom to easy comparison with Fig. 4.

Fig. 6: e/a, as a function of atomic radius, rawmic, @) for the investigated alloys in as cast
conditions, b) for as cast bibliography alloys. The symbols indicate the types of phases
identified by diffraction: + HV<300,  300<HV<450, A 450<HV<700, * HV>700. The
horizontal bars define the domains I, 11 and I11 and the vertical bars the radius domains identified

in Fig. 4.

Fig. 7: Calculated density, as a function of e/a for the investigated alloys in as cast conditions.
The symbols indicate the types of phases identified by diffraction: + fcc, o bcc, ¢ hcp, @ B2,
O fcc+bee, X L21, ,V intermetallic or sigma phases, X mixed phases, < no diffraction data

available. The vertical bars define the domains I, Il and I11.

Fig. 8a: e/a as a function of atomic radius for the designed alloys. The symbols indicate the
types of phases identified by diffraction: + fcc, o bee, ¥ intermetallic or sigma phases <€ no

diffraction available. The horizontal bars define the domains I, Il and I11.

Fig. 8b: e/a as a function of atomic radius for the designed alloys. The symbols indicate the

types of phases identified by diffraction: + HV<300, » 300<HV<450, AHV>450. The

horizontal bars define the domains I, Il and I11.

Fig. 8c: Calculated density as a function of e/a for the designed alloys. The symbols indicate
the types of phases identified by diffraction: + fcc, o bce, ¥ intermetallic or sigma phases <
no diffraction data available and *the density measured on the produced alloys. The vertical

bars define the domains I, Il and 111.
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