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Abstract: One of the intriguing recent results in the field of high-entropy alloys is the discovery of
single-phase equiatomic multi-component Laves intermetallics. However, there is no clear under-
standing that a combination of chemical elements will form such high-entropy compounds. Here
we contribute to understanding this issue by modifying the composition of duodenary TiZrHfN-
bVCrMoMnFeCoNiAl (12x) alloy in which we recently reported the fabrication of hexagonal C14
Laves phase. We consider three alloys based on 12x: 7x=12x-VCrMoMnFe, 12x+Sc, 12x+Be and
observe that all of them crystalize with the formation of C14 Laves phase as a dominant structure.
We report that 12x+Be alloy reveals single-phase C14 structure with very high concentration of
structural defects and ultra-fine dendritic microstructure with almost homogenous distribution
of the constituted elements over the alloy matrix. The 7x and 12x+Sc alloys contain C14 as a
main phase and unknown impurity phases. To characterize the materials, we examine their heat
capacity, electrical conductivity and magnetic properties. The measurements reveal that the Laves
phases are Curie-Weiss paramagnets, which demonstrate metallic conduction; 7x and 12x alloys
also reveal a pronounced Kondo-like anomaly. Analysis of experimental data as well as ab initio
calculations suggests that chemical complexity and compositional disorder cause strong s-d band
scattering and thus the rather high density of d-states in the conduction band. Analysis of the
results suggests that the mechanism of Laves phase formation in multicomponent multi-principal
element metallic alloys is may be the same as in polydisperse hard-spheres mixtures. Another
important conclusion is that the configurational entropy is a negligible factor in the stabilization
of multi-element Laves phases.

Keywords: high-entropy alloy; Laves phase; microstructure; electrical conductivity; magnetization;
density of states; ab initio calculations.

1. Introduction

One of the widely accepted paradigms in modern materials science is the use of
multicomponent multi-principal element alloys to design new materials [1-6]. The terms
high-entropy alloys (HEAs), complex concentrated alloys, and compositionally complex
alloys are used to name such materials.

Over the past 15 years of intensive studies of HEAs, the researches have been
focused on simple solid solutions (SSSs), such as FCC, BCC, HCP, and their mixtures.
Special attention has been given to synthesize single-phase SSSs and study their proper-
ties and phase stability. To date, only several tens of single-phase high-entropy SSSs are
known [7]. Unfortunately, they usually do not demonstrate any exceptional properties
and are unable to compete with traditional functional materials.

This situation inspires searching for new types of HEAs. One of the promising
classes includes multicomponent intermetallic compounds whose structure is more
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complex than for SSS HEAs. In particular, single-phase metallic HEAs with B2 struc-
ture [8,9] and half-Heusler type structure [10] have been fabricated. There is also a
broad separate field of high-entropy oxides, which is also under active development [11].
Following Refs. [8,9], we will further refer to such systems as high-entropy intermetallic
compounds (HEIC), although the role of the entropy in their formation is a matter of
discussion [7].

One of the most intriguing recent results in the field of HEIC is the fabrication of
equiatomic multi-component Laves intermetallics. In particular, single-phase C14 hexag-
onal structures have been successfully synthesized in several equiatomic alloys with the
number of components from 4 to 28 [12-16,16,17]. Recently, we have made another step
on this way by fabricating stable C14 Laves phase in duodenary TiZrHfNbVCrMoMn-
FeCoNiAl alloy [18]. We will further refer to such compounds as high-entropy Laves
phases (HELPs). The duodenary HELP, which we recently reported, will be specially
referred to as 12x.

The discovery of HELPs arise several fundamental issues. First, the mechanisms
responsible for Laves phase formation in multicomponent alloys are not clear. To explain
Laves phase stability, a number of simple geometric or electronic characteristics are
usually utilized [14,15,19]. Among them are atomic size ratio, atomic size polydisper-
sity (9), valence electron concentration (VEC), electronegativity differences (Ay), etc.
However, there are at least two general problems that restrict strongly the prognostic
power of these characteristics. First, their ranges, which are empirically obtained to be
optimal for Laves phase formation, are rather broad and can include many alloys that
do not form that phases. For example, atomic size ratios which are typically observed
for binary Laves phases are within a range of 1.05 to 1.67 [20]. On the one hand, all
the reported HELPs satisfy this criterion. On the other hand, there are many elements
whose sizes are within this ratio, and not each equiatomic combination of these elements
will form Laves phases. A similar situation takes place for other simple characteristics.
Second, a selectivity of these characteristics decreases with an increase the number of
components. For example, if we compare VECs for a N-nary and (N+1)-ry equiatomic
alloys containing transition metals then the results may depend weakly on the choice
of the additional element in the case of N > 1. Thus, VEC can fail to estimate if the
addition of some element in multicomponent alloy will destabilize the Laves phase.

It seems that some complex interplay between geometric factors, electronic struc-
ture, configurational entropy, and maybe other factors is responsible for HELPs stability.
Therefore, there is no intuitive understanding that a combination of chemical elements
will form HEPLs. Here we contribute to understanding this issue. We consider a se-
ries of alloys by extracting/adding elements from the 12x alloy. Thus, we study the
following systems: TiZrHfNbCoNiAl (7x), 12x+Sc, 12x+Be. The first one is 7x = 12x -
VCrMoMnFe which means we extract from the base alloy a series of neighboring 3d
metals (V,Cr,Mn,Fe) as well as one 4d metal (Mo). This extraction changes substantially
both the distribution of interparticle distances (geometric factor) and electronic char-
acteristics and so it is interesting if this alloy will also form HELP. The motivation to
consider 12x+Sc and 12x+Be is that we add to the base 12x alloy the elements with either
larger (Sc) or smaller size (Be) to check if they destabilize the parent Laves phase.

Another issue is the physicochemical properties of HELPs, which are important for
possible practical applications of such systems. So far, the researches have been focused
on the structure and phase stability of fabricated HELPs and therefore their characteris-
tics are not well understood. To fill partially this gap, we address the thermodynamic,
electronic, and magnetic properties of the alloys under investigation.

2. Materials and Methods

The compounds were prepared of pure elemental metals (>99.99 %) by arc-melting
under a flowing helium atmosphere. The alloy ingots were inverted and re-melted
at least ten times to attain chemical and structural homogeneity. The mass loss after
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Figure 1. X-ray diffraction spectra of annealed alloys under consideration.

melting was less than 0.3 %. Homogenization of the samples was performed by vacuum
annealing at the temperature of 673 K for 50 h. X-ray diffraction analysis (XRD) was
carried out using a Shimadzu XRD-7000 diffractometer with CuKff-radiation, Ni filter,
and graphite monochromator in a range of angles of 15 — 150° with a step A(20) = 0.03°
and 4 s exposure at each step. A certified silicon powder was used as an external stan-
dard. The structural parameters were calculated using the GSAS software [21]. The
parameters of the microstructure (the average value of coherent scattering regions (CSR)
and the average value of microdeformation) were determined by the broadening of the
diffraction lines using the graphical method of the Williamson-Hall [22]. Microstructure
of the compounds was examined by both scanning electron microscopy (SEM) and opti-
cal microscopy methods by using a LOMO MMU-3 metallurgical microscope equipped
with a CCD SONY ICX452AQ camera and a Carl Zeiss EVO 40 instrument, respectively.
The samples for optical micrographs were previously mechanically polished and then
chemically etched in a solution of HNO3:HF:H,O taken in the ratio of 1:3:7. The electron
microscopy analysis was performed on mechanically polished samples, without addi-
tional chemical etching. Specific heat of the samples was measured on a DSC 214 Polyma
calorimeter in the temperature range of 100 - 520 K. Magnetization (by vibrating sample
magnetometry) and electrical conductivity (by four probe method) of the compound
were explored using a Cryogenic CFS-9T-CVTI measurement system in a temperature
interval of 300 - 5 K. The resolution for magnetization and conductivity tests was 5 and
0.5 %, respectively.

3. Results
3.1. X-ray diffraction analysis

Powder X-ray diffraction patterns of the alloys under investigation are shown in
Fig. 1. Analysis of the data reveals that 12x and 12x+Be alloys are single-phase systems
in which all diffraction lines can be assigned to a hexagonal C14 Laves phase (prototype
MgZnjy). Most of XRD peaks in 7x and 12x+Sc alloys also belong to C14 symmetry but
there are a few undetectable peaks and so these alloys are not single-phase systems. It is
hardly possible to bring these peaks into correlation with some structures because the
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Table 1: The structural parameters and the average values of microstrain (¢) for the an-
nealed samples of TiZrHfNbCoNiAl (7x), TiZrHfNbVCrMoMnFeCoNiAl (12x), TiZrHfN-
bVCrMoMnFeCoNiAlSc (12x+Sc) and TiZrHfNbVCrMoMnFeCoNiAlBe (12x+Be) HEAs.

Space group P63/ mmc.
parameter 7x 12x 12x+Sc 12x+Be
a, A 5.1923(3)  5.03234(6)  5.07770(2)  4.9835(9)
o A 8436(1)  82041(2)  82778(5)  8.1298(4)
c/a 1.625 1.630 1.630 1.631
v, A3 196.96(5)  179.930(4)  184.78(1)  174.859(9)
Rp (%) 6.7 33 10.3 3
Rwp (%) 85 44 14.0 5
R(F2) (%) 74 6.7 8.4 7
2 (%) 25 13 45 1.01
ex 1073 2.6 2.6 1.9 39

fractions of these phases are small and the peaks of the main C14 phase are broad due to
strong disorder. We suggest that 7x alloy contain three phases because two additional
peaks are hardly related to the same structure. Additional conclusions regarding the
structure of these impurity phases can be made using electronic microscopy data (see
discussion below).

We have performed the calculation of the unit cell parameters for C14 phases by
the Rietveld method using the starting model [23] (see Tab. 1). It can be seen from the
Tab. 1 that, in all the alloys studied, the ratios of the unit cell parameters c/a are close to
the ideal value of 1.633 for a close-packed hexagonal lattice (HCP). A slight compression
of the unit cells during annealing may indicate a certain redistribution of elements over
nonequivalent crystallographic positions.

We also perform an analysis of the integral width of the diffraction lines by the
Williamson-Hall method to determine some microstructure parameters. These results
indicate that the broadening of the diffraction lines is caused only by microstrains. The
estimated microstrain values are presented in Tab. 1. We see that the deformation degree
(¢) is rather high for all systems, especially for 12x+Be. The most probable reason for the
stressed state in the HELDPs is the occupation of crystallographic positions by atoms of
various types (having different radii and different electronic structures).

3.2. Optical and SEM analysis

The microstructure of the Laves phases has been characterized with both optical and
electron microscopy methods. The optical images allow revealing the microstructural
morphology of the samples, while the electron microscopy imaging gives mainly details
for chemical elements distribution. As seen in Fig. 2a, the 7x sample demonstrates a
fine dendritic microstructure. The BSD scanning made over the whole surface of the
intermetallic compound does not reveal significant variations in chemical composition or
obvious signs for impurity phases. We find that dendrites and interdendritic regions have
practically the same chemical compositions. The results of local analysis for the specific
regions indicated by arrows in Fig. 2b are collected in Tab. 2. Scanning over a large
sample surface (100x100 pym) reveals that the weighted overall chemical composition in
7x alloy is very similar to the equiatomic ratio. The chemical inhomogeneity detected by
BSD-SEM is likely due to either the dendritic crystallization process or the precipitation
of additional phases. The as-cast alloy demonstrates much more pronounced chemical
inhomogeneity compared with the annealed sample. During the thermal processing, the
compound partially relaxes but retains its initial dendritic structure. It is obvious that
more prolonged exposition time is required to completely homogenize the crystalline
structure in this refractory intermetallic.

Microscopy scanning performed on duodenary 12x alloy has revealed its dendritic
microstructure and rather homogeneous distribution of the constituent metals over the
dendritic matrix. We find no detectable changes in the HEA microstructure during
thermal processing; the alloy completely retains its initial dendritic morphology after
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Figure 2. Optical micrograph (a) and backscattered electron SEM images (b) for the 7x sample.
Arrows indicate the specific regions with different chemical element contrast.

Table 2: Chemical element distribution in TiZrHfNbCoNiAl (7x) high entropy Laves
phase. The regions named as A, B, and C refer to the corresponding microareas illustrated

in Fig. 2b.
region Ti Zr Hf Nb Co Ni Al
A 1393 1644 1570 1493 1408 1436 10.56
B 1628 1344 1475 1223 1411 1430 14.89
C 1273 1410 1387 1756 1578 11.80 14.16

Figure 3. Optical micrograph (a) and backscattered electron SEM images (b,c,d) for the 12x sample.
Arrows indicate the specific regions with different chemical element contrast.
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Table 3: Chemical element distribution in TiZrHfNbVCrMoMnFeCoNiAl (12x) high
entropy Laves phase.

element  white (A) gray (B) dark (C)

Ti 5.35 6.94 11.65
Zr 19.87 8.94 8.65
Hf 46.37 9.22 6.84
Nb - 9.89 8.80
v 3.79 8.59 8.46
Cr 3.55 9.19 7.10
Mo - 9.46 8.04
Mn 2.28 5.06 4.66
Fe 4.27 9.19 791
Co 4.15 8.02 8.86
Ni 5.14 7.36 10.41
Al 5.26 8.15 8.61

Figure 4. Optical micrograph (a) and backscattered electron SEM images (b,c,d) for the 12x-Sc

sample. Arrows indicate the specific regions with different chemical element contrast.

annealing. The chemical composition of the dendrites well corresponds to the nominal
element ratio. The interdendritic areas (gray zones in Fig. 3d) are enriched in Ti and Nj,
see the results of the local analysis in Tab. 3. Interesting sphere-like precipitations of
1-2 ym in diameter are observed along the dendritic boundaries, see white inclusions
in Fig. 3b-d. These precipitations are distributed evenly over the alloy matrix. Their
chemical composition was found to deviate significantly from the dendritic structures.
We have detected with EDX that hafnium and zirconium predominate in the chemical
composition of these inclusions. Note that the precipitations take place for both the
as-cast and the thermally treated samples. We see no noticeable changes in the structural
morphology of the dendrites and the spherical inclusions after annealing. And chemical
element distribution over the alloy microstructure retains practically the same. The
microstructure inhomogeneities revealed with the microscopy tests confirm the fact
that the refractory HEA needs high temperatures and very long exposure times to
be homogenized. Note that the HEAs under consideration have large values of the
configurational entropy, AS.on¢ is 1.95 - 2.56 R. All that drastically slows down the
thermal relaxation processes.

As follows from the microscopy observations performed on the alloy 12x+Sc, both
the as-cast and heat-treated samples demonstrate a fine dendritic microstructure, see
the optic micrograph in Fig. 4a. Backscattered electron SEM images (Fig. 4b-d) reveal
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Table 4: Chemical element distribution in TiZrHfNbVCrMoMnFeCoNiAlSc (12x+Sc)
high entropy Laves phase.

element  white (A) gray (B) dark (C)

Ti 4.79 12.20 6.26
Zr 7.91 8.59 5.26
Hf 10.47 5.59 3.82
Nb 10.21 7.34 1.72
v 8.39 6.33 1.09
Cr 11.73 4.56 0.92
Mo 9.76 4.41 0.69
Mn 6.74 5.87 1.04
Fe 9.74 6.57 1.45
Co 6.51 10.25 7.27
Ni 2.73 10.51 34.68
Al 7.52 8.44 3.92
Sc 3.52 9.34 31.87

Figure 5. Optical micrograph (a) and backscattered electron SEM images (b,c,d) for the 12x-Be

sample.

clear chemical element segregation between dendrites and interdendritic regions. At
least three specific microareas can be recognized, as indicated by arrows in Fig. 4d. The
results of local chemical analysis for these regions are given in Tab. 4. According to EDX
analysis, the dendritic grains are enriched in refractory elements (Nf, Nb, Mo, and Cr),
while the grain boundaries (grey fields) contain an excess of Ti, Ni, and Co. Significant
chemical inhomogeneity is observed for interdendritic regions, where scandium and
nickel elements dominate. One can conclude that scandium due to its large atomic
radius tends to segregate from the parent phase and form an additional one. These dark
precipitations enriched in Sc and Ni metals can be classified as inclusions of a secondary
phase. The microscopic observations confirm dual-phase microstructure for the HEA
12x+Sc detected with XRD analysis. Note that microstructure morphology and element
redistribution in the alloy before and after thermal treating are practically the same. This
fact indicates that the HEA is a thermally stable dual-phase material.

The HEA containing beryllium demonstrates different microstructure morphology
compared with other multicomponent alloys investigated. As seen in Fig. 5, the sample
has an ultra-fine dendritic microstructure with an almost homogenous distribution of
the constituted elements over the alloy matrix. Local variations in chemical composition
are within the EDX sensor resolution. According to XRD results, 12x+Be alloy is a
single-phase C14 compound with very strong structural defectiveness compared with
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other explored HEAs. The SEM data confirm completely this result and so we report the
formation of a new stable single-phase HELP.

Summarizing the data obtained by XRD and SEM methods, we can make additional
conclusions regarding the structure of the systems under consideration. First, according
to XRD, 7x alloy contains the main C14 Laves phase and impurity phases which are
detectable by only two low-intensity peaks. The SEM results confirm the existence
of three phases and give us their compositions which are close to the equiatomic one.
Of course, unequivocal determination of a structure by one XRD peak is impossible.
However, we can suggest the candidate structures by using phase compositions obtained
by BSD-SEM analysis. Doing so we conclude that the most probable structures for
impurity phases in 7x alloys are C14 (a = 4.9 A, c =593 A)and C15 (a=113 A) Laves
phases. Such a situation when the system is a mixture of different Laves phase polytypes
is common enough [24].

Similar analysis can be performed for 12x+Sc alloy. XRD analysis reveals one low-
intensity peak which cannot be assigned to C14 Laves phase. SEM analysis confirms the
existence of the second phase, which is almost evenly enriched in Ni and Sc. Taking this
information into account, we suggest that the undetectable XRD peak can be assigned to
a solid solution based on either NiSc compound (space group Pm-3m) or NiySc one (C15
Laves phase). The latter variant seems more favorable due to general tendency to form
multi-Laves-phase structures.

The most intriguing situation takes place for the 12x system. XRD analysis detects
no phases but C14 Laves intermetallic. This result is carefully confirmed by Rietveld
refinement; all the detected peaks have been perfectly described by the single-phase
C14 structure model (see also Ref. [18]). However, SEM analysis reveals sphere-like
precipitations along the dendritic boundaries (see white inclusions in Fig. 3b-d) whose
chemical composition is strongly enriched in hafnium and zirconium. To explain this
fact, we can make two hypotheses: (i) 12x alloy is a single-phase HELP with a compli-
cated microstructure and strongly inhomogeneous element distribution due to dendritic
segregation effects; (ii) the alloy is a mixture of a dominant C14 phase and an impurity
phase whose XRD peaks overlap the peaks of the main phase. It should be noticed the
composition of these precipitations obeys well the general formula A, B, where A = (Zr,
Hf), and B — other elements. Taking into account that Hf and Zr have the largest atomic
sizes among the elements containing a 12x system, we can guess that we deal with the
second phase which is a solid solution based on Hf,Co C15 Laves phase. We check that
the most intensive reflection (511) overlaps the peak (103) of the main C14 phase, and
therefore the Hf,Co phase is not detected by XRD).

3.3. Specific heat

The complicated chemical composition and defective crystalline structure of the
samples allow one to expect extraordinary physical properties. To characterize HELPs
under consideration, we have measured their specific heat capacity, see Fig.6. These mea-
surements serve the twofold purpose of revealing abnormal specific heat contribution
and determining the Debye characteristic temperature. We see that all the intermetallics
demonstrate typical behavior of the property with temperature.

The specific heat of the samples near the room temperatures is about that predicted
by the Dulong-Petit law. At temperatures above 300 K, the C(T) dependencies are
linear with a weak positive slope. These observations motivate us to conclude that
there are no abnormal specific heat contributions. We suggest that prevailing standard
lattice contribution and an additional linear term determine the specific heat capacity
of the intermetallics. The linear increase in the specific heat with temperature is due to
both the conduction electrons and anharmonic lattice vibrations. Formally, these linear
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Figure 6. Specific heat for the annealed samples of TiZrHfNbCoNiAl (7x), TiZrHfNbVCrMoMnFe-
CoNiAl (12x), TiZrHfNbVCrMoMnFeCoNiAlSc (12x+Sc) and TiZrHfNbVCrMoMnFeCoNiAlBe
(12x+Be) HEAs. Dots represent the experimental data; solid lines are the best fitting to the equation
1.

contributions can be taken into account as BT, where f is the temperature coefficient.
We modify the standard Debye model to fit the experimental data in the following form:

©p/T exx4

C(T) :9R(®%)3 0/ o BT (1)

where R is the molar gas constant, ©p is the Debye characteristic temperature, the second
term is the specific heat contribution due to the conduction electrons and anharmonic
lattice vibrations. It is worth noting that the equation 1 describes the isochoric specific
heat Cy, while we measure isobaric one Cp. We neglect thermal expansion effects and
accept that Cyy = Cp. As is well known, in the case of solids this approach is completely
adequate. The best-fitting coefficients for Eq.1 are collected in Tab.5. One can see that the
Debye temperatures of the HEAs are practically the same. It seems reasonable that the
alloys with an identical crystalline structure and similar chemical compositions demon-
strate analogous vibrational properties. The temperature coefficient B for the alloys is
too small to discuss extensively. This only means that both electron and anharmonic
contributions in the specific heat of the Laves phases are not anomalous. Summarising,
we conclude that the chemical complexity and strongly defected crystalline structure
of the fabricated alloys do not provide enhanced specific heat or its abnormal behavior
with temperature.

3.4. Electrical resistivity

All the fabricated Laves phases demonstrate high values of the resistance expected
for intermetallic compounds of this type, see Fig.7. The 7x and 12x samples reveal a
pronounced Kondo-like anomaly below which the resistivity noticeably increases. This
feature is absent for the HEAs containing scandium and beryllium. The p(T) curves of
the samples above 100-150 K have a positive slope that indicates metallic conductivity
for all the phases. We have measured the resistivity on both the as-cast and annealed
samples and found no qualitative changes in the resistance behavior after the thermal
treatment. As expected for a thermally relaxed crystal structure, the homogenized alloys
show reduced electrical resistivity.

The observed temperature behavior of the resistance is obviously the result of a
superposition of several factors. Indeed, we deal with the HEAs that have strongly
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Figure 7. Electrical resistivity of the Laves phases vs. temperature. Solid lines are experimental
data; the dots are the best fitting to the equation 2. The sample names given in the legend refer to
the compound compositions listed in Tab.5.

distorted crystal lattices comprising different magnetic and non-magnetic transition
elements redistributed over crystallographic positions in a stochastic way. Thus, we have
to account for different scattering mechanisms to describe correctly the experimental
results. A modified Bloch-Griineisen equation is utilized for the fitting:

T

where py is the residual resistivity due to static lattice defects and uncontrolled impuri-
ties, the second term describes electron-phonon scattering, ®p is Debye characteristic
temperature, the third term is the resistance contribution due to Mott’s s-d interband scat-
tering, and the last one is the Kondo contribution term. Note that this equation includes
many adjusting parameters that complicate the fitting procedure and, therefore, there is
a risk of misinterpretation of the results. To simplify the approximation, we accept the
Debye temperatures for each composition equal to those determined from the specific
heat measurements, see Tab.5. When the Debye parameter is fixed, the approximation
goes correctly. So we extract the following electronic parameters given in Tab.5. One
can see that the pg component is the main contribution to the HEA resistance. Such
values are expectable for materials with a defected crystalline structure and ultra-fine
microstructure. Another interesting fact is that the term describing Mott’s s-d interband
scattering is rather large, which indicates a significant role of d-electrons in the electrical
conductivity of the HEA. This situation is very expectable because the considered Laves
phase consists predominantly of d-transition metals. For the samples 7x and 12x, the
Kondo temperatures y estimated during the fitting procedure correlate well with the
resistivity minimum positions in the p(T) dependencies. This fact suggests that the
performed data approximation is correct. Based on the resistance results, we conclude
that the defected crystalline structure and chemical complexity inherent to the fabricated
alloys are the main reasons for the high electrical resistivity of the high entropy Laves
phases and its complicated temperature behavior.

A
p(T) = po + ®—Dpe1_ph(T) +CT®+DIn i )
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Table 5: Parameters of the equations 1 and 2 providing the best fit of the experimental
specific heat and resistivity for TiZrHfNbCoNiAl (7x), TiZrHfNbVCrMoMnFeCoNiAl
(12x), TiZrHfNbVCrMoMnFeCoNiAlSc (12x+Sc) and TiZrHfNbVCrMoMnFeCoNiAlBe
(12x+Be) high entropy Laves phases.

sample o, ymxcm @p,K  B,mJ/(molxK?) A ymxcmxK C,ymxcmxK?® D,ymxcem K

7x 515.4 310 64 0.12 x 10~* 2.85x1071° 255 x 10710 120
12x 295.4 340 39 1.02 x 1074 245 %1071 195 x 10710 80
12x+Sc 565.1 305 51 1.55 x 1074 453 x 1071 - -
12x+Be 910.0 360 62 15.85 x 107 4.85 x 10715 - -

[m]
12 57X
8 o 12x
8- v 12x+Sc
o 12x+Be

Magnetic susceptibility x10° {cm3/g}

T T T T T T T T T
0 50 100 150 200 250 300
Temperature, K
Figure 8. Magnetic susceptibility of the Laves phases vs. temperature. Dots are experimental data;

the solid lines are the best fitting to the Curie-Weiss law. The sample names given in the legend

refer to the compound compositions listed in Tab.5.

3.5. Magnetic properties

The alloys under consideration are mixtures of various transitions elements, which
allows one to expect unusual magnetism. We have measured the mass magnetic sus-
ceptibility for the HEAs in the range of 4 - 300 K, see Fig. 8. All the phases demonstrate
weak paramagnetic susceptibility over the explored temperature interval. No signs
for magnetic ordering was found. We tested both as-cast and annealed samples of the
alloys to prove possible evolution in magnetic properties during the thermal processing
[18]. No significant changes were found in magnetism between the samples measured,
indicating the thermal stability of the Laves phase. Analysis of the magnetic data reveal
that the heat-treated samples are paramagnets whose magnetic susceptibility can be
successfully described by the generalized Curie-Weiss law x = xo + C/(T — ©) in the
interval of 300 K - 100 K. At temperatures below 100 K, the curve fitting is not well due
to long-range and short-range magnetic correlations between uncompensated magnetic
moments or the Kondo anomaly.

The experimental data have been fitted with the parameters listed in Table. 6.

Table 6: Magnetic characteristics of the HEAs: temperature-independent magnetic
susceptibility contribution o, paramagnetic Curie temperature ©, effective magnetic
moments per atom i, electron density of states at the Fermi level ng,

sample  xo(cm®/g)  OK)  peg(pp)  ne(eVT)

7x 1.02 x 107° -329 1.23 0.8
12x 313 x 107 -130 0.43 2.3
12x+Sc  2.67 x 107° -60 0.17 1.9

12x+Be  2.80 x 10°° -195 0.29 1.9
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TiZrHfNbVCrMoMnFeCoNiAl, solid TiZrHfNbVCrMoMnFeCoNiAl, liquid

154

——DoS

—— s-PDoS
—— p-PDoS|
05 d-PDoS 05

1.04

DosS (states/(eV atom))

0.0 f T 0.0 T
-8 -6 -4 -2 0 -8 -6 -4 -2 0

TiZrHfNbVCrMoMnFeCoNiAl+Sc, solid TiZrHfNbVCrMoMnFeCoNiAl+Sc, liquid

154

1.0 s-PDOS 1.0
—— p-PDoS
—— d-PDoS

0.54

DoS (states/(eV atom))

00— T : . ; T - . :
-8 6 -4 2 0 -8 6 -4 2 0

TiZrHfNbVCrMoMnFeCoNiAl+Be, solid TiZrHfNbVCrMoMnFeCoNiAl+Be, liquid

DosS (states/eV)

E-‘EF (eVv) . ? ° ;E; (ev) ’ ’
Figure 9. Electronic densities of states for HELPs 12x, 12x+Sc, 12x+Be calculated for 3x3x3
supercells of C14 Laves phase with random distributions of the elements on the lattice cites (left
panels) and for 512-atom supercell of liquid configuration (right panels).

One can see that the paramagnetic temperatures ©, for the HEA samples are
large and negative that indicates strong antiferromagnetic correlations. The effective
magnetic moments calculated for the HEAs are noticeably less than those expected from
an additive mixture of neutral atoms. So we can conclude that a part of d-electrons
that determine magnetism of the system is involved in chemical bonding. From the
temperature-independent susceptibility contribution o, we estimate the value of the
electron density of states (DOS) at the Fermi level. Briefly, we extract the contribution
of Pauli susceptibility xp into xo and then apply the formula xp = 2Su3n(Ef), where
S is Stoner exchange parameter, which reflects effects of electronic correlations [25]
(we set S = 1.5). This estimation gives rather high values for n(Er) that suggests that
the d-orbitals dominate the conduction band of the compounds. The existence of the
s-d hybridization gives an essential contribution to the electron scattering processes,
providing high electrical resistivity of the HEAs. On the other hand, the enhanced
DOS means that no energy gap or pseudogap is formed in the intermetallics. The
experimentally discovered metallic type of conductivity in the phases also confirms
this fact. Summarising, we can conclude that the explored multicomponent Laves
phases are ordinary weak paramagnets of Curie-Weiss-like type down to liquid helium
temperatures.

3.6. Ab initio calculations

To address the electronic structure and properties of interatomic interaction in
the system, we perform ab initio calculations utilizing density functional theory as
implemented in VASP code [26]. Projector augmented-wave (PAW) pseudopotentials
and Perdew-Burke-Ernzerhof (PBE) [27,28] gradient approximation to the exchange-
correlation functional were applied [29]. The wave function was expanded by the plane
wave basis set in the periodic boundary condition, and plane wave cut-off energy was
500 eV. Only I'-point was used for sampling Brillouin zone because rather large supercells
were considered (see below).

The calculation of the electronic structure of disordered multicomponent solid so-
lutions is a non-trivial task. For the 2-4 component systems, the special quasirandom
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structures (SQSs) are usually utilized for that purpose [30,31]. Since, generating SQSs
for 12-13 component systems in a usual way is a difficult task, we apply two alternative
ways. First, we calculate DOSs for 3x3x3 supercells of the C14 Laves phase (327 atoms)
and permutate the alloy components on the lattice using an evolutionary algorithm
as implemented in the USPEX code [32]. The algorithm searches for a configuration
that maximizes the configurational disorder described via a properly designed struc-
tural fingerprint and gives a generalized version of the SQS [33]. Second, we consider
supercells of 512 atoms at thermodynamic states corresponding to the liquid phase.
Equilibrium configurations were generated via ab initio molecular dynamics using the
protocol described in [34].

The resulted DOSs are presented in Fig. 9. We see that the general properties
of DOSs for liquid and solid states are qualitatively the same that suggests strong
structural disorder in the systems under consideration. Total DOSs for all three systems
demonstrate purely metallic behavior with a rather high values near the Fermi level.
The projected DOSs expectedly reveal a dominant contribution of d-states in total DOSs.
Note that DOSs calculated in both solid and liquid states and for all systems reveal the
same value on the Fermi level n(Er) ~ 1.2 eV !, which is the same order as evaluated
from experimental data on the magnetic susceptibility. The difference between these
values is caused by the fact that the formula related n(Er) and Pauli susceptibility is
obtained from the free electron model. The Stoner parameter applied to take into account
the electron correlations can not be obtained explicitly and thus the n(Er) extracted
from experimental data is only the estimation of the order of magnitude. The fact
that electronic structure of all the alloys is practically the same supports the idea that
experimentally observed difference in the behavior of the resistivity in HELPs under
study is mostly caused by the difference in their microstructure.

4. Discussion and conclusions

We have addressed Laves phase formation in multicomponent multi-principal
element metallic alloys as well as their structural, thermodynamic, electronic, and
magnetic properties. We consider duodenary TiZrHfNbVCrMoMnFeCoNiAl (12x) alloy,
in which the formation of single-phase C14 Laves phase has been recently reported [18],
and study three alloys based on 12x: 7x=12x-VCrMoMnPFe, 12x+Sc, 12x+Be. We observe
that all three systems crystalize with the formation of C14 Laves phase as a dominant
structure. However, the microstructure and phase composition of the alloys under
consideration are essentially different. The alloy with the addition of beryllium 12x+Be
reveals a single-phase C14 structure with a very high concentration of structural defects
and ultra-fine dendritic microstructure with an almost homogenous distribution of the
constituted elements over the alloy matrix. The 7x alloy is a mixture of three phases: the
main C14 Laves phase and two impurity phases, which are probably also Laves phases
with C14 and C15 structures and slightly different compositions. The 12x+Sc alloy is
a two-phase material with C14 as the main phase and NiSc-based solid solution as an
impurity one. Note that all the fabricated structures demonstrate thermal stability; we
did not see any noticeable structural changes after isothermal annealing at T = 673 K for
50 h.

From the point of view of high-entropy intermetallic development, the most inter-
esting result is fabricating a new single-phase HELP in 12x+Be alloy. We can conclude
that beryllium addition to the 12x composition facilitates the formation of a chemically
homogenous single-phase solid solution. The remarkable level of structural defects
observed in this alloy can be explained by the small atomic size of the beryllium. This
metal can easily replace and occupy crystallographic positions in lattice sites, forming a
substitution solid solution. Besides, an interstitial solid solution can be formed because
small beryllium atoms can also occupy the interstitial lattice positions. In the case of the
system under consideration, both solid solution types can be formed simultaneously,
providing strong structural distortions.
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From a practical viewpoint, the explored high entropy intermetallics do not demon-
strate extraordinary physical properties. Complex chemical composition and defective
crystalline structure of the phases have a significant impact on the electrical resistivity
only. All the HELPs are high-resistivity but metallic materials. Other explored physical
properties behave as usual. So we find typical for many solids temperature dependencies
of the specific heat obeying classical Debye model. There are no abnormal specific heat
contributions or exothermic/endothermic effects. The coexistence of various transition
elements in the HELP lattice does not provide unusual magnetism or magnetic ordering.
The explored HELPs are ordinary weak paramagnets of Curie-Weiss type down to liquid
helium temperatures. All the intermetallics are characterized by the enhanced DOS,
indicating that no energy gaps or pseudogaps are formed in the systems.

Taking into account the above findings as well as previously reported results [12—
16,16,17], we can conclude that the formation of Laves phases in multicomponent multi-
principal element metallic alloys is a surprisingly universal phenomenon. Indeed,
considering multicomponent mixtures of metals with different atomic sizes and different
electronic characteristics, we very often, and maybe even most often, observe solid solu-
tions in which Laves phase (usually C14 one) is at least the dominant phase. The origin of
this universality is not well understood. However, we argue that the mechanism of Laves
phase stabilization is rather topological than electronic. The idea is when mixing many
metals of differing atomic sizes, we get a system with a rather broad and continuous
distribution of interparticle distances. From the point of view of solid phase formation,
such systems behave effectively as polydisperse mixtures of hard (or soft) spheres. It is
known, that such mixtures can form Laves phases at certain ranges of size dispersity [35].
This analogy between the structural formation in multicomponent metallic alloys and
polydisperse hard-sphere mixtures is interesting and deserves separate investigation.

Another important and rather general conclusion is that multicomponent HELPs
are not always single-phase materials but rather mixtures of several Laves phases. This
behavior is a consequence of the fact that there are many Laves polytypes, which can
compete during the solidification process [24]. This situation is well known in binary
and ternary alloy and it is reasonable to expect that it is also a general feature of HELP-
forming multicomponent alloys. Even when a single-phase state is thermodynamically
favorite, multi-Laves-phase HEAs may be actually stable due to very long relaxation
times. Such a complex structure of HELPs makes it difficult to recognize all the phases
in a system under investigation. Particularly, it is often not clear if the system is a true
single-phase HELP even when XRD analysis and microscopy support this idea. When
considering HELPs with different composition complexity, we find also that there is no
clear correlation between configurational entropy and the Laves phases stabilization. The
conclusion we draw from these findings is that configurational entropy is a negligible
factor in the stabilization of HELPs.
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