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The density of the liquid equiatomic high-entropy alloys, namely, AICoCrCuFeNi, AlCoCu-
FeNi, and CrCoCuFeNi, as well as quaternary alloys AlCoCuFe and AICoCrNi was
determined over a wide temperature range. The measurements were performed by a non-contact
technique combining electromagnetic levitation and optical dilatometry. The temperature and
composition dependencies of the density were analyzed and the molar excess volumes were
calculated. The integral enthalpy of mixing of multi-component alloys was predicted using
extended Kohler’s model, while Miedema’s model was used for binary sub-system alloys. It has
been found that a negative excess volume of the investigated Al-containing liquid alloys
correlates with a negative enthalpy of mixing. In contrast, a positive excess volume and an
endothermic reaction have been estimated for the liquid CoCrCuFeNi alloy. The change of the
excess volume in the Al-containing liquid alloys is affected by two basic effects, namely,

compression of the Al matrix and formation of compounds in the melt.
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I. INTRODUCTION

CONVENTIONAL alloys are mainly based on one
principal element with different kinds of alloying ele-
ments added to improve their properties. These alloys
form an alloy family based on the chosen principal
element. However, the number of elements in the
periodic table is limited, and thus the alloy families,
which can be developed, are also limited. The new
concept, first proposed in 1995, has been named a
high-entropy alloy (HEA)."?' According to proposed
definition, any multi-component alloy consisting of five
or more principal elements, which have a concentration
between 5 and 35 at. pct, belongs to the HEA family.
Besides principal elements, HEAs could contain also
minor elements with concentrations below 5 at. pct.
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Compared to conventional alloys, these alloys have
significantly higher mixing entropies, which lead to the
formation of liquid or random solid solution states.**
Thus, the effect of entropy is much more pronounced in
HEAs than in conventional alloys. According to the
Gibbs phase rule, a system of i components could
contain maximum (i + 1) phases in the equilibrium
state. The experimental results published in References 4
and 5 show that the high entropy of mixing in these
alloys facilitates the formation of solid solution phases
with simple structures. Thus, it reduces the number of
phases formed in HEAs during solidification process.
Such unique structural features caused by the effect of
higher entropy are of paramount importance for further
industrial application of these alloys.[®!

Due to the unique multi-principal element composi-
tion, HEAs can possess extraordinary properties,
including high strength/hardness, outstanding wear
resistance, exceptional high-temperature strength, good
structural stability, good corrosion, and oxidation
resistance. Some of these properties are not seen in
conventional alloys, making HEAs attractive in many
fields. The fact that it can be used at high temperatures
broadens its spectrum of applications even further.
Moreover, a fabrication of HEAs does not require
special processing techniques or equipment, which
indicates that the mass production of HEAs can be
easily implemented with existing equipment and tech-
nologies. According to Reference 4, more than 300
HEAs have been reported, which were prepared from
more than 30 various elements. Based on the above
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mentioned, we have a new rapidly developing class of
metallic materials.

The development of new advanced materials with
predicted properties requires a clear and thorough
understanding of their structural properties on the basis
of sufficient and reliable thermophysical data. The
increasing influence of computational modeling in all
technological processes generates an increased demand
for accurate values of the physical properties of the
materials involved, which are used as fundamental
inputs for each model. The solidification process of a
liquid alloy has a profound impact on the structure and
properties of the solid material. Therefore, knowledge of
the thermophysical properties of molten alloys becomes
very important for understanding the structural trans-
formations in alloys in the liquid-solid temperature
range and modeling of the solidification process, so that
materials with required characteristics can be developed.

The density as one of the thermophysical struc-
ture-sensitive properties plays an important part in
solidification. For example, the density gives essential
information for reliable simulation of various industrial
metallurgical processes. The molar volume and the
excess molar volume are obtained from the experimental
data of the density. It should be noted that the excess
molar volume is one of the key mixing parameters.
Unfortunately, there is no general rule of thumb
whether or not it is positive, negative, or zero. However,
it is found that strongly mixing systems with negative
excess Gibbs energy tend to exhibit a negative excess
volume, while demixing systems with positive excess
Gibbs energy show a negative excess volume. For alloys
which consist of chemically similar components, the
excess volume is almost zero.!”:*!

The main goal of the present study was to receive a set
of reliable thermophysical data (density, molar volume)
of the liquid phase of selected HEAs. The equiatomic
AICoCrCuFeNi high-entropy alloy (corresponds to
All().()CO16.6cr16.6F616'6Ni16.6 in at. pCt) and its four-
and five-component sub-system alloys with equiatomic
compositions were chosen for the present research. It is
important to know, if the excess molar volume indicated
in ternary sub-system alloys”'” would disappear with
the increasing number of the alloy components. It is
supposed that the increasing temperature leads to the
vanishing of excess properties due to larger value of the
entropy, when chemical interactions between atoms
became overcome. In the case of high-entropy alloys, a
higher value of entropy is achieved by increasing the
numbers of components.

Furthermore, a correlation between excess molar
volume and the integral enthalpy of mixing has been
examined. For this reason, the integral enthalpy of
mixing was calculated based on the data for binary
sub-systems. Since no experimental literature values are
available for Co-Cr and Cr-Cu alloys, the corresponding
integral enthalpy of mixing was estimated using
Miedema’s semi-empirical model.!'') The corresponding
calculations for studied multi-component alloys were
performed by extending the thermodynamic geometrical
model of Kohler, using either calculated or experimental
data for the enthalpies of mixing of binary sub-system
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alloys. Furthermore, the characteristic temperatures of
the alloys were determined by differential thermal
analysis (DTA). The obtained experimental results were
compared with literature data. Such a data set allows for
a quantitative simulation of casting multi-component
alloys.

II. EXPERIMENTAL

The experiments were carried out with an electro-
magnetic levitation gEML) facility designed for optical
dilatometry (OD).'"#l The samples were positioned and
melted by electromagnetic fields. The sample volume
was measured by a shadow-graph technique in a parallel
expanded laser beam as described in Reference 13. The
sample temperature was measured with an infrared
pyrometer. The temperature was recalibrated for each
sample with respect to the liquidus temperature taken
from differential thermal analysis (DTA), described
below, using an approximation derived from Wien’s
law as explained in Reference 7. The temperature was
regulated by carefully cooling the sample in a laminar
flow of Ar or He gas, which was admitted from below
via a ceramic tube. The resultant accuracy in the
pyrometric measurements is = 10 to 15 K.

The samples were prepared by arc-melting of the
proper amounts of pure metals provided by the com-
pany Alfa Aesar, namely, Al (99.999 pct), Co (99.995
pct), Cr (99.995 pct), Cu (99.995 pct), Fe (99.995 pct),
and Ni (99.999 pct). Prior to the measurement, each
sample was melted in the levitation process in order to
get a homogeneous alloy. Then the surface of the
solidified sample was cleaned mechanically and rinsed
with propanol. The samples were always first heated up
to the highest experimental temperature and then
measurements were started. After measuring one data
point the temperature was decreased by 10 to 20 K and
the next data point was taken.

Processing of the selected alloys in the liquid phase
poses experimental difficulties due to a large difference
in the melting temperature of Al to other constituents. It
was supposed that Al could evaporate during measure-
ments leading to a shift in the sample composition and
to contamination of the optical path. Therefore, several
samples with similar composition were measured in
order to exclude a possible deviation in density values.
Furthermore, each sample was weighed before and after
the experiments. If a sample lost more than 0.1 pct of its
initial mass, the measurement was excluded. The total
error for the density measurements is estimated in
Reference 12 to be Ap/p ~ | pct. Whereas the error in
the mass, Am/m, is of the order of 0.1 pct, the major
source of error comes from the determination of the
volume, AV/V, and is due to the calibration of the
digital images, which is of the order of 1 pct. The error
in temperature is due to the uncertainty of the temper-
ature dependence of the emissivity, and is estimated to
be of the order of 5-10 K.

The DTA measurements were carried out by a
Netzsch DTA 404 PC (Netzsch, Selb, Germany) under
a constant Ar flow of 50 mL min~' using alumina
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crucibles (Al,O3) with a cover. The measurements were
performed in two runs with a heating rate of 5 K min™".
Two heating and cooling curves were recorded for each
sample to check reproducibility of thermal effects
afterwards. The samples weighed around 100-110 mg
and a possible mass loss during the DTA investigations
was checked routinely. No relevant mass changes were

observed.

III. CALCULATION
A. Kohler’s Model

There are a number of papers dealing with an attempt
to extend Miedema’s approach to multi-component
systems.'* ) In most of these works, the main
approach was to calculate the enthalpy of formation
of a ternary system as a sum of enthalpies of respective
binary sub-systems.'* ' For instance, Gallego et al.'¥
proposed a following equation to calculate the enthalpy

of mixing of the ternary alloy, A™H ;¢
AchemHABC _ Athgm + AH%hCem + Athgm, [1]

where ATMH 5. AT Hpo and A™H,c are the
enthalpies of mixing of sub-binary 4-B, B-C, and A-C
alloys, respectively.

In this paper, the integral enthalpy of mixing of
multi-component alloys was calculated based on the
corresponding values for binary sub-system alloys using
Kohler’s model® extended for multi-component sys-
tems. According to Kohler’s model, the interaction
parameters between two specific components in a
multi-component alloy are not affected by other com-
ponents.””! Therefore, the enthalpy of mixing of a
multi-component alloy, A, H, is equal to a sum of their
binary sub-system alloys and can be rewritten as

AmixH = Z Z (xi + xj)zAmitzj (M%ixj;xij‘/xj)7

i j>i

2]

where x; and x; are the atomic concentrations of
components 7 and j, respectively; A/, is the enthalpy
of mixing of the binary i-j system.

B. Miedema’s Model

The integral enthalpy of mixing of binary sub-system
alloys was calculated using Miedema’s model. The
“macroscopic atoms’” model proposed by Miedema is
one of the most widely used approaches to predict
changes in the enthalpy of binary metal alloys. This
semi-empirical theory is based on the concept of atomic
cells requiring data of pure components. The heat effects
caused by interactions of atoms of dissimilar elements
affect the electron density at the boundary of the
Wigner—Seitz (ny) cell and tend to shift their electron
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densities due to the electronegativity difference. These
two main features of the model can be expressed as?*”

(nws)’= K/ V, 3]
¢* = 5.2(Z/V)"*+0.7 for non-transition metals, [4]

¢* =5.2(Z/V)"*+0.2 for transition metals,  [3]

where ¥ is the molar volume; K is the bulk modulus; Z is
the number of valence electrons per atom; ¢* is the
chemical potential charge of components or the work
function of the pure metal readjusted to alloying
behavior.

It is supposed that the enthalpy of the chemical
mixing required for solving one mole of a component A
in a component B is equal to

2.1
[CEN IR S I

2

x <_P(A¢*)2+Q(An;/§) R),

hem __ ol —
A}IilinB _AHilinB -

where P, O, and R are the proportionality constants;
An‘l‘é3 is the electron-density discontinuity equal to
()3 — (B )3, A¢* is the electronegativity differ-
ence defined as ¢4 — ¢ and V4 is the molar volume of
the component 4. The values of the fitting parameters P,
Q, and R can be determined from tables proposed in
References 23 and 24.

The integral enthalpy of mixing of binary A-B system
can be written as

AmixI—IAB - Aquhgm
= x4 xp - (WPAHST, + XAHGT), 7]

where x4 and xp are the atomic concentrations of the
components A and B, respectively; x5 and x% denote,
respectively, concentration ratios of atoms 4 and B in
the surface. The concept of surface concentration was
introduced to take into account the total area of the
contact surface between dissimilar atoms related with a
change in boundary conditions when an atomic cell is
transferred from a pure metal to an alloy.

The mole fraction of the component 4 on the surface
is given as

X4 Viﬁ

X=1-xy=—57i"—=.
X4 Viﬁ “+ Xp Vé/S

8]

The values of the molar volumes of the components
were calculated or taken from the literature data of
density.”2>2* It should be noted that Eq. [7] is applied
for alloys without chemical short-range order in the
structure.
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IV. RESULTS AND DISCUSSION

A. Modeled Enthalpy of Mixing

The calculated values of the enthalpy of mixing of
binary sub-system alloys at 1700 K are presented in
Table I and compared therein with literature data. In
our calculations, it is suggested that several binary
sub-system alloys with the liquidus temperature above
1700 K are in a virtual metastable liquid state. This
means that they are assumed liquid, although the
temperature of 1700 K is below their liquidus. These
alloys are marked with asterisks in Table I. The litera-
ture data for most binary alloys were estimated from
calorimetric experiment, except CoCr and CrCu. The
thermodynamic excess functions of liquid Co-Cr alloys
in the concentration range between 27.2 and 60.5 at. pct
Cr were estimated based on the Knudsen-cell mass
spectrometric measurements.'>” The partial and integral
enthalpies of mixing of the Cr-Cu system were calcu-
lated in Reference 30, based on experimental values of
the dissolution enthalpy of Cr in Cu at 1873 K, taken
from Reference 31.

Table II contains the values of the integral enthalpy
of mixing of the multi-component alloys calculated by
Kohler’s model, based on either Miedema‘s model or on
literature values for binary sub-systems.

As follows from Tables I and II, values of the integral
enthalpy of mixing of binary sub-system alloys calcu-
lated using Miedema’s model and their experimental
data have the same sign and similar magnitude. This is
also true for the multi-component alloys where A, H is
determined using Kohler’s model. The only exception is
CoNi. However, there is the relative small difference in
values between the slightly negative value of
—0.3kJ mol* calculated by Eq. [11] and ositive one
of 0.4 kJ mol ™', reported in the literature.**! According
to data from Table I, a more exothermic or less
endodermic behavior was experimentally obtained for
most presented binary alloys as compared with predic-
tions of Miedema’s model. A similar tendency was
obtained for calculated A;xH of the Al-Co-Cr-Cu-
Fe-Ni alloys (Table IT). The largest deviation between
calculated data for multi-component alloys is obtained
for AICoCuFe and is equal to about 7.5 kJ mol~!. It
should be noted that a disagreement in expenmental
values of the integral enthalpy of mixing published for
some systems by different authors could also reach 6
kJ mol”". For instance, according to El Khasan
et al P ApixH of the liquid Cu-Fe alloy is equal to
12.4 :l: 1.3 kJ mol™!, while a value of 6.78 kJ mol™' a
1823 K was reported by Turchanin.[**!

The calculated heat effects for the studied multi-com-
ponent alloys are in a good agreement w1th literature
data,***! for instance, with 3.20 kJ mol~! for CoCr-
CuFeNi and — 4.78 kJ mol™' for AlCoCrCuFeNi
calculated based on Miedema’s model as well as
2.4 kJ mol™! for the CoCrCuFeNl dlloy determined at
1700 K using Muggianu’s model.*®! Furthermore, an
excellent agreement between values of the enthalpy of
mixing for the Co,CrCuFeNi alloys calculated using
Miedema’s and three thermodynamic geometrical
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models, namely, Kohler’s, Muggianu’s, and Chou’s
approaches, was shown by Arslan and Dogan. ¢

B. Density Investigations

Temperature dependence of the density, p(7), of
investigated alloys is presented in Figure 1. The highest
values of the density were obtained for the alloy without
aluminum, while the lowest values were revealed in
quaternary liquid AICoCrFe and AICoCuNi alloys. As
an overall trend, it is observed that the density of the
investigated AlCoCrCuFeNi HEAs increases with
increasing amount of the heavier metal.

Apart from a few abnormal systems, such as Si or
water, the density in the liquid state can be approximated
as a function of temperature by the followmg linear law,
which holds over a wide temperature rangel

p(T) = pL + pr(T — Tv), 9]

where p is the density in (kg m ) Ti is the temperature
in (K); pp is the dens1ty in (kgm~Y) at the l1qu1dus
temperature T;; and pr 1s the temperature coefficient in
(K" and (kg m?), respectively. Due to the indicated
undercooling effect, the liquidus points were taken as a
maximum of the peak from the heating DTA curves. As
it is seen from Table III, the liquidus temperatures
obtained from DTA measurements are in a good
agreement with literature data,'” indicating 7, equals
1603 K for the AlICoCrCuFeNi alloy, as well as 1662 K
for the CoCrCuFeNi alloy.

As obvious from Figure 1, Eq. [9] is also fulfilled for
the systems studied in the present work. The fitted
parameters, p; and pr, are presented in Table IV. The
molar volume of the liquid multi-component alloy can
be calculated as

M;
V:inp—i—i— VE, [10]

where V is the molar volume of the alloy; x;, M,, and p;
are the concentrdtron molar mass, and density of a
component 7; I'F is the excess molar volume. Due to high
melting temperature of the employed transition metals,
such as Co, Cr, Fe, and Ni, it was decided to perform
calculations of the ideal volumetric mixing of the alloys
referred to Vegard’s law (47 =3 x; %")[48] in a temper-
1

ature interval (7, < T < 1728 K) assuming that the
density of pure components is equal to the value at the
melting temperature of a corresponded metal, 77, except
Al and Cu.

As seen from Figure 2, the investigated liquid mul-
ti-component alloys have negative deviations in the
molar volume. The only exception was determined for
CoCrCuFeNi. According to literature data related to
the molar volume measurements of liquid binary metal
alloys, ) strong negative deviations of this quantity are
indicated in systems with chemical compounds in the
solid state, while positive values of the excess molar
volume were often reported for systems with a solid
solution. Furthermore, the excess volumes of the liquid
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Table I. Integral Enthalpy of Mixing for Binary Sub-System Alloys of the AICoCrCuFeNi Alloy

AmixH, kI'mol™!

Alloy Eq. [11] AmixH, kT mol™! (lit. data) Source

AlCo — 23.9% — 321 32; 1873 K
AlCr — 12.9% —7.034+0.20 33; 1723 K
AlCu - 9.6 —13.1 34; 1723 K
AlFe — 143 —20.6 35; 1873 K
AINi — 28.5% — 49.1% 36; 1773 K
CoCr - 50 - 3.0 29; 1800 K
CoCu 7.2 7.03 £ 0.99 37; 1823 K
CoFe — 0.6% —2.56 38; 1873 K
CoNi* -03 0.4 39; 1780 K
CrCu* 14.2 16.0 30; 1873 K
CrFe - 1.6* —4.1% 40; 1873 K
CrNi -175 —2.78 £0.23 33; 1729 K
CuFe 14.6 10.62 & 0.90 37; 1873 K
CuNi 4.0 3.73 £ 0.58 37; 1753 K
FeNi - 1.7% — 44 41; 1753 K

*In virtual metastable liquid state.

Table II. Integral Enthalpy of Mixing for the Studied Liquid

Table III. Phase Transition Temperatures of the Investigated

Alloys Alloys
AmixH, kJ mol™! AmixH, kJ mol™! Experimental Data Ref. [5]
Alloy Composition  Binaries Eq. [11]  Binaries Exp. Data Samples Tr (K) Tr (K)
AlCoCrCuFeNi — 733 — 11.65 AlCoCrCuFeNi 1596.3 + 0.3 1603
AlCoCuFeNi — 8.50 — 16.01 AlCoCuFeNi 1598 + 0.8 —
CoCrCuFeNi 3.71 2.74 CrCoCuFeNi 1647.8 £ 0.5 1662
AlCoCuFe — 6.66 — 12.68 AlCoCuFe 1626.1 £+ 0.8 —
AICoCrNi —19.52 —23.90 AICoCrNi 1661 + 0.4 —
correspond to the overall trend of solid solutions in
75 the liquid state.
e AICOCHNi In the following, it will be discussed whether the
7 |* AlCoCuFe i‘ﬁ‘k“{;i-— _} presence of Al in the 1nve§t1gated multi-component
— + CoCrCuFeNi “}‘— }--{i} alloys may lead to the formation of a short-range order
= = AlCoCuFeNi with heterocoordination in the liquid and whether and
2 6.9~ AlCoCrCuFeNi how this is expressed by a negative excess volume.
2 I {Lg - . The negative values of .AmiXH correspond to prqferred
c 66 L “%ﬁé Z1s interactions between unlike atoms and a formation of
2 =1 "*'j‘v#w—ﬁ%%_H regions with a short-range order dominated by hetero-
2 63r coordination in the liquid, while the positive values are
3 I . inherent to systems with a tendency to demixing. Due to
6.0 ﬁ‘%ﬂi’i&,%\Q. R this fact, it is often tacitly assumed that system with
ot *ﬁ??iﬁ preferred interactions between unlike atoms also exhibit
: a negative excess volume while, vice versa, systems with

57 L~ ‘ ‘ ‘ ‘
1550 1600 1650 1700 1750 1800 1850

Temperature (K)

Fig. I—Temperature dependence of density of multi-component
Al-Co-Cr-Cu-Fe-Ni alloys.

CrFeNi solution calculated considering the binary
excess parameters of the excess volume (ternary inter-
action parameter was assumed to be zero)”’ and of the
liquid CuFeNi solution taking into account binary and
ternary interaction parameters!'” are equal to + 0.17 x
107%and + 0.40 x 10~ mol~', respectively. Therefore,
the volume changes in the CoCrCuFeNi melt
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a tendency to demixing tend to exhibit a positive excess
volume. This has systematically been investigated by M.
Watanabe et al**! and Brillo.'%4"] 1t is evident from
these investigations that such a correlation between V'™
and A.;xH exists as a rough trend, only. In particular,
there are also a number of exceptions. For instance,
positive values of the excess volume were declared for
Cu-Ti and In-Sb.’" Both are compound-forming
systems, while Cu-Ni*"" and Co-Cu-Ni,*”! both solid
solution systems, exhibit negative values of I'*. Hence, it
is not clear a priori, if a relation between V* and A H
can be established for the systems of the present work or
not.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table IV.

Parameters p;, and pr, of the Linear Fits of Eq. [13] to the Experimental Density for Liquid HEA

Alloy Composition Ti (K) oL (1073 kg m™?) pr (1074 K™h
AlCoCrCuFeNi 1598 + 2 6.481 £ 0.104 — 0.015 £ 0.001
AlCoCuFeNi 1598 £ 1 6.645 £ 0.110 — 0.010 £ 0.001
CoCrCuFeNi 1647 £ 1 7.240 £ 0.151 — 0.008 £ 0.002
AlCoCuFe 1629 £+ 2 6.062 £+ 0.101 — 0.012 £ 0.001
AICoCrNi 1660 £+ 1 6.064 £ 0.099 — 0.011 £ 0.001
061~ AICoCrNi estimate “G from the integral enthalpies of mixing

‘g 04 i é':g%&';eem %alculated by Kphler’s mEodel at 1700‘ K, ie.,
g Odpr ColrCufeN G~ AniH. Obv19uslyé V= correlates with ApixH
& 02r____ AICoCrCuFeNi v ) i anEd, hence also w1th. . G, where poEsmve values .of
© 0.0 ; : * ! V= correspond to positive values of “G and negative
Q values of V'F correspond to negative values of G, too.
T 021 It seems as indicated from the left-hand side of the
g 0.4+ diagram that V" would tend against a limit when
S 06 i—---—[—--}.—:l-——-—%--{——{“"{’“%== '—"—1:':—':% EG converges towards — oo, ie., [V < 1.04 for
] e S 9 G — — oo. A curve through all data points has a
é 08 I ___________ Fommimimemimi Jomrmimems 4 concave shape. In Figure 3, negative excess volumes are
X 10t much more pronounced than positive ones. While the
1ol ’ . . . . systems for which VE<0, ie., AICOoCrNi, AlCoCuFeNi,

1600 1620 1640 1660 1680 1700 1720
Temperature (K)

Fig. 2—Temperature dependence of the excess molar volume of
multi-component Al-Co-Cr-Cu-Fe-Ni alloys.

0.6F e AlCOCHNi Fit
& AICUFeNi /
03l @ AlCoCuFeNi /
) ® CoCrCuFeNi o
¢ AICoCrCuFeNi ° /e ©

o
-
@
z

Excess volume (106 m3.mol ™)

BOACIPD>ODSGD
=
z

. V'T:>-1 .04 Icmsmoll'1 ‘
-40 -30 -20 -10 0 10 20
Excess Gibbs free energy (kJ-mol™)

Fig. 3—Maximum  excess volume of the  high-entropy
Al-Co-Cr-Cu-Fe-Ni alloys vs their estimated excess free energy
calculated by Eq. [2] and by assuming that G ~ A H at 1700 K.
The plot also shows data for binary systems taken from Ref. [9].
The solid line is a fit of Eq. [16] to all data and the dashed line is
calalllated from the same equation by assuming Ko = 1.92 x 107!
Pa™".

Figure 3 shows a plot of the excess volumes obtained
for the systems investigated in the present work at 1700
K vs their estimated excess free energies “G. This is done
in order to be able to compare the data with the model
outlined below and available literature data shown in
the figure as well. As no information on the excess
entropy ©S is available for these systems and as the latter
is usually very small, it is justified to neglect S and
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AlCoCrCuFeNi, and AlCuFeNi exhibit excess volumes
in the range of 0.4 < \VE| < 1.0, the excess volume of the
CoCuCrFeNi system, which is positive, is much closer
to zero, i.e., 0.0 < IVE\ <0.1.

Qualitatively, the same result is empirically found by
Watanabe er al*”! by plotting the maximum of the
excess volumes of various binary alloys vs the corre-
sponding maxima of their excess free energies. This is
also shown in Figure 3. Obviously, all data lie on the
same curve.

We actually observed that his relation between V*
and FG is also valid for the systems investigated in the
present work. A model producing a curve through all
points in Figure 3 would hence reveal a fundamental
mechanism valid as a trend for all systems. Insights on
how an excess volume is generated in an Al-based alloy
come from our earlier investigation on Al-Au." In this
work, it has been concluded by using the molecular
dynamics (MD) technique that the huge negative excess
volume evident in this system originates from the
formation of compact aggregates with tetrahedral
chemical short-range order combined with a “compres-
sion” of the less dense Al matrix when Au atoms are
added. This mechanism is probably of general validity
for Al-based melts.

If we consider only the compression effect, a simple
thermodynamic relation can be formulated between the
excess volume and the excess free energy. For this
purpose, it is assumed that addition of a macroscopic
amount of alien atoms to a matrix, e.g., Al, may cause
an inner tension in the matrix which can be represented
by an effective internal pressureP. If this internal
pressure is directed outwards, an expansion of the
volume may be the consequence.

If, due to attractive forces, caused for instance by
bond-hybridization, P is directed inwards, the volume is
compressed. Hence, one can define an effective com-
pressibility rc:
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[11]

Formally, Eq. [11] is the same as the definition of the
isothermal compressibility, except that the meaning of
the pressure is different and that the minus sign is
omitted. It is easily seen by multiplying both sides by
Vv =1y + VE where “V is the volume of the ideal
soéution, that Eq. [11] also holds for the excess volume
V.

05G

VE ke (BG) = —-
<("6) =55

Ke(FG) =25 [12]

It is used in Eq. [12] that the excess volume can be
obtained by differentiation from the excess free energy
EG. Moreover, it is allowed in Eq. [12] that x. is a
function of ¥G. To the first de%ree of approximation,
this function would be linear in ~G:

Kke(FG) = Kep + Ke 1 FG, [13]

where x.o denotes the effective compressibility of the
corresponding ideal solution and x.; denotes the linear
coefficient. It takes into account that the stiffness of
the matrix might be affected by attractive or repulsive

interactions between unlike atoms. Combining
Eqgs. [12] and [13] yields
oFG oG  oVE
Ke70—~+Ke,lE =~ = [14]

op P~ 0P’
The pressure is eliminated by integration of Eq. [14]:

1
Ke7oEG+§Ke,1EG2 ~ VEX [15]

In principle, Eq. [15] is the desired relation. However,
it is beneficial for the following discussion to further
transform the expression. In particular, the linear
approximation can be expanded into an exponential
and the ratio of k. to x.; is abbreviated as A/PT:

EG
VE ~ 2KC,OEG exp (/1 —)

). [16]

In reality, this relation is not necessarily true for each
system. Cu-Ti, for instance, has a negative free energy of
mixing and a strong positive excess volume.®® This
would contradict Eq. [16]. Moreover, it was shown
theoretically that every combination of the signs of FG
and V¥ is possible.>*) However, Eq. [16] may be true on
an average scale for a number of systems which we want
to declare as ‘“‘normal” or ‘“‘benign” systems. Equa-
tion [16] has the following properties: the excess volume
of an ideal solution is zero, i.e., V¥ = 0 for *G = 0. In
fact, the integration constant is chosen such in Eq. [1411
that this property is fulfilled. Morecover, PV
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monotonically increases with increasing ®G and deviates
from the linear law for strongly non-ideal systems, i.e.,
where G < 0. These features are also observed in the
experimental data in Figure 3.
Mathematically, Eq. [16] exhibits a minimum at
EG = BG,, where EG,,, is obtained as
RT

E
min — — 5, - 1
Goin =~ 17

On the other hand, the internal energy U = 3RT is a
lower limit for FG if it is assumed that in addition to
translations also a rotational degree of freedom exists.
This holds at least as an approximation, as the excess
entropy was neglected. Hence, it follows from Eq. [17]
that

i=3 18]

As a consequence of Eq. [18], a lower boundary for
the excess volume follows, which generally depends on
temperature. This dependency, however, should be very
weak, as most systems are studied in the same temper-
ature range. In the case of 1700 K, the limit is 1.04 (10~*
m? molfl), ie.,

VE > —1.04(107%m? - mol ™). [19]

As visible in Figure 3, this limit is nearly reached
experimentally.

In order to discuss Eq. [15], the parameter k. is
considered constant and independent of composition.
This means that it is the same for all systems and
represents an effective mean value.

Table V lists the isothermal compressibility factors kr
for some pure elements which are calculated from
ultrasound velocities, densities, and specific heats listed
in References 54 through 56.

As a first guess, k.o is set equal to the mean of the
isothermal compressibilities of the elements Al, Co, Cu,
Fe, and Ni, which amounts to 1.92 x 10~'! Pa™!, see
Table V. As a result, the dashed line is obtained in
Figure 3 which already gives a good estimate of the
order of magnitude and the qualitative shape of the

Table V. Isothermal Compressibility at 1700 K Calculated
from Parameters Listed in Refs. [54, 56] for Some Pure
Elements and Their Mean Value

Element rr (1071 Pa™h)
Al 3.19
Co 1.64
Cu 1.32
Ni 1.97
Fe 1.47
Mean 1.92
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curve. However, the experimental findings are overesti-
mated by nearly 50 pct.

A fit of Eq. [16] to all data shown in Figure 3 yields
Keo = 3.2 X 10~ Pa~" which is strikingly close to the
isothermal compressibility of pure Al which is
3.19 x 107" Pa~!, see Table V.

This finding makes sense in the view of the mechanism
proposed in Reference 52, namely that the excess
volume is generated by compression of the Al-nearest
neighbor bonds. Hence, the compressibility of Al should
play a key role in Eq. [16]—which it does. However, the
same fit also applies to systems in Figure 3, which do
not contain any Al at all, such as Fe-Si. This may
indicate that the value of 3.2 x 10~'" Pa~' is of more
general validity. For instance, it is conceivable that less
dense metallic liquid systems, like Al, Si, or others, also
have similar values in k..

A second look at Figure 3 shows, however, that the
data for the high-entropy alloys studied in the present
work is still slightly overestimated by the fit of
Eq. [16]. One can argue that this small discrepancy
is due to an experimental uncertainty which is of the
same order of magnitude. However, this discrepancy
is common to the data of nearly all Al-based systems
presented in Figure 3. This brings us back to the
second cause of the excess volume, discussed in
Reference 52, namely, the formation of compact
tetrahedral aggregates in the melt, which can further
reduce the volume. The formation of such aggregates
or compounds would therefore also take place in the
liquid high-entropy alloys, except CoCrCuFeNi. A
preferred interaction between unlike atoms can be
supposed hereby.

V. CONCLUSIONS

The densities of the liquid high-entropy alloys
AlCoCrCuFeNi, AICoCuFeNi, and CrCoCuFeNi, as
well as quaternary liquid AlCoCuFe and AICoCrNi
alloys have been determined over a wide temperature
range by a non-contact technique combining electro-
magnetic levitation and optical dilatometry. The lig-
uidus temperatures for the investigated
multi-component alloys were determined by DTA anal-
ysis. The obtained excess volumes are as function of the
excess free energies estimated from Kohler’s model
follow a general trend, which is explained by using a
simple model as a compression effect of the less dense Al
matrix in these systems. In these melts, the interactions
between the unlike atoms prevail, while in the CrCo-
CuFeNi alloy the preferred interactions between similar
atoms are expected. In this manner, two basic effects,
namely, compression of the Al-nearest neighbor bonds
and formation of short-range order affect the excess
volume in multi-component high-entropy alloys con-
taining aluminum. In was revealed that in most inves-
tigated multi-component alloys, the excess molar
volume decreases with the increasing number of the
alloy components.
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