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Abstract

®
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We address a relationship between properties of liquid and solid states by comparing structural
characteristics and viscosity in AlI-Cu—Fe and Al-Cu—Ni melts. The former system forms

an equilibrium quasicrystalline phase but the latter does not. We show that the concentration
behavior of the viscosity, melting temperature and characteristics of the chemical short-range
order correlate with each other. The main structural differences between the melts are related
to the peculiarities of their electronic structure, which is the same for liquid and solid states

near the melting temperature.
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1. Introduction

The relation between structural properties of liquid metals and
the solids formed during their amorphization or crystallization
has been intensively discussed [1-5]. For example, in the case
of amorphization of metallic alloys, the relationship between
structural-sensitive liquid phase properties (viscosity, thermal
expansion, etc) and glass-forming ability is often discussed
[2, 6-8]. More controversial is the possibility of inheriting
structural motifs of the initial melt by the structure of solid
phases. Illustrative examples are quasicrystals in metallic
alloys, whose formation is often associated with the icosa-
hedral short-range order in the melts. Promising objects to
address these issues are Al-based systems, in which complex
crystal structures, as well as equilibrium quasicrystalline
phases, are observed [9, 10]. In this paper, we focus on two
Al-based systems: Al-Cu-Fe and AlI-Cu—Ni.
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The Al-Cu-Fe is one of the first metallic systems in
which the formation of a stable icosahedral phase (i-phase)
was reported [11]. The i-phase can be produced by different
methods: melt solidification with subsequent annealing, rapid
quenching techniques (such as melt spinning), gas atomization
and mechanical alloying [12]. As follows from the Al-Cu—Fe
phase diagram [13], besides the i-phase, binary AlCu, Al,Cu,
Al;Fe;, AlsFe (AlsFey), AlsFe,, AlFes;, Al,Cu,Fes phases, 8-
AlFe(Cu) solid solution, and triple Al;oCujoFe, Al;gCugFe,
Al;CuyFe phases have been found in the system. The stoichi-
ometry compositions of experimentally fabricated i-phases in
Al-Cu-Fe vary from 25 at.% Cu and 10 at.% Fe to 28.6 at.%
Cu and 13.8 at.% Cu depending on the production method.
Within the compositional range of 30—40 at.% Cu, the i-phase
can be formed by peritectic reactions, and, at 2—6 at.% Fe, it
can be directly formed from the melt. However, in the latter
case, i-phase is non-equilibrium at room temperature.

© 2020 IOP Publishing Ltd  Printed in the UK
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The Al-Cu-Ni system does not form quasicrystal phases,
but 12 different solid phases are found [14]. These are 9
binary phases in the Al-rich region, such as Al3Ni, Al;Nip,
Al4Ni3z, AlL,Cu, two solid solutions (the first one is Al-based
with Ni dissolved and the second one is Ni-Cu-based with Al
dissolved) and one triple T—phase (Ni, Cu);Als.

Thus, in the Al-rich region, the systems under considera-
tion have similar phase diagrams; their main difference is the
existence of i-phase in the Al-Cu—Fe system. To address the
relationship between the structure of liquid and solid states, it
is interesting to compare the features of interatomic interac-
tion in the melts of these systems. Therefore, in this work,
we study the structural characteristics and viscosity of Al-
Cu-Fe and Al-Cu-Ni melts in the region of aluminum and
copper concentrations corresponding to the stoichiometry
of the i-phase in the former system: Aljoy_,Cu,Fe|,s, where
x = 15.5-35.5 and Al;p9—,Cu,Ni;p, where x = 17.5-40. Note
that, for the Al-Cu-Ni system, we choose concentration
cross-section in which it demonstrates similar phase transfor-
mations as for the Al-Cu-Fe one.

Viscosity is one of the main structural-sensitive properties
of a fluid. For metal melts, it is also of practical importance
because the viscosity value affects significantly the casting
process. Moreover, the analysis of the viscosity allows esti-
mating qualitatively how the interatomic interaction in a melt
varies with a change of atomic concentration [15, 16].

The concentration behavior of the viscosity in binary Al-Cu,
Al-Ni, and Al-Fe systems has been intensively studied by
experimental and theoretical methods [17-25]. The results on
viscosity obtained by different authors are somewhat different,
but most researchers find a pronounced nonlinear dependence of
viscosity on composition in these systems. In [23, 24], molecular
dynamics (MD) simulations revealed that such behavior of the
viscosity is caused by concentration changes in local structural
ordering (icosahedral short-range order and chemical short-
range order). According to [23, 24], such structural evolution in
Al-Ni and Al-Cu melts at high Ni and Cu concentrations can
lead to a violation of the Stokes—Einstein relation.

The viscosity of ternary Al-Cu—(Fe, Ni) systems is much
less studied. In [26], the temperature dependence of the vis-
cosity of the AlgzCuysFejn melt was studied. The authors
revealed a kink at 1473 K on the viscosity polytherms and
explained it by the destruction of icosahedral short-range
order. However, later we showed that this feature does not
reflex any structural changes but rather associated with meth-
odological shortcomings in measuring the viscosity by the tor-
sional vibrations method [27]. As far as we know, there is no
available data on the viscosity of AI-Cu—Ni melts.

The lack of reliable information on the viscosity of Al-
Cu—(Fe,Ni) melts is primarily due to the complexity of the
high-temperature viscometric experiment. However, earlier
we developed a precision technique, which takes into account
the effect of surface oxide layers and allows obtaining reliable
data on the viscosity of metallic melts [16, 25, 27, 28].

Thus the main purpose of the paper is to address a rela-
tionship between properties of liquid and solid states in

Al-Cu—(Fe,Ni) melts by comparing their structural character-
istics and viscosity.

2. Methods

The systems studied were fabricated by alloying the corre-
sponding proportions of AI-Ni, Cu-Ni, Al-Fe master alloys
(AlgoNilo, CUQoNilo and A180,6F619.4 or A169‘3FC30'2 depending
on the melted composition), electrolytic aluminum (A999-
type), and cathode copper, in a viscosimeter furnace in an
inert atmosphere of He (after preliminary pumping to 1072
Pa) at T = 1773 K for 1 h. The synthesis of ligatures was car-
ried out according to the traditional metallurgical technology
by alloying electrolytic Al and cathode Cu, Ni and Fe in a
vacuum furnace at 7 = 1773 K for 30 min. The chemical com-
position of the obtained samples was determined by atomic
emission spectroscopy on a Spectroflame spectrometer (for
both the main components and impurities).

Kinematic viscosity v was measured by the method of
damped torsional vibrations of a corundum crucible with a
melt [29]. The experiments were carried out in an atmosphere
of purified helium by using crucibles of aluminum oxide. To
prevent an uncontrollable influence of the oxide surface film,
a cover of Al,O3 was placed on the melt surface and fixed
so that it served as a second end surface of the crucible [30].
Preliminary experiments for Al-Cu-Fe melts have shown
that, immediately after melting, the alloys under consid-
eration demonstrate slow relaxation of the viscosity (2h or
more). The reason is the slow establishment of thermody-
namic equilibrium in the melt-crucible-atmosphere system
[27]. This feature must be taken into account when measuring
the temperature dependencies of viscosity v(T). Therefore,
measurements of v(T) were performed in the following mode.
After melting, a liquid was overheated by 50 K above the lig-
uidus temperature, kept at this temperature for 10 minutes and
then cooled to the liquidus temperature. Then, we performed
viscosity measurements by heating a system in a stepwise
manner from the melting temperature up to 1773 K by incre-
ments of 20-30 K and then cooling it down to melting tem-
perature; at each temperature, isothermal exposure of 7 min
was performed before measurement. Next, the samples were
cooled down to room temperature and the above stages were
cyclically repeated. The melting points of the alloys were
determined by using a high-temperature thermal analyzer
[31].

For all investigated melts, in whole temperature ranges,
temperature dependencies v(T) obtained in both heating and
cooling modes, are well fitted by the Arrhenius relation:

V=A%, (1)

where A, is the pre-exponential factor; E, is the activation
energy; R is the universal gas constant; 7" is the absolute
temperature.

To construct concentration dependencies of the viscosity for
each alloy, we fit the viscosity data obtained in two subsequent
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Table 1. Parameters of equation (1) for temperature dependencies v of Al-Cu—Ni melts.

Composition Ay, 1078 m? 57! E,, kJ mol™! Composition Ay, 1078 m? 57! E,, kJ mol™!
Alz, 5Cuy7.5Niyg 11.3 19.1 AlgoCuspNijo 7.7 25.4
Al;79CuyNiyg 9.6 20.8 Als7 5Cus,5Nijg 8.7 23.9
AlﬁgCUg]Ni]O 8.8 17.7 AlssCu;SNi]O 7.2 26.3
Alg7.5Cup sNijg 8.7 20.5 AlssCusNijg 5.8 28.2
AlggCupsNijg 8.2 22.3 Als, 5Cusz7.5Nipg 6.8 27.5
AlgsCupsNijg 6.5 26.1 Als;CusoNijg 7.7 25.7
Algr 5Cuz75Nijg 10.5 20.8 AlsoCuyoNijo 8.2 26.1

heating/cooling cycles by common exponential dependence.
For the AI-Cu—Fe melts, data on the temperature dependences
of viscosity are taken from [27]; the corresponding parameters
of the equation (1) for the studied Al-Cu-Ni alloys are pre-
sented in table 1.

For a confidence probability of 0.95, the most probable
error in determining the absolute values of the viscosity of
Al-Cu—Fe melts in a single experiment is 2.5% with a total
error of no more than 5%.

The structural characteristics of the melts were determined
by using ab initio molecular dynamics (AIMD) simulations.
The calculations were performed by using the Vienna ab initio
simulation program [32]. Projector augmented-wave pseudo-
potentials and Perdew—Burke—Ernzerhof [33, 34] gradient
approximation to the exchange-correlation functional were
used [35]. The wave function was expanded by the plane-
wave basis set in the periodic boundary condition, and plane
wave cut-off energy was 500eV. Only I'-point was used for
sampling the Brillouin zone [9].

Cubic supercells of 512 atoms with the following com-
positions were built: Algys CujgFejns, AlgCusssFess,
Als>Cuss sFeqa 5, Alya 5 Cuyg.5 Nijg, Algr 5 Cuap 5 Nijg, Algs Cups
Nilo, Al(,() CU3() Nilo, A152_5 CU37A5 Ni](), and A150CU40Ni10. To
prepare the initial liquid configuration for one of the composi-
tions we melted the crystal of randomly distributed 512 atoms
and annealed the melt at 3000 K and zero pressure P = 0 for
at least 20 ps. For all the other alloy compositions we used
different much faster procedure described below.

To prepare initial configuration for a liquid alloy with a
target composition, we took a configuration from a previous
simulation run (at 3000 K and P = 0) corresponding to some
initial composition, then changed the alloy composition in the
input configuration file and run the search of quasirandom
configuration using USPEX genetic evolutionary algorithm
[36-38] to prepare the ‘most disordered’ alloy structure. Such
a calculation usually takes about 24 h and required only one
processor core. It should be noted that this procedure does not
perform AIMD but permutes atoms quasirandomly (accepting
swaps that increase entropy) and simultaneously most evenly
and randomly distributes the alloy components throughout
the available cell taking into account periodicity and avoiding
clustering as much as possible [39]. Note that this procedure
is different from a simple random permutation of atoms by a
random number generator. Thanks to this algorithm, we do not
have to spend much supercomputer time melting the crystal
with a target composition and equilibrating the melt (we have

to do it one time for a first composition). It also allows us to
reduce significantly the relaxation time. Then, for each con-
figuration, prepared this way, we perform AIMD equilibration
enabling the system to evolve from quasirandom configura-
tions to ‘true’ ones corresponding to target temperature. Such
equilibration was performed in several steps. First, we per-
formed initial NPT equilibration at P = 0 and 7 = 3000 K to
relax equilibrium volume simulations and then switching to
NVT ensemble (it allows a much faster AIMD simulation) we
annealed the system during 10 ps. Using elevated temperature
allows for equilibrating the system faster. After that, we cooled
the configuration in NPT ensemble to the target temperature
(slightly above the experimental melting temperature) at
P =0 and equilibrated it to obtain equilibrium density (MD
cell volume). At the final step, we run NVT simulations for
calculating correlation functions and observable properties.

Calculations of the radial distribution functions (RDFs)
were performed using the results of AIMD simulation in the
NVT ensemble at the density corresponding to zero pressure
P = 0 using visual molecular dynamics (VMD) software [40].
The length of AIMD trajectory was 10-20 ps (5-10 thousand
MD steps with the time step of 2 fs).

To verify AIMD calculations, we compare experimental
and calculated structure factors of the melts under considera-
tion. First, we perform an x-ray diffraction study of Al-Cu—Fe
and Al-Cu—Ni melt structures. The x-ray diffraction was car-
ried out on a diffractometer with a high-temperature chamber.
The Bragg—Brentano law was used for focussing with Mo-Ko
radiation; K3 reflection was suppressed using a graphite
monochromator. X-ray diffraction patterns were obtained
with two-second exposure and 0.1 angle step increments. An
open-surface sample was placed in an Al,Oj3 crucible horizon-
tally. The necessary spatial position is provided by the vertical
movement of the sample. The measurements were performed
under a protective atmosphere of helium. The obtained exper-
imental diffraction patterns were calculated into a structure
factor using RAD program [41]. However, due to methodo-
logical features, high-quality x-ray diffraction patterns were
obtained only for Al-Cu—Fe samples from the region where
the i-phase does not exist, for example, the Alsg7CusssFesg
alloy. Therefore, we performed AIMD simulations for this
alloy and then calculated the structure factor. We see a good
agreement between the experimental and calculated structure
factors (figure 1). That suggests pair correlation functions
extracted from AIMD data RDFs describe accurately the
structure of the melts under study.



J. Phys.: Condens. Matter 32 (2020) 224003

LV Kamaeva et al

3 —

S(k)

k, At

Figure 1. Comparison of the structural factors of Alsg7CusssFesg
melt obtained from experimental x-ray scattering data (blue line)
and AIMD (red line).

By using RDFs, one can determine useful structural char-
acteristics, such as distance between nearest neighbors r;_;
and coordination number Z;_;. The former is determined from
the positions of the first peaks of partial RDFs, and the latter
is calculated by integrating the partial RDFs to their first
minima; the area under the first peak of total RDF is equal
to the number of nearest neighbors in the first coordination
sphere. To analyze chemical SRO, we calculate Warren—
Cowley parameters [9, 42], which are extracted from both
total and partial coordination numbers as:

Zi*j
Zi _totalX;j

ajj=1- (2
Here Zi_iow and Z;_; are respectively the total and partial
coordination numbers, x; is the j atom concentration. For a
random atom distribution, «;_; are equal to zero. The negative/
positive value of a;_; means that the average concentration of
the element j in the nearest neighborhood of the element i is
more/less than for the random distribution. To describe such
behaviour we shall hereafter use the terms effective attraction/
repulsion between i and j species.

3. Results

The experimentally obtained viscosity isotherms of AlI-Cu—Fe
and Al-Cu—Ni melts along two concentration cross-sections
at xpe = 12.5 at.% and xyn; = 10 at.% are shown in figure 2. It
can be seen from the figures that the replacement of aluminum
by copper has little effect on the viscosity of Al-Cu—Fe melts
in the investigated concentration range. On the concentration
dependence v(xc,) obtained at xg. = 12.5 at.%, we observe
weakly pronounced minimum at xc, = 25 at.% (figure 2(a));
at xcy > 30 at.%, viscosity is constant within the range of
measurement error (figure 2(a)). The viscosity of the Al-
Cu-Ni system is more sensitive to changes in copper concen-
tration. Replacing Al atoms with Cu ones leads to an increase

in viscosity, but a clear minimum is observed in the region of
21 at.% Cu. (figure 2(b)).

An increase in temperature leads to a weakening of the
concentration dependence of the viscosity. However, general
properties of v(x) dependence remain the same up to 1673 K
(figures 2(a) and (b)). The main features of the viscosity of the
Al-Cu—(Fe,Ni) melts along the studied concentration cross-
sections are in good agreement with the concentration depend-
encies on the melting temperature of these alloys (figures 2(c)
and (d)). In Al-Cu—Fe alloys, the dependence of the melting
temperature (7)) on the Cu concentration xc, develops a
minimum at xcy, = 25.5 at.% Cu (figure 2(c)). According to
[13], this minimum corresponds to invariant equilibrium reac-
tion: L— L + AlsFe + (3, where 3 is either the B2 structure or
corresponding disordered solid solution. For Al-Cu—Ni alloys
in the temperature range from 1200 to 1500 K, 7, increases
monotonically as the xc, increases. However, a kink is
observed at xcy, = 21 at.% (figure 2(d)) which corresponds to
the phase transformation L— L + Al; Fe + (8,AINi), where
[ is B2 phase based on AINi [14].

Since the viscosity is a structural-sensitive property
[15, 16, 31], the features of its concentration dependen-
cies may indicate structural changes in the melt. Therefore,
taking into account the detected minima of viscosity, the
following compositions were selected for AIMD simula-
tions:  AlgosCuigFerns, AlgCusssFerns, AlsyCusssbepas,
Alp5Cuy7.5Nijg, Als7.5Cun sNijo, AlesCuasNiig, AlggCusoNijo,
Alsy sCusy5Nijg, and AlsgCugoNijg. Since the melting point
of Al-Cu-Fe alloys depends weakly on the Cu concentra-
tion (figure 2(c)), these alloys were simulated at temperatures
100 K above corresponding 7,,; for AI-Cu-Ni alloys simula-
tions have been performed at the same temperature, 1673 K.

Using AIMD simulations, we calculate the total and par-
tial radial distribution functions (RDFs) g(r) as well as corre-
sponding cumulative RDFs Z(r) reflecting distance-dependent
coordination numbers. In figures 3 and 4 we show these func-
tions for the three studied compositions Al-Cu-Fe (figure 3)
and six Al-Cu-Ni (figure 4). We see that total RDFs as well as
partial Al-total, Cu-total, Al-Al, Al-Cu, and Cu—Cu ones are
similar to that for simple liquids like Lennard-Jones one. That
means there is no strong chemical interaction between Cu—
Cu, Al-Al and Cu-Al in the Al-Cu-Fe and Al-Cu-Ni melts.
However, a comparison of partial RDFs shows what interac-
tion between Al and Cu is slightly higher than for Al-Al and
Cu—Cu in both systems. Indeed, the ratio g(rmax)/g(Fmin) for
gal—cy 18 visually higher than for gcy—cy and gaj—a1 (where
Tmax and rpin are the positions of the first maximum and the
first minimum respectively). The more rigorous analysis will
be performed below using the Warren-Cawley parameters (see
figure 5).

The shapes of gre-tora1 (7) and gni-total () curves reveal much
more pronounced RDF peaks, especially at low Cu concen-
trations. Analysis of partial Fe—Al, Fe—Cu, Fe-Fe and Ni—Al,
Ni—Cu, Ni-Ni RDFs clarifies this behaviour. We see that for
Al-Cu-Fe system the gg.—a1(r) demonstrates two features:
the low values of the first minimum and very pronounced
first peaks, especially for small Cu concentration. At the same
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time,gcy-re(r) and grepe(r) curves demonstrate different
behaviour that depends on the Cu concentration, first of all,
this is the ratio of the heights of the first and second peaks.
For alloys with 18 and 25.5 at.% Cu, the heights of the second
peaks are greater than the first, and there is an interesting
effect on gre—re () curves at a concentration corresponding to
the i-phase (see figure 3, panel Fe—Fe): splitting the first peak

of the RDF. That means the presence of two characteristic spa-
tial scales (bond lengths) in the first coordination shell.

For the AI-Cu-Ni system, gni—a1(7) also demonstrates pro-
nounced first peak, but the values of the first minimum are
not as low as for gge—ai(r). The ratio of the first and second
peaks gcu—ni(7) and gni—ni(7) also depends on the concentra-
tion of copper. Note an essential difference between gcy—re(r)
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Figure 6. Total and partial densities of states for AlgyCusys sFe|, 5 and AlgsCu,sNijg melts.

and gcy—ni(r); for the former, the second RDF peak is higher
than the first at low Cu concentrations. The same features are
observed for gni—ni(r) at a xcy < 25 at.%.

Thus, the observed features of the RDF curves in Al-Cu—
(Fe,Ni) melts suggest the following general properties of
effective interaction between their components: (i) Fe and Ni
atoms interact strongly with Al atoms, but tend to avoid each
other, especially at low xcy; (ii) Al-Fe interaction is stronger
than AI-Ni; (iii) in Al-Cu—Fe alloys with xc, < 35.5 at.%,
a pronounced separation between the Fe and Cu atoms is
observed.

4. Discussion

To analyze chemical short range order (SRO) in Al-Cu-Fe and
Al-Cu—Ni melts in more detail, we calculate Warren—Cowley
SRO parameters «;_; described in the section 2. In figure 5 we
show the concentration behaviour of calculated a;_; values.
As seen from figure 5, the strongest chemical interactions
in AlI-Cu—Fe melts are effective repulsion between Cu—Fe and
Fe—Fe pairs and effective attraction between Fe—Al pairs that
are in agreement with the conclusions made from the analysis
of RDFs (see figures 3 and 4). At that, we see that Cu—Fe effec-
tive repulsion is almost symmetric (both acy—pe and ape—cy
have high positive values at all compositions) whereas Al-Fe
attraction is essentially asymmetric. Indeed, avaj—pe are close
to zero and have different signs at different compositions but

are—a) demonstrates high negative and almost concentration-
independent values. This behavior suggests that strong chem-
ical interaction between Fe and Al is reflected by the existence
of Fe-centered atomic clusters with pronounced orientational
ordering and chemical compositions with the excess of Al
atoms.

Analysis of RDFs reveals that properties of chemical
interaction in Al-Cu—Ni melts have a similar character. The
strongest chemical interactions in Al-Cu—Ni melts are effec-
tive repulsion between Ni—-Ni and Cu—Ni pairs and effective
attraction between Ni—Al pairs at Cu concentration more than
22.5 at.%. However, Ni—Cu and Ni—Ni effective repulsions are
not as pronounced as for Fe—Cu and Fe-Fe pairs.

Thus, analysis of partial RDFs and Warren—Cowley SRO
parameters «;_; reveals the following qualitative features of
interatomic interactions in Al-Cu—Fe and Al-Cu-Ni melts:
(1) relatively weak Cu—Cu and Al-Al interactions; (2) inter-
mediate attractive interaction between Al and Cu; (3) strong
attractive interaction between Al-Fe and Al-Ni (in AlI-Cu-Ni
systems, this interaction is manifested at xc, > 22.5 at.%);
(4) strong Fe—Cu, Fe—Fe, and Ni—Ni effective repulsions (in
the case of Fe-Fe at low xc, only). The results obtained are in
close agreement with the features of the electronic structure of
the studied melts. Figure 6 shows the total and partial densi-
ties of states for two alloys from each system with similar Al
and Cu contents.

It can be seen from the figure 6 that the densities of elec-
tronic states at the Fermi level n(Eg) of both alloys are the
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same and mainly determined by s, p-states of Al, s-states of
Cu and s, d-states of the transition metals (Fe, Ni). However,
an analysis of partial densities of states shows that, in the
Al-Cu-Ni system, the main contribution to n(Ef) is deter-
mined by the s, p-states of Al. In the Al-Cu-Fe system, it
is composed of s, p-states of Al and s, d-states of Fe. In Al-
Cu-Ni alloy, d-electrons of Ni are mainly localized below Ep
(from —4.5 to —0.8eV); only small amounts of them reach
Er. The density of d-states of Fe is essentially higher than that
for Ni and, as was mentioned above, contributes noticeably to
the total density of states. However, as seen from figure 6, the
half-width of the peak of Fe d-states is higher than that for Ni
(=~30%). That means d-states of Fe are more delocalized due
to their higher hybridization (i.e. the interaction of Fe with
Cu and Al). Since d-states of Fe are close to s, p-states of Al,
we conclude that Fe—Al interaction is higher than Fe—Cu and
Ni—Al Thus, the features of interatomic interactions extracted
from structural analysis are determined by the electronic
structure of the melts.

These features are in good agreement with experimental
results obtained for Al-Cu—Fe alloys as well as for similar
quasicrystal-forming system, Al-Fe—Co. First, the features
of interatomic interactions listed above are in qualitative
agreement with phase diagrams of corresponding binary
alloys. Indeed, Al-Cu and Al-Fe diagrams contain several
intermetallic compounds, which suggest chemical interac-
tion between components. At the same time, Cu—Fe diagrams
demonstrate no intermetallics and the existence of a meta-
stable liquid miscibility gap, which supposes strong effective
repulsion between components. Second, the same qualitative
conclusions regarding effective interactions in the icosahedral
quasicrystal phase were made from the analysis of vibrational
spectra [43, 44] and EXAFS spectra [45]. That means there
is a correlation between the structure of the system in liquid
and solid phases. Third, similar behavior has been observed
experimentally in Al-Fe—Co liquids [46]. Analyzing Faber-
Ziman Al-Al, TM-Al and TM-TM partial pair distribution
functions (where TM = Co, Fe) the authors also observed
strong chemical interaction between Al-TM and effective
TM-TM first-neighbors repulsion. However, the revealed
interaction features depend on the Cu concentration in the
melts. The replacement of Al with Cu enhances the chemical
interaction in Al-Fe and Al-Ni pairs. Indeed, the sign of the
corresponding «;_; (figure 5) changes in both systems at con-
centrations corresponding to the invariant phase transforma-
tions. Also, an increase in copper concentration leads to a
weakening of the effective repulsion between Fe—Cu, Fe-Fe,
and Ni—-Ni (see the corresponding partial RDFs in figures 3
and 4).

In addition to the structural factors, radial distribution func-
tions, coordination numbers and density of states, analysis of
Voronoi polyhedra might give more useful information on
the structure of liquids. We have performed Voronoi analysis
and found very broad distributions of Voronoi polyhedra with
the abundance of each polyhedron which does not exceed 2.5
at.% The most abundant polyhedra correspond to disturbed
hep/fece and Kasper polyhedra (such as polyhedra whose
(n4,ns,ne) Voronoi indexes are (3,6,4), (3,6,3), (3,6,5),

(2,8,4), etc). Such behavior is because the structure of the
melts at elevated temperatures is highly disturbed by thermal
fluctuations and so does not have any pronounced structural
motifs. Investigation of the structure of supercooled liquids is
needed in such a situation.

5. Conclusions

We show that the concentration dependencies of the viscosity
of Al-Cu—(Fe,Ni) melts reproduce qualitatively the liquidus
line. Indeed, a minimum on viscosity isotherms are observed at
the concentrations corresponding to invariant transformations.

Relying on the concentration dependencies of the viscosity,
we also study the structure of Al-Cu—Fe and Al-Cu-Ni melts at
temperatures slightly above the liquidus line using AIMD sim-
ulations. We show that the structural characteristics extracted
from the radial distribution functions of the melts make it pos-
sible to detect structural heredity between the solid and liquid
phases. In particular, analyzing these correlation functions, we
show that the main features of the effective interatomic interac-
tion in the Al-Cu-Fe and Al-Cu-Ni systems are the same for
both the liquid and solid states. For example, there is a pro-
nounced effective repulsion between Cu-Fe, Ni—Ni atoms and
an attraction between Fe and Al atoms. These interaction fea-
tures are associated with a change in the electronic subsystem
of transition metals and depend on the copper concentration; at
Xcu = 35.5 at.% in the Al-Cu-Fe system and xc, = 37.5 at.%
in the Al-Cu-Ni system, the effective repulsion in Cu—Fe and
Ni—Ni pairs ceases to be explicit.
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