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Abstract—This paper investigates the viscoelastic and quasi-solid state properties of nickel-containing binary
metal melts in a wide temperature range, including the region of the equilibrium liquid phase and supercooled
melt. The results of experimental measurements on viscometry and the molecular dynamics
simulation results are compared in order to refine the data on viscosity and identify the features of the quasi-
solid state behavior in various nickel-containing metal melts. The simulation results for the concentration and
temperature dependences of viscosity are in close agreement with the experimental data. It is established that
a significant increase in viscosity is observed at nickel concentrations of xNi = 60–80% and 30–50% for
Al(100 – x)Nix and Fe(100 – x)Nix melts, respectively. In addition, in the region of low concentrations (xNi ~ 5%),
pronounced features are observed both in shear and kinematic viscosity for iron-nickel melts. The elastic
properties are analyzed in detail based on the numerical calculations of the bulk compression and shear mod-
uli, Poisson’s ratio, and Young’s modulus. It is shown that with a change in the concentration of nickel in
Fe(100 – x)Nix and Al(100 – x)Nix systems, the elastic moduli change by factors of two and three, respectively.
The calculated values of the concentration dependences of the longitudinal and transverse sound velocities
show a correlation with viscosity. It is found that at concentrations of xNi ≤ 60%, Fe(100 – x)Nix melts are char-
acterized by more pronounced solid-like properties compared to Al(100 – x)Nix melts.

DOI: 10.1134/S0018151X21050096

INTRODUCTION

Nickel-containing binary metal systems, such as
aluminum-nickel and iron-nickel alloys, are widely
used in mechanical engineering and the aircraft indus-
try due to their unique physical and mechanical pro-
perties [1]. The Al–Ni alloy is the base system for
technologically important superalloys, which are
widely used as high-temperature materials (for exam-
ple, for turbine blades in aircraft engines). Amorphous
and nanostructured alloys based on Al–Ni are charac-
terized by mechanical properties correlated with
microhardness and wear resistance [2]. Nickel-based
alloys also have excellent anticorrosion properties.
Products made from such alloys are mainly in demand
in the oil and gas, as well as energy, industries.

Binary iron-nickel alloys consisting of two ferro-
magnetic elements—iron (with a magnetic moment
μ = 2.2μB and Curie temperature TC = 1044 K, where
μB is the Bohr magneton) and nickel (μ = 0.64μB and
TC = 624 K)—demonstrate unique strength, physico-
mechanical, and magnetic properties over the entire
concentration range. For example, amorphous metal
alloys based on iron and nickel are good soft magnetic
materials [3]. The main structural component of such

alloys is the intermetallic compound FeNi3 [4]. The
effect of introducing nickel into the main structure of
the alloy is that the thermal strength increases in such
an alloy. These alloys are used in parts that operate for
a long time in aggressive environments. They have
increased mechanical strength and resistance at high
temperatures and external mechanical loads.

To develop materials with the desired characteris-
tics, it is very important to know the structural features
and physicochemical properties of molten systems
before solidification. An important physical charac-
teristic of any liquid is its viscosity, which can be deter-
mined directly in experiments and quite correctly cal-
culated using molecular dynamics simulations [5].
Viscosity is one of the most important characteristics
that determines the relaxation features, thermophysi-
cal, and transport properties of a substance, it is highly
sensitive to structural transformations and phase tran-
sitions, and also plays an important role in the kinetics
of chemical reactions [6, 7]. At the same time, the
nature of the temperature dependence of viscosity
determines the so-called amorphous ability of the sys-
tem [8]. Indirect experimental techniques, such as
inelastic scattering of neutrons, X-rays, Brillouin scat-
tering of light, are characterized by significant inaccu-
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racies in determining the transport coefficients (diffu-
sion, viscosity). At the same time, the determination
of viscosity using viscometry methods—capillary vis-
cometry, torsional vibration method, ultrasonic
method, etc.—is associated with significant difficul-
ties, primarily due to the low sensitivity and imperfec-
tion of these methods [9]. An alternative way to deter-
mine viscosity is provided by classical and quantum
mechanical simulation methods. The results obtained
using the methods of classical modeling depend sig-
nificantly on the correctness of the chosen interatomic
interaction potential. The results of quantum mechan-
ical simulation depend on the approximations used in
the exchange-correlation potential. Thus, the refine-
ment of absolute values and the development of uni-
versal models of viscosity are one of the important
tasks of modern thermal physics and the physics of
condensed matter [5].

In this study, experimental data and the results of
molecular dynamics studies are compared in order to
refine the data on temperature and concentration1 vis-
cosity dependences of nickel-containing binary metal
systems, including the area of the equilibrium liquid
and supercooled melt. Another goal of this study is a
detailed analysis of the elastic and quasi-solid proper-
ties of high-temperature melts of Al(100 – x)Nix and
Fe(100 – x)Nix.

DETAILS OF SIMULATION 
The molecular dynamics of nickel-containing

metal Al(100 – x)Nix and Fe(100 – x)Nix melts are simu-
lated in an NpT ensemble under the pressure p =
1.0 bar for the temperature range T = [1200; 2000] K,
which covers the areas of the equilibrium liquid phase
and the supercooled state. The studied systems con-
sisted of N = 32000 atoms, located in a cubic cell with
periodic boundary conditions. Interactions between
atoms were carried out using embedded atom poten-
tials (EAM potentials) [10] and [11], respectively.
Melts with given temperatures were obtained by rapid
cooling from a high-temperature equilibrium state at
T= 3000 K. The equations of motion of the atoms were
integrated using the velocity Verlet algorithm in with a
time step of 1.0 fs [12]. To bring the systems into a state
of thermodynamic equilibrium, the program per-
formed 1.5 × 107 time steps and 2 × 108 steps for cal-
culating the time correlation functions, elastic proper-
ties, and quasi-solid state characteristics.

DESCRIPTION OF THE EXPERIMENT
Al–Ni alloys are obtained by alloying high-purity

aluminum and Al99Ni1 or Al85Ni15 alloys in a viscome-
ter furnace in a high-purity helium atmosphere at a
temperature of T = 1373 K and isothermal holding for
at least 1 h. When smelting alloys with the nickel con-
tent ranging from 1 to 9 at %, an Al85Ni15 ligature was

1 Hereafter, all concentrations are given in atomic percent of
nickel.
used; and when smelting alloys with a nickel content of
less than 1 at %, an Al99Ni1 ligature was used. The lig-
atures were obtained by fusing metals in a resistance
furnace at a residual pressure of 10–2 Pa and tempera-
ture T = 1943 K for 30 min. The initial components
were highly pure aluminum (99.999 wt % Al) and elec-
trolytic nickel (99.5 wt % Ni). The nickel content in
the alloys was determined by atomic emission spec-
troscopy on a SPECTROFlameModula D spectrom-
eter. The kinematic viscosity of the melts was mea-
sured on an automated installation by the method of
torsional vibrations [13, 14]. The measurements were
carried out in a protective atmosphere of purified
helium. Cylindrical Al2O3 cups with an inner diameter
of 17 mm and a height of 40 mm were used as the cru-
cibles. A lid was placed in the crucible over the sample.
The lids were made from cups made of Al2O3 12 mm
high, with the outer diameter of 0.4 to 0.6 mm less
than the inner diameter of the crucible. The design of
a crucible with a lid is given in [15]. The lid can move
along the vertical axis of the crucible and thereby com-
pensate the changes in the sample volume. When per-
forming torsional vibrations, the cover moves together
with the crucible, creating an additional end surface of
friction with the melt. The crucibles and lids were pre-
liminarily annealed in a vacuum furnace at a residual
pressure of 10–2 Pa, temperature T = 1923 K, and iso-
thermal exposure for 1 h. The use of a crucible with a
lid for measuring viscosity makes it possible to exclude
the influence of film effects and wetting phenomena
on the measurements [16]. Before taking the measure-
ments, all the samples were remelted at a temperature
of 1473 K in a viscometer furnace with subsequent
cooling to room temperature. The temperature depen-
dences of the viscosity were obtained in heating modes
from the liquidus temperature of the alloy up to 1473 K
and subsequent cooling until the melt began to crystal-
lize. Isothermal holding for 15 min was carried out at
each temperature before the measurements were
taken. The values of kinematic viscosity and the errors
of its determination were calculated according to the
methods described in [17, 18]. The total relative error
in determining the viscosity does not exceed 4% with
the error of a single experiment not exceeding 2%.

SIMULATION RESULTS AND COMPARISON 
WITH EXPERIMENT

The shear viscosity was calculated from the molec-
ular dynamics simulation data using the Green–Kubo
relations

where angular brackets denote averaging over time and
the ensemble of particles, kB is the Boltzmann con-
stant, V is the volume of the system, and σαβ are the
off-diagonal components of the stress tensor. The
kinematic viscosity ν was calculated as η/ρ, where ρ is

B 0

( ) (0) ,V t dt
k T

∞

αβ αβη = σ σ
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Fig. 1. Shear and kinematic viscosity of Al(100 – x)Nix (a) and Fe(100 – x)Nix (b) melts as a function of composition at different
temperatures: (1) T = 1200 K, (2) 1300, (3) 1400, (4) 1500, (5) 1600, (6) 1700, (7) 1800, (8) 1900, (9) 2000.
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the density of the system. Figure 1 shows the results of
molecular dynamics simulations for the concentration
dependences of the shear and kinematic viscosity of
Al(100 – x)Nix and Fe(100 – x)Nix melts at various tempera-
tures. The isotherms show viscosity the maximums at
concentrations of xNi  [60; 80]% for the aluminum-
nickel system and at xNi  [30; 50]% for the iron-nickel
melts, which may be due to the presence of a number
of intermetallic phases in the solid phase. Thus, in the
works [19–21], for some compositions of aluminum-
nickel systems, questions were discussed where an
increase in viscosity is related to the possible presence
of a short-range chemical order in the liquid, leading
to the formation of clusters [22]. A significant increase
in viscosity at low temperatures in these systems is
obviously due to the slowing down of particle dyna-
mics in the region of the supercooled melt phase. In
addition, in the region of low concentrations (xNi ~
5%), features are observed both in the shear and kine-
matic viscosity for Fe(100 – x)Nix melts, while such vis-
cosity features for Al(100 – x)Nix systems are not
observed.

Figure 2a presents the results of modeling the con-
centration dependences of the shear viscosity coeffi-
cient for aluminum-nickel and iron-nickel (Fig. 2b)
melts in comparison with the experimental data. The
values of the experimental shear viscosity η were
obtained as η = νρ, where ν is the kinematic viscosity
determined directly in the viscometry experiment.
The experimental values of density ρ for Al(100 – x)Nix
and Fe(100 – x)Nix systems are taken from [28, 29] and

∈
∈

HIGH TEMPERATURE  Vol. 60  Suppl. 2  2022
[30], respectively. There is close agreement between
the simulation results and the results of the author’s
experiment on viscometry for aluminum-nickel melts
at all the considered temperatures and for the entire
range of the studied concentrations. The experimental
data from [23] also show satisfactory agreement with
the results of the author’s study, while the data from
[24] demonstrate worse agreement. For iron-nickel
melts (Fig. 2b), the data of different experimental
groups differ significantly from each other. The data
differ by a factor of at least 1.5. As a consequence, the
general trend in the behavior of η(x) for Fe(100 – x)Nix
melts cannot be determined.

The elastic properties of amorphous metal alloys
were investigated by determining the values of the elas-
tic moduli: the modulus of compression and shear
modulus. In the case of an NpT ensemble, the bulk
compression modulus is related to the root-mean-
square f luctuations  of volume V of the simulation
cells by the expression

The shear modulus was calculated by the formula

where the angular brackets denote averaging over time
samples. Figure 3a shows the results of molecular
dynamics simulation for the concentration depen-
dences of the bulk compression modulus and the shear

2σV

B
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Fig. 2. Concentration dependences of shear and kinematic viscosity of aluminum-nickel (a) and iron-nickel (b) melts at different
temperatures: (1) atomic dynamic simulations results; (2) results of the viscometry experiment; experimental data: (3) [23],
(4) [24], (5) [25], (6) [26], (7) [27].
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modulus of Al(100 – x)Nix and Fe(100 – x)Nix melts
(Fig. 3b) at different temperatures.

In addition, the equilibrium modulus of elasticity
(Young’s modulus) and the coefficient of the trans-
verse strain (Poisson’s ratio) are calculated. Young’s
modulus E and Poisson’s ratio σ are related to the
elastic moduli by the following relations [31]:

Figure 4 shows the molecular dynamics simulation
results for the concentration dependences of Poisson’s
ratio and Young’s modulus for Al(100 – x)Nix (Fig. 4a)
and Fe(100 – x)Nix (Fig. 4b) melts at different tempera-
tures. The concentration regions at which the systems
are characterized by more pronounced strength prop-
erties are clearly observed. Thus, for the aluminum-
nickel and iron-nickel melts, these regions correspond
to the concentrations of nickel atoms xNi = 60–90%
and 40–80%, where the moduli reach 169 and 198
GPa, respectively.

The elastic characteristics (modules B and G) and
the propagation velocities of the longitudinal and
transverse ultrasonic waves for an isotropic medium
are related by the expressions

Figure 5 presents the molecular dynamics simula-
tion results for the concentration dependences of the
longitudinal and transverse sound velocities for alumi-

9 3 2, .
3 6 2

BG B GE
B G B G

−= σ =
+ +

4
3 , .L T

B G
G

+
ϑ = ϑ =

ρ ρ
num-nickel and iron-nickel melts at different tem-
peratures. The calculated values of the concentration
dependences of the rates demonstrate a correlation
with the viscosity values.

Using the simulation results for the shear viscosity
and shear modulus, the relaxation time of the viscosity
process τ is calculated as η/G∞. The quasi-solid-state
features of nickel-containing binary metal systems
were analyzed within the framework of the Maxwell–
Frenkel theory [32–34], where the gap width in the
dispersion law of the transverse collective modes is
defined as

Figure 6 presents the molecular dynamics simula-
tion results for the concentration dependences of the
relaxation time of the viscous process and the gap
width in the law of dispersion of transverse collective
modes for aluminum-nickel and iron-nickel melts at
different temperatures. The relaxation time of the vis-
cous process has a significant maximum at nickel con-
centrations of xNi = 60–80% for Al(100 – x)Nix melts,
while for the Fe(100 – x)Nix system, such a feature in
xNi = 30–50% is weakly expressed. We note that the
anomalous behavior of the relaxation time τ and vis-
cosity is observed at the values of xNi ~ 5%. The width
of the gap in the law of dispersion of transverse collec-
tive modes can be used to judge the quasi-solid-state
properties of the melts. Thus, at concentrations of
xNi ≤ 60%, Fe(100 – x)Nix melts are characterized by

gap
1 .

2 2T T

Gk ∞= =
ϑ τ ϑ η
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Fig. 3. Concentration dependences of the bulk compression modulus and shear modulus of Al(100 – x)Nix (a) and Fe(100 – x)Nix
(b) melts at different temperatures: (1–9) see Fig. 1.
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Fig. 4. Concentration dependences of Poisson’s ratio and Young’s modulus of aluminum-nickel (a) and iron-nickel (b) melts at
different temperatures: (1–9) see Fig. 1.
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Fig. 5. Concentration dependences of the longitudinal and transverse sound velocities of Al(100 – x)Nix (a) and Fe(100 – x)Nix (b)
melts at different temperatures: (1–9) see Fig. 1.
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Fig. 6. Concentration dependences of the relaxation time of the viscous process and the gap width in the law of dispersion of trans-
verse collective modes for aluminum-nickel (a) and iron-nickel (b) melts at different temperatures: (1–9) see Fig. 1.
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more pronounced solid-like properties compared to
Al(100 − x)Nix melts.

CONCLUSIONS
The experimental measurements of viscosity and

large-scale molecular dynamics studies of the visco-
elastic properties and quasi-solid-state features
of nickel-containing binary metal Al(100 – x)Nix and
Fe(100 – x)Nix melts have been carried out for a wide
range of temperatures, including the range of the equi-
librium liquid phase and supercooled melt. A signifi-
cant increase in viscosity was recorded at nickel con-
centrations of xNi = 60–80% and 30–50% for alumi-
num–nickel and iron–nickel melts, respectively. At
xNi ~ 5%, pronounced features were observed in the
shear and kinematic viscosity of Fe(100 – x)Nix. The
elastic properties were analyzed based on the numeri-
cal calculations of the compressive and shear moduli,
Poisson’s ratio, and Young’s modulus. The composi-
tions of aluminum-nickel and iron-nickel melts, for
which the maximum strength properties are mani-
fested, have been determined. The calculated concen-
tration dependences of the velocities of longitudinal
and transverse sound waves demonstrate a
correlation with viscosity. It has been established that
at xNi ≤ 60% Fe(100 – x)Nix melts are characterized by
more pronounced solid-like properties compared to
Al(100 – x)Nix melts.
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