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Abstract
In this paper, the embedded-atom method was used to study the influence of different solute elements (Co, Cu, Yb) on the 
thermophysical properties of liquid Ni-based alloys. By exploring the relationship between surface tension, viscosity, dif-
fusion coefficient and temperature of liquid Ni-based alloys with three solutes in the range of 1500 ~ 1900 K, we found that 
under certain components the surface tension of liquid Ni-based alloys with three solutes decreased as temperature increased. 
Except the case that the atomic radius of the same period decreased with the increase of the atomic number and influence 
of lanthanide and actinide contraction, the surface tension of liquid Ni-based alloys decreased with the increase of atomic 
number. The viscosity of liquid alloy showed a downward trend with increasing temperature, and the viscosity decreased 
exponentially with the temperature increasing under certain components. The variation trend of diffusion coefficient of the 
three kinds of atoms was similar to that of the temperature, which increased with the increase of temperature under the 
same component. Especially, the diffusion coefficient increases exponentially with the increase of temperature under certain 
components. These simulated data provided necessary thermophysical parameters for non-equilibrium dynamics analysis 
of liquid-phase alloys and also supplied a sound theoretical basis for exploring the internal physical mechanism of “liquid 
microstructures–thermophysical properties–preferred phase of nucleation”.
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1  Introduction

Ni-based alloys are the most widely used superalloy mate-
rials, but in the actual process of production, the process-
ing technology of superalloy is complicated and the control 
requirements are high, resulting in high experimental cost 
and long research and development cycle. With the con-
tinuous improvement of computer software and hardware 
performance, numerical simulation technology has been 
developing rapidly and is widely used in guiding the practice 
of industrial production [1, 2]. It is helpful in simulating the 
solidification process, predicting morphologies and defects, 
and optimizing the production process, while shortening the 
time and costs of research [3–6]. At present, the experimen-
tal conditions for measuring high temperature liquid metals 

as well as supercooled metals are difficult. Therefore, molec-
ular simulation methods as a useful method are applied to 
calculate the thermophysical properties of many kinds of 
liquid metals [7–10]. Thermophysical properties of liquid 
metal have an important influence on liquid–solid phase 
transition behavior, crystallization and grain growth process 
[4]. The surface tension of liquid metal is one of the most 
basic physical properties for understanding the metallurgical 
process. The temperature coefficient of surface tension is the 
key parameter in the preparation of high-performance metal 
materials under space conditions [11]. In the metal smelting 
and refining process, surface and interfacial tension is a con-
trolling factor for many metallurgical phenomena [12–15], 
such as gas absorption, bubble nucleation, nucleation and 
growth of non-metallic inclusions, etc. Therefore, the deter-
mination and prediction of surface tension and temperature 
coefficient of liquid metals have been an important part in 
the study of the thermophysical properties of metals and 
metallurgical research.

This paper discusses the thermophysical properties of Ni-
15%X (Co, Cu, Yb) alloys by means of Monte Carlo method. 

 *	 Weigang Zhang 
	 laverne1118@126.com

1	 Northwestern Polytechnical University, Xi’an 710129, China
2	 Western Metal Materials CO., LTD, Xi’an 710201, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-020-3306-1&domain=pdf


	 W. Chen et al.

1 3

142  Page 2 of 7

The dependence of surface tension, viscosity and diffusion 
coefficient of liquid metals on the temperature is obtained 
by calculating the surface tension at different temperatures. 
Finally, the effects of three elements on the thermophysi-
cal properties of Ni alloys are summarized and analyzed by 
combining the simulated data and the available experimental 
results. These results provide a reference for the preparation 
of new Ni-based alloys, and also supply a theoretical basis 
for the study of the relationship between thermophysical 
properties and microstructure of Ni–Co, Ni–Cu and Ni–Yb 
liquid alloys.

2 � Simulation methods and calculation 
principle

2.1 � Configuration initialization of system

Monte Carlo simulation is performed in Canonical ensem-
ble (NVT ensemble), Ni-15%X (Co, Cu, Yb) system which 
is composed of 864 atoms of face-centered cube, in the 
primitive cell (0, 0, 0), (a0/2, 0, a0/2), (a0/2, a0/2, 0), (0, 
a0/2, a0/2) four points as a benchmark, a0 is the crystal con-
stant derived from the density of liquid alloy, the periodic 
boundary condition. The analytic embedded-atom method 
is adopted and then the corresponding number of Ni atoms 
in the system are replaced by Co, Cu, Yb to complete the 
structure initialization.

A definite temperature T is selected near the melting 
point and the total energy of the system at this temperature 
is obtained [16, 17]:

where F is the embedding energy of the atoms embedded 
in the electron cloud density at ρ, ϕ is a short-range interac-
tion potential between the i atom and the j atom (the repul-
sive potential between the atoms), rm is the distance between 
the atom i and the atom j, ρ is the electron cloud density, 
and f(rm) is the attraction potential between the outermost 
electrons of the two atoms.

For a binary system, the size of the system is bound to be 
related to the repulsive potential of the homogeneous atoms 
and the mole ratio of each atom. Therefore, it is necessary 
to make linear superposition of repulsive potentials between 
different kinds of atoms [18].
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Here, r1ε is the nearest neighbor spacing at equilibrium 
state, and δ, λ and β are model parameters.

2.2 � Acquisition method of thermophysical 
properties

The simulated system is a rectangular cube with periodic 
boundary condition, and the cohesive work can be calcu-
lated by calculating the interaction between different side 
atoms, which is equal to two times the specific surface free 
energy [21].

I. Egry pointed out that the surface tension and viscosity 
of liquid metal have the following relationship [22]:

The diffusion coefficient can be calculated by the 
Stokes–Einstein formula [23]:

where M is absolute atomic mass according to the composi-
tions of the system and k is the Boltzmann constant. Accord-
ing to the law of viscosity and diffusion coefficient, η0, Qη, 
D0, Qd can be fitted, where R is the universal gas constant, 
Qη is the apparent activation energy, and Qd is the diffusion 
activation energy.

For the heating process of a constant pressure system, 
the specific heat is the fluctuation of the system energy with 
temperature. Previous studies have shown that the specific 
heat of liquid metal increases gradually with decreasing 
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temperature, assuming that specific heat is linearly related 
to temperature [24–26].

CP0 is the specific heat at the corresponding melting point 
temperature, dCP/dT is the temperature coefficient of specific 
heat, and Tm is the melting point. Hence, the system energy 
is the quadratic function of temperature in constant pressure 
heating process.

As a result, by simulating the energy of the system at 
each temperature and performing the energy quadratic 
function fitting, we get the fitting equation as follows 
E(T) = A0 + A1T + A2T2, and the specific heat and specific 
heat coefficient of the simulated object are obtained at its 
melting point temperature.

3 � Simulation results and analysis

3.1 � Simulation results and analysis of surface 
tension and its temperature coefficient

The surface tension of Ni-15%X (Co, Cu, Yb) at different 
temperatures and its linear fitting results are obtained by 
simulation. As shown in Fig. 1, the functional relationship 
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Fig. 1   The fitting results of surface tension of liquid Ni-15%X (Cu, 
Co, Yb) alloys with temperature
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between the surface tension of liquid Ni-based alloys with 
different solutes and temperature can be obtained. There-
fore, we calculated the qualitative effects of the tempera-
ture coefficient of the surface tension and different atomic 
number atoms as the solute elements on thermophysical 
properties of Ni-based alloys.

The fitting formulas between the surface tension of 
Ni-based alloys and temperature are as follows:

where σ is the surface tension and dσ/dT is the tem-
perature coefficient of surface tension.

The surface tension of liquid Ni-based alloys with 
three different solutes decreases with the increase of 
temperature. Under the same component, the surface 
tension varies linearly with temperature. The simulation 
results are consistent with the actual situation, and the 
rise of temperature gives rise to expansion of the system 
and larger spacing of atoms. In addition, the interaction 
potential among atoms decreases, and its total surface 
area increases, which indicate that specific surface energy 
is reduced. Considering molecular potential energy, the 
potential energy of surface atoms is higher than that of 
internal atoms. Hence, the atoms have a tendency to move 
toward the internal system to reduce the overall energy 
and thereby reduce the total surface area of the system 
(Table 1).

At the same temperature, the surface tension of liquid 
Ni-based alloys decreases gradually as the atomic number 
of solute elements increases. In the case of those three 
solute elements, Cu and Co are subgroup element atoms 
of the same period, where Cu produces 4 s orbitals after 
hybridization of extranuclear electron. Therefore, the 
number of layers of extranuclear electron is more than 
that of Co, resulting in larger atomic radius compared 
with Co. In contrast, the atomic spacing of Ni–Cu alloy 
is larger and the interaction potential is weakened, and 
the total surface area increases, causing the surface ten-
sion to decrease. Yb is one of the lanthanide elements. 
Although its atomic number is far bigger than Cu and 
Co, the atomic radius is the same. The same analysis has 
confirmed that the surface tension of liquid Ni–Yb alloy 
is less than that of the first two alloys (Table 2).

(25)� = �0 +
d�

dT
(T − Tm),

(26)�Ni-15%Co = 1.79 − 1.63 × 10−3(T − 1670.5),

(27)�Ni-15%Cu = 1.65 − 0.90 × 10−3(T − 1732.3),

(28)�Ni-15%Yb = 1.27 − 0.50 × 10−3(T − 1672.6),

3.2 � Calculation results and analysis of viscosity 
and surface activation energy

The viscosity is calculated according to Eq. (18). Figure 2 
shows the relationship between the viscosity of the system 
and the temperature with three different solute elements.

Fitting result of viscosity according to Eq. (18):

It can be seen that the viscosity of liquid Ni-15%X (Co, 
Cu, Yb) alloys decreases exponentially with increasing tem-
perature, which is consistent with the actual situation. It is 
well understood that the viscosity changes with temperature: 
the higher the temperature, the bigger is the spacing between 
atoms, so the atoms in the liquid system have a larger move-
ment space. Similar to the surface tension, the viscosity is 
also affected by the melt composition and temperature.

3.3 � Calculation results and analysis diffusion 
coefficient and diffusion activation energy

The diffusion coefficient is calculated according to 
Eq. (19). Figure 3 shows the relationship between the dif-
fusion coefficient of liquid Ni-15%X (Cu, Co, Yb) alloys 
and temperature.
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Fig. 2   The relationship between the viscosity of liquid Ni-15%X (Co, 
Cu, Yb) alloys with temperature
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Obviously, the diffusion coefficient has the opposite trend 
with viscosity. The Stokes (Sutherland)–Einstein formula 
establishes the following relationship between viscosity and 
solute diffusion coefficient:

Among them, r is the characteristic particle radius. For 
liquid metal, its size can be treated as atomic radius and a is 
constant. When the solute atom radius has slight difference 
from the solvent atom, a = 4, if not, a = 6. Therefore, a is 4 in 
Ni–Co and Ni–Cu systems, and a is 6 in the Ni–Yb system. 
The diffusion coefficients of liquid Ni-15%X (Co, Cu, Yb) 
alloys is obtained by fitting from 1500 ~ 1900 K.

Diffusion coefficient of Co:

Diffusion coefficient of Cu:

Diffusion coefficient of Yb:

As shown above, the diffusion coefficient of Co atoms 
in Ni-15% Co alloy melt is 8.70×10–8 m2/s, and the 
apparent activation energy is 4.36×104 J mol−1; the dif-
fusion coefficient of Cu atoms in Ni-15% Cu alloy melt 
is 4.38×10–8 m2/s, and the apparent activation energy is 
3.36×104 J mol−1; the diffusion coefficient of Yb atoms in 
Ni-15%Yb alloy melt is 3.01×10–8 m2/s, and the apparent 
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activation energy is 3.01×104 J mol−1. Under the same 
component, the diffusion coefficient increases exponen-
tially with the increase of temperature.

3.4 � Simulation results of average energy of atoms 
in liquid Ni‑15% (Co, Cu, Yb) alloys at different 
temperatures

Figures 4 and 5 show the simulation results of the system 
energy of liquid Ni-15% X (Co, Cu, Yb) alloys in five 
different temperature states. After the quadratic function 
fitting of these simulated results from 1500 ~ 2000 K, the 
function relationship between energy and temperature is 
obtained.

Fig. 3   The relationship between the diffusion coefficient of liquid Ni-
15%X (Cu, Co, Yb) alloys with temperature

Fig. 4   Simulation results of average energy of atoms in liquid Ni-15% 
(Co, Cu) alloys at different temperature

Fig. 5   Simulation results of average energy of atoms in liquid Ni-
15%Yb alloy at different temperatures
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Hence, specific heat and specific heat temperature 
coefficient of Ni-15% Co alloy melt at the melting point 
temperature can be obtained from the simulation.

The relationship between specific heat and temperature 
of the Ni-15% Co alloy is

The same analysis of simulated data for Ni-15%Cu and 
Ni-15%Yb alloys is available.

Compared with pure metal, the data of specific heat of 
Ni-15%X (Co, Cu) are within a reasonable range. There 
is a huge difference between Ni-15%X (Co, Cu) and Ni-
15%Yb in terms of specific heat; however, the experi-
mental data in this area are lacking and further research 
needs to be carried on.

(36)
Ni-15%Co ∶ Ea = −5.08 + 8.17 × 10−4 × T − 2.07 × 10−7 × T2eV,

(37)
Ni-15%Cu ∶ Ea = −4.94 + 2.77 × 10−4 × T − 4.53 × 10−8 × T2eV,

(38)
Ni-15%Yb ∶ Ea = −11.73 + 1.33 × 10−2 × T + 5.39 × 10−6 × T2eV.

(39)CP0
= 37.69 J ⋅ mol−1 ⋅ K−1,

(40)
dCP

dT
= −3.99 × 10−2J ⋅mol−1 ⋅ K−2.

(41)CP = 37.69 − 3.99 × 10−2(T − Tm) J ⋅mol−1.

(42)CP = 13.98 − 0.87 × 10−2(T − Tm) J ⋅mol−1,

(43)CP = 171.57 − 1.0383(T − Tm) J ⋅mol−1.

4 � Conclusion

In summary, we use the embedded-atom method to simulate 
the surface tension of liquid Ni-15%X (Co, Cu, Yb) alloys 
in the temperature range of 1500 ~ 1900 K, and deduce the 
viscosity and apparent activation energy, diffusion coefficient 
and diffusion activation energy of the system. The simulated 
data provide a feasible analysis of the thermodynamic behavior 
in the liquid nonequilibrium state. The calculation time shows 
a quadratic relationship as the number of particles increases; 
hence, only 864 atoms are taken for simulation. The size of the 
system is much smaller than the real macrostructure. Moreo-
ver, the MC steps of 100,000 are not enough for the number of 
steps required to achieve a true equilibrium. Therefore, there 
will be some errors in the simulation results. However, this 
paper mainly verifies the feasibility of the theoretical model 
in the study of the thermophysical properties of binary alloys. 
It is good to achieve such an acceptable accuracy in a limited 
time. In later studies, we will study the multicomponent alloy 
system, by increasing the number of atoms and the number 
of Monte Carlo steps to make the system closer to the actual 
results, and then provide more credible theoretical data for the 
study of liquid alloys.
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