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Abstract The surface tension and specific heat of
superheated and undercooled Ni-18.8 at.% Si alloy melt
have been measured by the oscillating drop method and the
drop calorimetry technique in combination with electro-
magnetic levitation, respectively. The surface tension fol-
lows a linear relationship with temperature within the range
of 1370-2100 K. The surface tension at the melting tem-
perature and the temperature coefficient are determined to
be 1.796 N/m and —3.858 x 10~* N/m/K, respectively.
The specific heat is determined to be 40.80 £ 1.435 J/mol/
K over the temperature range 1296-2000 K. The maximum
undercooling of 178 K is achieved in the experiments.
Based on the measured data of surface tension and specific
heat, the viscosity, solute diffusion coefficient, density and
thermal diffusivity of liquid Ni-18.8 at.% Si alloy are
calculated.

Introduction

Reliable thermophysical properties data of liquid metals
and alloys, such as surface tension, specific heat, viscosity,
diffusion coefficient and so on, are of great significance for
liquid physics, solidification theoretical models, and com-
putational materials science, which have aroused great
research interest in the past decades [1-4]. Many tech-
niques and methods have been developed to determine the

C. Cao (X)) - L. Zhang - X. Bai - L. Duan

Department of Applied Physics, Northwestern Polytechnical
University, Xian 710072, China

e-mail: caocd@nwpu.edu.cn

F. Wang
School of Computer Science and Technology, Northwestern
Polytechnical University, Xian 710072, China

thermophysical parameters of a liquid metal or alloy above
its melting point. In contrast, only a little information is
available on experimental studies of thermophysical prop-
erties of highly undercooled liquid alloys because an
undercooled liquid is in the metastable state and therefore,
it is difficult to measure the parameters with conventional
methods [5]. In particular, such data for high-temperature
metallic alloys are scarce. This restricts better under-
standing of rapid solidification, metastable phase transfor-
mation, and metastable phase diagram. It is well known
that surface tension and specific heat are the most impor-
tant for crystal nucleation and growth, glass-forming ability
of bulk melts, solidification thermodynamics and kinetics
[6-8].

So far, several experimental methods, such as maximum
bubble pressure method [9], sessile drop method [10],
pendant drop method [11], and oscillating drop method
[12], have been developed to measure the surface tension
of liquids. For liquid metals, electromagnetic levitation
provides containerless processing capabilities and, there-
fore, liquid metals can be easily undercooled. The oscil-
lating drop technique using electromagnetic levitation has
proven to allow precise determination of surface tension of
an undercooled liquid metal or alloy [13—-16]. If the specific
heat of liquid metals or alloys is determined accurately,
some other parameters like the Gibbs free energy differ-
ence, the entropy difference, and the enthalpy difference
between the melt and the crystal can be deduced [17].
These are more favorable to further studies on modeling
nucleation and growth kinetics. There are two main
experimental methods to investigate the specific heat of
undercooled liquid metals or alloys, namely differential
scanning calorimetry (DSC) and drop (DC) calorimetry
techniques. The former is only suitable to some metals or
alloys with low melting point, where heterogeneous
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nucleation from the container wall cannot be avoided. For
high melting point metals and alloys, the latter method is
more applicable, which provides a containerless processing
environment to avoid contamination and to achieve high
undercooling [18].

In this study, the surface tension and specific heat of
Ni-18.8 at.% Si alloy melt have been measured by the
oscillating drop method and drop calorimetry method using
electromagnetic levitation, respectively. Some other ther-
mophysical properties, such as the viscosity, solute diffu-
sion coefficient, density and thermal diffusivity, were
further derived on the basis of the experimental data of
surface tension and specific heat.

Experimental

The alloy samples with a mass of 0.6-0.7 g were prepared
from pure nickel (99.998%) and Si (99.9999%) in an arc-
melting furnace under 99.999% argon atmosphere. The
chamber was evacuated to better than 10> Pa and then
backfilled with argon and helium with a volume ratio of 1:1.
The sample was levitated and melted by RF inductive
heating and then cooled by He-22 vol.% H, flowing through
liquid nitrogen. An infrared pyrometer was used for tem-
perature monitoring. When the alloy melt was undercooled
to an expected temperature, the gas flow rate was adjusted to
keep the melt at this temperature for enough time for signal
acquisition. During levitation the surface tension caused
oscillation of the drop surface. In order to eliminate the
influence of induction, the oscillation signals detected by a
photodiode passed through a low-pass filter with a frequency
threshold of 110 Hz, an amplifier and an A/D converter, and
were recorded by a computer. The Fast Fourier Transfor-
mation (FFT) transformation was then performed off-line to
obtain the oscillation frequency. Finally, the sample dropped
into the adiabatic calorimeter after the induction power was
switched off. The temperature rise of the calorimeter was
measured for enthalpy change calculation and the tempera-
ture of the calorimeter shell was adjusted by a Eurotherm
818P temperature controller/programmer.

Results and discussion
Surface tension

The surface tension measurement principle using the levi-
tated drop technique is based on Rayleigh equation [19].
Cummings and Blackburn [20] derived the frequency sum
rule to obtain the Rayleigh frequency considering the
influence of a magnetic field on the split modes under the
terrestrial levitation conditions. Detailed description of
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the theoretical background can be found in Refs. [12, 18,
21]. In this study, the levitated droplet is always rotated and
thus the Rayleigh frequency splits into five peaks.

Figure 1 shows the measured surface tension of Ni-18.8
at.% Si alloy melt over a temperature range of 1370-
2100 K. The maximum undercooling attains 127 K. The
surface tension shows a well linear relationship with
temperature:

o = (1.796 4 0.0027) — (3.858 + 0.085)

x 1074(T — T )N/m M)

where T is the liquidus temperature, 1474 K, of Ni-18.8
at.% Si alloy. With the increase of temperature the surface
tension of Ni-18.8 at.% Si alloy melt decreases in the
experimental temperature range.

The measured data of surface tension of pure liquid Ni
[12], pure liquid Si [13], and other Ni-Si alloys containing 9.9
at.% [22] and 29.8 at.% Si [23] are also illustrated in Fig. 1
for comparison. The surface tension of liquid Ni, Si, and the
Ni—Si alloys shows descending tendencies with the increase
of temperature. The surface tension and its temperature
coefficient of liquid silicon are smaller than those of liquid
nickel. Both the surface tension at liquidus temperature and
the temperature coefficient of Ni-18.8 at.% Si alloy set
intermediate values in comparison with those of pure nickel
and silicon. However, the surface tension of Ni-18.8 at.% Si
alloy is larger than those of Ni-9.9 at.% Si and Ni-29.8 at.%
Si alloys. The scattering triangles and squares represent the
measured surface tension of Ni-29.8, 18.8 and 9.9 at.% Si
alloys at 1773 K [24] and 1823 K [25], respectively. The
positions of different compositions are indicated by an
arrow. For all these alloys, the surface tension and temper-
ature coefficient measured by drop calorimetry technique are

16

9.9at%sSi 24 : .

18.8 at% Si e

9.8 at% Si T o Exp.Ni-18.8 at% Si
Fitt. Ni-18.8 at% Si

— - Ni[12]

—— Si[13]
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—-— Ni-29.8 at% Si [23]
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Fig. 1 Measured surface tension of liquid Ni, Si, and Ni-Si alloys as
functions of temperature: open circle Ni-18.8 at.% Si in this study;
measured surface tension at 1773 K (open triangle) [24] and 1823 K
(open square) [25] for Ni-29.8, 18.8, and 9.9 at.% Si alloys as
indicated by an arrow
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larger than those measured by maximum bubble pressure
method [24-26]. According to previous study [24-26], both
surface tension and temperature coefficient of Ni-Si alloys
decreases with the increase of Si concentration. The low
values are possibly related to contamination with low con-
centrations of oxygen or other surface active elements [26].

Specific heat

The specific heat can be described as the differential
coefficient of enthalpy change AH with respect to tem-
perature 7 in the experimental temperature range. At a
certain temperature, the levitated alloy melt sphere drops
into the adiabatic calorimeter. The temperature change of
the adiabatic calorimeter can be determined accurately. On
the basis of energy conservation principle, the enthalpy
change of the sample can be determined by [17]

AH = H(T) — H(293)

M
= Zcgg(Te —Tp) + CE3(T. — 293) + Quox

m

(2)

where H(T) is the enthalpy of the sample at temperature 7,
H(293) the enthalpy at the reference temperature (293 K),
M and m the mass of the calorimeter block and the sample,
respectively, CS¢ is the specific heat of the calorimeter
block which is calibrated as 24.53 J/mol/K, C]%g3 is the
specific heat of the sample at 293 K, T and T, are the initial
temperature and equilibrium temperature of the calorimeter,
respectively, and Q. is the heat of system lost to the
environment, which is expressed by

Ip

Otost = Aenosg(T* — T)tp + S(T — To) / oc dt (3)
0

where the first item is related to heat radiation and the
second to convection. S is the surface area of the sample, ¢y
is the emissivity, osp the Stafan-Boltzmann constant, and
tp the dropping time. o is the heat transfer coefficient of
the inert gas:

— ;°g

o =

(24 0.6(vdp, /1) " (cong/ i) "] (4)
here Zg, pg, 1g, and c, are the thermal conductivity, density,
viscosity, and specific heat of the ambient gas, respectively.
V; is the relative dropping speed with ambient gas. d is the
diameter of the levitated droplet.

Since the enthalpy change of the sample is determined
by Eq. 2, the specific heat, Cp;, can be derived by

3[H(T) — H(293)]
T

CpL = (5)

The measured data and parameters on the enthalpy of
liquid Ni-18.8 at.% Si alloy are listed in Table 1. The

thermophysical parameters of Ar, He, and H, at different
temperatures used for calculation are listed in Table 2.
Figure 2 presents the enthalpy of Ni-18.8 at.% Si alloy
melt within the temperature range of 1300-2000 K, where
the maximum undercooling and superheating attain 178
and 526 K, respectively. It can be found that the enthalpy
change of Ni-18.8 at.% Si alloy linearly increases with the
increase of temperature:

H(T) — H(293) = — (8.825 + 2.148) x 10°
+ (40.80 + 1.435)TJ/mol (6)

Accordingly, the average specific heat of Ni-18.8 at.%
Si alloy melt in the temperature range of 1300-2000 K can
be determined to be 40.80 £ 1.435 J/mol/K. This value is
lower than the specific heat of pure liquid Ni [27] and
larger than that of Ni-29.8 at.% Si alloy [23].

Related thermophysical properties

The important physical parameters of liquid alloys, vis-
cosity, solute diffusion coefficient, and density are inten-
sively correlative to mass transport during solidification.
Such parameters are especially scarce for undercooled
alloy melts because it is extremely difficult to measure
them due to the metastable state under high undercooling
conditions. Fortunately, these parameters can be calculated
from surface tension with some empirical models [28-30],
which are given by

16 /M,
W*B k—T’U (7)

Table 1 The parameters and measured enthalpy differences of
Ni-18.8 at.% Si alloy melt

TXK) A(m®d) m(g To—T. T.(K) Qlost AH

(K) (J/mol)  (J/mol)
1438 09776 0.596 1.0681 2929119 4.88  48437.0
1414 09805 0.601 1.1000 296.5281 4.69  49485.6
1638 1.0082  0.600 12563 2982093 6.75  56813.9
1998 10846  0.621 1.6844 2974594 11.94  73815.1
1379 09887 0613 1.0672 306.0302 443  47330.3
1617  1.0058 0.600 12594 3064314 650  57095.9
1329 1.1805 0.808 13484  301.4234  4.65  45234.1
1331 1.1910  0.818 13625 304.534  4.68  45201.4
1500 12728 0.875 1.6563 303.4688 648  51366.6
1313 11738 0.803 12969  303.3284  4.50  43802.6
1770 1.0341  0.607 14031 3063437 832  63013.2
1296 09653  0.601 1.0275 303.1025 3.81 463913
1399  1.2869 0907 1.6050  302.3963  5.55  47958.7
1338 1.2120  0.839 1.4437  301.9575 4.81  46635.2
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Table 2 Thermophysical parameters of Ar, He, and H, at different
temperatures

T (K) Gas 2, J/m/s/K) p, (g/cm3) 1g(g/m/s) C, (J/g/K)

1200 Ar  0.0489 0.000401 0.059 0.52
He 045 0.0000401  0.0508 5.19
H, 0.528 0.00002004 2.262 x 1075 155

1500 Ar 0.056 0.000320 0.0684 0.52
He 0.479 0.000032 0.0586 5.19
H, 0.655 0.00001603 2.616 x 107> 16.15

1800 Ar 0.0626 0.000266 0.076 0.52
He 0.543 0.0000267  0.0657 5.19
H, 0.786 0.00001336 2.961 x 107> 16.8
7 -
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Fig. 2 Measured enthalpy change of Ni-18.8 at.% Si alloy melts as a
function of temperature

5kT kT
D= —
32nro \ M, (8)

<”f)> — KT~ T) (9)

Wi

where 7, D, and p are viscosity, solute diffusion coefficient,
and density, respectively. M, is the absolute atomic mass,
M, the relative atomic mass, k the Boltzmann constant; K. a
constant equal to 6.4 x 1078 J/K for liquid metals [29], T,
is the critical temperature at which the liquid—gas interface
disappears and r the characteristic radius of solute atom.
For Ni-18.8 at.% Si alloy melt, r is the radius of Si atom,
and 7, can be derived from Eq. 9 at the melting point.

Figure 3 illustrates the data of calculated viscosity,
solute diffusion coefficient, and density of Ni-18.8 at.% Si
alloy melt depending on temperature. In order to get the
activation energies for viscosity and solute diffusion, the
temperature dependence of viscosity and solute diffusion
coefficient can also be fitted by an exponential law, as
presented in Eqs. 10 and 11.

@ Springer

n = 1.486.exp(1.2062 x 10*/RT) mPas (10)
D = 1.689 x 10 8exp(—2.7226 x 10*/RT) m*/s  (11)

where R is the gas constant, 8.314 J/mol/K. From Egs. 10
and 11, the activation energies for viscosity and solute
diffusion are derived to be 12.062 and 27.226 kJ/mol,
respectively. With the increase of temperature, the density
of Ni-18.8 at.% Si alloy melt decreases linearly:

p=6511—-1272x 107(T — Tp.) glem® (12)
The most important parameters for heat transfer in a
liquid metal or alloy, thermal diffusivity, x, and thermal

conductivity, /, are related to density and specific heat
(Eq. 13).

K= 2/(pCrL) (13)

According to the well-known Wiedemann—Franz—
Lorenz law [31], the product of the thermal conductivity
and electrical resistivity is the same for all metals:

ipe  mk?
T =32 (14)
a4 L(a) Viscosity
4.0 | 4
i n=1.486exp(1.2062x10%RT)
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Fig. 3 Calculated viscosity (a), solute diffusion coefficient (b), and
density (c) of Ni-18.8 at.% Si alloy melt as functions of temperature
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Fig. 4 Calculated thermal diffusivity of liquid Ni-18.8 at.% Si alloy
as a function of temperature

where p. is the electrical resistivity, and e represents the
basic electron charge.

On the basis of the electrical resistivity of pure liquid Ni
and Si, the electrical resistivity of Ni-18.8 at.% Si alloy can
be estimated according to Neumann—Kopp rule [13], i.e.,
P = 0.0307T7 + 33.79 pQ cm. Thus, the thermal diffu-
sivity can be obtained to be x =2.577 x 107° +
4.4352 x 107°T m?/s, as shown in Fig. 4.

Conclusions

The oscillating drop method and drop calorimetry tech-
nique in combination with electromagnetic levitation were
employed to measure the surface tension and specific heat
of superheated and undercooled liquid Ni-18.8 at.%
Si alloy. The surface tension of liquid Ni-18.8 at.% Si
alloy has been determined as ¢ = (1.796 £ 0.0027) —
(3.858 £ 0.085) x 1077 — Ty) N/m over a temperature
range 1370-2100 K. The enthalpy change was measured
and the average specific heat of this alloy was determined
to be 40.80 £ 1.435 J/mol/K in the temperature range of
1296-2000 K, where the corresponding maximum und-
ercooling attains 178 K. The viscosity, solute diffusion
coefficient, density, and thermal diffusivity of this alloy in
the liquid state have also been calculated on the basis of the
measured data of surface tension and specific heat. The
activation energies for viscosity and solute diffusion have
been estimated from the data of viscosity and solute dif-
fusion coefficient depending on temperature. The density

and thermal diffusivity exhibit linear relationships with
temperature.
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