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The thermophysical properties of liquid Zr-Fe alloys were experimentally measured by an
electrostatic levitation technique. A series of undercoolings from 45 K to 410 K were achieved
for these liquid alloys in the natural radiation cooling process. Since the experiments were
conducted in high-vacuum and containerless conditions, the ratio of the specific heat to the
hemispherical emissivity was deduced and showed a quadratic relationship with temperature.
For the eutectic Zr76Fe24 alloy, the hypercooling of 306 K and hemispherical emissivity were
derived theoretically due to its low liquidus temperature and scarce volatilization. Through
digital image processing, the alloy densities were measured, and the results depended linearly on
temperature over a wide temperature range covering both superheated and undercooled liquid
states. The absolute value of the temperature coefficient tended to increase with increasing Fe
contents, indicating that the liquid density sensitivity increased with increasing Fe contents. The
surface tension and viscosity were also determined by a drop oscillation method under the
electrostatic levitation condition.
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I. INTRODUCTION

DATA on the thermophysical properties of liquid
alloys are required for both fundamental research and
engineering applications.[1–5] For instance, the density of
a liquid alloy is one of the fundamental properties as it is
an essential parameter used for the determination of
other features, including thermal expansion, excess
volume, specific heat, surface tension, viscosity, etc.[6,7]

In addition, studies on density are conducive to under-
standing macro phase transitions such as liquid–liquid,
liquid–solid and even glass transitions. Data on these
properties also contribute to further understanding the
liquid structure at the atomic scale. In thermodynamic
studies, such as CALPHAD and nucleation theories, an
accurate specific heat is a necessary parameter.[8–10] The
surface tension and viscosity characterize the kinetic
features of liquid alloys, which are quite essential for the
investigation of surface phenomena and inset convection
heat transfer.[11,12] Furthermore, the thermophysical

properties of undercooled alloys also play important
roles in controlling the solidification process and
exploring unknown metastable phases.
However, due to the high temperature and reactivity

of liquid alloys, high-quality thermophysical data avail-
able for liquid alloys are scarce in the literature,
especially for undercooled melts, where heterogeneous
nucleation needs to be suppressed.[13–17] These problems
are unavoidable in conventional measurements. There-
fore, containerless methods, such as acoustic levitation,
electromagnetic levitation (EML), and electrostatic
levitation (ESL), are valid choices for determining the
thermophysical properties of high-temperature liquid
alloys.[18–23] Moreover, containerless conditions sup-
press heterogeneous nucleation and make the high
undercooling of liquid alloys possible. In this way, the
thermophysical properties of a liquid alloy in the
high-temperature region can be determined. In compar-
ison with other levitation methods, the ESL method has
many merits due to the no stirring effect, the separation
of heating and levitation, the spacious field of observa-
tion and so on. These advantages make the electrostatic
levitation technique an ideal approach for determining
the thermophysical properties of liquid alloys, in both
superheated and undercooled states.
The Zr-Fe binary system has been utilized for a wide

range of engineering applications.[24–26] Zr-rich Zr-Fe
alloys have aroused great research interest in the nuclear
industry due to their excellent mechanical properties,
low neutron absorption cross section and good
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corrosion resistance for high-temperature water. There-
fore, many researchers focus on studying the corrosion
resistance of Zr-based alloys.[27] In addition to the
corrosion of the water and oxygen, hydrogen pickup is
also a critical problem. Many researchers try their best
to deal with this problem. Couet et al.[28] proposed that
the oxide resistivity is proportional to the hydrogen
pickup, which is greatly helpful to the understanding of
the hydrogen pickup mechanism. Moreover, for the
safety of nuclear reactors, an accurate safety assessment
test is indispensable. These all require precise thermo-
physical properties of Zr-Fe alloys, especially in the
liquid state. On the other hand, systematic thermophys-
ical research on Fe-rich Zr-Fe alloys facilitates their
commercial applications in modern composite
steel.[10,29] In addition, Zr-Fe binary systems are an
important branch of amorphous alloys. Metallic Zr-Fe
glass has some unusual electrical and magnetic proper-
ties.[26,30] While the sizes of amorphous alloys limit their
application, researchers wish to improve the glass-form-
ing ability and obtain materials with better properties by
designing the compositions of the alloys. Additionally,
support is needed from the accurate thermophysical
property data of alloys in metastable liquid states.

Although there are a few reports about the thermo-
physical properties of liquid Zr-Fe alloys, two major
problems have led to a continued lack of systematic
research on the physical properties of this alloy sys-
tem.[31–33] One problem is the levitation difficulties,
which occur because of the strong volatilization and
magnetism of liquid Zr-Fe alloys. The other is the
complexity of the Zr-Fe alloy system, which contains
abundant liquid–solid/solid–solid reactions and a broad
liquidus temperature range. Due to the abovementioned
reasons, this work aims to explore the thermophysical
properties, including the density, ratios between the
specific heat and emissivity, surface tension, and viscos-
ity of liquid Zr-Fe alloys in an extensive temperature
range covering both the superheated and undercooled
regimes by ESL. Correspondingly, the relationship
between these properties with temperature and compo-
sition is summarized.

II. METHODS

A. Sample Preparation

The Zr-Fe alloy compositions chosen (10 pct Fe, 20
pct Fe, 24 pct Fe, 30 pct Fe, 40 pct Fe, 50 pct Fe, 84 pct
Fe, 90.2 pct Fe) for experiments are illustrated in the
Zr-Fe binary phase diagram[34] as shown in Figure 1.
The Zr-Fe master alloys used for the experiments are
prepared from 99.99 pct pure Fe and 99.95 pct pure Zr
by arc melting in an Ar atmosphere. Then, the master
alloys are divided into small portions and remelted by a
laser under an Ar atmosphere. The size of samples is
different for different measurements. For the density
measurements, sample is weighted about 30 mg with a
diameter approximately 2 mm in sphere, in order to
restrain the oscillation and the deformation. For the
surface tension and viscosity measurements,

approximately 60 mg of the sample with a diameter of
2.5 mm is weighed, for the purpose of exciting oscilla-
tions easily.

B. Density Measurement

The density, surface tension and viscosity of the Zr-Fe
alloys are all measured by an ESL facility, and more
details about the facility are described in the Reference
[35]. A continuous wave SPI SP300 fiber laser with a
wavelength of 1070 nm is used to heat the samples. The
heating laser is started with a low power of approxi-
mately 20 W to preheat the sample before levitation.
The sample is levitated between two vertical electrodes
coupled with four side electrodes in a chamber evacu-
ated to 1.0 9 10�5 Pa. When levitation is steady, the
sample is heated to be melted, generally with a melting
plateau at the liquidus temperature shown on the
temperature curve. As it is maintained in a containerless
state, the melting sample tends to form a spherical shape
because of the surface tension and surface charge
distribution. When the sample is heated up to a
superheated state, the laser is turned off, and the sample
is purely cooled by natural radiation. The temperature
of the samples is recorded by a commercial 2-color
Metis M322 pyrometer manufactured by Sensortherm
GmbH with a temperature range of 600 K to 2300 K.
The parameters of the pyrometer are calibrated at the
liquidus temperature TL, and the parameters would be
maintained in the whole process until the end of
levitation. The images of the sample are recorded by a
CMOS camera with a frequency of 90 to 120 Hz under
UV background light during the entire cooling process.
Then, the images are digitalized, and the volume of the
sample is extracted. More details of the image process-
ing process can be viewed in the Reference [36].
Considering the mass of the sample measured before
and after the experiment, the density of liquid alloys can
be obtained from the relationship q = m/V, where m is
the mass of the sample, and V is the volume.

Fig. 1—The selected alloy compositions shown in the Zr-Fe binary
phase diagram.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, AUGUST 2020—4075



C. The Ratio of the Specific Heat to Emissivity

During the density determination, the ratio of the
specific heat to emissivity is measured at the same time
by using natural radiation. The stable levitated sample is
heated up to a superheated state, the heating laser is
then shut down, and the sample is cooled by natural
radiation. Since the electrostatic levitation system cham-
ber is evacuated to 1.0 9 10�5 Pa, the levitated drop
would experience a pure natural radiative cooling
period, and the heat balance equation can be expressed
as follows[37]:

mCPLRc ¼ rBAMeT T4 � T4
r

� �
; ½1�

where m is the mass of the sample, CPL is the constant
pressure specific heat of the sample, Rc is the cooling
rate, which equates to � dT/dt, rB is the Stefan–Boltz-
mann constant (5.6703 9 10�8 W m�2 K�4), A is the
surface area of the sample, M is the molar mass, eT is
the hemispherical total emissivity, T is the temperature
of the sample, and Tr is the environment temperature.
The surface area can be obtained through image pro-
cessing, and the cooling rate can be derived from the
cooling temperature curve. Therefore, this expression
can be rewritten as follows[38]:

nT ¼ CPL

eT
¼

MrBA T4 � T4
r

� �

mRc
: ½2�

Then, the ratio of the specific heat to emissivity nT can
be derived, since all the parameters on the right side can
be obtained. Through the ratio nT, the material radia-
tion dissipation capability can be described. In addition,
from Eq. [2], the total hemispherical emissivity can be
derived if the constant pressure specific heat is known,
and vice versa.

D. Surface Tension and Viscosity

The surface tension and viscosity of the sample are
measured by the drop oscillation method under electro-
static levitation conditions with the vacuum evacuated
to 1.0 9 10�5 Pa. When the sample is levitated steadily
in the electrostatic field, the temperature of the liquid
sample is maintained at the preset value by controlling
the laser output. After ensuring both the position and
temperature of the sample are stable, a sinusoidal AC
voltage of 900 mV is superimposed on the high voltage
amplitude, which is connected to the top electrode.
Then, the droplet is excited to oscillate in an axisym-
metric oscillation mode. When an isolated liquid drop
undergoes an axisymmetric oscillation with a small
amplitude, the characteristic oscillation frequency of the
drop corresponding to the nth order mode can be
described as follows[39]:

ð2pxnÞ2 ¼ nðn� 1Þðnþ 2Þ r

qr30
; ½3�

where xn is the oscillation frequency at the nth order
mode, r0 is the radius of the droplet with a spherical
shape, r and q are the density and surface tension,
respectively, of the liquid alloy. For the axisymmetric

oscillating isolated droplet, n is 2, and the characteris-
tic frequency could be expressed by the following
equation:

x2
2 ¼

2r

p2qr30
; ½4�

where x2 is the characteristic frequency for n = 2.
The frequency of the oscillating droplet can be deter-
mined through the variation of the droplet oscillating
amplitude, which is recorded by oscillation amplitude
detection. The droplet is projected on the electropho-
tonic detector through the collimated laser beam to
detect the position. To improve the accuracy of
detecting the oscillation amplitude, the projection is
masked by a grating with a narrow slit. There is also
a narrow band interference filter at the laser wave-
length that is put in front of the electrophotonic
detector to filter stray light. The oscillation of the
sample drop can be observed directly from the image
captured by a CMOS camera. As shown in
Figure 2(a), there is a typical second-order axisym-
metric oscillation process that occurs during excita-
tion. Since the temperature of the sample is changed,
the frequency of the excitation voltage signal is
adjusted to make the sample oscillate by a sec-
ond-order axisymmetric mode. After the excitation is
turned off, a transient free attenuation in the oscilla-
tion occurs, and the decay curve can be detected in
this period, as shown in Figure 2(b). Correspond-
ingly, the characteristic frequency can also be ana-
lyzed from the decay curve by the Fast Fourier
Transform (FFT), as shown in Figure 2(c). Then, the
surface tension can be derived from Eq. [4] by per-
forming the axisymmetric second-order oscillation
approximation of an isolated droplet. Apparently, the
effect of the electric field and gravity should be con-
sidered. The frequency terms used to correct the
axisymmetric second-order-mode, which were modi-
fied by Feng and Beard,[40] are expressed as follows:

x2
2m ¼ x2

2 1� Q2
s

64p2r30re0

� �
1� Fðr; q; eÞ½ �; ½5�

Fðr; q; eÞ ¼
243:31r2 � 63:14q2rþ 1:54q4
� �

e2

176r3 � 120q2r2 þ 27q2r� 2q6
½6�

e ¼ E2r0e0; ½7�

q2 ¼ Q2
s

16p2r20e0
; ½8�

U

L
Qs ¼ mg; ½9�

where x2m is the measured frequency, E is the applied
electric field, which can be derived from E = U/L by the
voltage U and distance L between the vertical electrodes,
and Qs is the charge of the drop, whcih can be
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determined by Eq. [9]. Combining Eqs. [4] to [9], the
corrected surface tension is obtained.

Meanwhile, through the same oscillation signal,
another important thermophysical property viscosity g
of the droplet is given[41]:

g ¼ qr20
5s

; ½10�

where s is the decay time, which can be derived from the
transient free oscillation signal, as shown in Figure 2(b).

III. RESULTS AND DISCUSSION

A. The Ratio of the Specific Heat to Emissivity

During the experiments, most of the samples are
superheated 100 K to 300 K above the liquidus
temperature, and then cooled down by pure radiation.

As shown in Figure 3(a1), when the Zr76Fe24 droplet
is heated to 1419 K, which is 218 K above the liquidus
temperature of 1201 K, the heating laser is shut down.
Then, the melt is cooled down only by natural radiation.
With the decrease in the temperature, the liquid alloy

reaches a metastable undercooling state. Then, the
recalescence phenomenon, a sudden 129 K temperature
increase caused by the latent heat owing to the eutectic
reaction, appears at the undercooling of 142 K.
Thanks to the high vacuum and containerless envi-

ronment, the liquid Zr-Fe alloys experience pure radi-
ation cooling. In addition, the ratio of the specific heat
to emissivity nT can be derived by Eq. [2] from the
shadow range shown in Figure 3(a1). The surface area A
can be derived from the digital images. The cooling rate
Rc can be derived from the relationship between time t
and temperature T, which can be expressed as follows:

t ¼ aþ bT�4; ½11�

where t is time. The fitting results are shown both in
Figure 3(a2) and Table I. As shown in Figure 3(b), the
results of nT can be fitted by a quadratic equation of
temperature as follows:

nT ¼ n0 þ C1 T� TLð Þ þ C2 T� TLð Þ2; ½12�

where n0 presents the ratio at the liquidus temperature,
C1 and C2 are constants. The fitting results and
measurement uncertainty are all listed in Table I. It

Fig. 2—The measurement of the surface tension and viscosity by the oscillation method coupled with ESL: (a) a period of second-order
axisymmetric oscillation recorded by a CMOS camera; (b) a typical decay curve detected after turning off the excitation signal; (c) the
characteristic oscillation frequency.

(b) (c)

Fig. 3—The thermal characteristics of the electrostatically levitated Zr-Fe alloys: (a1) the temperature curve of the Zr76Fe24 alloy; (a2) the period
of pure radiation cooling; (b) the ratio of the specific heat to emissivity (c) the solidification platform time tp after recalescence vs the
undercooling DT.
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can be seen that Zr16Fe84 alloy has the largest value of
n0, 240.84 J mol�1 K�1, which means the undercooled
liquid Zr16Fe84 alloy has the weakest radiation dissipa-
tion capability. The results that the liquid Zr16Fe84 alloy
has the second lowest cooling rate at liquidus temper-
ature of 1730 K also substantially confirm this view.
As shown in Figure 3(a1), after recalescence, there is a

solidification plateau with a width tp. Since Figure 3(c)
shows the relationship between tp and DT, and the
hypercooling DTh of 306 K is obtained by extending the
fitting curve at tp=0. Furthermore, due to the extremely
short time of recalescence, the heat emitted during
recalescence is negligible. Then the temperature-aver-
aged constant pressure specific heat CPL,av of the
undercooled liquid Zr76Fe24 alloy can be derived by[37]:

CPL;av ¼
DHf

DTh
; ½13�

where DHf is the specific enthalpy of fusion. For
Zr76Fe24 alloy, the specific enthalpy of fusion DHf

determined by the differential scanning calorimeter
(DSC) is 10454.11 J mol�1. Then, the temperature-av-
eraged constant pressure specific heat CPL,av of the
undercooled liquid Zr76Fe24 alloy is 34.16
J mol�1 K�1. Moreover, by combining the specific
heat and the ratio of the specific heat to emissivity
listed in the Table I, the hemispherical total emissivity
of the undercooled liquid Zr76Fe24 alloy can be
approximated, and the results can be expressed as
follows:

eT;Zr76Fe24 ¼ 0:194þ 1:53� 10�4 T� 1201ð Þ: ½14�

According to Eq. [14], the hemispherical total emissivity
of the liquid Zr76Fe24 alloy is approximated to be 0.194
at its liquidus temperature.

B. Density and Excess Volume

Through the combination of the volume extracted
from the digital images and the mass of the sample, the
density of the alloy is derived. Based on the liquidus
temperature change tendency and solidification phase
composition, the experimental density results of the
different compositions are divided into three regions. As
shown in Figure 4(a), the liquid densities of Zr90Fe10,
Zr80Fe20, and Zr76Fe24 alloys increase with increasing
Fe contents. Additionally, the temperature range shifts
to the low temperature due to the drop in the liquidus
temperature. The liquid densities of Zr70Fe30, Zr60Fe40,
and Zr50Fe50 alloys increase with increasing Fe contents,
as shown in Figure 4(b), while the temperature range
shifts to high temperatures due to the increase in the
liquidus temperature. However, the liquid densities of
Zr16Fe84 and Zr9.8Fe90.2 alloys decrease with increasing
Fe contents, as shown in Figure 4(c). And the temper-
ature range also shifts to low temperatures due to the
drop in the liquidus temperature. Furthermore, it is
clear that the liquid density decreases linearly with
increasing temperature in both the superheated and
undercooled states, which is consistent in different Zr-Fe

T
a
b
le

I.
T
h
e
M
ea
su
re
d
R
a
ti
o
o
f
th
e
S
p
ec
ifi
c
H
ea
t
to

E
m
is
si
vi
ty

fo
r
th
e
L
iq
u
id

Z
r-
F
e
A
ll
o
y
s

A
ll
o
y

T
L

(K
)

P
a
ra
m
et
er
s
o
f
C
o
o
li
n
g
C
u
rv
es

C
P
L
/e
L
R
a
ti
o

T
em

p
er
a
tu
re

R
a
n
g
e

(K
)

U
n
d
er
co
o
li
n
g

(K
)

U
n
ce
rt
a
in
ty

o
f
C
P
L
/e
L
(P
ct
)

a (s
)

b
(1
0
1
3
s
K

4
)

R
c
(a
t
T
L
)

(K
s�

1
)

n 0
(J

m
o
l�

1
K

�
1
)

C
1

(J
m
o
l�

1
K

�
2
)

C
2

(1
0
�
5
J
m
o
l�

1
K

�
3
)

Z
r 9

0
F
e 1

0
1
9
9
8

�
1
.9
5

3
.4
5

2
3
0
.7
3

1
5
2
.4
0

�
0
.0
7
0

4
.9
4

1
5
8
8
to

2
0
5
8

4
1
0

±
2
.1
1

Z
r 8

0
F
e 2

0
1
6
4
9

�
2
.9
5

3
.8
2

7
9
.8
0

1
9
3
.6
8

�
0
.1
1
2

8
.4
1

1
2
5
9
to

1
8
9
0

3
9
0

±
2
.1
1

Z
r 7

6
F
e 2

4
1
2
0
1

�
6
.7
1

2
.6
6

2
3
.4
8

1
7
5
.9
5

�
0
.1
4
0

1
0
.3
3

1
0
5
9
to

1
4
1
9

1
4
2

±
2
.1
1

Z
r 7

0
F
e 3

0
1
4
8
7

�
2
.8
3

2
.7
8

6
5
.3
8

1
4
3
.7
5

�
0
.0
9
2

7
.6
5

1
1
0
9
to

1
7
2
7

3
7
8

±
2
.1
1

Z
r 6

0
F
e 4

0
1
6
5
2

�
3
.2
5

3
.5
0

8
7
.8
9

1
5
3
.6
9

�
0
.0
8
8

6
.2
3

1
3
3
2
to

1
8
1
7

3
2
0

±
2
.1
1

Z
r 5

0
F
e 5

0
1
8
3
0

�
2
.8
2

3
.6
3

1
4
1
.3
5

1
4
5
.3
6

�
0
.0
7
3

4
.7
3

1
5
6
4
to

1
8
3
0

2
6
6

±
2
.1
4

Z
r 1

6
F
e 8

4
1
7
3
0

�
7
.8
1

7
.7
5

4
9
.9
9

2
4
0
.8
4

�
0
.1
1
7

1
0
.4
6

1
5
7
8
to

1
7
8
9

1
5
2

±
2
.1
2

Z
r 9

.8
F
e 9

0
.2

1
5
7
8

�
7
.2
8

5
.2
7

4
6
.4
2

1
8
1
.2
9

�
0
.1
0
3

5
.6
6

1
5
3
3
to

1
6
4
3

4
5

±
2
.1
1

4078—VOLUME 51A, AUGUST 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



alloys. The linear relationships with temperature can be
expressed as follows:

q ¼ qL þ @q
@T

T� TLð Þ; ½15�

where qL is the density at the liquidius temperature TL,
and ¶q/¶T is the temperature coefficient. The experi-
mental data are fitted with Eq. [15], and the detailed
results are shown in Table II. A series of maximum

undercooling are realized during the liquid density
measurements for the Zr100-xFex alloys with x = 10,
20, 24, 30, 40, 50, 84, and 90.2 are 410 K, 390 K, 142 K,
378 K, 320 K, 266 K, 152 K, and 45 K, respectively.
Although the largest undercooling is obtained in the
liquid Zr90Fe10 alloy, the largest ratio between the
undercooling and liquidus temperature is obtained by
the liquid Zr70Fe30 alloy. It can be seen that the liquid
densities of the Zr100�xFex alloys with x = 10, 20, 24,
30, 40, 50, 84, and 90.2 at the liquidus temperature are
6.35, 6.51, 6.69, 6.54, 6.69, 6.65, 7.22 and 7.24 g cm�3,
respectively. Besides, the temperature coefficients of the
Zr100�xFex alloys with x = 10, 20, 24, 30, 40, 50, 84,
and 90.2 are � 2.55, � 2.91, � 3.44, � 3.30, � 3.55,
� 3.99, � 8.40 and � 6.51 with unit 10�4 g cm�3 K�1,
respectively. It can be seen that the absolute value of the
temperature coefficient tends to increase with increasing
Fe contents, which reveals that the liquid density
sensitivity to temperature is increasing with increasing
Fe contents. There are few reports on the density of
liquid Zr-Fe alloys. Compared with the values measured
by Ohishi et al.,[33] the density value differences at the
liquidus temperature for the Zr76Fe24 and Zr50Fe50
alloys are 1.5 and 0.49 pct, respectively.
Because the liquidus temperature of each alloy is

different, Figure 5(a) shows the density values change
with varying the Fe content in the temperature range of
1500 K to 1900 K. The liquid densities of the pure
substances Fe and Zr measured by Lee et al.[42] and
Wang et al.[6] are compared together in Figure 5(a).
Since the temperature range of measurements for each
alloys not all cover 1500 K to 1900 K, the solid points
are experimental results, and the hollow points are the
data extrapolated from the experimental results. It can
generally be seen that the liquid densities of the Zr-Fe
alloys increase with increasing Fe contents at the same
temperature, although there are two tiny drops near the
two eutectic compositions Zr76Fe24 and Zr9.8Fe90.2. The
liquid density of Zr76Fe24 alloy at 1500 K is
6.58 g cm�3, which is 0.39 pct larger than that of
Zr80Fe20 alloy and 0.74 pct larger than that of Zr70Fe30
alloy, while the liquid density of Zr9.8Fe90.2 alloy at 1500
K is 7.30 g cm�3 which is 1.55 pct less than that of
Zr16Fe84 alloy, and is 1.86 pct larger than the liquid
density of Fe at 1500 K, as extrapolated from a
reference.[42] The liquid density at 1900 K of Zr76Fe24

Table II. The Measured Density of the Liquid Zr-Fe Alloys

Alloy TL (K) Temperature range (K)
Undercooling

DT(K) DT/TL qL(g cm�3)
¶q/¶T

(10�4 g cm�3 K�1)
Uncertainty

(at TL)

Zr90Fe10 1998 1588 to 2058 410 0.205 6.35 � 2.55 ± 7.51 pct
Zr80Fe20 1649 1259 to 1890 390 0.236 6.51 � 2.91 ± 0.72 pct
Zr76Fe24 1201 1059 to 1419 142 0.118 6.69 � 3.44 ± 0.67 pct
Zr70Fe30 1487 1109 to 1727 378 0.254 6.54 � 3.30 ± 0.70 pct
Zr60Fe40 1652 1332 to 1817 320 0.193 6.69 � 3.55 ± 0.68 pct
Zr50Fe50 1830 1564 to 1830 266 0.145 6.65 � 3.99 ± 0.78 pct
Zr16Fe84 1730 1578 to 1789 152 0.087 7.22 � 8.40 ± 0.81 pct
Zr9.8Fe90.2 1578 1533 to 1643 45 0.028 7.24 � 6.51 ± 1.08 pct

(a)

(b)

(c)

Fig. 4—The measured density values of liquid Zr-Fe alloys: (a)
Zr100�xFex (x = 10, 20, 24); (b) Zr100�xFex (x = 30, 40, 50); (c)
Zr100�xFex (x = 84, 90.2).
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alloy is 0.06 pct and 0.67 pct larger than that of Zr80Fe20
and Zr70Fe30 alloys, respectively. In addition, the liquid
density of Zr9.8Fe90.2 alloy is 0.54 pct less than that of
Zr16Fe84 alloy and 1.52 pct higher than that of Fe at
1900 K. It is clear that the density gaps near these two
eutectic compositions decrease with increasing temper-
atures. In addition, the density of the liquid Fe-rich
Zr-Fe alloy is higher than the density of liquid iron, as
measured by Lee et al.[42] This may be related to the
evaporation of the sample, since the evaporation
appears to be more severe with the Fe contents. On
the other hand, the data extrapolated from the exper-
imental results also cause the larger difference between
the high Fe content alloys and pure iron at the same
temperature.

The purple dotted line in Figure 5(a) displays the
density change of the Zr-Fe alloys at the liquidus
temperature. The trend of the density at the liquidus
temperature TL is generally consistent with the trend of
the density at other temperatures, except for two slight
differences. The first difference is that the density of
Zr50Fe50 alloy at its liquidus temperature is less than the
density of Zr60Fe40 alloy. The second difference is that

the density at the liquidus temperature of Zr9.8Fe90.2
alloy is larger than that of Zr16Fe84 alloy. These
differences may be mainly caused by the differences in
the liquidus temperature.
In general, it is difficult to obtain the density or other

thermophysical properties of liquid alloys, especially for
an undercooled liquid alloy. And hence, the Neu-
mann–Kopp’ law, which is based on the properties of
pure elements, is used to estimate the properties of alloys
when the data are unavailable, and high precision is not
required. When the structure of a liquid alloy is close to
an ideal solution, this approximation is feasible, and the
data are useful. Because of the interatomic force, in the
majority of cases, liquid alloys deviate from the ideal
solution. To evaluate the deviation degree of this
approximation for liquid Zr-Fe alloys, the excess vol-
ume vs Fe content in the temperature range of 1500 K to
1900 K is presented in Figure 5(b). The excess volume is
given by the following expression:

DVE ¼ V� V0 ¼
X1M1 þ X2M2

q
� X1M1

q1
þ X2M2

q2

� �
;

½16�

(a) (b)

(c) (d)

Fig. 5—The density and excess volume of the liquid Zr-Fe alloys: (a) the liquid density vs the Fe content; (b) the excess volume vs the Fe
content; (c) the surface tension vs the Fe content; (d) the viscosity vs the Fe content.
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where subscripts 1 and 2 refer to Zr and Fe, respec-
tively, V is the real volume, V0 is the ideal volume, q is
the density of the alloys, and Xi, Mi, and qi are the
atomic fraction, atomic weight and density of the
components Zr and Fe, respectively. As shown in
Figure 5(b), the Zr-Fe alloys all exhibit negative excess
volumes in the temperature range of 1500 K to 1900 K,
which may be related to the attractive interaction
between Zr and Fe atoms. At 1500 K, the absolute
value of the excess volume arrives at a maximum for
Zr16Fe84 alloy, which means that Zr16Fe84 alloy may
have the strongest atomic interaction, causing the
maximum degree of the liquid alloy to deviate from
an ideal solution. However, when the temperature rises
to 1900 K, Zr60Fe40 alloy have the largest absolute
value of the excess volume. As shown in Figure 5(b),
the excess volume of Zr16Fe84 alloy changes the most in
the temperature range of 1500 K to 1900 K. This may
be related to the temperature coefficient of the density,
since Zr16Fe84 alloy has the second largest temperature
coefficient of the density, as shown in Table II. Among
these compositions, Zr70Fe30 alloy has the lowest
absolute value of the excess volume in the temperature
range of 1500 K to1900 K, followed by Zr9.8Fe90.2
alloy. That means that the liquid Zr70Fe30 alloy is the
closest to an ideal liquid. The purple dotted line in
Figure 5(b), which shows the excess volume of Zr-Fe
alloys at their own liquidus temperature, is consistent
with the other constant temperature excess volume
lines.

C. Surface Tension and Viscosity

Both the surface tension and viscosity results of the
liquid Zr-rich Zr-Fe alloys are measured by the drop
oscillation method under electrostatic levitation condi-
tions. The results of the surface tension are illustrated in
Figures 6(a) through (e) and Table III. It can be seen
that the surface tension of those five alloys all show a
good linear dependence on temperature, which can be
expressed as follows:

r ¼ rL þ @r
@T

T� TLð Þ; ½17�

where rL is the surface tension at the liquidius
temperature TL, and ¶r/¶T is the temperature coeffi-
cient. The surface tensions of the liquid Zr-Fe alloys all
have the same tendency, increasing linearly with
temperatures in both the undercooled and superheated
states. At the liquidus temperature, the surface tensions
for Zr100�xFex alloys with x = 10, 20, 24, 30, and 40
are 1.47, 1.54, 1.37, 1.33 and 1.59 N m�1, respectively.
Previously, Ohishi et al.[33] reports that the surface
tension of the liquid Zr76Fe24 alloy at the liquidus
temperature to be 1.44 N m�1. Compared with the
results obtained in this work, the difference is 5.11 pct.
The main dissimilarity appears in the temperature
coefficient, since the surface tension result measured by
Ohishi et al. has a positive temperature coefficient
which may be caused by impurities on the sample
surfaces.

The temperature range and undercooling of the
surface tension results of the Zr-Fe alloys are all listed
in Table III. In the surface tension measurements, the
temperature ranges of all Zr-Fe alloys except Zr90Fe10
have included both superheating and undercooling. For
Zr90Fe10 alloy, the temperature range of the surface
tension measurements is only below its liquidus temper-
ature. The widths of the temperature range are different
for different liquid Zr-Fe alloys, as a result of the
difference in the liquidus temperature, the stability of the
samples in levitation and so on. The surface tension of
the liquid Zr90Fe10 alloy is measured in the narrowest
temperature range of only 240 K, from 1743 K to 1983
K. In contrast, the surface tension of the liquid Zr76Fe24
alloy is obtained in the widest temperature range of 450
K, from 1123 K to 1573 K. Besides, by comparing
Tables II with III, it can be seen that the undercooling
values obtained in the surface tension measurements are
generally lower than those obtained in the density
measurements. For example, the maximum undercool-
ing value that the liquid Zr76Fe24 alloy realizes in the
surface measurements is 78 K, which is 64 K lower than
the maximum undercooling value of 142 K obtained in
the density measurements. The main reason is originated
from the surface tension measurement method, which
requires a liquid alloy drop to oscillate for gathering the
drop oscillation frequency, and oscillation may limit the
undercooling that liquid drop attained. Additionally, in
contrast to the density measurements, where the sample
is directly cooled down from a superheated temperature,
the surface tension measurements need the sample to be
maintained at different temperatures, which makes the
metastable undercooled state vulnerable to be damaged.
Since the temperature ranges used to measure the

surface tension of these five alloys are different, the same
extrapolated process is employed. As shown in
Figure 5(c), the surface tension of the liquid Zr-Fe
alloys changes as the Fe content changes in the
temperature range of 1300 K to 1800 K. The solid
points are experimental results, and the hollow points
are the data extrapolated from the experimental results.
It can be seen that when the component Fe is light, the
surface tension decreases slightly as the Fe content
increases. Then, when the Fe content is larger than that
of the eutectic composition Zr76Fe24, the values of the
surface tension increase with increasing Fe contents in
the temperature range of less than 1500 K.
The viscosity experimental results of the Zr100�xFex

(x = 10, 20, 24, 30, 40) alloys are shown in Figures 6(f)
through (j) and Table III. Since the decay time is derived
from the decay curve, which also includes information
on the characteristic oscillation frequency, the temper-
ature range of viscosity is consistent with the surface
tension data. The variation in the viscosity is expressed
by an Arrhenius type equation as follows:

g ¼ g0 exp
E

RT

� �
; ½18�

where g0 and E are constant, and R is the gas constant
(8.314472 J mol�1 K�1). The results of the viscosity data
fitted by Eq. [18] are displayed in Table III. The
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(a) (f)

(g)(b)

(c) (h)

(d) (i)

(e) (j)

Fig. 6—The surface tension and viscosity of the liquid Zr-Fe alloys measured by the drop oscillation method: (a through e) the surface tension
vs temperature; (f through j) the viscosity vs temperature.
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viscosities of the Zr100�xFex alloys with x = 10, 20, 24,
30, and 40 at their respective liquidus temperatures are
9.92, 12.15, 28.62, 17.21, and 13.54 m Pa s, respectively.
Compared with the liquid Zr76Fe24 alloy viscosity value
of 47.33 m Pa s obtained by Ohishi et al. at the liquidus
temperature, the difference is 65.37 pct. That difference
is reduced to 36.16 pct at the temperature of 1473 K.
This dissimilarity is caused by several factors. The
temperatures of viscosity data measured by Ohishi et al.
are all above the liquidus temperature of 1201 K, which
may lead to a large data deviation under the liquidus
temperature. Furthermore, the weaker undercoolability
of Zr76Fe24 alloy compared to the other compositions
also makes a larger data deviation for the undercooled
liquid Zr76Fe24 alloy, which can be seen in Figure 6(h).
From Table III, it can be seen that the g0 of Zr90Fe10
alloy is an order of magnitude larger than that of the
other alloys, which may be caused by the narrow
temperature range that liquid Zr90Fe10 alloy obtained in
the viscosity measurement.
The viscosities of the liquid Zr-Fe alloys vs the Fe

content in the temperature range of 1300 K to 1800 K
are shown in Figure 5(d). It can be seen that at the same
temperature, the viscosities of the liquid Zr-Fe alloys
tend to increase with increasing Fe contents, except for
the decrease observed at Zr76Fe24 alloy. In addition, the
viscosity of the liquid Zr50Fe50 alloy varies the most in
the temperature range of 1300 K to 1800 K.

D. Measurements Uncertainty

Since the experiments are carried out in a vacuum,
volatilization is inevitable. The volatilization quantity
depends on both the characteristics of the sample and
the experimental conditions, such as the liquidus tem-
perature of the sample and laser heating time. Therefore,
the mass error is different for different compositions.
Thus, here we consider Zr76Fe24 alloy as an example to
illustrate the uncertainty in the measurements of these
thermophysical properties.
In Eq. [2], which is used to measure the ratio between

the specific heat and emissivity, the uncertainty is mainly
caused by the error of the mass, surface area, cooling
rate and temperature. The uncertainties of the mass,
surface area and cooling rate are ± 0.03 pct, ± 0.10 pct
and ± 0.50 pct, respectively. The uncertainty delivered
from temperature is evaluated to be ± 2.00 pct. Then,
the uncertainty in the measurement of n for the liquid
Zr76Fe24 alloy at the liquidus temperature is estimated
to be approximately ± 2.11 pct. The uncertainties of the
n value obtained for the other Zr-Fe alloys at the
liquidus temperature are all listed in Table I.
The uncertainty of the density measurement is mainly

caused by the measurement error of the mass Dm,
volume DV, and temperature DTerr. Therefore, the
uncertainty of the density can be derived from the
following expression:[35]

Dq
q

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The mass error is evaluated to be ± 0.03 pct from the
difference between the mass of 32.65 mg before the
experiment and 32.64 mg after the experiment. The
uncertainty in the volume is mostly owing to the
calibration factor and the random error of volume.
Through calibration by a steel ball with a certain
density, the relative uncertainty of the calibration factor
is determined to be ± 0.43 pct. The other random error
of ± 0.14 pct is obtained by calculating the volume at
the same temperature. The uncertainty of the volume
measurement is ± 0.45 pct. The relative uncertainty of
the temperature is evaluated to be ± 0.50 pct. Finally,
based on the abovementioned data and Eq. [19], the
uncertainty of the density measurements made for the
liquid Zr76Fe24 alloy at its liquid temperature is approx-
imately ± 0.67 pct. The uncertainty of the density of the
other Zr-Fe alloys is shown in Table II, which are all no
more than ± 1.5 pct.

According to Eq. [4], the uncertainty of the surface
tension r is mainly caused by the error in the charac-
teristic frequency, density and radius measurements. For
Zr76Fe24 alloy, the uncertainty delivered from the
sample radius is about ± 2.31 pct. The uncertainty of
the density is ± 0.67 pct, as described earlier. The
uncertainty of the characteristic frequency is caused by
rotation and the FFT analysis. The uncertainty caused
by sample rotation is ± 1.41 pct, as estimated from the
aspect ratio of the rotating liquid sample.[43] The
uncertainty induced by the FFT analysis can be esti-
mated to be approximately ± 0.70 pct, since the
transformation error is less than 1 Hz, and the charac-
teristic frequency is 142.33 Hz. Then, the uncertainty in
the surface tension measurements made for the liquid
Zr76Fe24 alloy at its liquidus temperature is estimated to
be approximately ± 2.87 pct.

From Eq. [10], the uncertainty in the viscosity
measurements can be approximately estimated from
the error of the density, radius, and decay time. The
uncertainties delivered from density and radius are
± 0.67 and ± 1.55 pct, respectively. The uncertainty in
the decay time is determined to be approximately
± 19.38 pct. Thus, the uncertainty in the viscosity
measurements made for the liquid Zr76Fe24 alloy at its
liquidus temperature is ± 19.46 pct. The uncertainties in
the surface tension and viscosity of the other composi-
tions at the liquidus temperature are all listed in
Table III.

IV. CONCLUSION

The thermophysical properties of liquid Zr-Fe alloys
have been measured by an electrostatic levitation
technique, in both superheated and undercooled states.
Under containerless and high-vacuum conditions, the
electrostatically levitated Zr-Fe alloy drop is cooled by
natural radiation, which allows for the measurements of
the ratio of the specific heat to emissivity. Moreover, due
to the low volatilization and single recalescence phe-
nomenon, the hypercooling of 306 K for the under-
cooled liquid Zr76Fe24 alloy is obtained by combining an
ideal insulation treatment with the single recalescence

process. Then, the temperature-averaged constant pres-
sure specific heat of the undercooled liquid Zr76Fe24
alloy is estimated to be 34.16 J mol�1 K�1. In addition,
the hemispherical total emissivity of the undercooled
liquid Zr76Fe24 alloy, which is derived from the ratio of
the specific heat to emissivity, is linearly related to the
temperature and is estimated to be 0.194 at its liquidus
temperature. The densities of the liquid Zr100�xFex
alloys with x = 10, 20, 24, 30, 40, 50, 84, and 90.2 all
linearly decrease with the increasing temperature in both
the superheated and undercooled states. Meanwhile, the
absolute values of the density temperature coefficient of
these Zr-Fe alloys show an increasing tendency with
increasing Fe contents, which reveals that the liquid
density sensitivity dependence on temperature increases
with increasing Fe contents. The liquid density of the
Zr-Fe alloys increasing with Fe contents at the same
temperature represents a general trend, but there are
two tiny drops near the two eutectic compositions of
Zr76Fe24 and Zr9.8Fe90.2. The density gaps near these
two eutectic compositions decrease with the increase in
temperature. The surface tension and viscosity of the
liquid Zr100�xFex (x = 10, 20, 24, 30, 40) alloys have
been obtained by the drop oscillation method coupled
with electrostatic levitation. Additionally, the surface
tension experimental results show a linear dependence
on temperature in the both superheated and under-
cooled states. The experimental viscosity data of the
liquid Zr-rich Zr-Fe alloys have been described by an
Arrhenius type equation. The uncertainties in the
measurements of these thermophysical properties have
been estimated at the liquidus temperature.
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18. W.J. Xie, C.D. Cao, Y.J. Lü, and B. Wei: Phys. Rev. E, 2002,

vol. 66, art. no. 61601.
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