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Abstract: With the containerless electrostatic levitation method, the undercooling level and nucleation solidification
mechanism of niobium samples of 99.7% and 99.95% in purity were comprehensively studied. The classical nucleation
theory was used to measure and calculate the thermophysical and thermodynamic characteristics associated with the
nucleation and solidification procedure. The measurement results show that the maximum undercooling of experimental
samples is 455.7 K, while the hyper cooling limit of the niobium is derived at 739 K. The most probable nucleation
undercooling, pre-exponential factor, nucleation activation energy, solid/liquid interface free energy, and the critical
nucleus radius are determined. The dendrite growth velocity has a powerful relationship with undercooling, and the
dendritic growth velocity of liquid niobium reaches 42.1 m/s at the undercooling of 454 K. The effect of the anisotropy
of surface energy is taken into account, and the forecast results display excellent consistency with the experimental ones.
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1 Introduction

The morphology of the dendritic array is
determined by the velocity of dendritic growth,
which has important research implications for the
microstructure of metal and alloy materials [1-3].
Crystal nucleation is the fundamental step in the
solidification process, and it has a significant
impact on the phase composition and structural
morphology of the material [4,5]. Undercooling
promotes dendrite growth and crystal nucleation.
Finding new materials with superior properties and
researching the solidification process of materials is
critical, and different undercooling conditions result
in nucleation and dendrite growth with different
physical principles [6—8]. Because both dendritic
growth and crystal nucleation occur at the solid/

liquid interface, the solid/liquid interface free
energy is an essential material property to
comprehend crystal nucleation [9,10].

Because containerless processing technology
eliminates heterogeneous nucleation caused by the
container wall, the containerless experimental
apparatus can be used to obtain droplets with
significant undercooling [11,12]. Containerless
levitation techniques include acoustic, aeroacoustic,
electromagnetic, and electrostatic levitation, which
are used to investigate the nucleation solidification
mechanism, discover metastable phase materials,
and measure the thermophysical properties of
materials [13—16]. In comparison to existing
containerless levitation technologies, containerless
electrostatic levitation (ESL) technology, which
provides a vacuum environment free of impurity,
gas flow, and electromagnetic disturbance, has
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emerged as a new method for material
preparation [17].

RHIM et al [18] from the Jet Propulsion
Laboratory (JPL) created the initial set of
electrostatic levitation experimental apparatus in
1993. Later, research on electrostatic levitation
technology and material research was successfully
carried out by PARADIS and RHIM [19] from
Japan, HORNFECK et al [20] from Germany, and
LEE et al [21] from South Korea. WANG et al [17]
from the National Space Science Center, Chinese
Academy of Sciences (CAS) created a containerless
electrostatic levitation facility and conducted an
extensive study on the thermophysical characteristics
of typical refractory metals in 2015. The electrostatic
levitation device was then created by ZOU et al [22]
from Northwestern Polytechnical University,
China, XUE et al [23] from the Technology and
Engineering Center for Space Utilization, CAS, and
ZHONG et al [24] from the Shanghai Institute of
Ceramics, CAS. The thermo- physical properties
and undercooling nucleation mechanism of typical
refractory metals such as zirconium, niobium,
titanium, palladium, molybdenum, nickel, tungsten,
terbium, and tantalum were investigated through the
ESL method [25—34].

As a typical refractory metal with a melting
temperature of about 2741 K, niobium (Nb) is
mainly used in the aerospace and automotive
industries to strengthen alloys [35]. Niobium has a
variety of applications in the nuclear industry
because of its refractory properties and resistance to
corrosion. Traditional methods also face the risk of
contamination due to the high molten temperature,
which makes it challenging to correctly assess
the thermophysical characteristics of niobium. In
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previous studies, the ESL technique was used to
examine certain properties of pure niobium. For
example, ISHIKAWA et al [25] measured the
density and viscosity, and PARADIS et al [35]
measured the density, thermal expansion coefficient,
and constant pressure heat capacity through an
electrostatic levitation furnace.

The ESL approach to studying the thermo-
physical and thermodynamic properties of pure
niobium has the advantages of improving thermo-
physical property measurement accuracy, better
understanding  thermodynamic  properties  of
niobium, and establishing the foundation for
studying the thermophysical and thermodynamic
properties of niobium-related alloys.

The diameter of the experimental samples used
in this work is (2+0.02) mm, and the research
objects are Nb with purity levels of 99.7% and
99.95%. The primary goal of this work is to reveal
the characteristics of heterogeneous nucleation and
solidification mechanisms, as well as the dendritic
growth of Nb with varying degrees of purity using
the ESL method. Previous studies reported little on
the thermophysical and thermodynamic properties
of liquid Nb with various impurities based on
abundant experimental statistical analysis data. By
combining theoretical research and experimental
validation, our results are of great importance
for the non-stationary solidification of metallic
materials under deep undercooling conditions.

2 Experimental
The ESL experimental platform is composed
of a vacuum chamber and peripheral measuring

instruments. As shown in Fig. 1, the experimental

Pyrometer 1

Heating laser 1
Internal high-voltage
electrode

__— Position sensor 1

Position sensor 2

Pyrometer 2

Fig. 1 Electrostatic levitation experiment device: (a) Diagram of overall experimental device; (b) Schematic diagram of

top view of experimental platform and equipment
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vacuum chamber is installed in the center of
the horizontal experimental platform, and the
measuring instruments are installed around the
vacuum chamber. The upper and lower high-voltage
electrodes are horizontally installed at the central
axis in the vacuum chamber. The dynamic levitation
of charged samples is realized by controlling
the electric field intensity between the upper and
electrodes. In the heating procedure,
the temperature of the sample is measured in a
real-time way with a pyrometer (Sensortherm
H322), and the temperature measurement error is
+0.3%. Three 915 nm near-infrared semiconductor
heating lasers (RFL-FDDL50X) are used to heat the
sample, with a 120° included angle to each other.
To realize the closed-loop control of sample
temperature, the heating laser power is controlled
by proportional-integral-derivative (PID) controller.
The control frequency of sample temperature is
1000 Hz and the temperature control accuracy is
+5 °C. To reduce the influence of charge loss on
sample position control during the heating process,
a 500 W mercury lamp is used to irradiate the
sample surface through a 200—400 nm ultraviolet
filter. The lost charge of the sample is supplemented
by the photoelectric effect so that the levitation
position accuracy of the sample could reach
0.1 mm. The sample will produce intense radiation
in the high-temperature phase, which will affect the
clarity of image edge of sample [32]. Therefore, it
is necessary to place a backlight light-emitting
diode (LED) as the light source to observe and
obtain the levitation state images of the sample.
Figure 1 shows the overall diagram of ESL in this
work.

Prior to conducting the heating experiment, the

lower

vacuum level in the chamber is maintained at
1075 Pa to prevent high-voltage electrode breakdown
discharge and sample oxidation. The sample is
positioned in the middle of the lower electrode at
the start of the experiment. The sample is next
preheated to 1500 K using a heating laser in order
to prevent the occurrence of charge loss and to
make sure that the thermionic emission regime
effect is in the dominant role [33]. The material
sample is then lifted to the center of the electrode
by adjusting the strength of the electric field
between the upper and lower electrodes. The
sample is then heated to an overheated temperature
by increasing the power of three heating lasers.

Finally, the heating laser is turned off to make the
sample turn into an undercooled state by natural
radiation. When the temperature of the experimental
droplet drops to the lowest undercooling
temperature, the recalescence phenomenon occurs.
After the sample is solidified completely, the
heating laser was turned on again and the process
of heating—melting—overheating—natural radiation
cooling—undercooling—spontaneous nucleation—
recalescence—natural cooling was repeated.

3 Results and discussion

3.1 Hypercooling limit of niobium

Under the electrostatic levitation condition, the
temperature—time curves of niobium with different
undercooling and the power change of the heating
laser during the recalescence period are shown in
Fig. 2.
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Fig. 2 Typical temperature—time curves and laser power
changes for Nb sample under different undercoolings:
(a) 452.1K; (b) 1023 K

During the heating process, when the sample
temperature reaches the melting point 71, a melting
platform (a procedure for completely molten) will
appear for a while. After the sample is completely
melted, the sample temperature will continue to
increase. At time f, the sample reaches the highest
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temperature and the surface of the sample is
approximately spherical due to surface tension. At
this time, the heating laser is turned off, the sample
is cooled by natural radiation, and the surface color
of the sample changes from bright to dark. At time
t1, the sample temperature is cooled to 7, and the
nucleation point appears and grows rapidly. The
difference value between T, and Tt is undercooling
(AT). At time £, due to the rapid release of
crystallization latent heat, the temperature of the
sample rises sharply to the melting point. The
surface brightness increases suddenly, resulting in
the recalescence phenomenon. The difference value
between 7, and the sample temperature at # is the
recalescence degree (ATy). Then, the residual liquid
niobium solidifies slowly and the released latent
heat reaches a balance with the heat dissipation, so
the sample temperature maintains the melting point
for a while, forming a solidification platform. The
sample is completely solidified until #, and then it
continues to cool by natural radiation. The period
time from #, to # is the solidification plateau time
At,.

The undercooled degree and solidification
plateau time of the sample are obtained and
analyzed from the temperature data. As shown in
Fig. 3(a), with the increase of undercooling, the
decreases. If the
undercooling of the droplet can increase to the
hyper cooling limit, the solidification plateau time
corresponding to slow solidification will disappear.
Figures 3(b, c) show the relationship between
undercooling AT (K) and solidification plateau time
At, (ms) of niobium with 99.7% and 99.95% purity,
which satisfies the linear relationships: A#=
—1.442AT+1066.0 (99.7% Nb), and At,=—1.436AT+
1062.96 (99.95% Nb).

It can be deduced that when A, is 0, the hyper
cooling limit A7, of niobium with 99.7% and
99.95% purity are 739.0 and 739.99 K, respectively.
YANG et al [5] and KANG et al [9] measured the
hypercooling limit of niobium through electro-
static levitation method, as given in Table 1. By
differential scanning calorimeter and pulse heating
technology, WILTHAN et al [34] measured the
fusion enthalpy AHn and specific heat capacity C,
of niobium are 33000 J/mol and 43.3 J/(mol-K),
respectively. According to the equation ATy=
AH/Cp, the hyper cooling limit of niobium can

solidification plateau time
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Fig. 3 Recalescence and solidification characteristics of
Nb under ESL condition: (a) Temperature—time curves
under different undercoolings; (b) Solidification plateau
time versus undercooling of 99.7% Nb; (c¢) Solidification
plateau time versus undercooling of 99.95% Nb

Table 1 Hypercooling limit of niobium

Source Purity/% ATw/K  Remarks
. 99.7  739.0 ESL
This work
99.95 739.99 ESL
YANG et al [5] 99.95 706 ESL
KANG et al [9] 99.95 640 ESL

WILTHAN et al [34] 99.9  762.1 Pulse heating
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be calculated as about 762.1 K. Our experimental
result is close to that of WILTHAN et al [34] (the
error is within 5%), and our result is 13.4% higher
than that of KANG et al [9].

3.2 Relationship between
undercooling
The sample is in a high vacuum environment
with no contact with the container wall under the

cooling rate and

electrostatic levitation condition, so there is no
influence of heat conduction or heat convection.
The molten sample is cooled by natural heat
radiation between the time £y and ¢, in Fig. 2, which
is a pure radiative cooling procedure without
manual adjustment. The cooling rate is determined
according to the gradient of each cooling curve. The
cooling curve can be fitted with Eq. (1):

T=a(t+b) *+c (1)

where T is the temperature; ¢ is the time; a, b, and ¢
are fitting coefficients.

A typical temperature fitting result in this
work is shown in Fig.4, and the -calculated
cooling fitting curve is consistent with the
experimental data well. According to the fitted
cooling curve, the cooling rate (R.) of the sample
at different time in the undercooled state can be
calculated. Figure 5 reveals the relationships
between R. and AT of niobium at the nucleation
moment. The relationship between cooling rate and
undercooling degree shows a dramatically negative
correlation, that is, the higher the cooling rate is,
the lower the wundercooling degree will be
obtained. The result provides a possibility to get
a higher undercooling degree by controlling the
cooling rate.
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Fig. 5 Cooling rate versus undercooling at nucleation
moment

3.3 Specific heat of undercooled niobium

The specific heat of metal liquid can be used
to calculate other thermodynamic parameters, such
as enthalpy, entropy, and Gibbs free energy, which
are of special significance for the study of crystal
metastable phase and solidification process. The
ratio of C, to emissivity &7 of niobium is calculated
by the following equation [25]. The ratio of C,to er
is a physical parameter that reflects the radiation
and heat dissipation capacity of materials:

C, Ao, (T*-T})M/m)

P d7/dr )

where A4 is the sample surface area; oy is the Stefan—
Boltzmann constant; 7 is the sample temperature; T
is the ambient temperature; M is the molar mass; m
is the sample mass and d7/d¢ is the cooling rate of
the sample. The sample temperature is collected in
real-time by the pyrometer and the cooling rate of
the sample is obtained from the temperature fitting
curve in Fig. 4. According to the relationship
between the density p (kg/m?®) and undercooling
AT (K) of liquid niobium measured by PARADIS
et al [35]: p=7950+0.23AT, the surface area of
the sample at different temperatures is calculated.
Figure 6 demonstrates the ratio of C,/er on the
temperature of liquid Nb, which is consistent with
the following equation:

C,/e,=1391x107T* —0.0951T +
296.94 (99.7% Nb)

C,/e,=1378x107°T —0.0949T +
296.47 (99.95% Nb)
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Fig. 6 Ratio of C,/er versus temperature of liquid Nb in
deeply undercooled state: (a) 99.7% Nb; (b) 99.95% Nb

SAKATA et al [36] measured the emissivity of
molten niobium at 7, as 0.29, by a blackbody
radiation furnace. Usually, e¢r is assumed to not
change with temperature in the liquid state, and the
variation of C, (J-mol™!-K™!) with 7'(K) of niobium
in an undercooled state can be expressed as the
following equation:

C,=4.033x107°T* —0.0276T +
86.026 (99.7% Nb)

C,=3.998x107°T* - 0.0275T +
85.978 (99.95% Nb)

3)

According to the specific heat capacity at Trm
and the hyper cooling limit, the fusion enthalpy
(AHw= C,ATy) of niobium with different purity is
calculated in this work: AHn=30112.23 J/mol
(99.7% Nb) and AHw=30013.72 J/mol (99.95% Nb).

The C, values of niobium at the melting point
of this work and other documents are listed in Table
2. The results are consistent with the measurement
results of SAKATA et al [36], YANG et al [5], and
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BETZ and FRONHBERG [37] (the error is within
5%), and 6.78% lower than the measurement results
of WILTHAN et al [34].

Table 2 Specific heat capacity of liquid niobium
C, at melting

Source Pu(f/lty/ point/ Remarks
°  (ImolK™)
99.7 40.75 ESL
This work
99.95 40.55 ESL
SAKATA etal [36] 99.9 41.9 ESL
YANGetal [S] 99.95 41.5 ESL
BETZL and Drop
FRONHBERG [37] 99.96 406 calorimetry
WILTHAN et al [34] 99.9 433 Pulse heating

3.4 Undercooling distribution and nucleation

activation energy

According to previous research, nucleation is
a probability event that complies with Poisson
distribution in the undercooled state [5]. In this
work, the heating and cooling experiments of
99.7% and 99.95% niobium materials are repeated
117 times and 126 times, respectively. The
cumulative distributions of the two kinds of data are
plotted in Fig. 7.
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Fig. 7 Cumulative distributions of two kinds of niobium

undercooling data

The probability density function of nucleation
is counted, as shown in Fig. 8. It can be seen that
for the niobium with 99.7% purity, the undercooling
is mainly concentrated at 429—450 K, and the most
probable nucleation undercooling is 442.7 K. For
the niobium with 99.95% purity, the undercooling is



Yan-qiu WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1333—1346 1339

(a)

I [ Experiment
—— Calculation

Probability density function, @

0
400 410 420 430 440 450
AT/K

(b)
0.20

I Experiment

0.15 - —— Calculation

0.10

0.05

Probability density function, @

0
420 430 440 450 460
AT/K

Fig. 8 Undercooling distribution of niobium samples
cooled by natural radiation with different purities:
(a) 99.7%; (b) 99.95%

mainly concentrated at 439—455 K, and the most
probable nucleation undercooling is 450.3 K.
According to the classical nucleation theory,
the nucleation rate function (/) of the sample material
can be expressed by the following equation [38]:

E3

AG
ko T

[=Ky exp(~ ) “

where Ky is the pre-exponential factor; AG" is the
nucleation activation energy; ks is the Boltzmann
constant; 7T is the sample temperature.

The nucleation event in an electrostatic
levitation device occurs under non-isothermal
conditions. In the temperature range from 7 to

T+38T, the probability density function w is [39]

v r IV
w(l,T+6T)=8TEexp[J‘Tm EdTJ (5)

where V is the sample volume; Rc is the cooling

rate of the sample, which is obtained from the
cooling curve of the sample.

Assuming that the dependence of Ky on
temperature is very weak, the cumulative
distribution function (F) can be obtained from
Eq. (5) [39]:

VK 2
F=l-exp - e (TJ (6)
AT
Rcd[—AG J/dT
kyT
d[_iGTj 2
el ) _, T-AT+T o
dr AT?

According to Egs. (6) and (7), the cumulative
distribution function (F) can be simplified as

VK AT? T?
F=1-exp v (C j (8)

2CR. (AT-T+T? )eXp AT?

The values of F" and Rc are obtained from the
experimental data. According to the experimental
results, the relationship between In[—In(1—F)] and
T?*/AT? is shown in Fig. 9. The value of C can be
obtained from the slope. The value of C is —1.869
and —2.151 for the sample with 99.7% purity
and 99.95 purity. Kv and AG* are calculated from
the fitting curve at the most probable nucleation
undercooling. In this work, for 99.7% Nb, Kv and
AG" values are 1.815%10?ms™' and 55.30ks7,
respectively. And for Nb with 99.95% in purity,
the Kv and AG" values are 4.009x10*m™-s™' and
60.71ksT, respectively. The results illustrate that
at the slightly higher purity, higher values of Kv
and AG" would be obtained. The relation curves
between nucleation probability density function ()
and undercooling are drawn in Fig. 8, which are
consistent with the data of experimental under-
cooling distribution.

The calculated Kv and AG* values in this work
and other works are listed in Table 3. Figure 10
shows the statistics of the undercooling distribution
of niobium with different purities under the
electrostatic levitation condition in this work and
other results.

Our results have different
experimental environments and methods result in

shown that
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different undercooling distributions. In this experiment,
with a slight decrease in sample purity, the
maximum probability of undercooling, Kv, and G*
value show a clear decrease, indicating that
impurity has a significant influence on the under-
cooling ability and nucleation mechanism of liquid
niobium.

3.5 Crystal/liquid interface free energy
In this section, the Gibbs free energy difference,
critical nucleus radius, and solid/liquid interface

free energy of liquid Nb are calculated according to
the experimental data.
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Fig. 10 Nucleation probability density versus under-
cooling AT of Nb with different purities and methods

ARBLASTER [41] measured that the solid-
state specific heat capacity value of niobium at the
melting point temperature is 44.39 J-mol -K L.
Combined with the experimental data, the change
of Gibbs free energy difference with undercooling
can be calculated by Eq. (9):

AGn=AHrs—TASts ©)

Figure 11 shows the calculation of Gibb’s free
energy difference in this work and TURNBULL’s
model [42]. With the increase of undercooling, the
deviations between the experiment and the model
become larger. This indicates that the traditional
estimation methods can only describe the
solidification process under low undercooling
conditions.

The relationship between the nucleation
activation energy AG" and the Gibbs free energy
difference AGn is as follows [43]:

. léno’

AG” =
3AG

(10)

where o is the solid/liquid interface free energy.
The growth process of the critical nucleus is a
spontaneous thermodynamic process, and its radius

(o) is

Table 3 Maximum probability undercooling, Kv value and AG" value of niobium with different purities

Source Purity/% Method ~ Maximum probability undercooling/K ~ Kv/(m™3-s™")  AG'/(ksT)
MORTON etal [40]  99.9 Drop tube 428.8 10°! 73.2
YANG et al [5] 99.95 ESL 438 1.02x10% 47.73
99.7 ESL 442.7 1.815%x10% 55.3
This work
99.95 ESL 450.3 4.009x10% 60.7
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Fig. 11 Gibbs free energy difference versus undercooling

an

o 1is the configuration entropy difference
between crystal and liquid at the interface, which is
calculated by the following formula [44]:

(NaVa)"
O=—"—""""0
AH

m

(12)

where Na is Avogadro constant; Vp is the molar
volume.

Combined with the experimental data,
according to Egs. (10)—(12), solid/liquid interface
free energy, critical nucleus radius, and a value of
niobium with different purity can be calculated.
In this work, for Nb with 99.7% purity, o, r,
and o values are 0.271 J/m?, 1.245 nm, and 0.387,
respectively. For Nb with 99.95% purity, o, 7., and
a values are 0.283J/m?, 1.274nm, and 0.407,
respectively.

YANG et al [5], KANG et al [9], and
MORTON et al [40] conducted several under-
cooling experiments on metal niobium by
electrostatic levitation and drop tube method.

1341

According to their measurement results of
nucleation activation energy of niobium with
different purities, the solid/liquid interface free
energy of Nb can be calculated. Table 4 lists 7, o,
and a values calculated in this work and others.
The results in this work show that at the higher
Nb purity, the values of solid/liquid interface
free energy, critical nucleus radius, and the
configuration entropy difference between crystal
and liquid at the interface are all higher than those
at the lower Nb purity. Compared to the research
results of previous works, our results have a slight

difference due to different measurement methods.

3.6 Rapid dendrite
undercooling
The undercooled degree has great influence

on the dendrite growth velocity of materials. In

growth under deep

general, the greater the undercooling is, the faster
the dendrite growth is. The LKT/BCT model can
effectively describe the dendrite growth process
and is used to investigate the relationship among
undercooling, dendrite and
dendrite tip radius [45].

In the LKT/BCT model, the total undercooling

consists of four sub-undercooling degrees [46]:

growth velocity,

AT=ATAATAHATAHAT, (13)

where AT: is component undercooling; AT: is
thermal undercooling; ATk is dynamic undercooling;
AT: is the curvature undercooling of the dendrite tip.
In this work, because the purity of Nb is 99.7% and
99.95%, the effect of component undercooling can
be ignored.

To find the unique solution to Eq.(13), a
stability equation is needed:

R= L'lo (14)

(AH,, /C,)P¢,

Table 4 Solid/liquid interface free energy, critical nucleus radius, and « value of niobium with different purities

Author Purity/% AGw/(J-m™3) ro/nm o/(J'm2) a Method
99.7 4.344x108 1.245 0.271 0.387 ESL
This work
99.95 4.445%108 1.274 0.283 0.407 ESL
YANG et al [5] 99.95 4.295%108 1.191 0.256 0.368 ESL
KANG et al [9] 99.95 5.565%10% 1.150 0.320 0.478 ESL
MORTON et al [40] 99.9 4.200%x108 1.386 0.291 0.418 Drop tube
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where R is the dendrite tip radius; ¢ is the stability
constant; I” is the Gibbs—Thomson coefficient; P; is
the thermal Péclet number; & is the stability
parameter related to the Péclet number.

An appropriate  selection criterion  is
indispensable to determine the value of ¢ and is
more essential to the analysis of the dendrite growth
velocity in the procedure of electrostatic levitation
rapid solidification. Marginal stability (MS) theory
is a classical selection criterion for free dendrite
growth which believes that the stability constant
can be approximately assumed to be 1/(4n?) [47].
However, the solvability condition (SC) theory is
an improved selection criterion for non-isothermal
and non-equilibrium solidification conditions by
considering the effect of the anisotropy of surface
energy [48]. Herein, the combination of electrostatic
levitation and laser heating containerless method can
provide deeper undercooling and obtain metastable
materials, which is a non-isothermal procedure, and
thus the anisotropy of surface energy is an
important factor that should not be neglected in
dendrite growing of rapid solidification (Table 5).

Combined with the physical parameters of Nb,
the relationship between the undercooling and the
dendrite growth velocity by LKT/BCT model can
be obtained. The physical parameters required in
the calculation are itemized in Table 6.

The maximum dendrite growth velocity of
Nb in the undercooled state can reach dozens of
meters per second. In order to observe the solid/
liquid interface migration of the sample during
solidification and infer its dendrite growth velocity,
the sample is photographed at 2x10° fps with an
ultra-high-speed camera (i-speed508). As shown
in Fig. 12, the dark part is a liquid region and the

Table 5 Selection criterion for stable regime of growing
dendritic tip

Solvability Marginal
Parameter Function  condition stability theory
theory [48] [47]
Stablllty * 7/4 2
constant oof 1/(4m)
Stability 1
parameter 1 1——1/2
relatedto  &(PY) ——— ~_ 5 1
Péclet (1+a; {BP,) I
o P,
number

a1 is a constant [48]; f is the surface energy stiffness

Table 6 Physical parameters of pure Nb used in
LKT/BCT calculations

Parameter Value Source
Enthalpy of fusion, .
AH/(J-mol™) 30013.72 This work
Specific heat capacity, .
C,/(J-mol 1K) 40.55 This work
Gibbs—Thomson 5.69x107 GALE and
coefficient, 77(K-m) ’ TOTEMEIER [49]
Thermal diffusion 2 3x10°5 GALE and
coefficient/(m?-s™") ’ TOTEMEIER [49]
GALE and
ot
Sound speed, Vo/(m-s™') 2000 TOTEMEIER [49]
Surface energy 0.18 ALEXANDROV
stiffness, f ’ et al [48]
Stability parameter, oo 0.025 Fitting

bright part is a solid region. It can be seen that a
nucleation point is formed on the sample surface,
and then the crystal nucleus grows rapidly.

The photos of solid/liquid interface migration
with different undercoolings are recorded by an
ultra-high-speed camera, and then the velocity
could be derived by the time and position of the
migration images through an image processing
approach. The wvelocity is fitted as Eq. (15).
Figure 13 demonstrates the relationship between
the dendrite growth velocity v (m/s) and the
undercooling AT (K) of niobium.

v=1.06x10"* AT**'(99.7% Nb)
(15)

v=9.31x10""AT*""(99.95% Nb)

The dendrite growth velocity of pure Nb
demonstrates a power function with undercooling.
YANG et al [5] measured the dendrite growth
velocity of niobium by electrostatic levitation
technology and the speed at undercooling of 454 K
was about 41 m/s. In this work, the measurement
results are 41.4m/s (99.7% Nb) and 42.1 m/s
(99.95% Nb) at the undercooling of 454 K, which
are close to that of YANG et al [5]. By substantially
considering the effect of anisotropy of surface
energy, the deviation of the solvability condition
theory prediction result is much smaller than that
of the marginal stability theory prediction result.
Meanwhile, our research results show better
consistency compared to the results of YANG
et al [5]. This indicates that anisotropy of surface
energy plays a significant role in the electrostatic
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(a)

t=50 ps

(b)

Fig. 12 Solid/liquid interface migration during recalescence of undercooled Nb (shooting rate is 2x103 fps): (a) 99.7%
Nb with undercooling of 447.3 K; (b) 99.95% Nb with undercooling of 153.3 K
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o Experiment for 99.7% Nb .
401 Fitting for 99.7% Nb z
= Experiment for 99.95% Nb  /
- - - Fitting for 99.95% Nb iy
--= LKT/BCT for MS .
30r -~ LKT/BCT for SC

20

10} .

Dendrite growth velocity, v/(m+s™")

=7 1y=931x10710AT40!

0 100 200 300 400
AT/K

Fig. 13 Dendritic growth velocity versus undercooling of
Nb

levitation rapid solidification that should be taken
into account in the analysis of dendrite growth
velocity. The impurity can be regarded as a certain
type of additive, and our results also give another
proof of additive technology [50,51].

4 Conclusions

(1) According to the experimental data, the
thermophysical properties related to the nucleation
and solidification procedures are calculated,
including the hyper cooling limit, the liquid-state
specific heat capacity, and the fusion enthalpy.

(2) The relationship between the undercooled
degree and the cooling rate before nucleation is
studied. The measurement results have illustrated
that the smaller cooling rate corresponds to the
larger undercooling, which provides the possibility
to control the undercooled degree by controlling the
cooling rate of the sample.

(3) Through the statistical analysis of the
undercooling distribution of the Nb samples with
different purities, the most probable nucleation
undercooling, the pre-exponential factor, the
nucleation activation energy, the solid/liquid
interface free energy, and the critical nucleus radius
are obtained. The impurity can be regarded as a
type of additive that plays an important role in the
heterogeneous nucleation and dendritic growth
procedures of Nb. It can be assumed that a minor
increase in additive concentration significantly
changes the undercooling distribution and
nucleation behavior.

(4) The solid/liquid interface migration images

of the sample surface during the solidification
process were captured by an ultra-high-speed
camera, and the growth rate of the dendrite was
estimated. The experimental results show that
the dendrite growth velocity has a powerful
relationship with undercooling. At the undercooling
of 454 K, the dendrite growth velocity is about
42.1 m/s. The effect of anisotropy of surface energy
is considered in the analysis of dendrite growth
velocity and shows great consistency with our
experiment results.
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