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Abstract The surface tension and specific heat for liquid
ternary Ti—6A1-4V alloy were measured by the oscillating
drop method and drop calorimetry, respectively, under
containerless condition over broad temperature ranges. The
solidification microstructures at different undercoolings
appeared as the basket-weave morphology. The relation-
ship between dendritic growth velocity of [ phase and
undercooling was determined as a power function, and the
growth velocity attained 22.21 ms™' at the maximum
undercooling of 252 K (0.13 7). The mechanical property
of this alloy solidified at different undercoolings was
determined through compression tests, while its thermal
diffusivity in the solid state was measured by the laser flash
method.

1 Introduction

The substantial undercooling and characteristic properties
of liquid alloys have attracted more and more interest in the
past decade due to the significance for both experimental
and computational materials science studies [1-17]. Up to
now, the crystal growth and thermal properties research of
liquid melts in substantial undercooled state such as crystal
growth velocity [2], surface tension [6-10] and specific
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heat [12] are still limited owing to the difficulty of exper-
iments. Fortunately, the substantial undercooling can be
obtained by the electromagnetic levitation [6, 7, 12], and
the oscillating drop method [6, 7, 9, 10] and drop
calorimetry [12] under levitated condition can be used to
determine the surface tension and specific heat of liquid
melts, respectively. The electromagnetic levitation tech-
nique has also been applied to investigate the rapid crystal
growth within undercooled liquid alloys [2]. Moreover, the
mechanical property of small alloy samples is often
determined by compression tests. In addition, the thermal
diffusivity of solid alloys can be measured by the laser
flash method effectively, which is the most frequently used
technique [18].

Ti—6Al-4V alloy is the most commonly used Ti-based
alloys owing to its excellent properties [10, 19-23]. The
investigations on substantial undercooling and crystal
growth characteristics are very important for the develop-
ment of the alloy. The aim of the present work is to obtain
the substantial undercooling of liquid Ti-6Al-4V alloy and
the experimental data on the surface tension and specific
heat measured by electromagnetic levitation technique.
The solidification microstructure and dendritic growth
velocity of B phase are also investigated. Meanwhile, the
mechanical property of the alloy is obtained by compres-
sion test. Moreover, by using the laser flash method, the
thermal diffusivity of solid Ti-6Al-4V alloy is measured
over a wide temperature range.

2 Experimental method
The samples of Ti—-6A1-4V (in wt%) alloy with the mass of

about 0.65 g were prepared from high-purity metals, i.e., Ti
(99.999 %), Al (99.9999 %) and V (99.8 %), to be used for
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the undercooling experiments. Electromagnetic levitation
apparatus was employed to perform the undercooling
experiments. The sample was levitated and melted in the
apparatus. The surface oscillations were recorded to obtain
the surface tension of liquid melts. The adiabatic copper
calorimeter was used to measure the enthalpy change of the
dropped liquid sample after recording the oscillation signal,
and the specific heat can be determined from enthalpy
change. The crystal growth velocity was measured by a
high-speed photodiode device. The detail of these methods
has been reported in references [2, 6, 12, 15].

The thermal diffusivity of solid Ti—-6Al-4V alloy was
determined by Linseis LFA 1000 laser flash diffusivity
apparatus. The experimental sample with a diameter of
12.70 mm and thickness of 2.86 mm was prepared, and
graphite was sprayed on the surface of the sample. Mean-
while, the engineering stress—strain curve of solidified
sample was measured by INSTRON 5567 apparatus.

3 Results and discussion

3.1 Thermophysical properties of liquid Ti—-6A1-4V
alloy

By means of the oscillating drop method, the experimental
surface tension results of undercooled liquid ternary Ti—
6Al-4V alloy were measured over the 1686 to 2250 K
temperature range, and the maximum undercooling of
247 K (0.13 Tr) was achieved. The experimental results
are plotted in Fig. la. The experimental surface tension
results of the alloy can be represented as a linear function
of temperature, and the following equation can be fitted:

or =138 -3.13x 107 (T —1933), Nm . (1)

At the liquidus temperature (1933 K), the surface tension
value is equal to 1.38 N m_l, and the temperature coeffi-
cient is determined as —3.13 x 107* Nm~' K.

There are some relevant surface tension values of liquid
ternary Ti—-6Al-4V alloy in [10, 22, 23], as shown in
Fig. la, where the Ti-6Al-4V (in at%) reported by Sch-
neider [23] was transformed into Ti-3.5A1-4.4V (in wt%).
The measured result of Ti-6Al-4V alloy at liquidus tem-
perature is smaller than the value reported by Vinet [22],
but similar to Ti-3.5A1-4.4V alloy [10, 23]. Furthermore,
the temperature coefficients by Egry [10] and Schneider
[23] are lower than that by this work. In addition, the
measured surface tension value of liquid Ti—6A14V alloy
at 1933 K is smaller than that of Ti [24] in liquid state, but
higher than those of TiggAlyg [6], TissAlys [15] and Tisg
Als; [4] alloys in liquid state. Meanwhile, it is evident that
the measured temperature coefficient of liquid Ti—-6Al-4V
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Fig. 1 Measured surface tension and enthalpy change of undercooled
liquid Ti-6Al1-4V alloy versus temperature: a surface tension,
b enthalpy change

alloy is also smaller than that of liquid Ti and these binary
Ti—Al alloys.

The enthalpy change of the liquid Ti-6Al-4V alloy was
determined by the levitation drop calorimeter method in the
temperature range of 1713—2161 K, and the maximum
undercooling obtained in the experiments was 220 K
(0.11 Ty), as shown in Fig. 1b. Clearly, the enthalpy
change of the alloy presents a linear function of tempera-
ture as follows:

H(T) — H(293) = 1948.4 + 33.33T, J mol . (2)

According to the equation, the measured specific heat
value of liquid Ti—6Al-4V alloy is determined as
3333 Jmol ' K7

The measured specific heat data for this alloy in
undercooled liquid state are still limited in the literature.
However, the specific heat results of liquid Ti [24], Al [24],
V [24], TigoAlyg [25] and TiseAls; [25] binary alloys can be
found in several reports, which are, respectively, equal to
33.51, 29.14, 39.73, 33.01 and 31.27 Jmol ' K"
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Apparently, the specific heat data for the ternary alloy is
smaller than those of Ti, V, but higher than those of Al and
the binary alloys. Moreover, the specific heat value of the
alloy is very close to that of Ti and TigyAl,, alloy.

3.2 Dendritic growth and microstructures

To have more details on the crystal growth characteristics
of substantially undercooled Ti—6Al-4V alloy, the den-
dritic growth, phase constitution and microstructure were
further studied by electromagnetic levitation technique,
XRD and optical microscope.

Figure 2 shows the solidification microstructures of Ti—
6Al-4V alloy at different undercoolings in the electro-
magnetic levitation experiments. When the sample solidi-
fied at low undercooling state, the microstructure is
characterized by the coarse grains, as shown in Fig. 2a. At
the maximum undercooling of 252 K, the grain boundary
has disappeared as shown in Fig. 2b. The microstructures
of the samples at different undercoolings show the basket-
weave morphology, and it is quite different from the other
alloys solidified under electromagnetic levitation condition,
such as Fe-based alloys [2]. The phase change from f to o
phase in solid state at high temperature has remarkably
changed solidification microstructures.

Fig. 2 Solidification microstructure of Ti—-6A1-4V alloy under elec-
tromagnetic levitation condition: a AT = 32 K, b AT =252 K

X-ray diffraction analysis was employed to obtain the
phase constitution of Ti—6A1-4V alloy solidified at differ-
ent undercoolings. Both of the diffraction patterns for the
samples solidified at 32 and 252 K reveal o and B solid
solution phases, as shown in Fig. 3a.

Moreover, the dendritic growth velocity of B phase in
Ti—-6A14V alloy was measured under electromagnetic
levitation containerless condition, and the velocity attained
2221 ms~' at the maximum undercooling of 252 K
(0.13 Ty). Figure 3b presents the experimental dendritic
growth velocity of B phase in Ti-6A1-4V alloy, which can
be described as a power function of undercooling

V =755x107AT"* ms'. (3)

3.3 Mechanical and thermal properties of solid
Ti—6A1-4V alloy

The application of a material is usually determined by its
characteristic properties, such as mechanical and thermal
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Fig. 3 The XRD pattern and dendritic growth velocity of 8 phase in
Ti—6Al-4V alloy at different undercoolings: a XRD pattern, b growth
velocity
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properties. In this work, these key properties are also
investigated by using the relevant analysis equipment.

The engineering stress—strain curves of ternary Ti—6Al—
4V alloy solidified at 19, 79 and 176 K were studied by
INSTRON 5567 apparatus in order to reveal the relation-
ship between mechanical property and undercooling, as
shown in Fig. 4a. Obviously, the mechanical properties
change significantly with the undercooling. In addition, the
strength of ternary Ti—6Al-4V alloy rises at the cost of
toughness. Figure 4b presents the elastic modulus and
elastic limit of ternary Ti—-6Al-4V alloy at these under-
coolings. Both of the elastic modulus and elastic limit
increase remarkably with the increase of undercooling. In
this work, the microstructures of Ti—6A1-4V alloy have
changed with the undercooling. The grain refinement is
occurred with the increase of undercooling. Therefore, the
elastic modulus and elastic limit of the ternary alloy are
enhanced.

As one of the most important thermal properties, the
thermal diffusivity of Ti-6Al-4V alloy in solid state was
measured by Linseis LFA 1000 laser flash diffusivity
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Fig. 4 Measured compressive stress—strain curves and relevant
properties of Ti—-6Al-4V alloy at different undercoolings: a engineer-
ing stress—strain curves, b elastic modulus and elastic limit
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Fig. 5 Measured thermal diffusivity and calculated thermal conduc-
tivity of solid Ti—6Al-4V alloy versus temperature: a thermal
diffusivity, b thermal conductivity

apparatus. As shown in Fig. 5a, the measured result
increased linearly with the temperature in the temperature
range of 199-1080 K and can be described as follows:

a=1.93 x 1070 —2.91 x 107°T, m*s~". (4)

In the experimental temperature range, there is no signifi-
cant change for the measured thermal diffusivity results of
this alloy.

The specific heat and density of solid ternary Ti—6Al—
4V alloy have been determined by Boivineau [21] and lida
[24], respectively. Consequently, the thermal conductivity
of ternary Ti-6Al-4V alloy in solid state can be obtained
from these thermal properties as the following relationship

Js = 1.98 +3.02exp(1.79 x 1073T), Wm 'K~!.  (5)

Figure 5b presents the thermal conductivity values for
solid Ti—6A1-4V alloy found in the literature [21, 24].
Evidently, the computed value by this work is very close to
those literature data.
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4 Conclusions

The substantial undercooling and thermophysical proper-
ties of liquid ternary Ti—-6A1-4V alloy were investigated by
electromagnetic levitation. The surface tension data
obtained for liquid Ti—-6Al-4V alloy obey a linear rela-
tionship over the temperature range investigated, and the
experimental value was equal to 1.38 Nm ™" at the liquidus
temperature (1933 K). The specific heat of the liquid alloy
was determined to be 33.33 Jmol' K™' over the
1713-2161 K temperature range. The solidification
microstructures at different undercoolings were composed
of o and B phases and displayed the basket-weave mor-
phology. In addition, the power function relationship
between dendritic growth velocity of § phase and under-
cooling was found, and its growth velocity attained
2221 ms™' at the maximum undercooling of 252 K
(0.13 T1). Meanwhile, by using the laser flash method, the
temperature dependence of thermal diffusivity for solid
ternary Ti—6Al-4V alloy can be described by a linear
function.
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