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Density of liquid titanium was measured free from any contamination over wide temperature range of 1640 and 2090 [K] including the 
undercooling condition by electrostatic levitator (ESL). When the diameter of upper electrode of ESL was modi�ed to be smaller than that of 
lower one, it was decreased the uncertainty contribution of the droplet volume estimated from its image with respect to the density measure-
ment by 30% through the suppression of the horizontal movement of the levitated droplet. The expanded uncertainties of the measurement 
plot were less than only ±1.4% when the coverage factor k =  2 was selected. Furthermore, it was evaluated the expanded uncertainty in the 
temperature dependence of density for liquid titanium expressed by a primary approximation of the plots.  
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1.　 Introduction

Simulating a phase transition, such as crystallization and 
vitri�cation, requires highly accurate density, which is used 
as one of fundamental order parameters. However, using the 
conventional container method, it is dif�cult to measure ac-
curate density of melt for high melting point materials such 
as titanium, because the sample is usually contaminated by 
the measurement device at elevated temperatures.

To avoid any contamination during the density measure-
ment of liquid high melting point materials, container-free 
techniques such as electromagnetic levitation (EML) and 
electrostatic levitation (ESL) were employed1–5). These tech-
niques achieve deep undercooling during measurement, due 
to absence of a container wall which acts as a heterogeneous 
nucleation site of solidi�cation. However, the reported data 
of the density for liquid titanium still show discrepancies, 
particularly in the temperature coef�cient, as shown in 
Fig. 1, even when container-free techniques are employed.

The density data of liquid titanium reported by Lee et al.1) 
and Ishikawa and Paradis2) using ESL show comparatively 
good agreement over wide temperature range including un-
dercooling state. Saito et al.3) also measured the similar tem-
perature dependence of density for liquid titanium by using 
EML.

However, the density measured by Paradis and Rhim4) us-
ing ESL is much higher than those of the above literature at 
low temperature, so the absolute value of temperature coef�-
cient becomes twice as large. Although Zhou et al.5) also re-
ported such a large temperature coef�cient by using EML, 
the reported density is much lower than that of other litera-
ture at high temperature.

For the discrepancies between the literature data on den-
sity of liquid titanium measured by container-free tech-

niques of EML and ESL, several possible reasons involving 
volume estimation and temperature measurement of sample 
are considered. Volume of a levitated droplet, necessary for 
the density calculation, is estimated from its side view moni-
tored by a high-speed camera, under the assumption that the 
droplet shape is rotationally symmetrical with respect to the 
vertical axis. However, it is dif�cult to estimate an accurate 
droplet volume when the levitated droplet shows surface os-
cillations, because the above assumption is not always satis-
�ed6). Comparatively large surface oscillations are usually 
induced in the electromagnetically levitated droplet, unless a 
strong static magnetic �eld is superimposed7,8).

A blurred image of the droplet, which is often caused 
from its high-temperature luminescence, could lead to an in-
correct estimation of the volume. Translational oscillation of 
the droplet would also induce an incorrect estimation of the 
volume: if the droplet moves to back and forward from the 
reference position at which the camera is set for monitoring, 
the volume of the droplet is under- and overestimated. In the 
EML technique, a levitated droplet usually shows transla-
tional oscillation, due to an inhomogeneous distribution in 
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Fig. 1　Literature data reported for density for liquid titanium measured by 
container-free techniques. (1: Lee et al.1), 2: Ishikawa & Paradis2), 3: 
Saito et al.3), 4: Paradis & Rhim4), and 5: Zhou et al.5))
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the magnetic �eld of the levitation coil7–9). In the ESL tech-
nique, it is dif�cult to suppress the translational oscillation 
of a droplet having low density and high vapor pressure such 
as titanium. A light sample is sensitively moved by a small 
change of electrostatic force. Evaporation of the sample not 
only decreases the sample mass, but also varies quantity of 
electric charge of the droplet, which is necessary for electro-
static levitation.

Since the center of the sample gets out from the line of 
sight of a pyrometer, translational oscillation of a droplet 
would also cause a noise and error in the temperature mea-
surement. For a very small sample usually used in ESL, the 
suppression of the translational oscillation of the droplet is 
particularly important.

Recently, Okada et al.10) reported that the translational os-
cillation of the electrostatically levitated sample can be sup-
pressed when the diameter of the upper electrode of the ESL 
was modi�ed to be smaller than that of the lower one; the 
distribution of a conical electrical �eld induced from the 
modi�ed electrodes improved horizontal position stability of 
the levitated sample.

In this study, density of liquid titanium was measured 
over a wide temperature range, including undercooling state, 
by ESL equipped with the modi�ed electrodes in which the 
upper electrode has a smaller diameter than that of the lower 
electrode. To permit an accurate determination of the droplet 
contour, a backlight system was employed for its observa-
tion. Furthermore, high purity titanium was used as a sam-
ple. The purpose of this study was to accurately measure 
density of liquid titanium, to settle the discrepancy in the lit-
erature data.

2.　 Experiment Procedure

Figure 2 exhibits a schematic diagram of ESL apparatus 
of the Japan Aerospace Exploration Agency (JAXA) used in 
this study. The basic design of the ESL is similar to that de-
veloped by Rhim et al.11) Details of the facility are described 
elsewhere12). The chemical composition of high purity tita-
nium used in this study is exhibited in Table 1. A piece of 
cubic sample of about 22 [mg] was placed between a pair of 

parallel disk electrodes installed in a vacuum chamber. After 
the chamber was evacuated to the order of 10−5 [Pa], the 
positively charged sample was electrostatically levitated by 
applying a high voltage between the electrodes. To improve 
horizontal stability of the levitated sample, the upper elec-
trode was modi�ed to have a smaller diameter (ϕ10 mm) 
than that of the lower one (ϕ25 mm), at which distribution of 
a conical electrical �eld induces a restoring force to move 
the sample toward the center of the electrodes, as numeri-
cally shown in Fig. 313). Although the surfaces of iso-electric 
potential are almost �at between the conventional ESL elec-
trodes with the same diameter (Fig. 3 (a)), it shows gradi-
ent13) when the diameter of the upper electrode becomes 
small (Fig. 3 (b)).

The levitated sample was melted and then heated by irra-
diations of 100 W CO2 laser from three directions, with 120 
degrees difference in the horizontal plane, to minimize hori-
zontal movement of the levitated sample and enhance the 
temperature homogeneity14).

The sample temperature was monitored by using sin-
gle-color pyrometer, at which the emissivity was adjusted to 
make the plateau temperature of the liquid phase after the re-
calescence indicate the equilibrium melting point of tita-
nium. Although the period of the plateau temperature was 
only about 0.1 sec, sampling rate of the pyrometer used in 
this study (120 Hz) was suf�ciently high to detect it.

The sample image was continuously observed from the 
horizontal direction by three high-speed CCD cameras, in 
conjunction with temperature while cooling the sample after 
turning off the laser irradiation. To determine the accurate 
sample contour, a background light of mercury lamp was 
employed, together with high-pass �lter inserted in front of 

Fig. 2　Schematic view of the electrostatic levitation furnace and its diag-
nostic apparatus: (1) sample, (2) upper electrode, (3) lower electrode, (4) 
side electrodes, (5) He-Ne lasers, (6) position detectors, (7) CO2 laser 
beams, (8) pyrometers, (9) mercury lamp, (10) CCD camera, (11) CCD 
cameras with telephoto objective lens.

Table 1　Chemical composition of titanium sample (mass ppm).

Ti Ag Al B Bi Ca Cd

Bal. <0.02 0.69 <0.01 <0.01 <1 <0.05

Co Cr Cu Fe K Mg Mn

<0.01 0.39 0.4 0.35 <0.01 <0.01 0.1

Mo Ni P Si Sn Th U

<0.05 0.54 <0.01 1.4 <0.05 <0.0001 <0.0001

V W Zn C N O S

0.03 <0.01 <0.05 <10 <10 110 <10

Fig. 3　Distribution difference of electric �eld between the electrodes by a 
numerical analysis, when the diameter of upper electrode is decreased 
from (a) 25 mm to (b) 10 mm.
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the cameras15). Luminosity (mainly in the infrared) of a high 
temperature sample usually blinds its optical image.

The contour of the droplet image was numerically �tted 
by the following series of Legendre polynomials Pn(cosθ) of 
order �ve,

 R(θ) =
5

n=0

cnPn(cos θ) (1)

where R(θ) is length from the center of gravity to the edge 
for the droplet, θ is the polar angle, and cn is the coef�cients. 
Furthermore, the dimension of observed image was cali-
brated by levitating a solid reference sphere having a pre-
cisely known diameter under identical conditions.

Since the electrostatically levitated droplet was axi-sym-
metric, its volume V was calculated from each of the �tted 
data of side view, by using the following equation,

 V =
2π
3

π

0

R(θ)3 sin θdθ (2)

The mass of liquid sample corresponding to its temperature 
during cooling was calculated from the measured value after 
solidi�cation, in consideration of the following evaporation 
rate measured by using the same ESL16).

 e(T )(mg/s) = 5.13 × 10−13 exp(1.17 × 10−2T ) (3)

The density of liquid titanium for each temperature was de-
termined from the sample mass M divided by the volume V.

 ρ =
M[kg]
V[m3]

 (4)

Uncertainty in the density measurement was evaluated 
based on GUM (ISO Guide to the Expression of Uncertainty 
in Measurement)17).

3.　 Results

Since the electrostatic levitation technique is based on 
Coulomb forces acting on charged sample placed within an 
electrostatic �eld, the experimental chamber was evacuated 
to the order of 10−5 [Pa] to suppress discharges from elec-
trodes in this study. Although titanium oxides are formed 
under the vacuum condition of 10−5 [Pa] below 2100 K from 
a simple thermodynamic calculation using the Gibbs energy 
of oxides formations, no appreciable oxide was detected in 
the liquid sample. If some oxides is formed during the ex-
periment, it can be detected in both the droplet image and 
the temperature pro�le because it has a higher emissivity. 
Very high oxygen solubility of liquid titanium may prevent 
the sample oxidation.

Figure 4 shows a typical cooling curve for the titanium 
sample levitated by the ESL. When the irradiations of all the 
heating lasers were shut off after the sample was suf�ciently 
heated above the melting point, the sample temperature was 
deeply undercooled due to absence of container wall which 
acts as a heterogeneous nucleation site for solidi�cation, and 
then increased sharply due to a recalescence. The recales-
cence was also con�rmed from the time sequence of the cor-
responding droplet images. From these results, it was con-

�rmed that the sample was in liquid state at segment a-b of 
Fig. 4. Furthermore, careful inspection of the temperature 
pro�le revealed very short period of plateau temperature 
which corresponds to the melting point of titanium sample 
after the recalescence.

Figure 5 shows the variation of the horizontal sample po-
sition during radiative cooling corresponding to segment a-b 
of Fig. 4 after shutting off the laser heating. Although the ir-
radiation of heating laser from three directions can minimize 
the horizontal movement of levitated sample due to photon 
momentum transfer and local evaporation of the sample14), it 
also introduces an unbalanced force, enough to change the 
stable levitation position of the sample at the horizontal di-
rection. As a result, horizontal displacement of the levitated 
sample is usually induced instantaneously just after shutting 
off the irradiation, followed by a translational oscillation of 
the sample. However, it is much suppressed by using the 
modi�ed con�guration of electrode (○) having a smaller 
upper electrode, since the initial movement of the sample is 
reduced from about 200 μm to 30 μm.

Figure 6 exhibits the density of liquid titanium as a func-
tion of temperature, measured by ESL equipped with the 
modi�ed con�guration of electrode, together with the litera-
ture data for comparison1–5). The density of liquid titanium 

Fig. 4　Typical cooling curve of titanium sample levitated by the ESL after 
shutting off the irradiation of heating laser.

Fig. 5　Variation of the horizontal sample position during radiative cooling 
corresponding to the segment a-b of Fig. 4.
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was measured over the wide temperature range of about 450 
[K] between 1640 [K] and 2090 [K], including the under-
cooling region. Since the measured density exhibits a linear 
temperature dependence, it can be described by a primary 
approximation of the plots as follows.

 ρTi(T ) = −0.23762(T − 1941) + 4193 [kg ·m−3], (5)

where the intercept (4193 [kg･m−3]) corresponds to the den-
sity of liquid titanium at the melting point (1941 K). The ab-
solute value of temperature coef�cient of the density for liq-
uid titanium measured in this study is about half of the 
literature data reported by Paradis & Rhim4) and Zhou et 
al.5) Whereas, the temperature dependence of density mea-
sured in this study agrees well with the literature data re-
ported by Lee et al.1), Ishikawa and Paradis2), and Saito et 
al.3) The differences of the absolute values of the density and 
its temperature coef�cient are only within about 1.4% 
(60 kg･m−3) and 4.3% (0.01 kg･m−3･K) between these stud-
ies, respectively.

4.　 Discussion

4.1　 Uncertainty for the measurement plot
In this section, to support the validity of our measurement 

result for density of liquid titanium, uncertainty for the mea-
surement was evaluated based on GUM17). As mentioned in 
section 2, the mass of the levitated droplet used for density 
calculation M was estimated from the measured value after 
solidi�cation, in consideration of its evaporation. The vol-
ume of droplet was determined from its 2-D image observed 
from the horizontal direction by high-speed video camera. 
The unit of droplet diameter was converted from pixels [px] 
into meters [m] by using the reference sphere, the diameter 
of which was measured by a micrometer. Therefore, the 
main sources of uncertainty in the measurement are from 
measured value of sample mass after experiment (m), 
amount of sample evaporation (e), numerical �tting of drop-
let contour (f), diameter of droplet image in pixel units (dp), 
diameter of reference sphere in metric units (dr), and droplet 
volume converted from the 2D image (V). The combined 
standard uncertainty in the density measurement uc(ρ) can 
be evaluated from the uncertainty contributions uρ(i) of each 
source as follows,

 uc(ρ) =
(uρ(m))2 + (uρ(e))2 + (uρ( f ))2

+ (uρ(dP))2 + (uρ(dr))2 + (uρ(V))2  (6)

uρ(i) is obtained from the products of the individual standard 
uncertainty u(i) and sensitivity coef�cient c(i) for each 
source. Table 2 shows the uncertainty budget in the density 
measurement, when the largest value of the combined stan-
dard uncertainty was obtained within all plots, as the repre-
sentative example. The standard uncertainty of the measured 
value of sample mass after experiment, u(m), was calculated 
from the resolution of our electronic balance of 0.01 ×  10−6 
[kg]. u(e) was evaluated from the change of the sample mass 
of 0.01 ×   10−6 [kg] during measurement. Since the electro-
statically levitated droplet shows as spherical, u(f) was ob-
tained as the estimated standard deviation of pixels corre-
sponding to the radius of droplet image when it was 
measured at 400 different points; the square of deviations of 
the detected radius was 150 [px2]. u(dp) was calculated as 
the detectable minimum length of droplet image, which is 1 
[px]. u(dr) was evaluated from the measurement resolution 
of a micrometer. u(V) was calculated as the estimated stan-
dard deviation of the volume of the reference sphere, when it 
was estimated from the droplet image a few dozen times.

Sensitivity coef�cient c(i) was evaluated by the partial de-
rivative of each uncertainty source with respect to eq. (4) in 

Fig. 6　Density of liquid titanium measured by ESL equipped with the 
modi�ed con�guration of electrodes, together with the literature data ob-
tained by using container-free techniques. (1: Lee et al.1), 2: Ishikawa & 
Paradis2), 3: Saito et al.3), 4: Paradis & Rhim4), and 5: Zhou et al.5)) The 
dotted lines correspond to uncertainty for the regression line calculated 
from measurement plots of this study.

Table 2　Uncertainty budget of density measurement of liquid titanium by ESL equipped with the modi�ed con�guration of electrodes.

Source Type Value Divisor Standard uncertainty
u(i)

Sensitivity coef�cient
c(i)

Uncertainty contribution
uρ(i)

Measured value of sample mass after
experiment, m

B 0.5 ×  10−8 [kg]
√

3 2.8868 ×  10−9 [kg] 1.9605 ×  108 [m−3] 0.56595 [kg･m−3]

Amount of sample evaporation, e B 0.5 ×  10−8 [kg]
√

3 2.8868 ×  10−9 [kg] 1.9605 ×  108 [m−3] 0.56595 [kg･m−3]

Numerical �tting of droplet contour, f A 0.61314 [px] 1 0.61314 [px] －42.598 [kg･m−3･px−1] －26.119 [kg･m−3]

Diameter of droplet image, dp B 0.5 [px]
√

3 0.28868 [px] －42.598 [kg･m−3･px−1] －12.297 [kg･m−3]

Diameter of reference sphere, dr B 0.5 ×  10−6 [m]
√

3 2.8868 ×  10−7 [m] －6.2147 ×  106 [kg･m−4] －1.7940 [kg･m−3]

Volume converted from droplet image, V A 4.2399 ×  10−12 [m3] 1 4.2399 ×  10−12 [m3] －8.3829 ×  1011 [kg･m−6] －3.5543 [kg･m−3]

Combined uncertainty, uc(ρ): 29.153 [kg･m−3]

Expanded uncertainty, U: 58.31 [kg･m−3] (coverage factor kp =  2 is selected.)
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consideration of the following volume formula of the sphere,

 V =
π

6
(a · dp)3 (7)

where a is the coef�cient for converting dp into metric units.

 c(m) = c(e) =
∂ρ

∂M
=

1
V

 (8)

 c( f ) = c(dp) =
∂ρ

∂dp
=
−18M
π · a3 · d4

p
 (9)

 c(dr) =
∂ρ

∂dr
=
−18M
π · d4

r
 (10)

 c(V) =
∂ρ

∂V
=
−M
V2

 (11)

When coverage factor kp =  2 is selected to expand the uncer-
tainty in our measurement plots to satisfy 95.45% con�-
dence, the maximum value of it was calculated as ±58.31 
[kg･m−3], corresponding to about ±1.37% for the measure-
ment plots. This indicates that the uncertainty of our density 
measurement is at a suf�ciently low level. The measured 
density of this study agrees very well with the literature data 
of Lee et al.1), Ishikawa and Paradis2), and Saito et al.3) 
within the uncertainty in the measurement.

Although the uncertainty contribution of the estimation of 
droplet volume, uρ(V), was decreased from −4.93 [kg･m−3] 
to −3.55 [kg･m−3] (became 70%) when the horizontal 
movement of the droplet was suppressed by using the modi-
�ed con�guration of electrodes in this study (see Fig. 5), the 
combined uncertainty uc(ρ) was reduced by only 0.4 
[kg･m−3] (less than 0.7%) because uρ(V) is more than 7 
times smaller than uρ(f), and 3 times smaller than uρ(dp) as 
shown in Table 2. This result indicated that it is crucial to 
improve resolution of the droplet image, to reduce uncer-
tainty in density measurement by ESL.

4.2　 Uncertainty for the temperature dependence of 
measured density

To utilize the measurement result of density for liquid ti-
tanium effectively, the uncertainty should be described not 
only in the measurement plots, but also in temperature de-
pendence. Although the absolute value of the temperature 
coef�cient for the density of liquid titanium measured in this 
study agreed well with the literature data reported by Lee et 
al.1), Ishikawa and Paradis2), and Saito et al.3), it is about a 
half of that reported by Zhou et al.4) and Paradis and Rhim5). 
The uncertainty of eq. (5) is evaluated here. The linear ap-
proximate expression for the temperature dependence of 
density can be described as follows, by using the arithmetic 
mean values of the measured density ρ  and temperature T  ,

 ρTi(T ) = β(T − T ) + ρ, (12)

where β   is the temperature coef�cient of density. The uncer-
tainty of this regression line uc(ρT), provided on the assump-
tion that the uncertainty of temperature is neglected, can be 
evaluated from the following equations,

 (uc(ρT ))2 = (T − T )2 · (u(β))2 + (u(ρ))2 (13)

 (u(β))2 =
σ2

e + (uc(ρ))2

(Ti − T )2
 (14)

 (u(ρ))2 =
σ2

e

n
+ (uc(ρ))2 (15)

 σ2
e =

[ρi − {β(Ti − T ) + ρ}]2

n − 2
 (16)

where σ2
e is the residual variance of the measured density, 

and n is the number of measuring plots. From these equa-
tions, the expanded uncertainty of the temperature coef�-
cient of density for liquid titanium measured in this study, 
U(β  ), was evaluated as ±3.027 ×  10−2 [kg･m−3･K−1], when 
the coverage factor of k =  2 was selected. Furthermore, that 
of the eq. (5) is expressed as follows,

 (U(ρT ))2 = 1.0285 × 10−3(T − 1854)2 + 3400.1 (17)

These results con�rmed that the temperature dependence of 
the density for liquid titanium measured in this study is 
identical with the literature data reported by Lee et al.1), 
Ishikawa and Paradis2), and Saito et al.3) within the uncer-
tainty in the measurement. Even when the coverage factor of 
kp =  3 is selected to expand the uncertainty in our measure-
ment to satisfy 99.73% con�dence, the temperature coef�-
cient of this study was quite different from that reported by 
Zhou et al.5) and Paradis and Rhim4).

5.　 Summary

To measure an accurate density of liquid titanium over a 
wide temperature range including undercooling condition by 
ESL, the horizontal movement of the levitated sample was 
greatly suppressed by using a modi�ed con�guration of 
electrodes, in which the diameter of upper electrode was 
smaller than that of lower electrode. Uncertainty in the mea-
surement was evaluated based on GUM.

The temperature dependence of the density for liquid tita-
nium was described by a primary approximation of the plots, 
as follows.

 
ρTi(T ) = −0.23762(T − 1941) + 4193 [kg ·m−3]

(1640 K−2090 K)
 

This result agreed well with the literature data reported by 
Ishikawa and Paradis2), Lee et al.1), and Saito et al.3)

The maximum value of the expanded uncertainty between 
the measurement plots was ±58.31 [kg･m−3] (±1.37%) 
when coverage factor kp  =   2 was selected. Suppression of 
horizontal movement of levitated droplet by using modi�ed 
electrodes decreased the uncertainty contribution of the esti-
mation of droplet volume by about 30% in the measurement. 
It was clari�ed that resolution of the droplet image should be 
improved to further decrease combined uncertainty of the 
density measurement by ESL, since the uncertainty contri-
bution regarding the droplet image is much higher than other 
factors.

The expanded uncertainties for temperature dependence 
of the density for liquid titanium and its temperature coef�-
cient were evaluated as follows, respectively,
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 U(ρT ) = 1.0285 × 10−3(T − 1854)2 + 3400.1 [kg ·m−3] 

 U(β) = ±3.027 × 10−2 [kg ·m−3 · K−1] 
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