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ABSTRACT

The densities of Ti–X (X = Cu, Ni) melts were measured by a combination of

electromagnetic levitation and a static magnetic field. The static magnetic field

suppressed surface oscillation of the levitated sample droplet, which enhances

the accuracy and precision of density measurements. Densities of the Ti–X melts

varied linearly over a wide temperature range including a supercooled tem-

perature region. The excess volumes of Ti–X were slightly negative over the

entire composition range. These results are discussed within a thermodynamic

framework considering the relationship between excess volume and thermo-

dynamic properties such as excess Gibbs energy and enthalpy of mixing. The

excess volume correlated more strongly with excess Gibbs energy for various

binary alloy systems than with the enthalpy of mixing.

Introduction

Correlations between excess volume and thermody-

namic functions of liquid-state binary alloys have

been reported since 1937 [1, 2]. We have investigated

the correlation between excess volume (VE) and

excess Gibbs energy (GE) of 20 binary alloy melts (0.5

mole fraction) [3, 4]. We reported that compound-

forming systems have negative VE with negative GE

in liquid states. Conversely, alloy systems exhibiting

immiscibility have positive VE with positive GE in

liquid states. In addition, alloy systems exhibiting

order–disorder transitions have positive VE with

negative GE in liquid states.

The Ti–Cu and Ti–Ni systems are compound-

forming systems [5]. On the basis of the foregoing

trend, we expect that these systems have negative VE.

In 2004, Krasovskyy and Naidich [6] used the sessile

drop method to measure the densities of the Ti–Cu

melts. In 2013, Amore et al. [7] used an electromag-

netic levitation (EML) method to measure the densi-

ties of Ti–Cu melts. The composition dependence of

density reported by Krasovskyy and Naidich [6]

showed positive deviation from the ideal solution

model. Conversely that reported by Amore et al. [7]

showed a negative deviation.

In the case of Ti–Ni melts, Zou et al. [8] measured

the densities over a limited range of compositions,

namely a Ni mole fraction range of 0.45–0.55 by an

electrostatic levitation (ESL) method. Thus, the VE of

Ti–Cu and Ti–Ni melt have yet to be well established.

In this study, we aimed to accurately measure the

density of Ti–X (X = Cu or Ni) melts using a combi-

nation of EML and a static magnetic field [3]. A static
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magnetic field was applied to a levitated sample

droplet to suppress the surface oscillation and

translational motion of the droplet, which enables

high-precision density measurements. On the basis of

these results, we discuss VE in terms of thermody-

namic properties such as mixing enthalpy and GE for

various binary alloy systems.

Experimental

Full details of the levitation method for the density

measurements are given in previous paper [3]. Samples

were prepared using Cu (99.99 mass% purity), Ni

(99.996 mass% purity) and Ti (99.9 mass% purity),

which were alloyed by arc melting. The sample was

levitated electromagnetically in an Ar-5 vol% H2 gas

atmosphere. A static magnetic field of 2.0–4.0 T was

then applied to the sample droplet by a supercon-

ducting magnet (JMTD-10T 120SSFX, Japan Super-

conductor Technology, Kobe, Japan) to suppress

sample oscillation and translational motion. Side-view

images of the sample were recorded for 10 s in each

measurement at a frame rate of 200 fps, i.e., sample

images were obtained from an average of 2000 images

taken by a high-speed camera (MC1310, Mikrotron,

Unterschleißheim, Germany). The sample radius

(r) was determined by fitting of the sample edge with a

series of Legendre polynomials, and its volume (V) was

calculated assuming that the sample shape was rota-

tionally symmetrical around the vertical axis. Stainless

steel balls (diameters: 4.760, 6.366 and 6.999 mm) were

used as a calibration standard to obtain the real length

of the sample droplet. The sample mass (m) was mea-

sured before and after the density measurements, and

its average value was used for the density determina-

tion. The sample temperature was measured with a

single-color pyrometer, which was calibrated to the

liquidus temperature of each alloy [5]. Because tita-

nium easily absorbs oxygen, oxygen dissolved in Ti

before and after measurement was quantitatively ana-

lyzed by LECO analysis (TC-436, LECO, St. Joseph).

Results

Ti

The dissolved oxygen contents in the Ti sample

measured before and after the density measurements

were 0.0751–0.0765 and 0.0597–0.0815 mass%,

respectively.

From these results, we confirmed that the oxygen

content did not change during the measurement.

The temperature dependence of the density of

liquid Ti is shown in Fig. 1 together with alloy data,

which is given by a linear function of temperature in

Table 1. The present results show good agreement

with previous results [7–19] within the uncertainty,

except for the data obtained with the ESL method

reported by Paradis et al. [20]. Ozawa et al. [15]

mentioned that it is difficult to maintain a rotationally

symmetrical shape of liquid Ti with respect to the

vertical axis in ESL measurements.

Ti–Cu system

The temperature dependences of the densities of the

Ti–Cu melts are shown in Fig. 1. The density of pure

Cu was reported in our previous work [4]. For all

alloy compositions, densities are expressed as a linear

function of temperature including a supercooled

liquid region. The densities (q) of the melts are rep-

resented by the following equation:

q ¼ qL þ bðT � TLÞ; ð1Þ

where qL is the density at the liquidus temperature

(TL) of the sample and b is its temperature coefficient.

Values of density for the Ti–Cu melts are summa-

rized in Table 1.

The composition dependence of the density of Ti–Cu

melts at 1373 K is shown in Fig. 2. The density of liquid

Ti at 1373 K was estimated by linear extrapolation. For

Figure 1 Temperature dependence of density of Ti–Cu melts.

Error bar shows expanded uncertainty. Black line indicates the

melting point or liquidus temperature.
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comparison, literature data [6, 7] are also plotted in

Fig. 2. The error bars presented in Figs. 1 and 2 present

the expanded uncertainty evaluated in ‘‘Uncertainty

analysis’’ section. A considerable discrepancy exists

between the two datasets obtained previously [6, 7].

One dataset, measured with the sessile drop method by

Krasovskyy and Naidich [6], showed positive deviation

from the ideal solution model presented by the dotted

line. The other dataset measured with the electromag-

netic levitation (EML) method by Amore et al. [7]

presented a negative deviation from the ideal solution

model. The present results showed a small positive

deviation from the ideal solution model. These differ-

ences are discussed in ‘‘Uncertainty analysis’’ section.

Ti–Ni system

The temperature dependences of the densities of Ti–

Ni melts are shown in Fig. 3. The density of pure Ni

has been reported in our previous work [3]. For all

alloy compositions, densities are expressed as a linear

function of temperature, which includes the super-

cooled liquid region, as summarized in Table 1. The

composition dependence of the density of the Ti–Ni

melts at 1545 K is presented in Fig. 4. The density of

Ti at 1545 K was estimated by linear extrapolation.

The error bars in Figs. 3 and 4 show the expanded

uncertainty evaluated in ‘‘Uncertainty analysis’’ sec-

tion. The present work agrees with previous results

measured using the ESL method by Zou et al. [8].

Discussion

Uncertainty analysis

The uncertainty of the density measurements was

evaluated on the basis of the Guide to the Expression of

Uncertainty in Measurement (GUM) [21] with the fol-

lowing equations:

Table 1 Melt density as a function of temperature

System Temperature

range (K)

Melting point or liquidus

temperature, TL (K)

Density at TL, qL
(kg m-3)

Temperature coefficient,

b (kg m-3 K-1)

Ti 1893–2182 1943 4195 - 0.220

Ti75Cu25 1305–1731 1512 5032 - 0.386

Ti50Cu50 1177–1647 1263 5989 - 0.697

Ti25Cu75 1170–1618 1163 7012 - 0.943

Cu [4] 1371–1679 1358 7890 - 0.815

Ti75Ni25 1199–1545 1234 5119 - 0.429

Ti50Ni50 1511–1757 1583 5939 - 0.693

Ti25Ni75 1547–1794 1653 7041 - 0.646

Ni [3] 1488–1898 1728 7875 - 0.740

Figure 2 Composition dependence of the density of Ti–Cu melts

at 1373 K.
Figure 3 Temperature dependence of the density of Ti–Ni melts.
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u2ðqÞ ¼ oq
oV

� �2

u2ðVÞ þ oq
om

� �2

u2ðmÞ; ð2Þ

u2ðVÞ ¼ u2
1ðVÞ þ u2

2ðVÞ; ð3Þ

u2ðmÞ ¼ u2
3ðmÞ þ u2

4ðmÞ; ð4Þ

where u(q) is the combined standard uncertainty in

the density measurement, and u(V) and u(m) are the

uncertainties of sample volume and mass, respec-

tively. As an example, the uncertainty evaluation in

the density measurement of liquid Ti at 2182 K is

listed in Table 2. The parameter u1(V) is the standard

deviation in the volume obtained from analysis of

2000 images, u2(V) is the accuracy of the conversion

from pixels to real length, u3(m) is the uncertainty in

mass caused by sample evaporation, and u4(m) is the

uncertainty in mass determined from the accuracy of

the balance. Table 2 shows that the main contribution

to the uncertainty is u1(V) and the expanded

uncertainty U = 2u(q) (95.45% confidence) is

102 kg m-3, which corresponds to 2.5% of the density

value (4150 kg m-3). In this study, the expanded

uncertainty for all measurements ranged from 1.2 to

2.5%.

Krasovskyy and Naidich [6] evaluated the uncer-

tainty to be 0.5% in their density measurements of Ti–

Cu melts by the sessile drop method. However, it is

difficult to maintain a rotationally symmetrical shape

in the sessile drop method, which might cause the

actual uncertainty to be greater than that evaluated.

Amore et al. [7] evaluated the uncertainty in their

density measurement to be 4%. Thus, the densities

measured by the EML method without a static

magnetic field had a large uncertainty, which was

caused by rotationally asymmetrical components of

the surface oscillation such as l = 2, m = 2 oscillation

mode.

Molar volume

The partial molar volume of component i (Vi) in an i–j

binary system is expressed by the following equation:

Vi ¼ V � xj
oV

oxj

� �
; ð5Þ

where V is the molar volume of the system and xj is

the mole fraction of j. Figure 5 shows the composition

dependence of V, VTi and VCu for Ti–Cu melts at

1373 K. Figure 6 shows the composition dependence

of V, VTi and VNi for Ti–Ni melts at 1545 K. The error

bars in Figs. 5 and 6 present the expanded uncer-

tainty. In this calculation, the densities of liquid Ti at

1373 and 1545 K were estimated by linear extrapo-

lation. The values of VCu at undercooled region are in

Figure 4 Composition dependence of the density of Ti–Ni melts

at 1545 K.

Table 2 Uncertainty evaluation in density measurement for liquid Ti at 2182 K

Cause Standard uncertainty Sensitivity coefficient Contribution

Uncertainty of volume: u(V) 1.12 9 10-9 m3 oq
oV ¼ �4:58 � 1010 kg m�6 - 51.3 kg m-3

Variation of volume: u1(V) 9.94 9 10-10 m3 oq
oV ¼ �4:58 � 1010 kg m�6 - 45.5 kg m-3

Accuracy of convert from pixels to real length: u2(V) 5.08 9 10-10 m3 oq
oV ¼ �4:58 � 1010 kg m�6 23.3 kg m-3

Accuracy of convert from pixels to real length: u2(r) 5.21 9 10-6 m oV
or ¼ 9:75 � 10�5 m2 u2(V) = 5.08 9 10-10 m3

Uncertainty of mass: u(m) 4.76 9 10-8 kg oq
om ¼ 1:10 � 107 m3 0.53 kg m-3

Mass change of sample: u3(m) 4.75 9 10-8 kg oq
om ¼ 1:10 � 107 m3 0.52 kg m-3

Accuracy of balance: u4(m) 5ffiffi
3

p � 10�9 kg oq
om ¼ 1:10 � 107 m3 0.06 kg m-3

Combined standard uncertainty u(m) 51.3 kg m-3

Expanded uncertainty U = 2u(m) 102 kg m-3

q = 4150 kg m-3 for liquid Ti at 2182 K
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good agreement with reported by Kaptay; addition-

ally, the values of VNi at whole measurement tem-

perature region are in agreement with the reported

values [22]. The values of VCu in the Ti–Cu melts

remained almost constant with composition within

the range 0.5\ xCu\ 1 as shown in Fig. 5. This

behavior is consistent with atomic coordination

around Cu atoms, as reported by Fukunaga et al.

[23, 24]. They reported that Cu–Cu atom pairs prefer

to occupy the first nearest coordination site in Ti–Cu

glasses studied by pulsed neutron total scattering

and X-ray diffraction techniques. Conversely, the

values of VNi in the Ti–Ni melts decreased with

increasing Ti content in the Ni-rich melts as shown in

Fig. 6. The chemical short-range structure of the Ti–

Ni glasses was different from that in the Ti–Cu

glasses as reported by Fukunaga et al. [23, 24]. They

reported that Ni–Ti atom pairs preferentially occupy

the first nearest coordination in the Ti–Ni glasses,

which is consistent with the behavior of VNi in the Ti–

Ni melts.

Excess volume

The excess volume (VE) of a binary melt is expressed

by the following equation:

VE ¼ V �
X2

i¼1

xi
mi

qi

� �
; ð6Þ

where qi and mi are the density and molar mass of

component i, respectively. The excess volume V E is

zero for an ideal solution. Figures 7 and 8 show the

composition dependence of the excess volume for Ti–

Cu and Ti–Ni melts determined from this study. The

excess volume of Ti–Cu obtained in the present work

had small negative values. Conversely, the excess

volume of Ti–Cu melts reported by Amore et al. [7]

showed positive values, which showed significant

discrepancies with the results in the present work.

These discrepancies suggest that the data reported by

Amore et al. were affected by rotationally asymmet-

rical components of surface oscillation in the levitated

Figure 5 Composition dependence of molar volume of Ti–Cu

melts at 1373 K. 1: Present work, 2: ideal solution, VTi: partial

molar volume of Ti, VCu: partial molar volume of Cu, Krasovskyy

and Naidich [6] (sessile drop), Amore et al. [7] (electromagnetic

levitation).

Figure 6 Composition dependence of molar volume of Ti–Ni

melts at 1545 K. 1: Present work, 2: ideal solution, VTi: partial

molar volume of Ti, VNi: partial molar volume of Ni.

Figure 7 Composition dependence of excess volume of Ti–Cu

melts. Present work at 1373 and 1496 K, dashed line: ideal

solution, Krasovskyy and Naidich [6] at 1373 K (sessile drop),

Amore et al. [7] at 1373 K (electromagnetic levitation).
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droplet. The excess volume of Ti–Ni melts presents

negative values over the whole composition range,

which approached the ideal solution model with

increasing temperature. This temperature depen-

dence of molar volume obeys the Lupis–Elliott rule

[25, 26].

Excess volume and thermodynamic
correlations

In 1988, Iida and Guthrie [2] summarized the rela-

tionships between VE and thermodynamic properties

of binary alloy systems. According to their report, the

enthalpy of mixing (DmixH) or excess entropy is

expected to have negative values for negative VE,

which are observed for compound-forming systems.

In our previous paper [3], VE was discussed based on

both enthalpy of mixing and excess Gibbs energy

(GE), because DmixH reflects only the interatomic

interaction. Here, again we discuss the VE based on

both DmixH and GE for the Ti–Cu and Ti–Ni systems.

First, the values of DmixH and GE for the Ti–Cu and

Ti–Ni systems are reviewed as follows.

For the Ti–Cu melt, Yokokawa and Kleppa [27]

measured DmixH by high-temperature reaction

calorimetry at 1372 K. Turchanin and Nikolaenko

[28] measured DmixH by calorimetry at 1873 K. Tur-

chanin et al. [29] measured DmixH by solution

calorimetry at 1573 and 1873 K and calculated GE by

CALPHAD. Kleppa and Watanabe [30] measured

DmixH by high-temperature reaction calorimetry at

1373 K. The values reported by Yokokawa and

Kleppa [27], Turchanin et al. [28, 29] and Kleppa and

Watanabe [30] showed different compositional

dependences among the researchers. In addition,

Yokokawa and Kleppa [27] and Kleppa and Watan-

abe [30] did not explain their experimental uncer-

tainty. Sommer et al. [31] measured DmixH and GE by

the Knudsen effusion method at 1496 K.

For Ti–Ni melts, Murray [5] calculated DmixH based

on the regular solution at an unknown temperature.

Luck and Arpshofen [32] determined DmixH by vac-

uum and SETARAM calorimeter at 1741 and 1838 K.

Esin et al. [33] measured DmixH by vacuum

calorimetry at 2000 K. Thiedemann et al. [34] mea-

sured DmixH by EML alloying calorimetry at 1800 and

1980 K. However, Esin et al. [33] and Thiedemann

et al. [34] did not measure DmixH around the 0.5 mole

fraction. German and Pierre [35] measured Dmix-

H and GE by Knudsen cell mass spectrometry at

1873 K. Kajikawa et al. [36] calculated DmixH and GE

by Thermo-Calc at 1873 K, but they did not provide

details of the calculation methods and their temper-

ature range is higher than that of our density mea-

surements. Turchanin et al. [37] measured DmixH by

isoperibolic calorimetry at 1873 K.

On the basis of these previous studies, correlations

between GE and V E and between DmixH and V E are

plotted in Fig. 9a, b, respectively, together with other

binary systems at 0.5 mole fraction. Here, we used the

DmixH and GE values reported by Sommer et al. [31],

Luck and Arpshofen [32] and German and Pierre [35]

to draw Fig. 9. These values are summarized in

Table 3. In this study, both the Ti–Cu and Ti–Ni sys-

tems have negative VE with negative DmixH, which

indicates these are both compound-forming systems

[5]. As shown in Fig. 9b, the Ti–Cu system follows the

correlation proposed by Iida and Guthrie [2]. How-

ever, the Ti–Ni system has a small negative VE,

although it has a large negative DmixH. As shown in

Fig. 9, there is a stronger correlation between GE and

VE than that between DmixH and VE, which means that

entropy of mixing significantly affected the correla-

tion, especially for compound-forming systems.

Summary

We used a combination of EML and a static magnetic

field to measure the density of Ti–X (X = Cu, Ni)

melts over a range of mole fractions accurately within

an expanded uncertainty from 1.2 to 2.5%. The den-

sities were measured over a wide temperature range

Figure 8 Composition dependence of excess volume of Ti–Ni

melts. Present work at 1373 and 1573 K; dashed line: ideal

solution.
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including the supercooled region. The densities var-

ied linearly with temperature. Excess volumes of

these melts were negative over the entire composition

range. The Ti–Cu system has a small negative VE

with a small negative DmixH, which is similar to the

behavior of other binary systems. However, the Ti–Ni

system has a small negative VE, despite its large

negative DmixH. A stronger correlation can be found

between GE and VE than that between DmixH and VE.
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