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Density and Molar Volume of Molten Ni–Based Commercial

Alloys Measured by Modified Sessile Drop Method
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Abstract: The densities of four kinds of molten Ni-based commercial alloys were measured with a modified sessile drop method, 

and calculated using the calculating software. It is found that the densities of the molten Ni-based commercial alloys decrease and 

their molar volume increase with increasing of temperature. Compared with the ideal mixing, the molar volumes of the molten 

Ni-based commercial alloys show negative deviations. It can be attributed to an accommodation between various atoms in the alloys.
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Ni-based commercial alloys are widely used in high tem-

perature and corrosive environments such as gas turbine en-

gines and heat exchangers, while they are very hard and dif-

ficult to be machined. The net-shape casting of the alloys is 

often used because of its cheap process. It is essential to 

measure the thermophysical properties such as density, sur-

face tension, viscosity etc. of molten Ni-based commercial 

alloys to obtain low-cost net-shape casting ingot without in-

ner porosity. With the advent of powerful mathematical 

modeling techniques for material phenomena, there is re-

newed interest in reliable data for the densities of the 

Ni-based superalloys. In present years, the densities of mol-

ten Ni-based model alloys such as Ni-(Cr, Co, W, Ta, Al) bi-

nary, ternary or quaternary alloys were measured 

[1-15]

. How-

ever, there are only a few of the data on the densities of mol-

ten Ni-based commercial alloys, which were measured by 

Mukai et al. 

[12]

 with modified sessile drop method. In this 

paper, the densities of four kinds of molten Ni-based com-

mercial alloys were measured with the modified sessile drop 

method and their molar volumes were calculated.

1  Experimental

The chemical compositions for the four kinds of the 

Ni-based commercial alloys are shown in Table 1. 

The principle of the modified sessile drop method is shown 

in Fig.1, which was introduced in other paper in detail

[14]

. A 

sample was charged into a horizontal alumina crucible. When 

the temperature of the furnace was higher than the liquidus 

temperature of the alloy, a drop with smooth surface was 

formed at the upper end of the crucible. Then, from the photo 

of sample, the density of alloy, ρ in Mg⋅m

-3

, could be calcu-

lated by the following equation:

21

VV

m

+

=ρ

(1)

Where m is the sample mass, in Mg, V

1

 the inner volume of 

crucible at experimental temperature and V

2

 the volume of 

sample formed at the upper end of the crucible, in m

3

. 

The experimental apparatus consisted of a LaCrO

3

 heating 

furnace, a gas purifier, an oxygen sensor and a photographic 

system, and an error for the method is estimated as 

±0.75%

[14]

.

2  Results and Discussion

2.1  Density of molten Ni-based commercial alloys

The density data of the molten Ni-based commercial alloys 

measured in this study is given in Fig.2.

The densities of molten alloys decrease with increasing of 

temperature. Steinberg

[16] 

proposed that the density data of 
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Table 1  Composition of Ni-based commercial alloys (ω/%)

Composition

Alloy

Cr Mo Al Co W B Zr Ta Hf Ti C Re B Ni

INCO713C 14.5 4.2 6.1 0.01 0.8 0.12 0.012 Balance

CM247LC 8.1 0.5 5.6 9.2 9.5 0.015 0.015 3.2 1.4 0.7 Balance

CMSX-4 6.5 0.6 5.6 9 6 6.5 0.1 1 3 Balance

TMS75 3 2 6 12 6 6 5 Balance

molten alloys could  be represented by the following equation: 

ρ = ρ

L

+ k (T–T

L

)                             (2)

Where ρ

L

, (Mg⋅m

-3

), stands for the density at the liquids 

temperature T

L

, and k(Mg⋅m

-3

⋅K

-1

) is the temperature coeffi-

cient of the density at constant pressure which is

k = (∂ρ /∂T )

P

                           (3)

Where T is the temperature in Kelvin scale.

If we follow Steinberg formula, the densities of molten 

Ni-based commercial alloys measured in this study can be de-

scribed as follows:

Fig.1 Schematic of modified sessile drop method for measurement 

of the density

Fig.2  Temperature dependence of the density of Ni-based commer-

cial alloys

INCO713C   ρ = 8.59 – 8.33 × 10

-4

 T (4) 

CMSX-4       ρ = 10.52 – 1.69 × 10

-3

 T           (5) 

TMS75 ρ = 8.69 – 4.65 × 10

-4

 T (6)

CM247LC  ρ = 9.39 – 1.04 × 10

-3

 T (7) 

Of all the elements in Table.1, the densities of W and Ta are 

bigger than that of others. The bigger the (W+Ta)% is, the big-

ger the density of the alloy is. The element content and 

(W+Ta)% in CMSX-4 are similar to that of CM247LC. As a 

result, the density of CMSX-4 is close to that of CM247LC. 

Compared with CMSX-4 and CM247LC, there is no W and Ta 

in INCO713C, and the concentrations of Ni and Cr, are higher. 

Therefore, the density of INCO713C is relatively smaller. 

(W+Ta)% in TMS75 is similar to that in CMSX-4 and 

CM247LC. But due to less Cr and more Mo in TMS75, the 

density of TMS75 is the biggest of the four commercial alloys. 

In order to estimate the densities of alloys, many soft-

wares have been developed and applied in various fields. In 

present work, the densities of the four kinds of the commer-

cial alloys can be calculated using the software named 

METALS developed by Mills et al. and the results are

shown in Fig.3. The calculated values of the densities are

always smaller than experimental values. The maximum 

difference between calculated value and experimental value 

is about 13.8%. Up to date, the calculating software is al-

ways designed under an assumption that the alloy is an ideal 

mixture of its composition. Actually, the alloy is a nonideal

mixture of various chemical elements. This is the primary

reason why so much deviation between calculated values

and experimental values exist.

2.2  Molar volume for molten Ni-based commercial

alloys 

The molar volume of the molten Ni-based commercial al-

loys can be calculated from the molar mass and the density 

data of the alloys by the following equation : 

Alloy

Alloy

mol

ρ

M

V =

(8) 

Where V

mol

, M

Alloy

 and ρ

Alloy

stand for the molar volume, the 

molar mass and the density of the alloy, respectively. Inserting

the values for M

Alloy

 and ρ

Alloy

for each alloy into Eq.(8), the 

molar volumes of the alloys can be expressed as follows: 

V

mol

(INCO713C)=

T

4

108.338.59

54.58

−

×−

(9) 
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V

mol

(CMSX-4) =

T

3

101.6910.52

59.33

−

×−

(10)

V

mol

(TMS75) =

T

4

104.658.69

59.65

−

×−

(11)

V

mol

(CM247LC) =

T

3

1004.139.9

30.59

−

×−

(12)

The molar volumes of the Ni-based commercial alloys are 

plotted in Fig.4. The molar volume of Ni-based commercial 

alloys trends to increase with increasing of temperature.

The study of the accommodation among atomic species is 

an important task, which is expressed as a deviation (∆V

mix

), of 

the liquid solution from ideal volumetric mixing. 

∆V

mix

 = V

mol

– V

ideal

                        (13)

Where V

mol

 is the molar volume calculated from the den-

sity and V

ideal

 the molar volume in ideal volumetric mixing. 

For the Ni-based commercial alloys there is a following 

relationship:

∑

∑

−=∆

i

ii

ii

MX

MX

V

ρρ

Alloy

mix

                 (14)

Where X

i

 and M

i

 are the molar fractions and molar mass 

of alloy elements, respectively. ρ

Alloy

 and ρ

i

 are the density of 

Ni-based alloys and alloy element, respectively. Because some 

elements such W and Cr do not exist in the liquid state at the 

experimental temperature, it is difficult to strictly verify the 

molar volume in Eq.(14) in the molten alloy system. However, 

it is assumed that the relationship proposed by Levin et al.

[17]

can be used to calculate their densities in the metastable state 

at the temperature lower than melting point; the deviation of 

the molar volume from ideal mixing can be shown in Fig.5. 

The molar volumes of molten Ni-based commercial alloys de-

termined in the present work show negative deviations from 

the ideal molar volume, which means that the alloy elements 

are mixed nonideally. From an elementary standpoint, it might 

be presumed that a negative ∆V

mix

 of the alloy means an ac-

commodation among various atoms.

Fig.3 Measured density values and calculated density values with 

software

Fig.4  Temperature dependence of molar volume of Ni-based 

commercial alloys

Fig.5 Deviation of molar volume from ideal mixing in Ni-based 

commercial alloys

3  Conclusions

1) Density of molten Ni-based commercial alloys can be

measured with a modified sessile drop method. The density of 

molten alloys trends to decrease with increasing of tempera-

ture. 

2) The molar volumes of Ni-based commercial alloys in-

crease with increasing of temperature. Compared with the 

ideal mixing, the molar volumes of molten Ni-based commer-

cial alloys show a negative deviation.
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