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Abstract: In order to obtain more accurate density for molten Ni-(Cr, Co, W) binary alloy, the densities of molten pure Ni and Ni-Cr, 
Ni-Co, Ni-W alloys were measured with a sessile drop method. It is found that the measured densities of molten pure Ni and Ni-Cr, 
Ni-Co, Ni-W alloys decrease with increasing temperature in the experimental temperature range. The density of alloys increases with 
increasing W and Co concentrations while it decreases with increasing Cr concentration in the alloy at 1 773−1 873 K. The molar 
volume of Ni-based alloys increases with increasing W concentration while it decreases with increasing Co concentration. The effect 
of Cr concentration on the molar volume of the alloy is little in the studied concentration range. The accommodation among atomic 
species was analyzed. The deviation of molar volume from ideal mixing shows an ideal mixing of Ni-(Cr, Co, W) binary alloys. 
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1 Introduction 
 

The density of molten metals and alloys is one of 
the most important thermal physical properties for 
studying their structure. We are particularly interested in 
the density of the molten Ni-based alloys because they 
are used in castings of critical components in gas turbine 
engines. Up to the present, the density of the molten 
Ni-Cr or Ni-Co alloy was only measured by 
EREMENKO et al[1], KATO et al[2], MUKAI et al[3], 
WATANABE et al[4] and DZHEMILEV et al[5] while 
the density of the molten Ni-W alloys has not been 
reported in the literatures. Moreover, there is a large 
scatter in the available data. As a result, it is difficult to 
use the available data for the mathematical simulation 
techniques for material phenomena. In order to obtain 
more accurate density data of the molten Ni-(Cr, Co, W) 
binary alloys, the densities of molten Ni-(Cr, Co, W) 
binary alloys were measured with a sessile drop method 
over the temperature range of 1 773−1 873 K in a 
high-purity Ar+3%H2 atmosphere in this work. 

 
2 Experimental 
 

A sessile drop method[6−8] was used to measure 
the densities of Ni-(Cr, Co, W) binary alloys. As shown 
in Fig.1, the experimental apparatus consists of a heating 
furnace with a Ta cylindrical heater, five concentric Mo 
reflectors and a thermocouple located close to the sample, 
two He-Ne laser generators, and two high resolution 
photographic systems including two digital cameras, two 
computers and two band-pass filters, which were set up 
between the camera and the sample to filtrate other light 
except He-Ne laser with a wavelength of 632 nm. The 
temperature at the place of the sample is calibrated using 
the melting point of pure Ni. 

The used alloy samples were non-doped materials 
with 99.99% (mass fraction) purity. Since a few 
impurities in substrates also can affect the result, high 
purity (99.99%, mass fraction) polycrystalline alumina 
substrates with dimensions of 20(diameter)×5(thickness) 
were used. The alloy sample was cleaned in acetone for  
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Fig.1 Schematic diagram of experimental apparatus: 1 Alumina 
support; 2 Mo reflector; 3 Evacuating system; 4 He-Ne laser 
generator; 5 Observation window; 6 Ta heater; 7 Alumina tube; 
8 Sample before experiment; 9 Temperature controller;      
10 Thermocouple; 11 Sample in experiment; 12 Substrate;   
13 Digital camera; 14 Band-pass filter; 15 Chamber; 16 Sample 
elevator 
 
three times and set in the sample container. When the 
temperature reached the experimental one, the solid 
sample in the container was moved to the end of the 
alumina tube connecting with the furnace chamber and 
molten down. By controlling the pressure difference in 
the chamber and the alumina tube, the molten sample 
dropped smoothly on the surface of the horizontal 
alumina substrate in the furnace. Then, the molten 
sample drop was photographed. The coordinates of 
approximately 99 points of the droplet profile were 
determined from the photographs and the density was 
automatically calculated using a kind of software. In the 
apparatus, two He-Ne laser generators and two high 
resolution photographic systems were used to record the 
shape of molten sample from two perpendicular 
directions at horizontal plane. As a result, it is easy to 
observe and find the distortion of molten sample if it 
exists. In this work, the density of the molten alloy at   
1 773, 1 823 and 1 873 K in an Ar+3%H2 atmosphere 
was studied. The total maximum relative uncertainty for 
the method in this work was estimated as ±1.25%[9−13]. 
 
3 Results and discussion 
 
3.1 Densities of molten Ni-(Cr, Co, W) alloys 

The densities of the molten Ni-(Cr, Co, W) alloys 
measured in this work are shown in Fig.2. The densities 
of molten binary alloys decrease with increasing 
temperature. STEINBERG[14], FANG and XIAO[15] 
proposed that the density data of molten metals and 
alloys could be represented by the following equation: 

 

 

Fig.2 Temperature dependence of densities of Ni-(Cr, Co, W) 
alloy 
 
ρ=ρL+k(T−TL)                                (1) 
 
where  ρL, in g/cm3, stands for the density at the 
liquidus temperature TL and k, in g/(cm3·K), is the 
temperature coefficient of density at constant pressure 
that is expressed as 
 
k=(∂ρ/∂T)p                                  (2) 
 
where  T is the temperature, K. 

If we follow Steinberg formula, the densities of 
molten Ni, Ni-Cr, Ni-Co and Ni-W (molar fraction) 
alloys can be described as 
 
ρ(Ni)=7.90−1.70×10−3(T−1 728)                 (3) 

ρ(Ni-1.65%W)=8.10−1.17×10−3(T−1 743)          (4) 

ρ(Ni-3.43%W)=8.29−1.61×10−3(T−1 753)         (5) 

ρ(Ni-4.98%Co)=7.91−6.00×10−4(T−1 730)        (6) 

ρ(Ni-9.97%Co)=7.97−1.20×10−3(T−1 732)        (7) 

ρ(Ni-5.61%Cr)=7.87−1.83×10−3(T−1 725)        (8) 

ρ(Ni-11.15%Cr)=7.84−1.80×10−3(T−1 717)       (9) 
 

The density of molten Ni at the melting point and its 
temperature coefficient obtained are in good agreement 
with the values reported by MUKAI and XIAO[3] using 
the following modified sessile drop method: 

 
ρ=7.91−1.43×10−3(T−1 728)  (1 728−1 923 K)    (10) 
 

The alloy concentration dependence of the densities 
is shown in Fig.3. It is found that the density of alloys 
trends to increase with increasing W and Co 
concentration, while it trends to decrease with increasing 
Cr concentration at 1 773−1 873 K. 
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Fig.3 Effects of alloy concentration on density of molten alloys 
 
3.2 Molar volume for molten Ni-(Cr, Co, W) alloys 

The molar volume of molten Ni-(Cr, Co, W) alloys 
can be calculated from the molar mass and the density of 
alloys by 

 
Vmol=malloy/ρalloy                              (11) 
 
where  Vmol, malloy and ρalloy are the molar volume, the 
molar mass and the density of alloys, respectively. 
Inserting the values of malloy and ρalloy for every alloy into 
Eqn.(11), the molar volume of alloys can be expressed as 
 

)728 1(1070.190.7
71.58)Ni pure( 3mol

−×−
=

− T
V      (12) 

)743 1(1017.110.8
78.60)1.65%W-Ni( 3mol

−×−
=

− T
V  (13) 

)753 1(1061.129.8
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−×−
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− T
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−×−
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−×−
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)717 1(101.80-7.84
57.9611.15%Cr)-(Ni 3mol

−×
=

− T
V (18) 

 
The molar volume of the Ni-(Cr, Co, W) binary 

alloys is plotted as isothermal molar volume at different 
temperatures in Fig.4. The molar volume of Ni-W alloys 
trends to increase with increasing W concentration 
although the density increases with it. The reason is that 
the increasing rate of molar mass of the alloys with W 

 

 

Fig.4 Relationship between molar volume of Ni-(Cr, Co, W) 
binary alloys and alloy concentration 
 
concentration is larger than that of the density with W 
concentration. As a result, both the density and the molar 
volume of the alloys increase with increasing W 
concentration in the alloys. 

The molar volume of Ni-Co alloys trends to 
decrease with increasing Co concentration. The effect of 
Cr concentration on the molar volume of the alloys is 
little in the studied concentration range. 

The study of the accommodation among atomic 
species is an important task, which is expressed as a 
deviation, ΔVmix, of the liquid solution from ideal 
volumetric mixing: 
 
ΔVmix=Vmol−Videal                             (19) 
 
where  Vmol is the molar volume calculated from the 
density and Videal is the molar volume in ideal volumetric 
mixing. 

For the Ni-based binary alloys: 
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where  x(Ni) and x(i) are the molar fractions of Ni and 
other elements; m(Ni) and m(i) the molar masses of Ni 
and other elements, ρ(Ni-i), ρ(Ni) and ρ(i) are the 
densities of Ni-based alloys, pure Ni and pure alloy 
element, respectively. 

In the following calculation, the density of Ni 
measured in present work and that of Co from Ref.[6] are 
used: 
 
ρ(Co)=7.75−1.65×10−3(T−1 768) (T＞1 768 K)    (21) 
 

Because W and Cr do not exist in the liquid state at 
the temperature lower than their melting points (3 695 K 

(20) 
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and 2 180 K), it is difficult to strictly verify the molar 
volume in Eqn.(20) of the molten Ni-W and Ni-Cr 
system. However, if one assumes that the relationship 
proposed by LEVIN and AYUSHINA[16] can be used to 
calculate the density of molten W and Cr in metastable 
state at the temperature lower than melting point, the 
density of metastable W and Cr can be calculated as[17]: 
 
ρ(W)=17.6 g/cm3 (at melting point 3 695 K)       (22) 

ρ(Cr) =6.30−1.10×10−3(T−2 180)  (T＞2 180 K)  (23) 
 

Then the deviation of molar volume from ideal 
mixing was calculated and the results are shown in Fig.5. 
The deviation of molar volume of Ni-(Cr, Co, W) binary 
alloys from ideal mixing trends to be zero. This shows an 
ideal mixing of the alloys. 
 

 

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

1) Densities of molten Ni-(Cr, Co, W) binary alloys 
were measured at 1 773−1 873 K with a sessile drop 
method. The densities of molten binary alloys decrease 
with increasing temperature. The densities of alloys 
increase with increasing W and Co concentration, while 
decrease with increasing Cr concentration in Ni-Cr alloys 
at 1 773−1 873 K. 

2) The molar volumes of Ni-(Cr, Co, W) binary 
alloys increase with increasing W concentration while 
decrease with increasing Co concentration. The effect of 
Cr concentration on the molar volume of the alloys is 

little in the studied concentration range. And the 
deviation of molar volume from ideal mixing shows an 
ideal mixing of the alloys. 
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