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Abstract 

Densities of solid and liquid Fe, Cu, Ni and Co, and their alloys both at the presence and 

absence of sulfur are reviewed. Volumetric thermal expansions were used to estimate the 

densities at different temperatures. Densities of the alloys generally decrease with 

increasing temperature. For the pure metals the reduction in density as temperature rises 

from 25oC to their respective melting point may be generalized to be about 7.05 ± 0.4% 

just before melting and about 11.63 ± 0.92 on complete melting.   

According to the literature data and analytic results, at ambient pressure,  density of the 

stoichiometric FeS changes from 4.615 g/cm3 at 25oC to 3.8 g/cm3 at 1200oC (~17.7%), 

density of the stoichiometric Cu2S changes from 5.65 g/cm3 at 25oC to ~5.18 g/cm3 at 

1200oC ( ~8.3%), density of the stoichiometric NiS changes from 5.5 g/cm3 at 25oC to 5.025 

g/cm3 at 1027oC (~8.5 ± 1.8 %) and density of the stoichiometric CoS changes from 5.45 

g/cm3 at 25oC to 4.88 g/cm3 at 1100oC (~10.45%).  

A study on the Fe-S melts at 4GPa suggests that in S-poor compositions, where solubility of 
sulfur is less likely to be affected by pressure, the density of the sulfides at isothermal 
conditions decreases in a similar fashion as under 1 bar, i.e., density decreases non-linearly 
with increasing sulfur.      
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Figure 1.  Densities of Fe, Co, Ni and Cu and their alloys as a function of temperature. Data 

adapted from [3]. 
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Figure 2.  Density versus temperature diagram of liquid binary alloys of Fe, Co, Ni and Cu. 

Data (Appendix A) adapted from [5]. 
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Figure 3. (a) Molar volume, Vm, of Ni-Cu-Fe, samples from section A in Figure 4 (b), at 

1773K, (b) Molar volume, Vm, of Ni-Cu-Fe, samples from section B in Figure 4 (b), at 1773K. 

In both diagrams the interaction parameter of the ternary was obtained as a result of 

fitting curves to experimental points according to equation (16)  [6]. 

 

 

 

 

 

 

 

 

 

Figure 4. Densities of liquid Fe-Co-Ni alloys as a function of temperature, along the line B in 

(b), (b) composition of the samples used in the density and molar volume calculations [6]. 

Figure 4 shows the decrease in the density of the Fe-Ni-Cu liquid mixtures, at a fixed 

amount of Cu (20 at. %), as the temperature and fraction of Fe increases. 
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Figure 5. Density of the pyrrhotite (Fe1-xS) as a function of temperature. Calculated using 

equation (17) based on volumetric thermal expansion coefficients in Table 4 and density at 

room temperature in Table 3. 

For multi-component sulfides density varies significantly based on the mass of a 

component that has replaced the other component. As shown in Figure 6, the replacement 

of a heavier atom Cu by a lighter atom Fe causes decrease in the density of the structure.   

 
Figure 6. For a fixed amount of Sb and S the effect of increase in the amount of Fe, with 

respect to Cu, on density of the sulfosalt; data at 25oC is adapted from [17]. 

The density of the Cu-Fe-Sb-S system at constant concentration of sulfur and antimony 

(13.8 at. % Sb and ~44.6 at. % S) and substitution of Cu by Fe can be approximated as: 
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Figure 14. Isothermal density diagram for some compositions in the Ni-Cu-S system. Solid 

stars show densities at 1200oC; the data (Appendix B) were adapted from the experimental 

work of Toguri et al. [26] (g/cm3). 

 

Figure 15. Isothermal density diagram for some compositions in the Ni-Fe-S system. Open 

stars show densities at 1200oC; the data (Appendix B) were adapted from the experimental 

work of Toguri et al. [26] (g/cm3). 
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Table 1.  High temperature densities of alloys of Co, Cu, Ni and Fe, using the 
maximum bubble method [Error! Reference source not found.]. 

 
 
 
 

Co - Ni alloy Co - Cu alloy 

at. % Ni  A B T(K) at. % Co A B T(K) 

0 9.71 1.1
1 

1793-1903 0 8.75 0.65
7 

1500-1898 

20 9.29 0.8
57 

1798-1928 20 8.35 0.47
3 

1653-1873 

40 8.35 0.3
37 

1798-1938 40 8.87 0.77
0 

1698-1903 

60 7.82 
 

0.0
89 

1783-1938 60 8.67 0.61
9 

1703-1898 

80 9.11 
 

0.7
56 

1788-1948 80 8.56 0.53
1 

1748-1913 

100 10.10 1.2
7 

1763-1933 100 9.71 1.11 1793-1898 

Co - Fe alloy Cu - Fe alloy 

at. % Co  A B T(K) at. % Fe  A B T(K) 

0 8.78 0.9
58 

1828-1938 0 8.75 0.65
7 

1500-1898 

20 9.28 1.1
4 

1798-1913 20 8.90 0.84
7 

1708-1898 

40 9.44 1.1
5 

1798-1913 40 9.20 1.10
4 

1728-1918 

60 9.58 1.1
3 

1783-1903 60 7.88 0.43
8 

1768-1923 

80 9.56 1.0
7 

1788-1918 80 8.81 1.01
6 

1778- 1923 

100 9.71 1.1
1 

1793-1903 100 8.78 0.95
8 

1833-1938 

Cu - Ni alloy Fe - Ni alloy 

at. % Ni  A B T(K) at. % Ni  A B T(K) 

0 8.75 0.6
57 

1500-1898 0 8.78 0.95
8 

1828-1938 

20 8.36 0.4
00 

1638 

Experimental data for densities and coefficients A and B (in equation (10)) 

of the binary alloys in the Co-Cu-Ni-Fe system [5]. 

 






