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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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Symbols,  Abbreviations,  Units 

    average density     [g/cm3] 

X bulk composition 

 coefficient of linear thermal expansion   [K-1] 

 coefficient of volumetric thermal expansion   [K-1] 

liq coefficient of volumetric thermal expansion for a liquid phase [K-1] 

sol coefficient of volumetric thermal expansion for a solid phase [K-1] 

xi composition of component i 

ρ  density      [g/cm3] 

  
  density of pure/alloy liquid X    [g/cm3] 

  
  density of pure/alloy solid X    [g/cm3] 

    excess molar volume    [cm3/mole]  

Tliq  liquidus temperature    [K] 

Tm   melting temperature    [K] 

M molar mass     [g] 

Vm
 molar volume      [cm3/mole] 

Vi partial molar volume of component i   [cm3/mole] 

Ttr  phase transition temperature   [K] 

Tsol  solidus temperature     [K] 

T  temperature      [K] 

   

 

 

 

  

 

 



 

7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

8 
 

1 Introduction 

Specific gravity of a substance is primarily dependent on a substance’s chemical 

composition and crystal structure, that is, by the kinds of atoms/ions present and the way 

they are packed and bonded. To generalize: the heavier the atom/ions, the higher the 

specific gravity; the closer the packing, the higher the specific gravity; and the stronger the 

bonding, the higher the specific gravity. Specific gravity also varies somewhat with varying 

temperature and pressure because changes in these conditions generally cause expansion 

or contraction. For instance the temperature and pressure conditions of formation of a 

mineral control its polymorphic form and thus the manner in which its constituent 

atoms/ions are packed [1]. 

Mathematical modeling has become an established tool for improving metallurgical 

processes. Accurate knowledge of physical properties of molten and solid phases is 

fundamentally important for many metallurgical processes. Density is required from simple 

mass balance calculations to the study of natural convection. The productivity and 

efficiency of many high-temperature processes rely on accurate knowledge of density, as 

well as the other physical properties, of alloys or their components at different 

temperatures. For instance, Density and its temperature dependence (
  

  
) are important 

parameters for simulation of solidification and flow behavior in the casting process of 

alloys, e.g., prediction of the defects such as microsegregation and gas porosity [2]. Other 

applications include: determination of settling phases in liquid mixtures like slags or in 

determining the settling rate of inclusions within molten mixtures. 

1.1 Estimation of Densities of Mixtures at Elevated Temperatures 

Molar volumes and masses of solid and liquid alloys can be expressed as the cumulative 

molar volumes and masses of each component of the solution (Vegard’s law) as expressed 

in equations (1) and (2). Density of the mixture, which is the quotient of these two 

variables, is expressed by equation (3).   

         
 
       (1) 

        
 
        (2) 

    
     
 
   

     
 
   

   (   
 
        (3) 

The volumetric thermal expansion, experimentally determined thermodynamic property of 

a solution, is a unique property within a given temperature and composition ranges, at 

isobaric conditions. It’s relation with temperature and molar volume, at an isobaric 

condition, is expressed as [3]: 

    
 

   
  

  
 
 
  

 

   
  

  
 
 

   (4) 
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For exactly isotropic solid materials, the volumetric thermal expansion coefficient can be 

calculated from the linear thermal expansion coefficient () according to the relation in 

equation (5) [3]. 

 ≈ 3·        (5) 

Knowledge of the value of β would lead the determination of a new volume according to 

equations (6) and (7) [3]. 

                            (for solids)    (6) 

                            (for liquids)     (7) 

Using relations through (1) - (7) density of a material at a given temperature can be 

expressed as equations (8) and (9). 

                                                    (for solids)        (8) 

                                                          (For liquids)      (9) 

where Vsolid, Vliquid,  ρsolid,  ρliquid are volume and density of solids and liquids, respectively, sol 

and liq are coefficients of volumetric thermal expansion of solid and liquid phases, 

respectively. The density of materials as a function of temperature can also be estimated 

from experimentally determined coefficients A and B, as expressed in equation (10) [3]. 

                   (10) 

Gibbs free energy change of a system generally expressed as [4]: 

                             (11) 

For a closed system at an isothermal condition equation (11) can be written as: 

         
  

  
 
   

    (12) 

which implies that, 

                     
  

  
 

Based on the nature of their compressibility, solids experience only a small change in their 

bulk volume for a pressure change ranging up to thousands of bars. For instance, most 

minerals’ molar volume changes 3 – 4 % for pressure changes up to 40Kbar. That’s why 

molar volume changes in industrial processes for certain pressure ranges are usually 

assumed to be zero. Increase in volume of the same amount can be expected for a change 

in temperature from 25 to 1000oC [4].  
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molar volume of condensed phases’, Vm(T,P), can be generally expressed by the 

Murnaghan-equation [4]: 

                          
       

             
 

  
               (13) 

where Vm(T, 0) is molar volume at P = 0 (i.e., in a vacuum), K(T, 0) is isothermal 

compressibility at P = 0 and n is a constant which is obtained from isothermal bulk module 

as a function of pressure, according to equation (14) below [4]. 

                 B(T, P) =  B(T, 0)  + n∙P      (14) 

where B(T, 0) is isothermal bulk module at P = 0 and P is the pressure condition under 

consideration. 

1.2 High Temperature Densities of Fe, Co, Ni and Cu and Their Alloys  

Experimental studies of several researchers show that density of materials either linearly or 

non-linearly declines with increasing temperature. A sharp fall in density of pure metals at 

a critical temperature of phase changes has also been reported by different researchers. 

For example, copper’s molar density drops by about 4% on melting, as shown in Figure 1. 

Alloys exhibit a slower drop in density at the critical temperature of phase transitions. This 

is due to the mixed effect of the alloying elements. Densities of pure metals at 

temperatures (T’), above their respective melting temperatures, and the corresponding 

values for coefficients A and B in equation (10) are listed in Table 1.  

Table 1. Liquid densities of pure Fe, Co, Ni and Cu (g/cm3) and the corresponding 

coefficients A (T’) and B (T’) in equation (10) [3, 5]; experimental methods: M, maximum 

bubble pressure and S, sessile drop method. 

Metal (Tm, K)                     
 (cm3) A  B  T’ (K) Method 

Co (1768.15) 7.75 1.11 (12.55%) 7.60 9.70 1.11 
1793 - 

1903 
M 

Cu (1357.75) 7.96 0.97 (10.86%) 8.09 8.75 0.66 
1500 - 

1898 
M 

Fe (1811.15) 7.03 0.84 (10.72%) 7.94 8.59 0.86 
1812 - 

1927 
S 

Ni (1728.15) 7.85 1.05 (11.80%) 7.42 10.1 1.27 
1763 - 
1933 

M 
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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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As shown in Figure 2 (a) - (f) density of the Cu-Fe-Co-Ni alloys increases with increasing 

amount of the heavier metal. For example, the density of the Cu-Fe alloys decreases 

with increasing fraction of Fe in the alloy.  

Chemical elements in the Co-Ni-Cu system interacts in such a way that their alloys’ 

density do not submit to the ideal condition in equation (3), as shown in Figure 2. 

Interaction of Fe with Co and Ni seems to have less effect on the density of the binary 

alloys. A similar effect has been reported by Birllo et al. [6], as illustrated in Figure 3 (a) 

and (b). 

For a regular ternary solution with components i, each having the bulk concentration Ci, 

V is usually written as a function of temperature and concentrations [6]: 

                                       (15) 

For an ideal mixing the second term in equation (15) vanishes and, thus, similar to the 

Vegard’s law in equation (1). In the real case the excess term as a function of 

concentration and temperature is expressed as [6]:  

                                
           

   
   

 
   (16) 

The binary interaction parameter (    
  ) for Fe-Ni, Cu-Ni and Fe-Cu, at 1772K are 0, -0.85 

and 0.6, respectively [6]. 

Table 2. Fitted parameters for density (g/cm3), excess molar 
volumes (cm3) and volumetric thermal expansion coefficients of 
Fe-Ni–Cu samples [7]. 

Composition T  (K) *10-5 (oC-1) ρL(T) ρ(1773K) VEx 

Ni40Fe60 1725 1.6 7.43 7.39 ~0 

Ni33Cu13Fe54 1692 0.4 7.11 7.09 0.34 

Ni25Cu40Fe35 1610 1.1 7.14 7.01 0.53 

Ni20Cu50Fe30 1591 0.5 7.20 7.14 0.39 

Ni16Cu60Fe24 1580 2.6 7.53 7.16 0.4 

Ni17Cu70Fe13 1546 1.5 7.76 7.51 0.06 

Cu 1358 1 7.89 7.58 - 

Ni15Cu20Fe65 1701 2 7.16 7.05 0.28 

Ni32Cu20Fe48 1669 2.3 7.40 7.23 0.22 

Ni45Cu20Fe35 1663 1.4 7.42 7.3 0.25 

Ni60Cu20Fe20 1668 1.1 7.56 7.47 0.19 

Ni70Cu20Fe10 1673 1.1 7.79 7.71 0.02 
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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. 

 

Increasing at. % Fe 
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2 Densities of Solid Fe-, Co-, Ni- and Cu-Sulfides  

The coefficient of thermal expansion measures the fractional change in volume per degree 

Celsius change in temperature at a constant pressure. All substances expand or contract 

when their temperature change, and the expansion or contraction always occurs in all 

directions. Unlike gases or liquids, solid materials tend to keep their shape, though they 

expand as temperature rises.   

 

Using equation (8) and thermal expansion coefficients in Table 4, density of a 

sulfide/sulfosalt, within the temperature limits, can be expressed as: 

                                                  (17) 

Table 3. Densities of some sulfides and sulfosalts at 25oC [1, 8, 9, 10, 11, 12, 13] 

(g/cm3). 

 

 

Metal(M) Ore Mineral Chemical formula wt. % M      
Cu Chalcopyrite CuFeS2 34.62 4.1 - 4.3 4.2 

Chalcocite Cu2S 79.85 5.5 - 5.8 5.65 

Bornite Cu5FeS4 63.31 4.9 - 5.4 5.15 

Covellite CuS 66.46 4.6 4.6 

Tennantite Cu8As2S7 (variable) 57.59 4.4 - 4.5 4.45 

Enargite Cu3AsS4 48.41 4.4 4.4 

Tetrahedrite 
 

4Cu2S·Sb2S3 52.10 4.4 - 5.1 4.75 

Cu12+xSb4+yS13 

0.11<x<1.77, 0.03<y<0.3 

- 5.1 ± 0.075 5.1 

Cu12.3Sb4+S13 - 5 5 

Cu10 Fe2Sb4S13 - 4.81 4.81 

Ni Pentlandite (Fe,Ni)S 22.00 6 - 5.0 4.8 

Niccolite NiAs 44.10 7.3 - 7.7 7.5 

Millerite NiS 64.80 5.3 - 5.7 5.5 

Fe Troilite FeS 63.53 4.58 - 4.65 4.615 

Pyrrhotite FeS(Fe0.95S) 62.33 4.58 - 4.65 4.615 

Pyrite FeS2 (Isometric) 46.55 4.9 - 5.2 5.05 

Marcasite FeS2 (Orthorhombic) 46.55 4.887 4.887 

Arsenopyrite FeAsS 33.3 6.10  6.10 

Zn Sphalerite ZnS 67.1 3.9 - 4.1 4.0 

Co Smaltite CoAs2 28.22 5.7 - 6.8 5.75 

 Cobaltite CoAsS 35.52 6 - 6.3 6.15 

 Carrolite CuCo2S4 20.52 4.8 - 5.0 4.9 

 Linnaeite Co3S4 57.96 4.8 - 5.0 4.9 

Pb Galena PbS 86.60 7.4 - 7.6 7.5 

Sb Stibnite Sb2S3 71.8 4.5 - 4.6 4.55 

As Arsenopyrite FeAsS 46.00 5.9 - 6.2 6.05 

Realgar AsS 70.03 3.5 3.5 

Orpiment As2S3 60.90 3.4 - 3.5 3.45 

Bi Bismuthinite Bi2S3 81.2 6.8 6.8 
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where    ,     ,     are density at the lower temperature limit, temperatures under the 

upper limit and the lower temperature limit, respectively.  

Using the thermal expansion coefficients in Table 4 the density of the pyrrhotite (FeS), 

according to equation (17), varies from 4.615 at 25oC to 4.543 at 140 oC and 4.237 at 320oC, 

as illustrated in Figure 5. 

Table 4.  Thermal expansion coefficients of some sulfides (oC-1), ( = 3∙). 

Mineral Composition T  (oC) *10-5(oC-1) *10-5  Ref. 

Troilite FeS 300 – 600 7.4 22.2 [14] 

100 – 300 14.1 42.3 [14] 

Pyrite FeS2 20 – 100 2.1 6.3 [15] 

20 – 200 2.9 8.7 [15] 

20 – 300 1.1 3.3 [15] 

Pyrrhotite FeS 25 – 140 4.5 13.5 [15] 

FeS 140 – 320 12.5 37.5 [15] 

Fe0.923S 75 – 320 12.6 37.8 [15] 

Fe0.875S 25 – 292 9.0 27 [15] 

Ni-rich pyrrhotite Fe0.84Ni0.11S 300 – 600 8.0 24 [14] 

100 – 300 9.3 27.9 [14] 

Ni-poor pyrrhotite Fe0.87Ni0.02S 300 – 600 8.5 25.5 [14] 

100 – 300 8.4 25.2 [14] 

Pentlandite (Outokumpu) - 24 – 235 3.9 11.7 [15] 

- 24 – 350 5.8 17.4 [15] 

Pentlandite (Frood) - 24 – 200 20.6 61.8 [15] 

- 24 – 200 11.1 33.3 [15] 

Pentlandite (Synthetic) - 25 – 220 15.1 45.3 [15] 

Digenite Cu1.8 + X:(0 – 0.2)S  409.85 – 654.85 - 3.2-5.49 [16] 

Covellite CuS 119.85 - 339.85 - 2.42 [16] 

Tetrahedrite (synthetic) Cu12(..13.9)Sb4S13 100-250 ~14.3 42.9 [11] 

 

 



 

17 
 

 
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: 

37.5oC-1 

1

3

.

5
o

C
-

1 

 

250 oC 

13.5oC-1 

25 oC 
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                                                                                 (18) 

Using the volumetric thermal expansion of tetrahedrite (Cu12(..13.9)Sb4S13) in Table 4 and 

extending the lower temperature limit to the room temperature (since nearly the same α 

was reported by Karen et al. [18] for Cu11.4Fe0.6Sb4S13 in the temperature rage 25-250oC), 

density of the sulfosalt at 250oC can be expressed by equation (19).    

                                                                                (19) 
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3 Densities of Liquid Fe-, Co-, Ni- and Cu-Sulfides 

By measuring the densities of metallic alloys, Zushu et al. [19] reported that they observed 

about 6 % difference from calculated values, which assumed ideal mixing. Highly negative 

departure from the ideality (Raonalt’s law) would mean tighter bond among the alloying 

elements and a denser structure for the bulk. Thus, molar volume of the alloys should be 

expressed as equation (20) [19].  

                   Vm = xiVi
  +  VEx     (20) 

where VEx is the excess molar volume that results in deviation from the ideal one. Density 

can also be re-expressed as: 

   m = xii
  +  Ex     (21) 

Density measurements of metallic sulfides, at the presence of oxygen, indicate both 

positive and negative deviations from linear mixing of partial molar volumes [20]. Thus, the 

excess term can be a positive or negative based on the interactions among the solution 

making components. 

The partial molar volume of components depends on the condition of the solution. As a 

result of least square  fitting, Nagamori [21] obtained parameters in Table 6 and 7 and 

equations (22) and (23) to estimate partial molar volumes and molar volumes of the Cu-S, 

Fe-S and Ni-S melts, respectively. 

                        
  

   
              

    (22) 

                        
  

   
           

    (23) 

 

Table 5. Partial molar volumes in the Fe-S, Ni-S and Cu-S melts at infinite 
dilution [21]. 

System T(K) VS(cm3/mol) VM(cm3/mol) 

Fe-S 1473.15 12.1 7.7 

Ni-S 1373.15 10.6 7.1 

Cu-S 1473.15 14.8 8.0 

 

Table 6. Values of parameters a, b and c in equation (23) for molar volume 
calculation of the Fe-S, Ni-S and Cu-S melts [21]. 

System T(K) Composition a b c Accuracy 

Fe-S 1473.15 0.40  < XS < 0.51 13.69 -28.99 49.38 ± 0.6 

Ni-S 1373.15 0.28 < XS < 0.44 9.96 -16.09 34.05 ± 0.5 

Cu-S 1473.15 0.326 < XS < 0.343 8.01 6.67 - ± 0.5 
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Table 7. Values of parameters ai, bi and ci in equation (22) for partial molar 
volume calculations of the components in the Fe-S, Ni-S and Cu-S melts 
[21]. 

System T(K) Components ai bi ci Accuracy 

Fe-S 1473.15 S -15.3 98.76 49.38 ± 0.5 

Fe 13.69 - 49.38 ± 0.5 

Cu-S 1473.15 S 14.8 - - ± 1 

Cu 8 - - ± 1 

Ni-S 1373.15 S -6.13 68.10 34.05 ± 0.5 

Ni 9.96 - 34.05 ± 0.5 
 

Using the experimentally obtained coefficients in Table 6 and 7, it is possible to calculate 

the excess terms of the melts at 1200 and 1100oC. The partial molar volume of components 

of a mixture at elevated temperatures varies with the amount of components in the 

mixture. For example, the partial molar volume of sulfur (at XS=0.35) in the Ni-S melts is 

about 13.53 cm3/mol whereas its value at infinite dilution is 10.6, as shown in Table 5. 

3.1  Densities of Fe-S Melts 

If a symmetric regular solution is assumed for Fe-S liquids the molar volume can be 

expressed as [22]: 

                                           (24) 

                                  (25) 

where     and    are Fe and S contents in atomic ratios and   experimentally determined 

coefficient of the excess term. The last term in equation (24) expresses the excess molar 

volume. Nichida et al. [22] illustrated the extent of this excess term in Figure 7 below. 

Based on experimental results, Mietinen et al. [23] estimated equations (26) and (27) to 

model the densities of liquid Fe-Sulfides, as a function of temperature (1100 – 1500oC) and 

composition, at ambient pressure. 

                          
  

                                                     (26) 

                                                                         (27) 

where    is composition of S in wt. %. 
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Figure 7. Variation of Vm with sulfur content at 1925K and 4Gpa; the open circles represent 

molar volumes at 1923K (at ambient pressure) [22]. 

 

Figure 8. Excess molar volume of Fe and S at 4 Gpa; each crossed point represents the 

excess molar volume calculated using equation (24), the solid curve shows VEx at ψ = -15.24 

[22]. 

Extrapolated 

1923K 

Nishida et al. [22] 
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Figure 9. Density of the Fe-S melts as a function of mass percent of S; density decreases 

linearly with the increasing fraction of S and increases only with temperature; dashed lines 

are extrapolated assuming ideal mixing. Data adapted from Miettinen et al. [23].  

Assuming that species’ partial molar volumes are constant at a given T and P, component 

partial molar volumes are a function of the bulk composition, resulting in a positive 

deviation from linear component mixing of volumes. For instance, S2- has a molar volume 

of about 18.2 cm3/mol (Table 8), however, in a Ag-S melts Nagamori [21] reported that it is 

about 15.3 cm3/mol and in Cu-S melts it is about 14.8 cm3/mol. The reduction in volume of 

S2- in Cu-S melts with respect to the Ag-S melts may be interpreted as the presence of more 

covalently bonded sulfur or non localized electrons. According to the electronegativity 

values the Ag-S is more ionic than that of Cu-S bonding. Thus, the partial molar volume of 

sulfur in sulfides may increase with ionic bonding [21]. 

Table 8. Molar volumes of pure elements and liquid sulfides at 1300K (with 2.5% average 

error) [20]; densities are calculated using equation (3). 

Species  Molar volume (cm3/mole) ρ(calculated) 

S 14.45 2.219 

S2- 18.2(15.4) (Nagamori [21]) - 

Fe 7.68 7.272 

Ni 7.23 8.119 

Cu 7.89 8.054 

FeS 22.20 3.960 

NiS 18.06 5.025 

CuS 17.77 5.380 
 

 

 

 

773K 

1473K 

373K 



 

23 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. (a) Densities of the Fe-S melts, at different temperatures, as a function of sulfur 

content, (b) molar volumes of the Fe-S melts at 1200oC as a function of composition [21]. 

Densities of the Fe-S melts at 1200oC and 28 < [wt. % S] < 37 can be estimated by equation 

(24) fitted from experimental data [21] as: 

                                                                                (28) 

3.2 Densities of Ni-S Melts 

As a result of experimental work, Nagamori [21] suggested that a temperature coefficient 

of the Ni-S melts, in the temperature range 1000-1200oC and 18 < [wt. % S] < 30, can be 

estimated by equation (29). 

     (a) 

     (b) 
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                                                                                          (29) 

At 1200oC and 18 < [wt. % S] < 30 the densities of Ni-S melts may be calculated by equation 

(30) below [21]: 

                                                                            (30) 

According to the experimental data the density of the stoichiometric Ni3S2 is calculated as 

(with an error of ± 0.04 g/cm3): 

                                                                                            (31) 

 

 

Figure 11. Densities and molar volumes of the Ni-S melts at 1100oC as a function of 

composition [21]. 

As shown in Figure 11, the densities of Ni-S melts deviate positively from the densities 

assuming ideal mixing.  

3.3 Densities of Co-S Melts 

Taking the partial molar volume of Co at 1100oC from Figure 1 (7.03 cm3/mol) and that of S 

from Table 6 (13.53 cm3/mol, partial molar volume of S in Ni-S melts at XS=0.35) and 

assuming ideal mixing, molar volume of the Co-S melts, at 1100oC, may be estimated from 

relations in equation (32) below.   
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                                                                                    (32) 

Using equation (32), the density of the CoS melt, at 1100oC, is about 5.31 g/cm3 (5.45 at 

25oC [10]). Considering the excess term to be equal to that of the Ni-S melts (at 1100oC and 

XS=0.35) density of CoS is about 4.88 g/cm3. 

3.4 Densities of Cu-S Melts 

 The experimental work of Nagamori [21] shows that the density and molar volume of 

molten Cu-S melts, at 1200oC, can be expressed as: 

     
                                (For 19.6 < [wt. % S] < 20.6)                         (33) 

           
 

  
                                                                     (34) 

According to equation (34), the density of Cu2S at 1200oC is 5.184 ± 0.15, which is in 

agreement with the value listed in Table 9. 

3.5 Densities of Melts in the Fe-Ni-Cu-S-(O) System 

Figure 12 includes three plots of the density versus sulfur content for sulfide liquids, close 

to the Fe–S, Ni–S and Cu – S binaries.  

 

Figure 12. Densities of liquids in the Fe–S, Ni–S and Cu–S binaries; experimental results 

between 1201oC and 1299oC in which mol. % O is less than 5 are included [20]. 
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Figure 13. A Plot of the calculated density of sulfide liquids at 1200oC,      

   = - 8.68 and 

     

    = - 2 [20]. 

The 35% density difference between Ni-S-(O) liquids (5.33 g/cm3) and Fe-S-(O) liquids (3.96 

g/cm3) under the conditions shown in Figure 13 is much larger than the 11% density 

difference between the densities of liquid Ni (8.356 g/cm3, Figure 14) and liquid Fe (7.503 

g/cm3, Figure 15). Density difference between the Fe(l) and Fe-S-O liquids is larger than 

that of the difference between the Ni(l) and Ni-S-O liquids. This may be as a result of higher 

equilibrium oxygen contents and anion/cation ratios in the Fe-S-O liquids than in the Ni-S-O 

liquids. Thus, the effect of oxygen on the densities of sulfides is expected to be more 

significant in Fe-rich compositions [20]. 

Table 9.  Densities of sulfide melts [21, 24, 25] (g/cm3). 

Composition ~Tm(K)  T(K) ρ (T) Ref. 

FeS 1468.15 ~1473.15 3.90 [24] 

FeS 1468.15 1473.15 3.80 [21] 

FeS 1460 1500 3.80 [25] 

Cu2S 1403.15 ~1473.15 5.20 [24] 

Cu2S 1403.15 1473.15 5.18 [21] 

Cu(79.70 wt. %)S(20.30 wt. %) - 1473.15 5.15 ± 0.02 [21] 

Cu2S-FeS (50 wt. % Cu) 1310 1500 4.30 [25] 

Cu2S-FeS (80 wt. % Cu) 1400 1500 5.80 [25] 

Ni3S2 - 1373.15 5.36 [21] 

Bi2S3 1033.15 1073.15 6.03 [21] 

Ag2S 1098 1423.15 6.37 [21] 

1200oC 
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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). 

7.503 8.356 

8.356 7.873 

 decreasing        

density increasing      

density 
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4 Effect of Pressure on Densities of the Sulfide Melts 

Conditions of high pressure favor formation of polymorphic forms with high densities, 

whereas conditions of high temperature favor looser packing and formation of 

polymorphic forms with relatively low densities [1]. As in the case of ambient pressure 

conditions, the densities of Fe–S melts decrease non-linearly with increasing sulfur content 

at 4 GPa and 1923 K, as depicted in Figure 16. The excess molar volumes of Fe and S at 4 

GPa deviate negatively from the ideal molar volume. In general, the change in the molar 

volumes (Vm) and the excess molar volumes (VEx) with sulfur content at high pressures, at 

least up to 4 GPa, is similar to that of ambient pressure conditions [22]. As Figure 16 shows, 

however, at higher sulfur content the variation in the densities at 4GPa and 1atm grows.    

 
Figure 16. A modified sulfur content versus density of liquid Fe–S diagram, originally 

calculated by Nishida et al. [22]. The open diamonds represent the density of liquid Fe–S at 

ambient pressure and 1923 K derivative (dq/dT) of 8∙10-4 from 1473 K (Nagamori (1969) 

[21]). The open squares represent the density at ambient pressure and 1923 K (Nasch and 

Steinemann 1995). Black downward- and upward-pointing triangles represent measured 

densities of the Fe–S samples. The dotted bold line in this area shows the density of Fe–S 

liquids with various sulfur contents decreasing monotonically. The gray square represents 

the calculated values at 4 GPa and 1923 K based on the elastic parameters of liquid Fe 

obtained by Nasch and Steinemann (1995). The gray diamod represents the density of 

liquid FeS at 4.1 GPa (measured by Chen (2005) and using Nagamori’s [18] data: dq/dT = 

8∙10-4). 

Fe 

Extrapolated 

4

G

P
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1atm
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5 Summary and Conclusions  

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%).  

At isothermal and isobaric conditions, densities of the sulfides decrease with increasing 
fraction of sulfur. If a sulfide contains more than one metal, the density decreases with 
increasing concentration of the lighter metal, at fixed amount of sulfur. Interaction of the 
alloy forming components determine the excess terms in the molar volume alloys. The 
molar volume may deviate positively or negatively from the ideal molar volume resulting in 
nonlinear ρ-X-T relations. As the fraction of sulfur increases the Vm(sulfides) deviate 
negatively from ideal-mixing and/or the respective ρm values deviate positively from the 
ideal-mixing. However, at the presence of oxygen this might not hold. 
 
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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Appendix A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 – 1873 20 9.08 1.03 1798-1923 

40 8.12 0.2
78 

1643-1888 40 8.73 0.80
6 

1803-1913 

60 8.00 0.2
03 

1678-1918 60 7.57 0.10
0 

1748-1923 

80 8.32 0.3
41 

1793-1918 80 9.38 0.93
3 

1778-1918 

100 10.10 1.2
7 

1773-1928 100 10.1
0 

1.27 1763-1933 

 

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

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

Densities of phases in the Ni-Fe-S system at 1200oC [26]. Compositions are in Wt. % and 

values in brackets are analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

Densities of phases in the Ni-Cu-S system at 1200 oC [26]. Compositions are in Wt. 

% and values in brackets are analyzed. 

 

 

 

 

 

 

 

 

 

 

 

Ni Fe S ρ(g/cm3) 

73.7 0.6 25.69 5.18 

61.93 9.87 28.2 5.03 

22.93 44.67 32.4 4.35 

0 66.73 33.27 3.82 

74.45 0.33 25.22 5.18 

56.34 14.62 29.04 4.95 

34.95 35.92 29.13 4.58 

32.3 37.61 30.09 4.53 

10.99 56.87 32.14 4.08 

72.82 0 27.18 5.18 

61.14 9.04 29.82 5.02 

34.53 34.93 30.54 4.58 

13.48 53.61 32.91 4.14 

0 65.36 34.64 3.82 

51.45 19.34 29.21 4.87 

23.75 44.59 31.66 4.36 

11.44 56.72 31.84 4.09 

Ni Cu S ρ(g/cm3) 

63.80 (64.90) 15.76 (16.02) 18.80 (19.10) 5.18 

38.83 (39.10) 40.70 (41.00) 19.70 (19.90) 5.22 

59.20(59.30) 15.37 (15.40) 25.20 (25.30) 5.19 

38.70 (39.57) 39.70 (40.59) 19.40 (19.83) 5.22 

15.00 (15.46) 65.60 (67.63) 16.40 (16.91) 5.25 

37.90 (38.70) 40.80 (41.68) 19.20 (19.61) 5.22 

58.40 (59.17) 15.60 (15.80) 24.70 (25.02) 5.19 

0.00 (0.00) 77.30 (78.80) 20.80 (21.20) 5.25 
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