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Abstract: In the framework of systematic science of alloys, the average molar property (volume and potential energy) functions of 
disordered alloys were established. From these functions, the average molar property functions, partial molar property functions, 
derivative functions with respect to composition, general equation of relationship between partial and average molar properties of 
components, difference equation and constraining equation of different values between partial and average molar properties, as well 
as general Gibbs-Duhem formula were derived. It was proved that the partial molar properties calculated from various combinative 
functions of average molar properties of alloys are equal, but in general, the partial molar properties are not equal to the average 
molar properties of a given component. This means that the partial molar properties cannot represent the corresponding properties of 
the component. All the equations and functions established in this work were proved to be correct by calculating the results of partial 
and average atomic volumes of components as well as average atomic volumes of alloys in the Au-Ni system. 
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1 Introduction 
 

In the traditional thermodynamics of alloys, the 
average properties of components cannot be obtained by 
separating the total Q-function of the alloys, therefore, 
the average Q-property of components α is represented 
by the partial molar property Qα′ . In the framework of 
systematic science of alloys [1−8], the average energy 
E-functions and average volume V-functions of alloys 
are formed respectively by adding average energy Eα  
-functions and adding average volume vα -functions of 
components α (α=A, B). It means that the average 
properties Qα (Q=E, V) of components can be obtained 
by separating the total Q-function of the alloys. In this 
study, the relationship functions between the average and 
partial molar properties were established. Taking volume 
property of Au-Ni system as an example, it was proved 
that in general the partial molar properties cannot 
represent the corresponding properties of the component. 

 

2 Relationship between average and partial 
molar properties of components 

 
In the framework of systematic science of alloys, 

the molar property of solid solution Qm is described by 
the combinative function of average molar property 
functions AQ  and BQ  of components A and B: 
 

m A A B BQ x Q x Q= +                            (1) 
 
where xA and xB are the mole fractions of components A 
and B, respectively. 

In the traditional thermodynamics of alloys, the 
average molar properties AQ  and BQ  of components 
A and B cannot be obtained by separating the molar 
properties of the solid solution, therefore, the average 
molar properties AQ and BQ of components A and B are 
represented respectively by partial molar properties 

AQ′ and BQ′ , and the definition of which is [9] 
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where Q is the total property of the solid solution; nA and  
nB are the mole numbers of components A and B, 
respectively; T is temperature and P is pressure. 

In this case, the total property Q of the solid 
solution can be described by the assembling function of 
partial molar property functions:  

m A A B BQ nQ n Q n Q′ ′= = +                       (3) 
 
and  

m A A B BQ x Q x Q′ ′= +                           (4) 
 

For Eq. (2), the partial derivative of Q with respect 
to nA (or nB) can be changed to Q with respect to xA (or 
xB):  

m
A m A

A

m
B m B

B

d
(1 )

d
d

(1 )
d

Q
Q Q x

x
Q

Q Q x
x

⎧ ′ = + −⎪⎪
⎨
⎪ ′ = + −
⎪⎩

                     (5) 

 
Substituting Eq. (1) into Eq. (5), the general 

equation of relationship between partial and average 
molar properties of components can be obtained: 
 

2
A A B A A B A A B A

2
B B A B B A B B A B

(d / d ) (d / d d / d )

(d / d ) (d / d d / d )

Q Q x Q x x Q x Q x

Q Q x Q x x Q x Q x

⎧ ′ = + − −⎪
⎨

′ = + − −⎪⎩
 

          (6) 
From the above equations, the following 

conclusions can be arrived. 
1) From Eq. (5), it is known that the partial molar 

properties depend on the results of combinative functions 
of the solid solution, not on the average molar property 
functions of components A and B. This means that if 
various combinative functions have the same curves of 
the molar property of the solid solution as a function of 
composition, the partial molar properties obtained from 
the various combinative functions are the same, although 
their average molar property functions of components A 
and B may be obviously different. 

2) From Eq. (6), it can be proved that the 
combinative function is identically equal to the 
assembling function: 
 

A A B B A A B B A B A A(d / dx Q x Q x Q x Q x x Q x′ ′+ = + + −  
             B A A B A B A Ad / d ) ( )(d / dQ x x x x x Q x− + −  
             B Ad / d )Q x                     (7) 
and 

A B A A B A(d / d d / d )x x Q x Q x− −  

A B A B A A B A( )(d / d d / d ) 0x x x x Q x Q x+ − ≡  
so, 

A A B B A A B Bx Q x Q x Q x Q′ ′+ = +                 (8) 
  

 3) From Eq. (6), the difference equation between 
partial and average molar properties, and the 
constraining equation of difference values between 
partial and average molar properties of components A 
and B can be obtained:  

A A A
2

B A A B A A B A

B B B
2

A B B A B B A B

      (d / d ) (d / d d / d )

      (d / d ) (d / d d / d )

Q Q Q

x Q x x Q x Q x

Q Q Q

x Q x x Q x Q x

′⎧Δ = −
⎪

= − −⎪
⎨

′Δ = −⎪
⎪ = − −⎩

 (9 ) 

 
A A B B 0x Q x QΔ + Δ =                          (10) 

 
The constraining equation of difference values Eq. 

(10) can be used to check the calculated results. 
4) From Eq. (6), the general Gibbs-Duhem can be 

derived:  
A B A B A A A

B B A

B A A B A A B

B B B

d [2(d d ) d(d / d )

            d(d / d )]

d [2(d d ) d(d / d )

            d(d / d )]

Q x Q Q x Q x

x Q x

Q x Q Q x Q x

x Q x

′⎧ = − + +
⎪
⎪
⎨

′ = − + +⎪
⎪
⎩

     (11) 

 
A A B Bd d 0x Q x Q′ ′+ =                          (12) 

 
 5) From Eq. (6), the condition for the partial molar 

properties equal to the average molar properties of 
components A and B can be obtained:  

A A

B B

d / d 0
d / d 0

Q x
Q x

=⎧
⎨ =⎩

                             (13) 

 
or  

A A B B B A(d / d ) /(d / d ) /Q x Q x x x=               (14) 
 
3 Energy and volume functions of 

disordered alloys 
 

According to the characteristic atoms arranging 
(CAA) model and characteristic crystals (CCM) mixing 
model, three kinds of average molar properties functions 
of components A and B for disordered alloys were 
established [1−8]. 

I-type:  
A A A

A 0 B I 0
B B B

B I A 0 I

( )

( )

Q Q x Q Q

Q Q x Q Q

⎧ = + −⎪
⎨

= + −⎪⎩
                    (15) 

 
II-type:  

A 2 A A
A 0 B B I 0

B 2 B B
B I A A 0 I

[ ( 1) / ]( )

[ ( 1) / ]( )

Q Q x I x I Q Q

Q Q x I x I Q Q

⎧ = + + − −⎪
⎨

= + + − −⎪⎩
        (16) 

 
III- type:  

A A A
A 0 B A B I 0

B B B
B I A A B 0 I

{[ ( 1) ] / }( )

{[ ( 1) ] / }( )

Q Q Ix I x x I Q Q

Q Q Ix I x x I Q Q

⎧ = + + − −⎪
⎨

= + + − −⎪⎩
    (17) 
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where I is the coordination number, A 0
0 AQ Q= and 

A 0
1 AQ Q= denote respectively atomic potential energies 

( A
0ε and B

Iε ) and volumes ( A
0v and B

Iv ) of primary 
characteristic atoms, or molar potential energies ( A

0E and 
B
IE ) and molar volumes ( A

0V and B
IV ) of primary 

characteristic crystals, as well as A
0Q and B

IQ  denote 
respectively atomic potential energies ( A

0ε and B
Iε ) and 

atomic volumes ( A
0v and B

Iv ) of the terminal 
characteristic atoms, or molar potential energies ( A

0E and 
B
IE ) and molar volumes ( A

0V and B
IV ) of terminal 

characteristic crystals; I=12, for FCC-solid solution. 
By combining Eqs. (15), (16) and (17) and 

substituting them into Eq. (1), the nine combinative 
functions of average atomic/molar properties of the 
disordered alloys can be obtained (see Table 1). The 
derivative equations and functions of partial molar 
properties obtained from these combinative functions are 
respectively listed in Tables 2 and 3. 

 
4 Atomic volumes of Au-Ni alloys 
 
4.1 Parameters in volume functions of Au-Ni system 

The Au-Ni system is a face center cubic (FCC) 
continuous solid solution [10−11]. According to the 
experimental values of lattice constants of pure Au- and 
Ni-metals, as well as Au(1−x)Nix alloys [12], the atomic 
volumes Au 0

0 Au( )v v=  and Ni 0
0 Ni( )v v=  of primary 

characteristic atoms and the atomic volumes Au
Iv  and 

Ni
0v of terminal characteristic atoms in the average 

atomic volume functions are obtained as listed in   
Table 4. 

 
4.2 Calculated results 

According to the parameters in Table 4, the results 

calculated by functions above are listed in Tables 5 and 6. 
From these results, the following knowledge is obtained. 

1) The calculated values (Vcal) of average atomic 
volumes of Au(1−x)Nix alloys obtained from Eqs. (2)−(9) 
in Table 1 are equal to each other and in good agreement 
with the experimental atomic volumes (vexp). It means 
that Eqs. (2)−(9) in Table 1 can be used to calculate the 
average atomic volumes of Au(1−x)Nix alloys, if the 
average atomic volumes of components Au and Ni in the 
Au(1−x)Nix alloys is not needed. 

2) The values (v′Au and v′Ni) of partial atomic 
volumes of components Au and Ni in the Au(1−x)Nix 
alloys obtained from Eqs. (2)−(9) in Table 1 are equal to 
each other, because the compositional dependences of 
average atomic volumes of Au(1−x)Nix alloys described by 
Eqs. (2)−(9) are the same. 

3) The calculated values of average atomic volumes 
of components Au and Ni in the Au(1−x)Nix alloys 
obtained from Eqs. (2)−(9) in Table 1 are different from 
each other. This means that it is not an easy problem to 
determine components Au and Ni on the contribution to 
the volume of alloys, or to choose the volume function in 
Table 1 for Au-Ni system. This difficult problem was 
resolved for Au-Cu [13−15], Ag-Cu and Ti-Al systems 
through the study of volume and energy functions 
associated with electronic structures of alloys. 

4) The difference values between partial and 
average atomic volume obtained from function 3 in Table 
1 are the greatest. But these difference values obey the 
constraining equation Au Au Ni Ni 0v x v xΔ + Δ = . It is also 
proved that A A B B A A B Bx Q x Q x Q x Q′ ′+ = + . 

 
Table 1 Average property functions of disordered binary alloys (Q=E or V) 

No. Function 

1 0 0 A 0 B 0
m A A B B A B I A 0 B[( ) ( )]Q x Q x Q x x Q Q Q Q= + + − + −  

2 
2

0 0 A 0 B 0A B A B
m A A B B A B I A 0 B

( 1)( ) ( )I x x x xQ x Q x Q x x Q Q Q Q
I

− +
= + + − + −  

3 
2

0 0 A 0 B 0A B A B
m A A B B A B I A 0 B

( 1)
( ) ( )

I x x Ix x
Q x Q x Q x x Q Q Q Q

I
− +

= + + − + −  

4 
2

0 0 A 0 B 0A B A B
m A A B B I A A B 0 B

( 1) ( ) ( )I x x x xQ x Q x Q Q Q x x Q Q
I

− +
= + + − + −  

5 
2

0 0 A 0A B A B
m A A B B I A

( 1)
( )

I x x x x
Q x Q x Q Q Q

I
− +

= + + −
2

B 0A B A B
0 B

( 1)
( )

I x x x x
Q Q

I
− +

+ −  

6 
2 2

0 0 A 0 B 0A B A B A B A B
m A A B B I A 0 B

( 1) ( 1)
( ) ( )

I x x x x I x x Ix x
Q x Q x Q Q Q Q Q

I I
− + − +

= + + − + −  

7 
2

0 0 A 0 B 0A B A B
m A A B B I A A B 0 B

( 1)
( ) ( )

I x x Ix x
Q x Q x Q Q Q x x Q Q

I
− +

= + + − + −  

8 
2

0 0 A 0A B A B
m A A B B I A

( 1)
( )

I x x Ix x
Q x Q x Q Q Q

I
− +

= + + −
2

B 0A B A B
0 B

( 1)
( )

I x x x x
Q Q

I
− +

+ −  

9 
2

0 0 A 0A B A B
m A A B B I A

( 1)
( )

I x x Ix x
Q x Q x Q Q Q

I
− +

= + + −
2

B 0A B A B
0 B

( 1) ( )I x x Ix x Q Q
I

− +
+ −  
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Table 2 Derivative equations of average property functions of disordered binary alloys (Q=E or V) 
No. Equation 

1 
m

A B 0 A 0 B 0m
I 0 A I A 0 B B

B

A B 0 A 0 B 0
I 0 B I A 0 B A

A

d ( 2 ) 2[( ) ( )] ,
d
d ( 2 ) 2[( ) ( )]
d

Q Q Q Q Q Q Q Q x
x
Q Q Q Q Q Q Q Q x
x

= + − − − + −

= + − − − + −

 

2 
m

A 0 B 0 B 0
A B 0 2I A 0 B 0 Bm
I 0 A B B

B
A 0 B 0 B 0

A B B 0 2I A 0 B 0 B
I 0 0 B A A

A

( ) (2 1)( ) ( 1)( )d
2 2 3 ,

d

( ) (2 1)( ) ( 1)( )d 1 ( ) 2 3
d

I Q Q I Q Q I Q QQ
Q Q Q x x

x I I

I Q Q I Q Q I Q QQ Q Q Q Q x x
x I I I

− + − − − −
= + − − +

− + − − − −
= − + − − +

 

3 
m

A 0 B 0 B 0
A B 0 2I A 0 B 0 Bm
I 0 A B B

B
B 0 A 0 B 0 B 0

A B B 0 20 B I A 0 B 0 B
I 0 0 B A A

A

( ) ( ) ( 1)( )d 2 2 3 ,
d

( ) (3 2)( ) ( 1)( )d 2( ) 2 3
d

I Q Q Q Q I Q QQ Q Q Q x x
x I I

Q Q I Q Q I Q Q I Q QQ Q Q Q Q x x
x I I I

− + − − −
= + − − −

− − + − − − −
= − + − − − +

 

4 
m

B 0 A 0 A 0
B A A 0 20 B I Am I A
0 0 I A B B

B
B 0 A 0 A 0

A B 0 20 B I A I A
I 0 B A A

A

( ) ( 2)( )d ( 1)( )1 ( ) 2 3 ,
d

( ) (2 1)( ) ( 1)( )d 2 ) 2 3
d

I Q Q I Q QQ I Q Q
Q Q Q Q x x

x I I I

I Q Q I Q Q I Q QQ Q Q Q x x
x I I

− − − − − −
= − + − − −

− + − − − −
= − − − +

 

5 

A 0 B 0 A 0 B 0A 0
B 0 2I A 0 B I A 0 Bm I A
0 A B B

B
B 0 B 0 A 0 B 0 A 0

A B 20 B 0 B I A 0 B I Am
I 0 A A

A

( 2)( ) (2 1)( ) ( 1)( )d 2 3 ,
d

( 2)( ) (2 1)( ) ( 1)( )d
2 3

d

I Q Q I Q Q I Q Q Q QQ Q QQ Q x x
x I I I

Q Q I Q Q I Q Q I Q Q Q QQ
Q Q x x

x I I I

− − + − − − − − +−
= − + + −

− − − − − − − − − +
= − + + −

 

6 

A 0 B 0 A 0 B 0A 0
B 0 2I A 0 B I A 0 Bm I A
0 B B B

B
B 0 A 0 B 0 A A B 0

A B 0 20 B I A 0 B I 0 0 Bm
I 0 B A A

A

( 1)( ) ( ) ( 1)( )d
2 3 ,

d

(2 1)( ) (3 2)( ) ( 1)( )d
2 3 2 3

d

I Q Q Q Q I Q Q Q QQ Q Q
Q Q x x

x I I I

Q Q I Q Q I Q Q I Q Q Q QQ
Q Q Q x x

x I I I

− − − − − − + −−
= − + + −

− − − − − − − − + −
= + − − − +

 

7 

B 0 A 0A 0 A 0
B A 0 20 B I Am I B I A
0 I A B B

B
B 0 A 0 A 0

A B 0 20 B I Am I A
I 0 B A A

A

( ) (3 2)( )d ( 1)( )
2 3 2 3 ,

d

( ) ( )d ( 1)( )
2 2 3

d

I Q Q I Q QQ Q Q I Q Q
Q Q Q x x

x I I I

I Q Q Q QQ I Q Q
Q Q Q x x

x I I

− + − −− − −
= + − − − +

− + − − −
= − − − −

 

8 

B 0 A 0A 0
B A 0 0 B I Am I A
0 I A B

B
A 0 A 0

2I B 0 B
B

B 0 B 0 A 0
A 0 0 B 0 B I Am
I B A

A
A 0 B 0

2I A 0 B
A

(2 1)( ) (3 2)( )d
2 3 2

d

( 1)( )
         3 ,

( 2)( ) ( )d
2

d

( 1)( )
           3

I Q Q I Q QQ Q Q
Q Q Q x

x I I

I Q Q Q Q
x

I
Q Q I Q Q Q QQ

Q Q x
x I I

I Q Q Q Q
x

I

− − + − −−
= + − − − −

− + − −

− − − − −
= − + + −

− − + −

 

9 

A 0 B 0A 0
B A 0 A 0 Bm A
0 A B

B
A 0 B 0

2A 0 B
B

B 0 B 0 A 0
A B 0 0 B 0 B Am

0 B A
A

B 0 A 0
20 B A
A

(3 2)( ) ( )d
2 3 2

d

( 1)( )
          3 ,

(3 2)( ) ( )d
2 3 2

d

( 1)( )
         3

II
I

I

I
I

I

I Q Q Q QQ Q Q
Q Q Q x

x I I

I Q Q Q Q
x

I
Q Q I Q Q Q QQ

Q Q Q x
x I I

I Q Q Q Q
x

I

− − + −−
= + − − − +

− − − +

− − − + −
= + − − − +

− − − +
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Table 3 Functions of partial molar (or partial atomic) properties of components for disordered binary alloys(Q=E or V) 
No. Function 

1 
0 A 0 B 0 2

A A I A 0 B B
0 A 0 B 0 2

B B I A 0 B A

[( ) ( )] ,

[( ) ( )]

Q Q Q Q Q Q x

Q Q Q Q Q Q x

′ = + − + −

′ = + − + −
 

2 
0 A 0 B 0 2 B 0 3

A A I A 0 B B 0 B B
0 A 0 B 0 2 B 0 3

B B I A 0 B A 0 B A

{[ ( ) (2 1)( )] / } {[2( 1)( )] / } ,

{[ ( ) ( 2)( )] / } {[2( 1)( )] / }

Q Q I Q Q I Q Q I x I Q Q I x

Q Q I Q Q I Q Q I x I Q Q I x

′ = + − + − − − − −

′ = + − + − − + − −
 

3 
0 A 0 B 0 2 B 0 3

A A I A 0 B B 0 B B
0 A 0 B 0 2 B 0 3

B B I A 0 B A 0 B A

{[ ( ) ( )] / } {[2( 1)( )] / } ,

{[ ( ) (3 2)( )] / } {[2( 1)( )] / }

Q Q I Q Q Q Q I x I Q Q I x

Q Q I Q Q I Q Q I x I Q Q I x

′ = + − + − + − −

′ = + − + − − − − −
 

4 
0 A 0 B 0 2 B 0 3

A A I A 0 B B 0 B B
0 A 0 B 0 2 B 0 3

B B I A 0 B A 0 B A

{[( 2)( ) ( )] / } {[2( 1)( )] / } ,

{[(2 1)( ) ( )] / } {[2( 1)( )] / }

Q Q I Q Q I Q Q I x I Q Q I x

Q Q I Q Q I Q Q I x I Q Q I x

′ = − − − − − + − −

′ = + − − + − − − −
 

5 

0 A 0 B 0 2
A A I A 0 B B

A 0 B 0 3
I A 0 B B

0 A 0 B 0 2
B B I A 0 B A

A 0 B 0 3
I A 0 B B

{[( 2)( ) (2 1)( )] / }

        {2( 1)[( ) ( )] / } ,

{[(2 1)( ) ( 2)( )] / }

         {2( 1)[( ) ( )] / }

Q Q I Q Q I Q Q I x

I Q Q Q Q I x

Q Q I Q Q I Q Q I x

I Q Q Q Q I x

′ = − − − − − − +

− − − −

′ = + − − + − − −

− − − −

 

6 
0 A 0 B 0 2 A 0 B 0 3

A A I A 0 B B I A 0 B B
0 A 0 B 0 2 A 0 B 0 3

B B I A 0 B A I A 0 B A

{[( 2)( ) (2 1)( )] / } {2( 1)[( ) ( )] / } ,

{[(2 1)( ) (3 2)( )] / } {2( 1)[( ) ( )] / }

Q Q I Q Q I Q Q I x I Q Q Q Q I x

Q Q I Q Q I Q Q I x I Q Q Q Q I x

′ = − − − − − − + − − + −

′ = + − − + − − − − − + −
 

7 
0 A 0 B 0 2 B 0 3

A A I A 0 B B 0 B B
0 A 0 B 0 2 A 0 3

B B I A 0 B A I A A

{[(3 2)( ) ( )] / } {[2( 1)( )] / } ,

{[( ) ( )] / } {[2( 1)( )] / }

Q Q I Q Q I Q Q I x I Q Q I x

Q Q Q Q I Q Q I x I Q Q I x

′ = − − − + − − − −

′ = + − + − + − −
 

8 
0 A 0 B 0 2 A 0 B 0 3

A A I A 0 B B I A 0 B B
0 A 0 B 0 2 A 0 B 0 3

B B I A 0 B A I A 0 B A

{[(3 2)( ) (2 1)( )] / } {2( 1)[( ) ( )] / } ,

{[( ) ( 2)( )] / } {2( 1)[( ) ( )] / }

Q Q I Q Q I Q Q I x I Q Q Q Q I x

Q Q Q Q I Q Q I x I Q Q Q Q I x

′ = + − − + − − − − − + −

′ = + − − − − + − − + −
 

9 
0 A 0 B 0 2 A 0 B 0 3

A A I A 0 B B I A 0 B B
0 A 0 B 0 2 A 0 B 0 3

B B I A 0 B A I A 0 B A

{[(3 2)( ) ( )] / } {2( 1)[( ) ( )] / } ,

{[( ) (3 2)( )] / } {2( 1)[( ) ( )] / }

Q Q I Q Q Q Q I x I Q Q Q Q I x

Q Q Q Q I Q Q I x I Q Q Q Q I x

′ = + − − + − − − − − −

′ = + − + − − + − − − −
 

 
Table 4 Atomic volumes Au Au

0 I,  v v , Ni
Iv  and Ni

0v in average volume functions of Au-Ni system  

No. Au 0
0 Auv v= /10−3nm3 Au

Iv /10−3nm3 Ni 0
I Niv v= /10−3nm3 Ni

0v /10−3nm3 

1* 16.960 6 − 10.940 8 − 

2 16.960 6 17.654 2 10.940 8 11.891 2 

3 16.960 6 19.555 0 10.940 8 9.990 4  

4 16.960 6 17.654 2 10.940 8  11.891 2 

5 16.960 6 17.600 8 10.940 8 12.531 2 

6 16.960 6 14.131 0 10.940 8 12.820 3 

7 16.960 6 17.911 3 10.940 8 10.762 9 

8 16.960 6 17.717 2 10.940 8 11.134 9 

9 16.960 6 17.850 3 10.940 8 10.879 8 
*The first function is not adopted in which Au

Iv  and Ni
0v  cannot be separated. 



XIE You-qing/Trans. Nonferrous Met. Soc. China 21(2011) 1801−1807 1806 

Table 5 Partial atomic volumes and average atomic volumes of Au-Ni system (a in 10−1nm; v in 10−3nm3) 

xNi Item 
0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0 

aexp 4.078 5 4.041 1  3.999 3 3.953 2 3.903 0 3.848 8 3.790 7 3.729 1 3.663 9 3.595 5 3.524 0

vexp 16.960 6 16.498 7 15.991 8 15.445 0 14.863 6 14.252 8 13.617 8 12.963  9 12.296 3 11.620 1 10.940 8

vcal. 16.960 6 16.498 7 15.991 8 15.445 0 14.863 6 14.252 8 13.617 8 12.963 9 12.296 3 11.620 1 10.940 8

v′Au 16.960 6 16.984 0 17.047 3 17.139 9 17.251 5 17.371 6 17.489 7 17.595 4 17.678 2 17.727 7 17.733 4

v′Ni 12.584 8 12.131 3 11.769 9 11.490 2 11.281 7 11.134 0 11.036 5 10.979 0 10.950 8 10.941 5 10.940 8

Auv  16.960 6 17.030 0 17.099 3 17.168 7 17.238 0 17.307 4 17.376  7 17.446 1 17.515 5 17.584 8 17.654 2
2 

Niv  11.891 2 11.717 8 11.561 7 11.423 1 11.301 9 11.198 2 11.118 8 11.042 9 10.991 5 10.759 4 10.940 8

Auv  16.960 6 17.220 0 17.479 5 17.738 9 17.998 4 18.257 8 18.517 2 18.776 7 19.036 1 19.295 5 19.555 0
3 

Niv  9.990 4  10.007 0 10.041 1 10.092 6 10.161 5 10.247 8 10.351 5 10.472 7 10.611 3 10.767 3 10.940 8

Auv  16.960 6 16.972 7 16.997 6 17.035 2 17.085 4 17.148 4 17.224 2 17.312 6 17.413 7 17.527 6 17.654 2
4 

Niv  11.891 2 11.796 2 11.701 1 11.606 1 11.511 0 11.416 0 11.320 9 11.225 9 11.130 9 11. 035 8 10.940 8

Auv  16.960 6 16.971 8 16.994 8 17.029 4 17.075 8 17.134 0 17.203 9 17.285 5 17.378 9 17.484 0 17.600 8
5 

Niv  12.531 2 12.240 9 11.979 8 11.747 9 11.545 1 11.371 5 11.227 0 11.111 7 11.025 6 10.969 8 10.940 8

Auv  16.960 6 16.911 1 16.809 7 16.656 4 16.451 3 16.194 2 15.885 3 15.524 6 15.111 9 14.647 4 14.131 0
6 

Niv  12.820 3 12.787 4 12.720 1 12.618 3 12.482 0 12.311 3 12.106 1 11.866 4 11.592 3 11.283 8 10.940 8

Auv  16.960 6 17.134 1 17.290 2 17.428 8 17.550 0 17.635 8 17.740 2 17.809 1 17.860 6 17.894 7 17.911 3
7 

Niv  10.762 9 10.780 7 10.798 4 10.816 2 10.834 0 10.851 8 10.869 6 10.887 4 10.905 2 10.923 0 10.940 8

Auv  16.960 6 17.098 7 17.222 9 17.333 2 17.429 7 17.512 3 17.581 0 17.635 8 17.676 8 17.703 9 17.717 2
8 

Niv  11.134 9 11.099 5 11.067 6 11.039 3 11.014 6 10.993 4 10.975 7 10.961 6 10.951 1 10.944 2 10.940 8

Auv  16.960 6 17.123 0 17.269 0 17.398 8 17.512 2 17.609 3 17.690 1 17.754 7 17.802 8 17.834 7 17.850 3
9 

Niv  10.879 8 10.880 9 10.883 1 10.886 4 10.890 9 10.896 3 10.903 0 10.910 7 10.9196 10.929 6 10.940 8
aexp−Experimental lattice constant; vexp−Experimental volume [4]; vcal−Average atomic volume of Au(1−x)Nix alloys calculated by Eqs. (2)−(9) in Table 1; v′Au, 
v′Ni−Partial atomic volumes of components Au and Ni in Au(1−x)Nix alloys calculated by Eqs. (2)−(9); Auv , Niv −Average atomic volumes of components Au and 
Ni calculated by Eqs. (2)−(9). 
 
Table 6 Atomic volumes of Au-Ni system obtained from Eq. (3) (v in 10−3nm3) 

xNi 
Function 

0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0 

v′Au 16.960 6 16.984 0 17.047 3 17.139 9 17.251 5 17.371 6 17.489 7 17.595 4 17.678 2 17.727 7 17.733 4

v′Ni 12.584 8 12.131 3 11.769 9 11.490 2 11.281 7 11.134 0 11.036 5 10.979 0 10.950 8 10.941 5 10.940 8

Auv  16.960 6 17.220 0 17.479 5 17.738 9 17.998 4 18.257 8 18.517 2 18.776 7 19.036 1 19.295 5 19.555 0

Niv  9.990 4  10.007 0 10.041 1 10.092 6 10.161 5 10.247 8 10.351 5 10.472 7 10.611 3 10.767 3 10.940 8

∆vAu 0 −0.236 0 −0.432 2 −0.599 0 −0.746 8 −0.886 2 −1.027 5 −1.181 2 −1.357 9 −1.567 8 −1.821 5

∆vNi 2.594 4 2.123 4 1.728 8  1.397 6 1.120 2 0.886 2 0.685 0 0.506 2 0.339 5  0.174 2 0.000 0

∆vAuxAu 0 −0.212 4 −0.354 8 −0.419 3 −0.448 1 −0.443 1 −0.411 0 −0.354 4 −0.271 6 −0.156 8 0.000 0

∆vNixNi 0 0.212 4 0.354 8 0.419 3 0.448 1 0.443 1 0.411 0 0.354 4 0.271 6 0.156 8 0.000 0

Auv′ , Niv′ −Partial atomic volumes; Auv , Niv −Average atomic volumes of components Au and Ni from Eq. (3) in Table 1; ∆vAu, ∆vNi−Difference values of 
Au Au( )v v′ −  and Ni Ni( )v v′ −  

 
 
5 Conclusions 
 

1) In the framework of systematic science of alloys, 
the energy and volume properties of alloys are described 
by combinative functions, from which the average 

molar/atomic properties of components can be obtained. 
2) It is proved that the partial molar/atomic property 

cannot represent the average molar/atomic property of 
the component. 

3) For a given alloy system, the energy and volume 
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functions can be chosen through the study of volume and 
energy properties associated with electronic structures of 
alloys. 
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摘  要：在系统合金科学框架中建立有关无序合金的平均摩尔性质(体积和势能)的函数。通过对这些函数进行推

导，可以得到平均摩尔体积函数、偏摩尔体积函数及派生出与成分相关的函数。在组元的偏摩尔性质和平均摩尔

性质之间的普适方程、差分方程、在偏摩尔性质和平均摩尔性质之间不同参数的约束方程和普适的 Gibbs-Duhem

公式。可以证明从合金平均摩尔性质的不同函数计算的偏摩尔性质是相等的，但总体来说偏摩尔性质不等于给定

组元的平均摩尔性质，即偏摩尔性质不能代表相应组元的摩尔性质。通过计算 Au-Ni 系中组元的偏摩尔体积和平

均原子体积以及合金的平均原子体积，证明所建立的公式和函数的正确性。 
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