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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.
Key words: systematic science of alloys; partial molar volume; average atomic volume; Au-Ni system

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 a is represented
by the partial molar property Q. . 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 Ea
-functions and adding average volume v, -functions of
components a (a=A, B). It means that the average
properties Qa (O=E, V) of components can be obtained
by separating the total O-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 Q,, is described by
the combinative function of average molar property
functions QA and QB of components A and B:

On =404 + 130 (1)

where x, and xg are the mole fractions of components A
and B, respectively.

In the traditional thermodynamics of alloys, the
average molar properties QA and QB of components
A and B cannot be obtained by separating the molar
properties of the solid solution, therefore, the average
molar properties QA and QB of components A and B are
represented respectively by partial molar properties
0O, and Qf, and the definition of which is [9]
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{Q/,x = (aQ/anA)T, P, ng @)

Op = (8Q/6nB)T, P,

where Q is the total property of the solid solution; n, and
ng 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:

0 =nQ0,, =ny 0} +np0p (3)
and
O = X704 +xp03 C))

For Eq. (2), the partial derivative of O with respect
to na (or ng) can be changed to O with respect to x, (or

XB):

d
Q,;=Qm+(1—xA)dfm
A
o )
Oh =0y + (1)

Substituting Eq. (1) into Eq. (5), the general
equation of relationship between partial and average
molar properties of components can be obtained:

{QA = Op +5(d0, /dvy) = x5 (40, /vy —d0y /dx, )
Ofy = Op + x5 (40 / dxg) —x3 (405 / dr —d0, / dg)
(6)
From the above 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:

equations, the

XA O +xp05 = XAQA +XBQB +xAxB(dQA /dxy —
dOg /dx, ) —xpxg(xs +x5)(dO, /dx, —
dQg /dx,) (7

and

xXpXg(dQ, /dx, —dQpg /dx, )~

X Xg (x5 +x5)(dO, /dx, —dQg /dx,)=0
S0,
xAOp + 305 =X, 0p + X0 (3)

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:

AQy =0, _QA
:xB(dQA /dxA)_xlza(dQA /dxy _dQB /dxy)

AQy =04~ 0y
:xA(dQB /de)_xi(dQB / dxg _dQA /dxg)
X, AQ +x5A05 =0 (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:

do, = xB[z(dQA - dQB) + xAd(dQA /dxp)+

(9)

de(dQ_B /dx, _)] ) an
dOp = x,[2(dQy —dOp) +x,d(dQ, /dxp)+
xpd(d0g / dx)]
x,d0) +x5d0p =0 (12)

5) From Eq. (6), the condition for the partial molar
properties equal to the average molar properties of
components 4 and B can be obtained:

{dQA/dxA =0 (13)
dQg /dxg =0

or

(dOy /dxp ) /(dQp /dxg) = xp / Xy (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:

Op =00 +x5(0 - 0p)
~ B B B (15)
O =0 +x,(0y —-0r)
II-type:
{QA = O +xg + (I -1)x2 / TI(OM - O) 06
Op = OF +[x, +(I-1D)x% /1108 - OP)
III- type:
{QA = O + [ + (I ~Dxaxg1/ 11O —OF) )
Op = OF +{[Ixy +(I ~D)xax51/ 1}(OF —OF)
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where [ is the coordination number, Of = Q% and
QlA :Qg denote respectively atomic potential energies
(& and &) and volumes (v and vP) of primary
characteristic atoms, or molar potential energies (E? and
EIB) and molar volumes (VOA and VIB) of primary
characteristic crystals, as well as Qé* and QIB denote
respectively atomic potential energies (86\ and ng ) and
atomic volumes ( vy and vP ) of the terminal
characteristic atoms, or molar potential energies (E? and
EP) and molar volumes (¥ and V) of terminal
characteristic crystals; /=12, for FCC-solid solution.

By combining Eqgs. (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 AugNi, alloys [12], the atomic
volumes vy (=v},) and vp'(=vy;) of primary
characteristic atoms and the atomic volumes VIA Y and
v(I)\I " 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 (V.,) of average atomic
volumes of Au(-Ni, alloys obtained from Eqgs. (2)—(9)
in Table 1 are equal to each other and in good agreement
with the experimental atomic volumes (Vey). It means
that Egs. (2)—(9) in Table 1 can be used to calculate the
average atomic volumes of Au_yNi, alloys, if the
average atomic volumes of components Au and Ni in the
Aug;_yNi, alloys is not needed.

2) The values (V'a, and V'y;) of partial atomic
volumes of components Au and Ni in the Aug-Ni,
alloys obtained from Egs. (2)—(9) in Table 1 are equal to
each other, because the compositional dependences of
average atomic volumes of Au(,_Ni, alloys described by
Egs. (2)—(9) are the same.

3) The calculated values of average atomic volumes
of components Au and Ni in the Auy-,Ni, alloys
obtained from Egs. (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 Av,,x,, +Avyxy; =0. It is also

proved that x, Q) +x50p = x, O + 3505

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

No. Function
: On = X708 + 2508 + 2, x5[(O] —O%) +(OF — 0]
> 0 4O A o0y UZDXA%s + 3% om0
O =Xz0p +xp0p +Xoxp (01 —Op) + 7 (Qy —0O8)
I—Dxyx2 + Ienx
3 O =100 +xp08 +rpmp (@ ~ 0+ LTI (g8 g
T—1)x, X3 + X, %
4 O = 3,08 + 50} + LT 508 (G 1) 1.3, x, (0 - OF)
T=1)x,x2 + x4 T—-1)x2 x5 + X5 X
s 0y =1 08 + 0 + LD NS (g _ g, ZDEAI 200 gf g
(I =1)x,x3 + X% (I =1)x,x2 + Ixpx,
6 O = xpOR +¥a0p +———E—2=2(0 -0+ AR (00 - 0p)
I-1)x%xp + Deax,
7 0. =xAQg+xBQg+( Jxiaxp + Ly B0 - 0R) +xax5(07 —OB)
1-Dx%xp + Ienx, T-Dx%x, +x,x
8 O = 1p0h +my0h + (AT EENTS (o _ g LD £ (g _ g
I -1)x%xp + Ixx X, T=1)x X2 + Ixsx
9 O =3, 08 +x,0 + AT 1IN (g1 _ gy LZDAAT 2B (1 _




1804 XIE You-qing/Trans. Nonferrous Met. Soc. China 21(2011) 1801-1807

Table 2 Derivative equations of average property functions of disordered binary alloys (O=F or V)

No. Equation

f]fm — (0 +0P ~200)~ 200 — 02 +(OF ~ Ol
B

Q

—<QI +0p —208)-2(0 - 0R) + (O - 08)Ixa

0 B 0
Q QI +Q(})3 ZQA I(QI _QA)+(21_1)(QO _QB)x +3(1—1)(Q0 _QB)xz

I B I B>

A 0 B 0 B 0
dQ QI Q(])S‘F;(Q(])B—Qg)—ZI(QI _QA)"‘(il—l)(Qo _QB)xA+3(1_1)(Q]0 _QB)xi

49,
d‘xB

Q

A 0 B 0 B 0
S T e LI R AR

B>

B 0 A 0 B 0 B 0
op-gp sagh -y - BB 1OV CINE G U0

d I(OB —0°Y—(T=2)0> = O° T—1(O0* —0°
df 0P Q(;x%@f\_gg)_z ©F -03) (1 Q-0 5 )(QII VY
B

B_ o0 A_ O A A0
(f _of Q(});;_ZQ](;)_ZI(QO _QB)+(211—1)(Q1 _QA)XA+3(1—1)(QI _QA)x[i
A

00 s g0 Q=08 ,U-DQ" ~0D+QI-D@'~Gp)  U-D@" -0k -0’ +Tp) »
5 dxg I I I

(f _o Q§+Q§;Q§ LU= —QE)—](ZI—I)(QIA—Qﬁ)xA_3(1—l)(Q§—QI§—Qf+Qf§)xf\

On s g0 QN —OR  ,U-DQ -0~ ~03) 3 (U-DQ ~OR+Q ~03) 2
dxy I I I
Q

B_o0 A _ 00 B _ 0 A A, AB A0
=0 +208 300 - % ;QB_2(21—1)(Q1 _QA);(3I—2)(QO _QB)xA+3(I_1)(QI —QIO +0, _QB)xi

A 0 B 0 A 0 A 0
%:QEHQ{%_@X_QI 05 1@ =g 6l0@h -0 0ot =g
B

B _ 0 A _ 0 A _ 0
%:QIA_Q(}?_ZQS_ZI(QO _QB);'(QI —QA)xA_3(1—1)(QII —QA)xf\
A

C;fm:Q§+2Q{\_3QX_Q1A;Q2_2(21—1)(Q33—Q§)+I(31—2)(Q?—Q2)xB_
B
JU-D©Q"+03-0F - G3) »
1 B
8
f ot Q3+Q§;Q§+2(1—2)(Q0B—Q}g)—(QIA—Qf\)xA_
A
JU-DQ" -0k +07 - G3)
I A

A 0 A 0 B 0
‘jigm :Q(])s+2Q1A_3QX_QI ;QA _2(31_2)(Q1 _QIA)+(Q0 _QB)XB+
B
JU-DO -08-0F +0p)
I B
9
%=Qﬁ+2Q§—3Q§—Q§;Qg _2(31—2)(Q<?—QI§)+(Q,A—QR>
A
JU=DQ -03-07 +0))
I A

Xp +
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Table 3 Functions of partial molar (or partial atomic) properties of components for disordered binary alloys(O=E or V)

No. Function

04 =08 +[(Of = 00) +(0y — O)1x,
0f =08 +[(0 —0R) +(0F - Op)Ixa

Oh = 0% +{I(Of = 0)+ 21 =1)(Qy — O/ I}xg — {[2(1 = 1)(Qp — O/ I} i,

2
Of = 08 +{1(O =0+ (I =2)(Qy — O/ I}x; +{[2(1 = 1)(Qy — O]/ I}xa
\ Oh =08 +{[1(O —00)+ (0 — O/ I}xj +{[2(1 —1)(Qy — O/ I}x3,
Of = 08 +{[1(Of* - 0R)+ (31 =2)(Qy — O]/ I}xx —{[2(1 ~1X(Qg — O/ I}xx
A Oh = 0% —{[(I -2)(Q —0) - 1(Qy — O/ I}xg + {[2(1 = 1)(Qy — O/ I} 3.
Op = 0 +{[21-1(Q" - Q)+ 1(Qy = Op)V/ I}x; —{[2(1 =1)(Q5 — Op)]/ I}xa
Oh =08 —{[UI =20 —-0%) - (21 - 1) - O/ T}xp +
S 21 -DIO - 0) - (05 — O/ I3,
Of = 08 +{[(21 -1)(Q* =0+ (I -2)(Qy - O/ I}x; —
201 -DIQf -0~ (0 -0/ I}y
; Oh =08 —{[-2)(Q —0R) - I -1)(Qg - O/ I}xj + 21 ~DI(Q = OR) + (0 — O/ I }x3,
Of = 0 +{[(21 -1)(Of* = 0R)+ (B3I =2)(Qy — O]/ I}xx —{2(1 DO - 0R) + (0 — O/ T}1xx
; 04 =08 —{[BI-2)(O =0+ 1(Qs — O/ I}xg —{[2(1 = 1)(Qy’ — O/ T},
Of = 0p +{[(O =0+ 1(0F — O/ I}xi +{[2(1 ~1)(Q =01/ I}xx
. 04 =08 +{[BI-2)(Q =00+ (21 =1)(Qy — O/ I}xiy —{2(1 = DI(Q = OR) + (O — O/ I}x3;,
Of =0 +{[(O —0R)— (I =2)(O8 — O/ I}xx + {21 — DO - 0R) +(0f — O/ I}xx
o 04 =08 +{[BI-2)(Q - 0R)+(0f — O/ I}xg — {2(1 DO = O%) — (05 - 01/ I} x3,

Of = 0p +{1(O =0+ (I =2)(Qy — O/ I}xx +{2(1 DO - 0) - (05 - O/ I3xx

Table 4 Atomic volumes v{?“ R vIAu , vINi and v(I)\H in average volume functions of Au-Ni system
No. v(?" = vgu /10 *nm? v? /10 nm? vINi = vgﬁ /107 nm® v(l)\l /10 °nm*

1* 16.960 6 - 10.940 8 -

2 16.960 6 17.654 2 10.940 8 11.8912
3 16.960 6 19.5550 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 12.5312
6 16.960 6 14.131 0 10.940 8 12.8203
7 16.960 6 179113 10.940 8 10.762 9
8 16.960 6 17.7172 10.940 8 11.1349
9 16.960 6 17.850 3 10.940 8 10.879 8

*The first function is not adopted in which vIA“ and vé\“ cannot be separated.
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Table 5 Partial atomic volumes and average atomic volumes of Au-Ni system (@ in 10 'nm; v in 10 °nm°)

XNi

Item

0

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.0

Qexp

Vexp

Veal.
!

V' Au

!
V'Ni

4.078 5
16.960 6
16.960 6
16.960 6
12.584 8

4.041 1
16.498 7
16.498 7
16.984 0
12.1313

3.9993
15.991 8
15.991 8
17.047 3
11.769 9

39532
15.4450
15.4450
17.1399
11.490 2

3.903 0
14.863 6
14.863 6
17.2515
11.2817

3.848 8
14.252 8
14.252 8
17.371 6
11.1340

3.790 7

3.729 1

13.6178 12.963 9

13.617 8
17.489 7
11.036 5

12.963 9
17.595 4
10.979 0

3.6639
12.296 3
12.296 3
17.678 2
10.950 8

3.5955
11.620 1
11.620 1
17.7277
10.941 5

3.5240
10.940 8
10.940 8
17.733 4
10.940 8

Vau

VNi

16.960 6
11.8912

17.030 0
11.717 8

17.099 3
11.561 7

17.168 7
11.423 1

17.238 0
11.301 9

17.307 4
11.198 2

17.376 7
11.118 8

17.446 1
11.042 9

17.5155
10.991 5

17.584 8
10.759 4

17.654 2
10.940 8

Vau

VNi

16.960 6
9.990 4

17.220 0
10.007 0

17.479 5
10.041 1

17.738 9
10.092 6

17.998 4
10.161 5

18.257 8
10.247 8

18.5172
10.3515

18.776 7
10.4727

19.036 1
10.6113

19.295 5
10.767 3

19.5550
10.940 8

Vau

VNi

16.960 6
11.8912

16.9727
11.796 2

16.997 6
11.701 1

17.0352
11.606 1

17.085 4
115110

17.148 4
11.416 0

17.224 2
11.3209

17.312 6
11.2259

17.4137
11.1309

17.527 6
11. 0358

17.654 2
10.940 8

Vau

VNi

16.960 6
12.5312

16.971 8
12.240 9

16.994 8
11.979 8

17.029 4
11.747 9

17.075 8
11.5451

17.134 0
11.3715

17.203 9
11.2270

17.2855
11.111 7

17.378 9
11.025 6

17.484 0
10.969 8

17.600 8
10.940 8

Vau

VNi

16.960 6
12.820 3

16.911 1
12.787 4

16.809 7
12.720 1

16.656 4
12.618 3

16.451 3
12.482 0

16.194 2
12.3113

15.8853
12.106 1

15.524 6
11.866 4

15.111 9
11.5923

14.647 4
11.283 8

14.1310
10.940 8

Vau

VNi

16.960 6
10.762 9

17.134 1
10.780 7

17.290 2
10.798 4

17.428 8
10.816 2

17.550 0
10.834 0

17.635 8
10.851 8

17.740 2
10.869 6

17.809 1
10.887 4

17.860 6
10.905 2

17.894 7
10.923 0

179113
10.940 8

Vau

VNi

16.960 6
11.1349

17.098 7
11.099 5

17.222°9
11.067 6

17.3332
11.0393

17.4297
11.014 6

17.5123
10.993 4

17.5810
10.9757

17.635 8
10.961 6

17.676 8
109511

17.703 9
10.944 2

17.717 2
10.940 8

9 l:Au
VNi

16.960 6
10.879 8

17.123 0
10.880 9

17.269 0
10.883 1

17.398 8
10.886 4

17.5122
10.890 9

17.609 3
10.896 3

17.690 1
10.903 0

17.754 7
10.910 7

17.802 8
10.9196

17.834 7
10.929 6

17.850 3
10.940 8

a.p—Experimental lattice constant; vey,—Experimental volume [4]; vea—Average atomic volume of Au(—oNi, alloys calculated by Eqs. (2)—(9) in Table 1; v'aq,
v'xi—Partial atomic volumes of components Au and Ni in Au-»Ni, alloys calculated by Eqgs. (2)-(9); v, . %; ~Average atomic volumes of components Au and

Ni calculated by Egs. (2)—(9).

Table 6 Atomic volumes of Au-Ni system obtained from Eq. (3) (v in 10 °nm’)

Function o
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

Vau 169606 169840 17.0473 17.1399 17.2515 17.3716 17.4897 17.5954 17.6782 17.7277 17.733 4
VNi 12.5848 12.1313 11.7699 114902 11.2817 11.1340 11.0365 109790 10.9508 10.9415 10.9408
Vau 169606 17.2200 17.4795 17.7389 17.9984 18.2578 185172 187767 19.0361 19.2955 19.5550
VNi 99904 10.0070 10.0411 10.0926 10.1615 10.2478 10.3515 104727 10.6113 10.7673 10.9408
Avpy 0 -0.236 0 —-0.4322 -0.5990 -0.7468 —-0.8862 -1.0275 -1.1812 -1.3579 -1.5678 -1.8215
Avyi 25944 21234 1.7288 13976 1.1202 0.8862 0.6850 05062 0.3395 0.1742 0.0000
AvaXay 0 —0.2124 -0.3548 -0.4193 04481 -0.4431 -04110 -03544 -0.2716 -0.1568 0.0000
Avnixni 0 02124 0.3548 04193 04481 04431 04110 03544 02716 0.1568 0.0000

v/,\u ’ VI,\li
v ;=
(Viaw —Va0) 304 O —7y)

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

—Partial atomic volumes; Vaw > Vi —Average atomic volumes of components Au and Ni from Eq. (3) in Table 1; Ava,, Avni—Difference values of

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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