- TF

L%l Science
ELSEVIER Press

Available online at www.sciencedirect.com

“».“ ScienceDirect

Trans. Nonferrous Met. Soc. China 19(2009) 1599-1617

Transactions of
Nonferrous Metals
Society of China

www.inmsc.cn

Volume sequences of characteristic atoms separated from
experimental volumes of AuCu and AuCu; compounds

XIE You-qing(I 44 8" %3, LTU Xin-bi(X1):122&)", LI Xiao-bo(Z=3)*,
PENG Hong-jian($Z 41 &)", NIE Yao-zhuang(G:/# /1:)'

1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Powder Metallurgy Research Institute, Central South University, Changsha 410083, China;
3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China;
4. College of Mechanical Engineering, Xiangtan University, Xiangtan 411105, China

Received 10 August 2009; accepted 15 September 2009

Abstract: The systematic science of alloys (SSA) is a framework of the total energy and total volume able to be separated. The
volume sequences of characteristic atoms at the central sites of the basic clusters in the fcc-based Au-Cu system are separated out
from the experimental volumes of L1y-AuCu and L1,-AuCu; compounds at room temperature only, by nine volume V-functions.
From these volume sequences, the volumes, volumes of formation, ordering (excess) volumes and volume mismatch degrees of the
L1y-AuCu, L1,-AuCu; and L1,-Au;Cu compounds, AuzCu-, AuCu- and AuCu;-type ordered alloys with maximal ordering degree,
and disordered Au,_,Cu, alloys are calculated. Among these functions, only ordering volumes of the compounds and ordered alloys
obtained by the 6th V-function are negative, i.e., the destruction of the superlattice is accompanied by an increase in volume, which is
identical with the experimental results. Accompanying conclusions, the different descriptions of volumetric properties between

traditional alloy theories and SSA framework are discussed.
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1 Introduction

In order to get an entire understanding of the alloy
systems, to establish phase diagrams and to search a
method for designing of alloys, the SSA framework[1]
has been established on the basis of two scientific
philosophy propositions. A diversity of structures,
properties and features of whether matter or nonmatter
systems should be attributed to combination and
arrangement of structural units in the structural unit
sequence; and a systematic theory of any complex
system described quantitatively should be constructed by
structural unit sequence-, equation- and information-
chains. The SSA framework is constructed indeed by the
structural unit sequence-, equation- and information-
chains.

1.1 Models and structure unit sequence-chain
An alloy system contains three structure levels: the

phase level of organizations, atomic level of phases and
electronic level of atoms. The atomic level of alloy
phases in the SSA framework involves three models for
constructing diversity of structures and properties of
alloy phases[1—4].

1) The basic cluster overlapping (BCO) model, of
which the structural units are a pair of basic cluster
sequences in a based lattice (such as fcc, hep and bee) of
binary alloy systems, and each cluster consists of a
central atom, the first neighbor configuration, the second
neighbor
configuration. The actions of the BCO model are as
follows: to give information about an atomic arrangement

configuration and the third neighbor

of alloy phases described by overlapping pattern of basic
clusters; and to determine the splitting order on the
potential energy, volume and electronic structure of the
central atoms, which may have one, two and three
splitting orders, respectively, corresponding to the basic
clusters with one, two and three neighbor configurations.
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In the present work, the long-period superlattice
structure AuCu II is not concerned. Therefore, to use
one order split is enough, where the basic B;" -cluster
consists of a central A atom and the first neighboring
configuration [(/—i)Au, iCu], which contains i Cu-atoms
and (/—i) Au-atoms. Here, the symbol a denotes Au or Cu;
I is the coordinative number and equals 12 for the fcc-
based lattice; 7 can change from 0 to 12.

2) The characteristic atom arranging (CAA) model,
of which the structural units are a pair of characteristic
atom sequences, and each characteristic atom is the
central atom of a specific basic cluster. The characteristic
A} atom has own characters at the ground state: potential
energy £/ (0) , volume ¥;*(0) and electronic structure
w i (0). The actions of the CAA model are as follows: to
give information about an atomic arrangement of alloy
phases described by potential energy pattern, volume
pattern and electronic structure pattern of the
characteristic atoms occupied at the various lattice sites
in intermetallics; to derive equations for calculating
concentrations of various characteristic atoms and
configurational entropy of ordered and disordered alloys
as functions of composition (x) and ordering degree (0);
and to establish composition-ordering degree dependent
E(x, 0, 0), V(x, 0, 0) and w(x, 0, o) functions of potential
energy, volume and electronic structure of alloy phases
at 0 K.

Therefore, in a based lattice alloy system the
variations in potential energy, volume and electronic
structure of intermetallics, various type ordered alloys
and disordered alloys with composition and ordering
degree can be calculated by the same information about a
pair of potential energy sequences, a pair of volume
sequences and a pair of electronic structure sequences,
which belong to a pair of characteristic atom sequences.

3) The characteristic crystal mixing (CCM) model,
of which the structure units are a pair of invented
characteristic crystal sequences, and each characteristic
crystal consists of the same characteristic atoms with the
identical potential energy, identical volume and identical
electronic structure. The actions of the CCM model are
as follows: to establish a set of temperature (7)
dependent functions of the energetic and volumetric
properties consisting of general volume VY(7) function,
the general thermal expansion coefficient 5(7) function,
general vibrational capacity C; (T') function, general
vibrational energy U'(T) function, general vibrational
entropy S"(7) function, enthalpy H(T) function and free
energy G(7T) function of the characteristic crystals; and to
derive a set of  composition-temperature-ordering
degree dependent functions of the general volume
VY¥(x,T,o), general thermal expansion coefficient
BY(x,T,0), general vibration heat capacity
C,V7 (x,T,0), general vibrational energy U'(x,T,0),

general vibration entropy SV(x,7,0), enthalpy
H(x,T,0) and characteristic free energy G”(x,T,0)
without containing configuration entropy S°¢(x,o) of
alloy phases. And finally, combining the G*(x,T,0o)
function with partition function the general free energy
G(x,T,0) function can be derived, where the
G(x,T,0) function contains configuration entropy
S°(x,0). This action will be presented in the future.

These three models are proposed in order to
overcome disappointments of the atomic pair interaction
model and central atom model[5] as well as effective
cluster interaction model[6—9].

1.2 Equation- and information-chains
1.2.1 Additive law of g-properties of characteristic
crystals (atoms)

According to CCM model (or CAA model), the
extensive properties q(x,7,0), g, (x,T,0), qg(x,T,0)
of a given alloy phase and its components can be
obtained by an additive law of the g-properties of
characteristic crystals (atoms) (in terms of CCA law or
CAA model))[1]:

q(x:TsU):quA(xsTsG)+quB(xsT$O-)
3 A A

qA(x’Tao-)zzxi (x7O-)Qi (T)/xA (1)
i=0

I
qp(x.T,0) =Y x}(x,0)q] (T)/ x
=0

where x,-A (x,0) and xlB (x,0) are the concentrations
of the characteristic crystal (atoms).
1.2.2 Nine E(x,0,0)- and nine ¥(x,0,0)- functions of alloy
phases at 0 K

In order to make Eq.(1) become a simple, applicable
and separable ¢(x,0,0) function (here g denotes E or
V), three types of relations of ql-A and qlB with i have
been designed[1, 10—12]:

Type I of straight line relation:

{qﬁ‘ =q5 + @/ Dar ~47) o
q’ =q; + [~/ 1)a5 —a7)

Type II of concave parabola relation:
{q? =g + /D’ (@] ~a3) )
qf =q7 +[U - /1T (a5 ~q7)

Type III of convex parabola relation:
g =qy + @i/ D(q; ~9) =/ D* (a7 ~4p)
qf =q; + 20~/ 1)q —aP) - )
(7 =071 45 -4
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where q(’? and ¢} denote, respectively, corresponding
properties of the primary Cé\ and C,B characteristic
crystals (atoms); qj,x and q(l)3 denote, respectively,
corresponding properties of the terminal Cf and Cé3
characteristic crystals (atoms).

By combining Egs.(2), (3), (4) and substituting
them into Eq.(1), nine ¢(x,0,0) functions can be
obtained, which can be used to compounds, ordered and
disordered alloy phases; and nine ¢(x,0,0) -functions,
which are derived from corresponding ¢(x,0,0)
functions and can be used to the disordered alloy phase
only[1, 10—13].

1.3 Methodology
1.3.1 Inference from the first proposition

The whole can be reproduced from a few parts. For
example, the whole of a tree can be reproduced
respectively from a seed, a leaf or a branch of the tree,
and the whole of a sheep can be reproduced respectively
from a egg cell or a body cell of the sheep in biologic
systems; the whole information of an alloy system can be
reproduced respectively from a few disordered alloys, a
few ordered alloys or a few intermetallics. This means
that the total potential energies and total volumes of a
few alloys can be separated into the potential energy
sequence and volume sequence of the characteristic
crystals (atoms), from which the whole information
about energetic and volumetric properties, electronic and
crystalline structures of all alloy phases in an alloy
system can be reproduced. Therefore, the systematic
study for an alloy system in the SSA framework is
divided into three step investigations.

1) The aims of the first step investigation are to
choose E(x,0,0) and V(x,0,0) functions and to determine
a pair of potential energy sequences and a pair of volume
sequences of characteristic crystals (atoms), through
resolving nine E(x,0,0)- and V(x,0,0)-functions on the
basis of FP-calculated heats and volumes of formation of
a few intermetallics only, or of experimental heats and
volumes of formation of a few intermetallics only or a
few disordered alloys only by the structural unit
inversion method; to determine a pair of electronic
structure sequences of characteristic crystals (atoms),
according to potential energies and volumes of
characteristic crystals (atoms); and finally to study
energetic properties, volumetric properties and electronic
structures of alloy phases as function of composition (x)
at ground state (0 K).

2) The aims of the second step investigation are to
obtain energetic and properties  of
characteristic crystals as function of temperature, to
obtain the energetic and volumetric property equations of

volumetric

alloy phases as functions of composition, temperature
and ordering degree and then to study energetic and
properties, crystalline parameters and
electronic structures, as well as some physical properties
of alloy phases in the whole ranges of composition,

volumetric

temperature and ordering degree.

3) The aims of the third step investigation are to
study stability, transformation and equilibrium of alloy
phases, to establish phase diagram and to provide a
systematic knowledge about energetic and volumetric
properties, crystalline and electronic structures of
characteristic crystal (atom) sequences for designing
applied alloys. That is called as design engineering of
characteristic atom sequences of alloy systems.

The potential energy sequences of A,»ALl and
separated out from
experimental heats of formation of some disordered
Au,_,Cu, alloys only[12, 14] and of L1y-AuCu and
L1,-AuCu; compounds only[13, 15] have been
performed, respectively. In this work, the volume
sequences of the A" and A" characteristic atoms are
separated out from experimental volumes of the
L1y-AuCu and L1,-AuCuz compounds.

A" characteristic  atoms

1

1.3.2 Survey for descriptions of volumetric properties of
alloys in traditional alloy theories

These descriptions are as follows[16—17]: the molar
volume, average atomic volume and cell volume of
alloys; the volume of formation and change on
disordering of intermetallics; the partial atomic volume
of components in an alloy, effective atomic volume
instead of partial atomic volume and realistic volume
instead of partial atomic volume; the volume mismatch
of the constituent atoms represented by the ratio of the
partial atomic volume of the minor component to that of
the elemental volume of the major component.

1.3.3 Volumetric properties of alloys in SSA framework
by taking Au-Cu system as an example

1) The volume sequences of characteristic atoms of
components Au and Cu represent the realistic volumes of
atoms surrounded by various neighbor configurations,
and the results are listed in Table 1 and shown in Fig.1.

2) The volumetric properties of disordered and
ordered alloys are presented in Section 2.2 and 2.3: the
volumes (¥, ¥,*) and concentrations (x*, x*)
of characteristic atoms in a given alloy; the average
atomic volume V,(x), average atomic volume of
formation AV,"(x), average volume V(x) and average
volume of formation AV," (x) of a cell for a given alloy;
average atomic volume (V,,(x), V¢, (x)) and average
atomic volume (lattice parameter) of formation
( AV (x), AVE (x) ) of components Au and Cu;
the ordering (excess) atomic volume AV ®*(x) which is
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Table 1 Volume sequences of characteristic atoms calculated by nine V-functions on the basis of experimental volumes of L1,-AuCu
and L1,-AuCu; compounds (in nm®)

i

No. Volume sequence 5 | 5 3 1 5 p
| yA 16.958 11 16.964 49 16.970 86 16.977 23 16.983 60 16.989 98 16.996 35
v 11.888 84 11.882 47 11.876 09 11.869 72 11.863 35 11.856 98 11.850 60
5 v 16.958 11 16.958 45 16.958 79 16.959 13 16.959 47 16.959 81 16.960 15
e 12.084 69 12.041 19 12.001 48 11.965 55 11.933 40 11.905 03 11.880 45
v 16.958 11 17.003 84 17.049 56 17.095 29 17.141 02 17.186 74 17.232 47
’ v 11.540 05 11.541 94 11.547 62 11.557 07 11.570 31 11.587 33 11.608 13
4 v 16.958 11 16.956 22 16.950 55 16.941 09 16.927 86 16.910 84 16.890 03
e 12.179 53 12.148 94 12.118 34 12.087 74 12.057 15 12.026 55 11.995 95
A 16.958 11 16.958 13 16.958 20 16.958 30 16.958 45 16.958 64 16.958 88
’ e 12.087 74 12.043 76 12.003 60 11.967 27 11.934 76 11.906 07 11.881 21
v 16.958 11 16.952 40 16.935 25 16.906 67 16.866 66 16.81522 16.752 35
° e 12.363 12 12.359 29 12.347 82 12.328 69 12.301 92 12.267 50 12.225 43
v 16.958 11 17.001 61 17.041 32 17.077 25 17.109 40 17.137 77 17.162 35
’ v 11.634 90 11.649 69 11.664 48 11.679 27 11.694 06 11.708 84 11.723 63
v 16.958 11 16.959 09 16.959 98 16.960 79 16.961 51 16.962 14 16.962 70
’ v 12.078 57 12.036 06 11.997 23 11.962 11 11.930 68 11.902 95 11.878 92
v 16.958 11 16.990 98 17.020 99 17.048 14 17.072 43 17.093 86 17.112 44
’ v 11.745 82 11.746 28 11.747 67 11.749 98 11.753 21 11.757 37 11.762 46
No. Volume sequence ; < 5 d 0 I 5
v 17.002 72 17.009 09 17.015 47 17.021 84 17.028 21 17.034 58
: e 11.844 23 11.837 86 11.831 49 11.825 11 11.818 74 11.812 37
v 16.960 49 16.960 83 16.961 17 16.961 51 16.961 85 16.962 19
? e 11.859 65 11.842 63 11.829 39 11.819 93 11.814 26 11.812 37
3 yA 17.278 19 17.323 92 17.369 64 17.415 37 17.461 10 17.506 82
v 11.632 71 11.661 08 11.693 23 11.729 16 11.768 87 11.812 37
A v 16.865 45 16.837 08 16.804 93 16.769 00 16.729 29 16.685 80
v 11.965 35 11.934 76 11.904 16 11.873 56 11.842 97 11.812 37
s v 16.959 15 16.959 47 16.959 83 16.960 23 16.960 68 16.961 17
v 11.860 18 11.842 97 11.829 58 11.820 02 11.814 28 11.812 37
P A 16.678 04 16.592 31 16.495 14 16.386 54 16.266 51 16.135 05
e 12.175 71 12.118 34 12.053 32 11.980 65 11.900 34 11.812 37
; A 17.183 15 17.200 17 17.213 41 17.222 87 17.228 54 17.230 43
e 11.738 42 11.753 21 11.768 00 11.782 79 11.797 58 11.812 37
o v 16.963 16 16.963 55 16.963 84 16.964 05 16.964 18 16.964 22
e 11.858 58 11.841 95 11.829 01 11.819 76 11.814 22 11.812 37
0 yA 17.128 16 17.141 02 17.151 02 17.158 16 17.162 45 17.16388

v 11.768 46 11.775 40 11.783 25 11.792 03 11.801 74 11.812 37
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Fig.1 Volume VA", V" (a) and lattice parameter a™ , a"" (b) sequences obtained by the 6th V-function

1

defined as the difference in average atomic volumes
between ordered and disordered alloys.

3) The volumetric properties of L1y-AuCu,
L1,-AuCu; and L1,-Au;Cu compounds are presented in
Section 2.4: the volumes (V,**,7,“* ) and numbers (7",
n,-C“) of characteristic atoms in a cell; the total volume ¥,
and total volume of formation AV_", lattice parameter a
and lattice parameter of formation Aa™ of a cell;
ordering (excess) atomic volume AV of compounds
and ordering lattice parameter Aa®*; average atomic
volumes ( V. , V¢, ), average atomic volumes of
formation (AV 5, AVE) and average ordering (excess)
atomic volume (V5 , VS ) of formation of components
Au and Cu; and volume mismatch degree.

Average atomic volume mismatch degree of
characteristic atoms inside a component (o=Au or Cu) is

o _ o . ayso
Amy —Zni : Zni V,
i i
o _ aysa o
B YRS
i i

Average atomic volume mismatch degree of
characteristic atoms between components Au and Cu is

AmV:zZn? +ZZn?Va
o i o i
EHNEES DI
o i o i

If there is no splitting atomic volume state, Eq.(6)
becomes

Amg = ZMQ
o

v = Z:%VOL0 +Z”a
o o

The total average atomic volume mismatch degree
of a compound is

Vit =vh)

)

Vi(1 _Va

(6)

v -vl)

- Z naVaO
¢ (7)

1603
0.41
) o
0.40 | i )
039}
E ]
T o038t
0.37F a;(.'u
0.3( L ' ' L L
"0 2 4 6 8 0 12
i
Am; =Amy + Z(na /ny)Amy,* ®)
o

In Egs.(5)—(7), V;* and n} are, respectively,
atomic volume and number of the A characteristic
atoms in a cell; V.*

a o

average atomic volume of the
a-component; V, ~average atomic volume of the
compound; Vao, atomic volume of the a-element; n,,
number of atoms of the a-component; ny, total number of
atoms in a cell; Vao, average atomic volume of the

element; V,, average atomic volume of the compound.
2 Results

2.1 Volume sequences of 4" and A" characteristic
atoms

The volume sequences of 4" and A characteristic
atoms are separated out from the experimental average
atomic volumes (Vayc,=14.447 1X 1073(nm3), Vauce=
13.122 5x107>(nm?)[17]) of L1o-AuCu and L1,-AuCus
compounds at room temperature by nine volume
V-functions. The results are listed in Table 1, from which
the following knowledge can be obtained.

1) The volume sequences of the characteristic atoms
obtained by nine V-functions are different each other.

2) In the remainder of this section it has been
demonstrated that the volumetric properties of alloy
phases in the Au-Cu system should be described by the
6th V(x)-function. This means that the relation of
VA and V" with i is described by the following
equation:

I/iAu — VOAU + (l/I)Z(V[AU _ VOALI)
Ve = 2 - iy T -V - 9)
[/ 1P s -V
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2.2 Volumetric properties of disordered Aug_,,Cuy

alloys

According to the volume sequences of characteristic
atoms in Table 1, the volumes V(x), V,,(x) and
Veu(x)  of disordered Au,Cu, alloys and their
components as well as their volumes of formation
AV™(x) are calculated by the 2nd—9th V-functions, as
listed in Table 2 and shown in Fig.2, from which the

following knowledge can be obtained.

1) The average atomic volumes V, ,(x) and lattice
parameters a,,(x) calculated by the 6th V(x)-function
are in the best agreement with experimental values, and
have positive deviation respectively from Zen’s law and
Vegard’s law (details in Section 3.2).

2) The volumes of formation AV™(x) of
disordered Au,_,Cu, alloys calculated by the 2nd—9th

Table 2 Average volumetric properties V(x), Vau(x), Vcu(x) and AV™(x) of disordered Au;_,Cu, alloys calculated by the 2nd—9th
V-functions at room temperature (in 10 °nm®)

Pro- x(Cu)

perty 0 0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9 1

No.*

Vau(x) 16.958 1 16.958 5 16.958 9 16.959 1 16.959 3 16.959 7 16.960 2 16.960 6 16.961 0 16.961 2 16.961 4 16.961 8 16.962 2
Veu(x) 12.084 7 12.0350 11.990 3 11.969 8 11.950 6 11.9159 11.886 1 11.861 4 11.841 6 11.833 6 11.8269 11.817 1 11.812 4
V(x) 16.958116.4662 15.9652 15.711 8 15.456 7 14.942 2 14.423 1 13.901 1 13.377 4 13.1155 12.853 8 12.331 6 11.812 4

AV™x) 0 0.0226 0.0362 0.0401 0.0423 0.0424 0.0379 0.0304 0.0214 0.0167 0.0123 0.004 7 0

Vau(x) 16,958 1 17.013 0 17.067 9 17.095 3 17.122 7 17.177 6 17.232 5 17.287 3 17.3422 17.369 6 17.397 1 17.452 0 17.506 8
Veu(x) 11.540 1 11.544 8 11.554 6 11.561 3 11.5693 11.589 1 11.613 8 11.643 5 11.678 3 11.697 5 11.718 0 11.762 7 11.812 4
M(x) 16.958116.4662 15.9652 15.711 8 15.456 7 14.942 2 14.423 1 13.901 1 13.377 4 13.1155 12.853 8 12.331 6 11.812 4

AV™x) 0 0.0226 0.0362 0.0401 0.0423 0.0424 0.0379 0.0304 0.0214 0.0167 0.0123 0.004 7 0

Vau(x) 16.958 1 16.953 4 16.943 6 16.936 8 16.928 8 16.909 1 16.884 4 16.854 6 16.819 9 16.800 7 16.780 2 16.735 5 16.685 8
Veu(x) 12.179 5 12.142 8 12.106 1 12.087 7 12.069 4 12.032 7 11.996 0 11.9592 11.922 5 11.904 2 11.885 8 11.849 1 11.812 4
V(x) 16.958116.4723 159761 15.724 6 15.471 0 14.958 5 14.4402 13.9174 13.391 7 13.128 3 12.864 7 12.337 7 11.812 4

AV™x) 0 0.028 8 0.0471 0.0529 0.0566 0.0587 0.0549 0.0467 0.0356 0.0295 0.0232 0.0108 0

Vau(x) 16.958 1 16.958 2 16.958 3 16.958 4 16.958 4 16.958 7 16.958 9 16.959 3 16.959 7 16.959 9 16.960 1 16.960 6 16.961 2
Veu(x) 12.087 7 12.037 5 11.992 3 11.971 6 11.952 1 11.917 0 11.887 0 11.861 9 11.842 0 11.833 9 11.827 1 11.8172 11.812 4
M(x) 16.958116.4661 159651 15.711 7 15.456 6 14.942 0 14.422 9 13.900 9 13.377 3 13.1154 12.853 7 12.331 5 11.812 4

AV™x) 0 0.0226 0.0361 0.0400 0.0422 0.0422 0.0377 0.0302 0.0212 0.0166 0.0122 0.004 6 0

Vau(x) 16.958 1 16.943 7 16.914 2 16.893 8 16.869 6 16.810 0 16.7352 16.645 4 16.540 4 16.482 3 16.4204 16.2853 16.135 1
Veu(r) 12.363 1 12.353 512.333 7 12.320 1 12.303 9 12.264 0 12.214 0 12.153 8 12.083 6 12.044 7 12.003 3 11.9129 11.812 4
M(x) 16.958116.484 7159981 15.7504 15.499 9 14.991 6 14.474 6 13.950 4 13.420 7 13.154 1 12.886 7 12.350 1 11.812 4

AV™x) 0 0.0412 0.0692 0.0787 0.0855 0.0918 0.0893 0.0798 0.0646 0.0553 0.0452 0.0232 0

Vau(x) 16.958 1 17.007 8 17.052 517.073 0 17.0922 17.127 0 17.156 7 17.181 4 17.201 2 17.209 2 17.215 9 17.225 7 17.230 4
Veu(x) 11.6349 11.652 7 11.670 4 11.679 3 11.688 1 11.705 9 11.723 6 11.741 4 11.759 1 11.768 0 11.776 9 11.794 6 11.812 4
Vx) 16.958116.4723 159761 15.724 6 15.471 0 14.958 5 14.440 2 13.917 4 13.391 7 13.128 3 12.864 7 12.337 7 11.812 4

AV™x) 0 0.028 8 0.0471 0.0529 0.0566 0.0587 0.0549 0.0467 0.0356 0.0295 0.0232 0.0108 0

Vau(x) 16.958 1 16.959 2 16.960 2 16.960 7 16.961 1 16.961 9 16.962 6 16.963 1 16.963 6 16.963 8 16.963 9 16.964 1 16.964 2
Veu(x) 12.078 6 12.030 0 11.986 3 11.966 3 11.947 5 11.913 5 11.884 5 11.860 3 11.841 0 11.8332 11.826 6 11.817 0 11.812 4
M(x) 16.958116.466 3 159654 15.712 1 15.457 0 14.942 6 14.423 513.901 4 13.377 8 13.115 8 12.854 0 12.331 7 11.812 4

AT(x) 0 0.0228 0.0365 0.0404 0.0426 0.0427 0.0383 0.0308 0.0217 0.0170 0.0125 0.004 8 0

Vau(x) 16.958 1 16.995 7 17.029 4 17.044 9 17.059 5 17.085 7 17.108 2 17.126 8 17.141 8 17.147 8 17.152 9 17.160 3 17.163 9
Veu(x) 11.745 8 11.747 0 11.749 4 11.751 0 11.753 0 11.757 8 11.763 8 11.771 1 11.779 6 11.784 3 11.789 3 11.800 2 11.812 4
Vx) 16.958116.470 8 15.973 4 15.721 4 15.467 5 14.954 5 14.436 0 13.913 4 13.3882 13.1252 12.862 0 12.336 2 11.812 4

AVx) 0 0.0273 0.0445 0.0498 0.0531 0.0547 0.0508 0.0427 0.0322 0.0264 0.0205 0.009 3 0

*: Up till now, we cannot give a reasonable method to separate volume of characteristic atoms by the first function. Therefore, it
cannot be used at present.
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Fig.2 Volumetric properties: (a), (b) Average atomic volumes (lattice parameters) V(x), Va,(x) and Veu(x) (a(x), aau(x) and acy(x)) of
disordered Au,-,Cu, alloys and their components calculated by the 6th F(x)-functions at room temperature, together with
experimental lattice parameters[18—19]; (c) volumes of formation AV™(x) of disordered Au,_,Cu, alloys calculated by the 2nd—9th
V(x)-functions; (d) Deviations of average volumes of disordered Au,_,Cu, alloys calculated by the 2nd—9th V-functions from ones
calculated by the 6th V(x)-function; (e), (f) Concentrations xl-A Y(x) and xl-c Y(x) of characteristic atoms in disordered Au,_,Cu,

alloys

V(x)-functions have positive values, in which the values
obtained by the 6th V(x)-function is the largest.

2.3 Volumetric properties of ordered Au;_Cuy alloys
According to the volume sequences of characteristic
atoms in Table 1, the volumes W(x), V,,(x) and
Veu(x) of L1,-AusCu, L1g-AuCu and L1,-AuCu; type
ordered Au,;_,Cu, alloys and their components as well as

their volumes of formation AV™(x) and ordering volumes
AV®(x) are calculated by the 2nd—9th F(x)-functions.
The volumetric properties of Ll,-Au;Cu-type,
L1y-AuCu-type and L1,-AuCu;-type ordered Au,-,Cu,
alloys at room temperature are shown in Figs.3—5 and
listed in Tables 3—6.

From these results the following knowledge can be
obtained.
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Table 3 Average volumetric properties V(x), Vau(x), Veu(x), AVT(x) and AV™(x) of L1,-Au;Cu-type ordered Au;-,Cu, alloys with
Pro-

maximal ordering degree calculated by 2nd—9th V-functions at room temperature (in 10°nm?*)

" perty

x(Cu)
0 0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7

0.75 0.8 0.9
Vaulx) 16958 116.958 616.959 116.959 516.959 7 16.960 0 16.960 4 16.960 7 16.961 1 16.961 3 16.961 5 16.961 8 16.962 2

1
Vea(r) 12.084 7 12.084 7 12.084 7 12.084 7 12.029 0 11.953 5 11.904 0 11.869 3 11.844 7 11.8353 11.827 8 11.8173 11.812 4
2 V)

16.958 1 16.471 2 15.984 2 15.740 8 15.480 4 14.957 4 14.432 2 13.905 9 13.379 6 13.116 8 12.854 5 12.331 7 11.812 4
AVx) 0

0.0276 0.0553 0.069 1 0.0661 0.0576 0.0469 0.0352 0.0235 0.0180 0.0130 0.004 8
AV 0

0
0.0050 0.0190 0.0290 0.0237 0.0152 0.0090 0.0048 0.0022 0.0013 0.0007 0.000 1

Vaulx) 16958 117.019117.095317.141017.165417.214217.263 0 17.311 7 17.360 517.384 9 17.409 3 17.458 1 17.506 8

0
Veu(x) 11.540 1 11.540 1 11.540 1 11.540 1 11.548 9 11.5723 11.601 4 11.6353 11.673 511.694 1 11.7158 11.762 1 11.812 4
3 Mx) 16.958116.471215.984215.740 8 15.480 4 14.957 4 14.432213.9059 13.379 6 13.116 8§ 12.854 512.331 7 11.812 4
AV™(x) 0.0276 0.0553 0.0691 0.0661 0.0576 0.0469 0.0352 0.0235 0.0180 0.0130 0.004 8 0
AV(x) 0 0.0050 0.0190 0.0290 0.0237 0.0152 0.0090 0.0048 0.0022 0.0013 0.0007 0.000 1
Vau(x) 16.958116.952 6 16.938 816.927916.918 3 16.896 4 16.870 7 16.841 3 16.808 0 16.790 0 16.771 1 16.730 3 16.685 8

0
Veu(x) 12.179512.179512.179512.179 512.136 0 12.069 4 12.016 4 11.970 1 11.927 8 11.907 6 11.887 8 11.849 5 11.812 4
4 Tx)

16.958 1 16.475 3 15.987 0 15.740 8 15.483 6 14.965 6 14.443 5 13.918 6 13.391 8 13.128 2 12.864 5 12.337 6 11.812 4
AVx) 0

0.0317 0.0580 0.0691 0.0692 0.0658 0.0583 0.0479 0.0358 0.0294 0.0230 0.0107
AV (x) 0

0
0.0030 0.0109 0.0162 0.0126 0.0071 0.0034 0.0012 0.0001 —0.000 1—-0.0002-0.000 1

Vau(x) 16958 116.958 2 16.958 3 16.958 516.958 6 16.958 8 16.959 1 16.959 4 16.959 8 16.960 0 16.960 2 16.960 7 16.961 2

0
Veo(r) 12.087 712.087 7 12.087 7 12.087 7 12.031 4 11.955 1 11.905 0 11.869 9 11.845 0 11.835 6 11.827 9 11.817 3 11.812 4
5 VK)

16.958 1 16.471 1 15.984 2 15.740 8 15.480 4 14.957 3 14.432 1 13.905 7 13.379 5 13.116 7 12.854 4 12.331 7 11.812 4
AV™x) 0 0.0276 0.0553 0.0691 0.0660 0.0575 0.0468 0.0351 0.0234 0.0179 0.0129 0.004 7
AV*x) 0

0.0050 0.0191 0.0291 0.0239 0.0153 0.0091 0.0049 0.0022 0.0013 0.0007 0.000 1

0
Vau(x) 16.958116.941 4 16.899 8 16.866 7 16.837 8 16.771 6 16.693 9 16.604 9 16.504 5 16.450 1 16.392 7 16.269 6 16.135 1

0
Veux) 12.363112.363112.363 112.363 112.345312.297912.239012.170 5 12.093 3 12.051 512.007 7 11.914 0 11.812 4
6 V(x) 16958 116.483515.992515.7408 15.490114.982 1 14.466 513.944313.416 6 13.151 1 12.884 7 12.349 6 11.812 4
AV™(x) 0 0.0400 0.0635 0.0691 0.0757 0.0823 0.0812 0.0736 0.0605 0.0523 0.0432 0.022 6
AV*(x) 0

0
—0.001 2-0.005 7-0.009 6 -0.009 9—-0.009 5—-0.008 1 —0.006 2—0.004 0—0.003 0—0.002 0—0.000 6

Vaulx) 16958 117.013117.075017.109417.124117.150 6 17.173 3 17.192217.2074 17.213 6 17.218 9 17.226 517.230 4

0
Veux) 11.6349 11.634 9 11.6349 11.6349 11.6559 11.688 1 11.713 8 11.736 1 11.756 6 11.766 4 11.7759 11.794 4 11.812 4
7 Vx)

16.958 1 16.475 3 15.987 0 15.740 8 15.483 6 14.965 6 14.443 5 13.918 6 13.391 8 13.128 2 12.864 5 12.337 6 11.812 4
AVx) 0

0.0317 0.0580 0.0691 0.0692 0.0658 0.0583 0.0479 0.0358 0.0294 0.0230 0.0107
AV(x) 0 0.0030 0.0109 0.0162 0.0126 0.0071 0.0034 0.0012 0.0001 —0.000 1-0.0002-0.000 1

0
Vau(x) 16958 116.959 4 16.960 7 16.961 5 16.961 8 16.962 4 16.962 9 16.963 4 16.963 7 16.963 9 16.964 0 16.964 1 16.964 2

0
Veulx) 12.078 6 12.078 6 12.078 6 12.078 6 12.024 1 11.9504 11.901 9 11.868 0 11.843 9 11.834 8 11.8274 11.8172 11.812 4
8 M) 16.958116.471315.984315.740 8 15.480 5 14.957 6 14.432413.9062 13.3799 13.117 1 12.854 712.331 9 11.812 4
AV™(x) 0

0.0277 0.0553 0.0691 0.0661 0.0578 0.0472 0.0355 0.0238 0.0183 0.0132 0.0049
AV 0

0
0.0050 0.0189 0.0287 0.0235 0.0151 0.0089 0.0047 0.0021 0.0013 0.0007 0.000 1

V(x)

0
Vaulx) 16.958116.999717.046417.072417.083 517.103517.1207 17.135017.146 517.151 217.155117.160 9 17.163 9
Veu(x) 11.7458 11.745 8 11.745 8 11.745 8 11.748 0 11.753 7 11.760 8 11.769 1 11.778 4 11.783 5 11.788 8 11.800 1 11.812 4

16.958 1 16.474 3 15.986 3 15.740 8 15.482 8 14.963 6 14.440 8 13.915 5 13.388 9 13.1254 12.862 0 12.336 2 11.812 4
AVx) 0

0.0307 0.0573 0.069 1 0.0685 0.0638 0.0555 0.0448 0.0328 0.0266 0.0205 0.009 2
AV*x) 0

0
0.0035 0.0129 0.0193 0.0153 0.0091 0.0048 0.0021 0.0006 0.0002

0 -0.0001 O
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Table 4 Average volumetric properties V(x), Vau(x), Veu(x), AV (x) and AV™*(x) of L1y-AuCu-type ordered Au,_,Cu, alloys with
maximal ordering degree calculated by the 2nd—9th V-functions at room temperature (in 10 °nm?)

Pro- x(Cu)
perty 0 0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9 1

No.

Vau(x) 16958 116.958 516.959 016.959 2 16.959 516.960 1 16.960 8 16.961 1 16.961 416.961 516.961 6 16.961 9 16.962 2
Veu(x) 12.084 7 12.050 8 12.018 7 12.003 4 11.988 511.960 0 11.933 4 11.8824 11.849 7 11.8382 11.8292 11.817511.812 4
2 Vx) 16.958116.467 8159709 15.720 3 15.468 214.960 1 14.447 1 13.913913.383213.119012.855712.331911.812 4
AV (x) 0 0.0242 0.0420 0.0486 0.0538 0.0603 0.0619 0.0432 0.0271 0.0202 0.0142 0.0050 0
AV*(x) 0 0.001 6 0.0057 0.0085 0.0115 0.0179 0.0240 0.0128 0.0058 0.0035 0.0019 0.0003 0

Vau(x) 16958 117.015017.077017.110 5 17.146 2 17.226 4 17.323 9 17.360 5 17.397 1 17.415 4 17.433 7 17.470 2 17.506 8
Veu(x) 11.540 1 11.542 5 11.5467 11.549 5 11.552 8 11.560 6 11.570 3 11.616 1 11.663 0 11.686 9 11.711 2 11.761 0 11.812 4
3 V(x) 16.958116.467 815.9709 15.720 3 15.468 2 14.960 1 14.447 1 13.913 9 13.383 2 13.119 0 12.8557 12.3319 11.812 4
AV™x) 0 0.0242 0.0420 0.0486 0.0538 0.0603 0.0619 0.0432 0.0271 0.0202 0.0142 0.0050 0
AV*x) 0 0.001 6 0.0057 0.0085 0.0115 0.0179 0.0240 0.0128 0.0058 0.0035 0.0019 0.000 3 0

Vau(x) 16958 116.953 016.941 216.932316.920 8 16.888 116.837116.810516.782016.767 1 16.751 8 16.719 7 16.685 8
Veu(x) 12.179 5121551121306 12.118 3 12.106 1 12.081 6 12.0572 11.991 9 11.938 3 11.9144 11.891 9 11.850 5 11.812 4
4  V(x) 16.958116.473215979115.728 815.476 4 14.965 514.447113.919313.391413.127612.863 912.337411.8124
AV"(x) 0 0.0297 0.0502 0.0571 0.0620 0.0657 0.0619 0.0486 0.0353 0.0287 0.0224 0.0104 0
AV*x) 0 0.0009 0.0030 0.0042 0.0054 0.0070 0.0070 0.0019 —0.0004-0.0007-0.0008-0.0004 0

Vau(x) 16,958 116.958 2 16.958 3 16.958 4 16.958 5 16.958 9 16.959 5 16.959 8 16.960 1 16.960 3 16.960 4 16.960 8 16.961 2
Veu(x) 12.087 7 12.053 5 12.021 0 12.005 5 11.990 4 11.961 7 11.934 8 11.883 2 11.850 1 11.838 511.8294 11.817511.812 4
5 Wx) 16.958116.467715.9709 15.720 2 15.468 1 14.960 0 14.447 1 13.913 8 13.383 1 13.118 9 12.855 6 12.331 9 11.812 4
AV"(x) 0 0.0242 0.0419 0.0485 0.0537 0.0602 0.0619 0.0431 0.0270 0.0201 0.0141 0.0049 0
AV*(x) 0 0.001 6 0.0058 0.0085 0.0116 0.0180 0.0242 0.0129 0.0058 0.0036 0.0020 0.000 3 0
Vau(x) 16958 116.942716.907 1 16.880 0 16.845 2 16.746 6 16.592 3 16.511 8 16.425 9 16.380 8 16.334 4 16.237 516.135 1
Veu(x) 12.363 1 12.358 2 12.349 7 12.344 0 12.337 4 12.321 512.301 912.209 3 12.114 5 12.066 1 12.016 911.916 3 11.812 4
6 V(x) 16.958116.484215.995615.746015.492914.976 514.447 113.930 3 13.407 9 13.144 8 12.880 4 12.348 4 11.812 4
AV™x) 0 0.0407 0.0667 0.0743 0.0785 0.0767 0.0619 0.0597 0.0518 0.0460 0.0389 0.021 4 0
AV*(x) 0 —0.0005-0.002 5-0.004 4—0.007 0-0.015 0—0.027 5-0.020 1 —0.012 8 —0.009 4—0.006 3—-0.0017 0

Vau(x) 16958 117.009 517.059 3 17.083 6 17.107 517.154417.2002 17.209 9 17.217 717.221 017.223 8§ 17.228 0 17.230 4
Veu(x) 11.634911.646 7 11.658 6 11.664 5 11.6704 11.6822 11.694 1 11.725 6 11.751 5 11.763 1 11.773 9 11.794 0 11.812 4
7  V(x) 16.958116.473215.979115.728 8 15.476 4 14.965 514.447 1 13.919 3 13.391 4 13.127 6 12.863 9 12.3374 11.812 4
AV"(x) 0 0.0297 0.0502 0.0571 0.0620 0.0657 0.0619 0.0486 0.0353 0.0287 0.0224 0.0104 0
AV*x) 0 0.0009 0.0030 0.0042 0.0054 0.0070 0.0070 0.0019 —0.0004-0.0007-0.0008-0.0004 0

Vau(x) 16.958 116.959 3 16.960 4 16.960 9 16.961 5 16.962 5 16.963 6 16.963 8 16.963 9 16.964 0 16.964 1 16.964 2 16.964 2
Veu(x) 12.078 6 12.045512.014 1 11.999 1 11.984 5 11.956 7 11.930 7 11.880 8 11.848 9 11.837 6 11.828 9 11.8174 11.812 4
8 V(x) 16.958116.467915.971115.720515.468414.9602 14.447113.914013.3834 13.1192 12.855912.332011.812 4
AVx) 0 0.0244 0.0422 0.0488 0.0540 0.0604 0.0619 0.0433 0.0273 0.0204 0.0144 0.0051 0
AV(x) 0 0.001 6 0.0057 0.0084 0.0114 0.0176 0.0236 0.0126 0.0056 0.0034 0.0019 0.000 3 0

Vau(x) 16958 116.996 917.034517.052917.071017.106417.141 017.148 3 17.1543 17.156 717.158 9 17.162 1 17.163 9
Veu(x) 11.7458 11.746 4 11.747 4 11.748 1 11.748 9 11.7509 11.753 2 11.764 4 11.7759 11.781 7 11.787 7 11.799 8§ 11.812 4
9 Vx) 16.958116.471915.977115.726 715.474414.964 2 14.447113.918 013.3894 13.125512.861 912.336011.812 4
AV (x) 0 0.0283 0.0482 0.0550 0.0600 0.0644 0.0619 0.0473 0.0333 0.0267 0.0204 0.009 1 0
AV*(x) 0 0.0011 0.0037 0.0053 0.0069 0.0097 0.0111 0.0046 0.0011 0.0003 —0.0001-0.0002 0
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Table 5 Average volumetric properties V(x), Vau(x), Vcu(x), AV™(x) and AV™*(x) of L1,-AuCus-type ordered Au,_,Cu, alloys with
maximal ordering degree calculated by 2nd—9th V-functions at room temperature (in 10 >nm?)

Pro- x(Cu)

perty 0 0.1 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.75 0.8 0.9 1

Vau(x) 16.958 116.958 516.959 016.959 2 16.959 4 16.959 9 16.960 4 16.961 0 16.961 7 16.962 2 16.962 2 16.962 2 16.962 2

Veu(x) 12.084 712.0402 11.999 4 11.980 5 11.962 511.9292 11.899 8 11.874 1 11.8522 11.842 6 11.831 7 11.8179 11.812 4

2 Vlx) 16.958116.466715.967 1 15.714 515.460 3 14.947 6 14.430 1 13.908 8 13.385 0 13.122 512.857 8 12.3323 11.812 4
AVx) 0 0.0232 0.0381 0.0428 0.0459 0.0478 0.0448 0.0382 0.0289 0.0237 0.0163 0.0054 0
AVx) 0 0.0005 0.0019 0.0027 0.0036 0.0054 0.0069 0.0078 0.0076 0.0070 0.0040 0.000 7 0

Vau(x) 16.958 117.013 717.070917.100 4 17.130 6 17.193 9 17.263 0 17.342 2 17.441 8 17.506 8 17.506 8 17.506 8 17.506 8

Veu®) 11.540 1 11.544 0 11.551 6 11.556 9 11.563 1 11.578 2 11.5972 11.619 9 11.646 4 11.661 1 11.695 5 11.757 4 11.812 4

3 Vlx) 16.958116.466715.967 1 15.714 515.460 3 14.947 6 14.430 1 13.908 8 13.385 0 13.122 512.857 8 12.3323 11.812 4
ATx) 0 0.0232 0.0381 0.0428 0.0459 0.0478 0.0448 0.0382 0.0289 0.0237 0.0163 0.0054 0
AVx) 0 0.0005 0.0019 0.0027 0.0036 0.0054 0.0069 0.0078 0.007 6 0.0070 0.0040 0.0007 0

Vau(x) 16.958 116.953 2 16.942 7 16.935 1 16.925 8 16.901 2 16.866 5 16.817 0 16.741 5 16.685 8 16.685 8 16.685 8 16.685 8

Veu(x) 12.179512.146 9 12.114 3 12.097 9 12.081 6 12.049 0 12.016 4 11.983 7 11.951 1 11.934 8 11.904 2 11.853 2 11.812 4

4 Vx) 16.958116.472615.977 015.725815.472 6 14.960 3 14.441 413.917 013.388213.122 512.860 512.336 4 11.812 4
AV™(x) 0 0.0291 0.0481 0.0542 0.0582 0.0605 0.0562 0.0464 0.0321 0.0237 0.0190 0.009 5 0
AV*x) 0 0.0003 0.0009 0.0013 0.001 6 0.0018 0.0013 —0.0004—0.003 5—0.005 8—0.0042-0.0013 0

Vau(x) 16.958 116.958 2 16.958 3 16.958 4 16.958 516.958 8 16.959 1 16.959 7 16.960 5 16.961 2 16.961 2 16.961 2 16.961 2

Veo(x) 12.087 712.042 712.001 511.9824 11.964 1 11.930 5 11.900 8 11.874 8 11.852 6 11.843 0 11.831 9 11.818 0 11.812 4

5 W(x) 16.958116.466 615.966915.714415.460 2 14.947 5 14.430 0 13.908 8 13.385 0 13.122 5 12.857 712.3323 11.812 4
AV™x) 0 0.0231 0.0380 0.0427 0.0458 0.0477 0.0447 0.0381 0.0289 0.0237 0.0162 0.0054 0
AVx) 0 0.0005 0.0019 0.0027 0.0036 0.0055 0.0070 0.0079 0.0077 0.007 1 0.0041 0.000 8 0

Vau(x) 16.958 116.943 3 16.911 6 16.888 7 16.860 516.786 1 16.681 2 16.531 516.303 516.135 1 16.135116.135116.135 1

Vew®) 12.363 112.355212.339712.329112.316 6 12.285912.247 512.201 6 12.148 0 12.118 3 12.048 7 11.923 5 11.812 4

6  V(ix) 16.958116.484515.997215.748 815.497 414.986 0 14.464 413.933 513.394 6 13.122 512.866 012.344 7 11.812 4
AV™x) 0 0.0410 0.0683 0.0771 0.0830 0.0862 0.0791 0.0629 0.0385 0.0237 0.0245 0.017 8 0
AV*(x) 0  —0.0002-0.000 9-0.001 6—0.002 6—0.005 6—0.010 2—0.016 9-0.026 0—0.031 6—0.020 7-0.0054 0

Vau(x) 16.958 117.008 4 17.054 7 17.076 3 17.097 017.1352 17.169 1 17.198 2 17.221 6 17.230 4 17.230 4 17.230 4 17.230 4

Veu(x) 11.6349 11.650 7 11.666 5 11.674 3 11.682 2 11.698 0 11.713 8 11.729 6 11.7453 11.753 2 11.768 0 11.792 7 11.812 4

7 V(x) 16.958116.472615.977 015.725 8 15.472 6 14.960 3 14.441 413.917 0 13.388 2 13.122 512.860 512.336 4 11.812 4
AV™x) 0 0.0291 0.0481 0.0542 0.0582 0.0605 0.0562 0.0464 0.0321 0.0237 0.0190 0.009 5 0
AV(x) 0 0.0003 0.0009 0.0013 0.0016 0.0018 0.0013 —0.0004—0.003 5-0.005 8§—0.004 2—-0.001 3 0

Vau(x) 16.958 116.959 2 16.960 3 16.960 8 16.961 2 16.962 1 16.962 9 16.963 516.964 0 16.964 2 16.964 2 16.964 2 16.964 2

Vew®) 12.078 612.035111.9952 11.976 7 11.959 1 11.926 6 11.897 8 11.872 7 11.851 3 11.842 0 11.831 2 11.817 8 11.812 4

g8 Vx) 16.958116.466 815.967315.714 8 15.460 6 14.947 9 14.430 3 13.909 0 13.385 1 13.122 512.857 8 12.3324 11.812 4
AV™x) 0 0.0233 0.0383 0.0431 0.0462 0.0481 0.0451 0.0384 0.0290 0.0237 0.0163 0.0055 0

No.

AV*(x) 0 0.0005 0.0018 0.0027 0.0036 0.0053 0.0068 0.0076 0.0073 0.0067 0.0038 0.000 7 0

Vau(x) 16.958116.996117.031117.047517.063117.091917.117517.139517.157217.163917.163 917.163 917.163 9
Veux) 11.7458 11.746 8 11.748 6 11.749 9 11.751 4 11.755 2 11.759 8 11.765 3 11.771 8 11.7754 11.783 8§ 11.798 9 11.812 4

9 Mx) 16.958116.471 215974 615.723 1 15.469 6 14.957 2 14.438 713.915013.387 413.122 512.859 812.335411.812 4
AV™x) 0 0.0276 0.0456 0.0514 0.0552 0.0574 0.0534 0.0444 0.0313 0.0237 0.0183 0.008 5 0
AVx) 0 0.0004 0.0012 0.0016 0.0021 0.0027 0.0027 0.0016 —0.000 8—0.002 7—-0.0022—-0.0008 0
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Table 6 Lattice parameters a(x), aau(x), acu(x), Aa™(x), Aa™(x) of disordered with full disorder and ordered Au,_,Cu, alloys with

maximal ordering degree calculated by the 6th V-function (in 10™'nm)

Alloy Para- x(Cu)
meter 0.1 0.2 025 03 0.5 0.6 07 075 08 0.9 1
ap,(x) 40783 40771 4.0748 40731 40712 40664 4.0604 4.0531 4.0445 4.0398 4.0347 4.0236 4.0112
Dis. “cu(¥) 3.6705 3.6696 3.6676 3.6663 3.6647 3.6607 3.6557 3.6497 3.6427 3.6387 3.6346 3.6254 3.6152
ordered a(x) 4.0783 4.0400 3.9998 39791 3.9579 39141 3.8686 3.8213 3.7723 3.7472 3.7216 3.6692 3.6152
alloys xumy) 0 00080 00142 00166 00185 0.0211 00219 00209 00182 00162 0.0138 0.0077 0
A (x) 0 0 0 0 0 0 0 0 0 0 0 0

an,(x) 4.0783 4.0770 4.0736 4.0710 4.0686 4.0633 4.0570 4.0498 4.0416 4.0372 4.0325 4.0223 4.0112

AusCu- %cu(¥) 3.6705 3.6705 3.6705 3.6705 3.6688 3.664 1 3.6582 3.6514 3.6436 3.6394 3.6350 3.6255 3.6152

type
ordered

alloys Ag™(x) 0

Aa®(x) 0

a(x) 4.0783 4.0399 3.9994 39783 3.9570 39133 3.8679 3.8208 3.7720 3.7469 3.7214 3.6692 3.6152
0.0079 0.0137 0.0158 0.0177 0.0203 0.0211 0.0203 0.0178 0.0159 0.0136 0.007 7 0

—0.000 1 —0.000 5 —0.000 8—0.000 8 -0.000 8—0.000 7—0.000 6—0.000 4—0.000 3—-0.0002—-0.0001 0

an,(x) 4.0783 4.0771 4.0742 4.0720 4.0692 4.0613 4.0488 4.0422 4.0352 4.0315 4.0277 4.0197 4.0112

AuCu- %cu(®) 3.6705 3.6700 3.6692 3.6686 3.6680 3.6664 3.6645 3.6553 3.6458 3.6409 3.6359 3.6258 3.6152

type

ordered
alloys Ag™(x) 0

Aa®(x) 0 0

a(x) 4.0783 4.0400 3.9996 3.9787 3.9573 39128 3.8662 3.8195 3.7711 3.7463 3.7210 3.6691 3.6152
0.0080 0.0140 0.0162 0.0179 0.0198 0.0194 0.0191 0.0170 0.0153 0.0132 0.007 6 0

—0.000 2 —0.000 4—0.000 6—0.001 3—0.002 4—0.001 8—0.001 2—0.000 9—0.000 6—-0.0002 0

ax,(x) 4.0783 4.0771 4.0746 4.0727 4.0705 4.0645 4.0560 4.0438 4.0251 4.0112 4.0112 4.0112 4.0112

AuCu;- %cu(¥) 3.6705 3.6698 3.6682 3.6672 3.6659 3.6629 3.6591 3.6545 3.6491 3.6461 3.6392 3.6265 3.6152

type
ordered
alloys Aa™(x) 0

Aa®(x) 0 0

a(x) 4.0783 4.0400 3.9998 39790 3.9577 39137 3.8677 3.8198 3.7699 3.7442 3.7196 3.6687 3.6152
0.0080 0.0141 0.0164 0.0183 0.0206 0.0210 0.0194 0.0158 0.0132 0.0118 0.007 2 0

—0.000 1 —0.000 1—-0.000 2—0.000 5—0.000 9-0.001 5—0.002 4—0.003 0—0.002 0—-0.0005 0

1) Even
characteristic atoms in Table 1 are separated out from the
experimental volumes of Lly-AuCu and L1,-AuCus

through the volume sequences of

compounds only, the volumes of the L1,-Au;Cu
compound calculated by the 2nd—9th V(x)-functions are
equal each to each (15.740 8X10°nm°), and in good
agreement with the experimental volume (15.773 1X
10°nm3)[16], but their average atomic volumes
Vau(x) and Ve, (x) of Au and Cu components are
different each other.

2) The volumes of the L1y-AuCu compound
calculated by the 2nd—9th V(x)-functions are equal to
experimental volume (14.447 1X10°nm), but their
average atomic volumes V,,(x) and V ,(x) of Au
and Cu components are different each other.

3) The volumes of the L1,-AuCu; compound
calculated by the 2nd—9th V(x)-functions are equal to

experimental volume (13.122 5X10°nm), but their
average atomic volumes V,,(x) and V ,(x) of Au
and Cu components are different each other.

4) Tables 3—5 show that the volumes of formation
AV™(x) calculated by the 2nd—9th V(x)-functions are of
positive values. But only the ordering volume AV™(x)
calculated by the 6th V(x)-function are negative, which is
coincident with the experimental result. Therefore, only
the 6th V(x)-function can be used to describe volumetric
properties of Au-Cu system.

2.4 Volumetric properties of L1,-Auz;Cu, L1;-AuCu
and L1,-AuCu; compounds
From Table 7 following knowledge can be obtained:
The volumetric properties of these three compounds are
listed in Tables 3—6.
The volumes of formation of these three compounds are

of the same results as
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Fig.3 Formation of volume AV™(x) (a) and ordering volume AV®*(x) (b) of L1,-Au;Cu-type ordered Au,_,Cu, alloys with maximal
ordering degree calculated by the 2nd—9th V-functions at room temperature (in 10 °nm®); average atomic volumes V(x), ¥au(x) and
Veu(x) () and average lattice parameters a(x), aa,(x) and acy(x) (d) of L1,-AusCu-type ordered Au;_.Cu, alloys with maximal
ordering degree calculated by the 6th F-functions at room temperature; concentrations xiA “(x) (e) and xic Y(x) (f) of
Al-Au (x) and AiCu (x) characteristic atoms in L1,-Au;Cu-type ordered Au;_,Cu, alloys

of positive values, to which the contribution of the
Au-component is negative, the contribution of the
Cu-component is positive, and  x(Cu)x AV >
‘x(Au) X AV:&‘ . The ordering volumes of these three
compounds are of negative values, i.e., V <V, to

which the contribution of the Au-component is positive
(AV,, negative), the contribution of the Cu-component
is negative ( AVS, , positive), and ‘x(Au) x AV§§‘>
x(Cu)x AVS as disordering compounds. The volume
mismatch degrees of characteristic atoms between
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Fig.4 Formation of volume AV™(x) (a) and ordering volume AV®*(x) (b) of L1;-AuCu-type ordered Au;_,Cu, alloys with maximal
ordering degree calculated by the 2nd—9th V-functions at room temperature; average atomic volumes V(x), Va,(x) and V¢ (x) (c) and
average lattice parameters a(x), asu(x) and acy(x) (d) of L1j-AuCu-type ordered Au;_Cu, alloys with maximal ordering degree
calculated by the 6th V-functions at room temperature; concentrations x/*(x) (¢) and x""(x) (f) of 4™(x) and A" (x)

characteristic atoms in L1,-AuCu-type ordered Au,;-,Cu, alloys

constituents Au and Cu for these three compounds are Amy inside the component in these three compounds.
smaller than those of atoms between pure elements Au But the AuCull with a long-period superlattice structure
and Cu, respectively. There is no volume mismatch degree has one, which will be presented in the future.
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3 Discussion and conclusions

3.1 Relation of volumes and potential energies of
characteristic atoms
In the Au-Cu system, the volume change and
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Fig.5 Formation of volume AV™(x) (a) and ordering volume AV®*(x) (b) of L1,-AuCus-type ordered Au,_,Cu, alloys with maximal

ordering degree calculated by the 2nd—9th V-functions at room temperature; average atomic volumes V(x), Va,(x) and Vey(x) (c) and

average lattice parameters a(x), aay(x) and acy(x) (d) of L1,-AuCu;-type ordered Au,—,Cu, alloys with maximal ordering degree

calculated by 6th V-functions at room temperature; concentrations xl-A Y(x) (e) and xl-c Y(x) (® of Al-Au (x) and Al-Cu (x)

characteristic atoms in L1,-AuCus-type -type ordered Au;_,Cu, alloys

potential energy change of A™ and A
characteristic atoms consequence on changing nearest
neighbor configuration indicated by i number of
Cu-atoms have different correlations.

The relation of & and & with i is described
by the following equation[13]:
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Table 7 Volumetric properties of L1y-AuCu, L1,-AuCu; and L1,-Au;Cu compounds calculated by the 6th V-functions (¥ in 1073nm’,

ain 10"'nm)

Compound Group A% feell  pf/cell v Vieell Y nvA/cell Y iy fi/cell  apm/cell AV feell
AN 3
Au;Cu Pm3m (L1,) 4C 16.866 7 62.963 1 50.600 0 12.363 1 -0.038 4
e 1 123631
Au 2
AuCu  P4/mmm (L1y) ASC 16.592'3 57.788 5 33.184 6 24.603 8 -0.109 9
A > 123019
A I 161350
AuCuy Pm3m (L1,) c 52.490 1 16.1350 36.3550 -0.126 4
P 3 121183
Compound V/atom Vau/atom Ved/atom AV™/atom AV, /atom AVE /atom
AuCu 15.740 8 16.866 7 12.363 1 0.069 1 —0.091 5 0.550 7
’ (15.750 4) (16.893 8) (12320 1) (0.078 7) (0.064 3) (0.507 7)
AuCu 14.447 1 16.592 3 12.301 9 0.0619 -0.365 8 0.489 6
(14.474 6) (16.735 2) (12214 0) (0.089 3) (-0.222 9) (0.410 6)
AuCu 13.122°5 16.1350 12.118 3 0.023 7 -0.823 1 0.306 0
’ (13.154 1 (16.482 3) (12.044 7) (0.055 3) (~0.475 8) (0.232 3)
Compound AV [ atom AV [ atom AVES atom Amy, Am))
Au;Cu —0.009 6 -0.027 1 0.043 0 0.107 3 0.123 1
AuCu -0.027 5 -0.142 9 0.088 0 0.148 5 0.178 9
AuCu, -0.031 6 -0.3473 0.073 6 0.114 8 0.149 6

* The values of disordered alloys listed in parentheses are taken from Table 2

(10)

M =g + /I (e —ed™)
et =ert - /1F (o5 — e

where 0" =368 kl/mol, & =-391.303 kl/mol,
£ =336 kJ/mol, &§" =—352.055 kJ/mol.

By comparing Egs.(9) and (10), the following
knowledges can be obtained: for the Au-characteristic
atoms, the potential energy lowers with increasing the i
number of Cu-atoms, and the volume reduces. For the
Cu-characteristic atoms, the potential energy lowers with
increasing the (/—7) number of Au-atoms, but the volume
rises.

This different correlation will be explained by
electronic  structure sequences of A and A"
characteristic atoms in the future.

3.2 Relation between Zen’s law and general Zen’s law

In Pearson’s book of 1972, “The crystal chemistry
and physical of metals and alloys”[20], we are informed
that there is a Zen’s law. The average atomic volume of a
solid solution is the concentration-weighted average of
the atomic volumes of the elements. For Au-Cu alloys, it is

(11)

According the SSA framework, the average atomic

V(x)=x(Au)V 2 +x(Cu)Vd,

volume of an alloy is the concentration (x,A,xiB )-

weighted average of the splitting atomic volumes
(ViA, V[B ) of the characteristic atoms, represented by

Eq.(6), which may be named as additive law of
characteristic atomic volume. It has been demonstrated
that the equation of average atomic volume of
intermetallic compounds, ordered and disordered alloys
for Au-Cu system is

V(x,T,0)=x Vi (T) + xc . V" (T) +

I i 2
> [(7] XM (x, a)}(V,A“ (1) -V (T))+

i=0

. N
ZI:{NU ) el Ul N 0)}.

i=0 r
ey -v ) (12)
For the disordered alloys only, Eq.(12) becomes

V(x,T,0) = x5 Vi (T) + x0, V- (T) +
(I - 1))CAux(ZJu + XaXcy
1
(1 - 1)x12§uxCu + [xAuxCu
I
ey -ve )

VA -vi )+

(13)

where V*=16.958 11X 10°nm’, V*=16.135 05X
10°nm?, 7,7 =11.812 37X 10 °nm’, V5" =12.363 12X
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10 nm’.

If after forming solid solution there is no splitting of
atomic volume state, Eqgs.(12) and (13) become into
Eq.(11). Therefore, the additive law of volumes of
characteristic atoms may be also named as the general
Zen’s law.

3.3 Relation between Vegard’s law and general

Vegard’s law

The Vegard’s law indicates that the average lattice
parameter of a solid solution is the concentration-
weighted average of the lattice parameters (ag ,ag) of
the constituent elements. For Au,-,Cu, alloys, it is:
aV(x):xAuagu +xCua8u (14)

In the SSA framework, the average lattice parameter
of an alloy may be similarly obtained by the
concentration (x7*,x? )-weighted average of the lattice
parameter (a,*,a;) of the characteristic crystals, which
may be thought to be obtained by splitting lattice
parameter states of the constituent elements. If we use
the lattice parameters of characteristic crystal instead of
volumes of corresponding characteristic atoms, Eqgs.(12)
and (13) become, respectively

a(x,T,0) =xp,a0" (T)+xcqas” (T)+

I i 2
Z[{;) XM (x, a)](a;*“ (T)-ag" <T>)+

i=0

. "2
Z’:{ZI(I — i) - U= e, O_)]
=0 I
al* (1) a (1) (1)

a(x,T,0) = xp,ad" (T) + xcyas™ (T) +
(I - 1)XAuxCu2 + XaXcu

1
(1_1)xAu2xCu +[xAuxCu

I

where, ay"=0.407 83 nm, a;"=0.40112 nm, af"=
0.361 52 nm, a§* =0.367 05 nm.

If there is no split of lattice parameter state, Eqs.(15)
and (16) become Eq.(14). Therefore, the additive law of
lattice parameter of characteristic crystals may be also
named as the general Vegard’s law.

(a2 (1) = afo (1)) +

(S () - af*(m)16)

3.4 Difference between Vegard’s law and Zen’s law
The lattice parameter a(x) of disordered Au,_.Cu,
alloys can be obtained approximately by Vegard’s law
and by Zen’s law. The latter may be rewritten as
(1/3)
a7 ()= 0y (@) + 56, (@) (17)
Egs.(14) and (17) are not equal in value. In order to
understand the difference between Vegard’s law and

Zen’s law, the first and the second derivative of aj (x)
and a,(x) with respect to x have been obtained,
respectively:

d
(C]le—A(UX) = agu - agu
Loy (18)
dr

d
sz—?: 3@’ - @)’}

(epu(@h)* + 0, (@)*f 7 (19)
dZ
220 a9t - @) f -

Au
) s a2 <0

From Egs.(18) and (19), it can be known that the
ay(x) 1is a linear function of concentration x, and the
az(x) is a convex function of concentration x. This
means that a,(x)>aj, (x) intherange 0<x<1. Using
the same method, it can be demonstrated that
a,7(x,T,0)>a,y(x,T,0).

We suggest that the general Zen’s law should be
adopted in theory, because the volume is an extensive
property, which obeys the additive law (Eq.(1)), but the
lattice parameter is not extensive property.

3.5 Relationship between partial and average molar

(atomic) properties of components

In the SSA framework, the integral extensive
property g of a given alloy is described directly by
combination of the average molar (atomic) properties g
and gp of A- and B-components (see Eq.(1)).

The traditional thermodynamics of alloys is a
framework of the total energy and total volume unable to
be separated. Therefore, the integral extensive property
of a given alloy is described indirectly by the partial
molar properties ¢ and ggof A- and B-components
[21]:

q(x) =x,q} (x) + xpqp (%) (20)

According to definition of the partial molar
property[21], it can be derived that
{qk () =q(x) = x,dg(x)/ dx

g (x) = q(x) — xgdg(x)/ dxg
The general relation expression between the partial

and average molar properties of alloy components have
been established:

21

gn(x) =g, (x)+xpdg, (x)/dx, -

xp” (dg s (x)/dx, —dgp(x)/dx,)
G5 (¥) = g5 (x) + x5 dg g (x) / dxpy —

x5 (dgp (x)/ dry — dg (x)/ dxg)

(22)
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The partial molar (atomic) property functions
derived from nine g(x)-functions of binary disordered
alloys are shown in Table 8.

From these equations, the following inferences can
be drawn.

1) From Eq.(21), it can be known that the partial
molar properties ¢, and gp are dependent on the
integral property function, but independent on it is
combinational means of average molar properties of
alloy components. This means that their partial properties
do not represent the average properties of components.

2) From Eq.(22), the identical equation between the
integral property of the partial molar properties and the
combinational property of the average molar properties
of components can be derived:

Xaga (X)+xpqp(X) =Xpq4 (X) +xpqp(x) (23)

3) From Eq.(22), the differential equation and its

constraining equation between partial and average molar

properties can be derived, respectively,

AGa(X) =g (x) = qa(x) = xpdg, (x)/dxy -
xp” (dg (x)/ dry —dgp (x)/ dx )

Agg(x) =g (x) —gp(x) =x,dgg (x)/ dxg —
x2” (dgp (x)/ de —dg 5 (x)/ dxp)

(24)

and
XpAAG A (X) +xgAgp(x) =0 (25)

4) From Eq.(22), the Gibbs-Duhem equation can be
derived:

dg/y (x) = xp[2(dg  (x) - dgg (x)) + x5 d(dg  (x)/dx, )+
xpd(dgy (¥)/ dxy )]

dgfy (x) = x5 [2(dg (x) - dgp (x)) -
xAd(qu (x)/dxg ) - de(dQB (x)/dxg )]

xadg (x) + xpdgp (x) =0 (26)

3.6 Relationship between lattice parameter and
ordering degree of Au;Cu-, AuCu- and
AuCu;-type ordered alloys

The relationship between the lattice parameter and
ordering degree o of compounds like AuCu; cannot be
reliably measured, since the accessible equilibrium range
of long range ordering ¢ is too limited. This difficulty
was side-stepped by GIALANELLA et al[22—23], who
used a ball-mill to progressively destroy ordering degree
in NizAl, which has the same superlattice as AuCu;. In
the SSA framework, this relation can be satisfactorily

described. The results are shown in Figs.6 and 7.

Table 8 Nine partial molar (atomic) property g, (x) -functions of binary disordered alloys in SSA framework

No. Function
1 aa :q2+[(q?—qg)+(q§—qg)]x|§
qp =95 + [(q? g+ (g5 —qg)]xli
) gy =%+ 1@l — a2 + @1 =1g® - ) 1] -1~ - 4%) / 1}2
g = a3 + (1@ ~a2) - @ -2a8 - )/ 1) + [ 21 - 1g? - )/ 1]}
X 0 =08 +J1a? ~ )+l ~ad)) 1) s -0t ~aby 1
g = a8 +[(1a? —a2) - GI-2)g® - g ) 1 )2 ~ [ 21 ~1yg® —gd) 11}
) gy =% - -2 — - 1B -V 1} + |21 -10gp — %)/ 1]
gy = g% +l@r-1a? - %)+ 1P -l ) 12 21 -xg —aQ) 11}
. gy =% -1 -2)a2 — a2 - @1 -1gB =)V 1} +|2r -1t -4 - @B - b)) 1}
gy = b+ (21 -0 %) - (1 -2@® - 12 - [2r -v(ar - a2 - @ - 1]
] gx = a3 -l -2 ~a) - af ) 1]k [ nla ~aR)+ 6 ~ab)) 1
g = ¢S+ @1 -1 - %) - G1-2)a® - g ) 1}2 - [21 - D@ -4+ @ -V 1)
, gy =% +[B1 =201 — - 1B =)V 1} -1 =gl — g%/ 1]
an = b+t —aD+ 162 gDV 1} + 1 -1ad - gy 1)
. gy =% +[(B1-2)a — ¢+ @I =B - ) 1 )d 2 -1 - g2+ (aF - )/ 1]
gy = a8+ @ - - 1 -2)gB - g ) 1] + 1 -DlaP —a2) + (g - g ) 1)
. g =% + (61 -2)a — %)+ (@® — g ) 1|2 -1 - Dlgf - %) - (a8 - qg);/lié
/T3

gy = g%+ - %)+ GI-2)g8 - D)) 1) + [er - Dl(ad -~ 49~ (@P - D)
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