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Abstract. We briefly present the thermodynamic theory of FCC ternary
substitutional and interstitial alloy at zero pressure derived by the statistical
moment method and apply this theory to alloy AuCuLi. The thermodynamic
properties of Au, AuCu and AuL.i are specific cases for that of AuCuLi. We compare
the thermodynamic properties of alloys AuCuSi and AuCuLi. Our calculated
results of thermodynamic quantities for AuCuLi predict and orient experimental
results in the future.
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1. Introduction

The thermodynamic and elastic properties of interstitial alloys attract the interest of
many researchers [1-5].

Gold (Au) and its alloys have many important applications. Au is a metal with high
ductility and structural stability under extreme pressure and temperature conditions [6, 7].
Au has a face-centered cubic (FCC) structure, which is stable at pressure P = 600 GPa
and ambient temperature [8]. Au is widely used in industries such as photocatalysis for

0]

drugs [9]. At 0.1 MPa, Au has an FCC structure with the lattice constant a = 4.0785 A
at 25°C and the melting point at 1064 °C [10]. Gold in a solid state was studied by the
equation of state [11, 12] and by calculations [13-17]. The melting curve of alloy AuCu
was studied in [18]. Elastic deformation of alloys AuLi and AuCuLi was considered in [19].

In the pressent paper, we briefly show our thermodynamics of FCC ternary alloy
built by the statistical moment method (SMM) [19-27] and apply it to alloy AuCuLi. In
our previous papers [28-31], we studied the thermodynamic properties of alloys AuSi
and AuCusSi. Here we substitute the interstitial atom Si by Li in order to show the role
of the size of the interstitial atom and the interaction between this atom and the main
metal atom.
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2. Content

2.1. Thermodynamic theory of FCC ternary substitutional and interstitial alloy

The FCC substitutional and interstitial alloy ABC (the substitution alloy AB with C
interstitial atom, where the interstitial atom C stays in body center and the substitutional

atom B stays in face center of cubic unit cell ) has N atoms (N, main atoms A, N,
substitutional atoms B and N, interstitial atoms C). The concentrations of alloy
N N N . e
components are C, ZWA’CB :WB and ¢ :WC satisfy the condition c. <<cC; <<C,.
The free energy of alloy ABC has the form [19, 20, 26, 27].
Wasc =¥ac +Cg (l//B _‘//A)"'TSCAC _TScABC!

¥ac :(1_150c)‘//A +CcWe +6Ccw, +8Ccyy, ~Ts/*,

6? 2 1
Wy =Ugx +¥ox +3N {k_2|:7/2XYX2 - ng (1+EYX j}"‘

X
20°| 4 1 1
+k_4[§7/22xYx (1+§Yx j_2(712x T 71xY2x )(1+§Yx j(l"'Yx )}}v
X

h h k
Wox =3NO[ x, +In(1-e™ )|, X = A B,C, A, A, Yy =X, cothx, ,x, = ;;X :% /m—x )
Bo X

where w ., W we Wy, W, respectively are the free energies of interstitial alloy AC,

atom A in pure metal A, atom C in alloy ABC, atom A (atom A in face centers of the
cubic unit cell) and atom Az (atom A in peaks of the cubic unit cell), S2°,S/*¢

respectively are the configuration entropies of alloy AC and alloy ABC,
Ky 71x» Zax ¥x =4(71x +72x ) are the alloy’s parameters [19, 26], m, is the mass of

N : : .
atom X, U, :Euox’uox is the cohesive energy of atom X, T is the absolute

temperature and kg, is the Boltzmann constant.

The mean nearest neighbor distances between two atoms in the alloy ABC at
temperature T is given by [19, 20, 27].
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The isothermal compressibility ..., the elastic modulus B,,,., the thermal
expansion coefficient o, , the heat capacity at constant volume C,,5. and the heat
capacity at a constant pressure C,,,. of the alloy ABC has the form [20, 27].
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2.2. Numerical results for alloy AuCulL.i
For alloy AuCulL.i, we use the Mie-Lennard-Jones potential

oE=LORDN

where potential parameters for interactions Au-Au, Cu-Cu and Li-Li are given in Table 1.
Interactions Au-Cu and Au-L.i are approximately determined by

()

1 1
Dpvcu ® E((DAU-AU + Peucu ) s Ppeti ® E((/’Au-Au + O ) (8)
Table 1. The parameters m,n, D, r, of materials Au, Cu and Li [32]
Material m n D (10 *°erg) r,(10"°m)
Au 5.5 10.5 6462.54 2.8751
Cu 5.5 11 4693.518 2.5487
Li 1.66 3.39 6800.502 3.0077

Our numerical results are described by figures from Figure 1 to Figure 12 and
tables from Table 2 to Table 9. When the concentration c,; —0 and the concentration

Ce, — 0, we obtain thermodynamic quantities of Au. Our calculated results in Table 2
and Table 3 are in good agreement with experiments [33].
Table 2. Dependence of thermal expansion coefficient o; (10°K™)

on temperature T for Au from SMM and EXPT [33]

T(K) 100 200 300 500 700 1000

a; -SMM 1.19 1.37 1.44 1.55 1.66 1.1

oy -EXPT 1.15 1.34 1.41 1.50 1.59 1.95
Soum _exerizs) (%0) 35 2.2 2.1 3.3 4.4 2.1

Table 3. Dependence of heat capacity at constant pressure C, (J/mol.K)
on temperature T for Au from SMM and EXPT [33]

T(K) 100 200 300 500 700
C,-SMM 21.7695 | 249163 | 259581 | 27.3465 | 28.6754
C,-EXPT 21.4364 | 243253 | 251208 | 259581 | 26.7955

L A—) 1.6 2.4 3.3 5.3 7.0
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For AuCusSi at the same temperature and concentration of substitutional atoms Cu
when the concentration of interstitial atoms Li increases, the mean nearest neighbor a,
the heat capacity at constant pressure C, increases va the thermal expansion coefficient

o decreases. For example for AuCuLiat T = 1000 K and ¢, =6% when c; increases

from 0 to 5%, a increases from 2.8516 to 3.6067.10'° m (see Table 4) (increases
26.5%), C, increases from 31.081 to 47.6776 J/ mol.K (see Table 8) (increases 53.4%)

and «;, decreases very strongly from 2.6015x 10" to 0.2638x 10 K™ (see Table 6)
(decreases 886%). For alloy AuCuL.i at the same concentration of substitutional atoms

Cu and concentration of interstitial atoms Li when the temperature increases, all
quantities increase. For example for AuCuLi at c., =6%, and c;=5% when T

increases from 50 to 1000 K, a increases from 2.9162 to 3.6067.1071° m (see Table 4)
(increases 23.7%), «, increases from 0.199x10® to 0.2638x10™° K™ (see Table 6)

(increases 32.6%) and C,, increases strongly from 14.7759 to 47.6776 J/mol.K (see Table 8)

(increases 222,7%). For AuCuLi at the same temperature and concentration of
interstitial atoms Li when the concentration of substitutional atoms Cu increases,
o increases and a, C, decrease. For example for AuCuLi at 1000K and c; =0.6%

when ¢, increases from 0 to 6%, a decreases slightly from 2.9743 to 2.9521.10% m
(see Table 5) (decreases 0.75%) «, increases slightly from 1.0819x 10 to 1.1001x 10° K*
(see Table 7) (increases 1.7%) and C, decreases slightly from 32.3474 to 31.8253 J/mol.K

(see Table 9) (decreases 1.64%). The small change of thermodynamic quantities with a
concentration of substitutional atoms are explained by the small difference of atom size
between metals Au and Cu. At zero concentration of substitutional atoms Cu and zero
concentration of interstitial atoms Li, the thermodynamic quantities of AuCuLi become the
thermodynamic quantities of Au in [27]. The change of thermodynamic quantities with
temperature for AuCuL.i is similar to that for AuLi [26]. The change of thermodynamic
quantities with temperature and concentration of substitutional atoms Cu for AuCuL.i is
similar to that for AuCu [25].

3.7
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Figure 1. a(c,;,T) for AuCuLi Figure 2. a(cc,,T)for AuCuLi at
at ¢ , =6% ¢, =0,6%

73



74

Nguyen Quang Hoc and Nguyen Duc Hien

300f " Ci=0
—A—c,=05%
—0—c¢;=0.7%
—0—c,;=1%

2.80

1 1 1 1
200 400 600 800 1000

T(K)
Figure 3. a(T, c;; ) for AuCuLi at
Ce, =6%

—A—T=300K
—0— T =500K
—o— T =1000 K

cui (%)
Figure 5. o (¢, T) for AuCuli at
— RO,
Ce, =6%
1.6 T T T T
T
;[: 0.8 va—"
vvvvwwvjlf c,;=0.3%
06 o —ec,=05% |
o A, =0.7%
0.4 ;'v'v —v-c,;=1%
2(‘]0 4(‘)0 6(‘)0 8(‘)0 1000
TK
Figure 7. o; (T,c,;) for AuCuLi at
— RO,
Ce, =6%

298F u ¢ =0
—A— — 20,

2.96 | Ceu= 2%
—0—C¢, = 4%

294 —9—Cg, =6%

2.86

L L L L
200 400 600 800 1000

Figure 4. a(T, cg,) for AuCuLi at
c,; =0,6%

1.2 . ; ; ;
11 F 00606600 0000 00060
(N1 5000000000000000000000000000000000000006
09

= -

& ggl —®T=50K

2 —e—T=300K

S o7L —A-T=500K

5 —v—T=700K i
06F ¢ T=1000K
05t

S EESEEEEEE aEE -~
e
0.4
0.3 L L L L .
0 1 2 3 4 5 6
Cou (%)

Figure 6. o (C,,T) for AuCuli at
¢, =0,6%

06 Hf —m—cC¢, = 1%
—0-Ce, =4%
R —A— = 6Y
0.5 ! A—Cg, = 6%
04 | | | |
200 400 600 800 1000
T(K)

Figure 8. a; (T,cg, ) for AuCuLi at
¢, =0,6%



Thermodynamic property of alloy FCC-AuCuLi at zero pressure

50

—=—T=100K 29
_ 14
45F —e—T=500K 29°
—A—T=700K 2°°
—e—T=1000K L
40 °

Cp(J/mol.K)
w
(4]
L]
[
[]
[]
[]
[]
L]
L]
[]
[]
[]
1 \

25

20

0 1 2 3 4 5
cy; (%)
Figure 9. C, (c,;,T) for AuCuLi at
Cc, =6%
35
vy¥E
i W
£ 4
s_g 2 v’!v!‘!::!x ]
E VYZ‘!J-W
= bolind
S20r B
—m—c,=0
0 —e—c,;=05%
15 —A—c,=0.7%
—v—c,;=1%
" ‘ ‘ ‘ ‘
200 400 600 800 1000
T(K)
Figure 11. C,(T,c;) for AuCuLi at
Cc, =6%

'VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV

e T=300K
20 —A—T=500K
18 v T=700K
T=1000 K

<

Sl

E [ —=-T=50K
3

a

O

fung R

SEEEEEEREEE

. . . . .
0 1 2 3 4 5 6
Cey (%)

Figure 10. C, (c,,T) for AuCuLi
at ¢, =0,6%

Cp (J/mol.K)
N

18 | —®—ce, =0
—®—Ce,=2%
—A—cg, = 6%

1 1 1 1
200 400 600 800 1000

T (K)
Figure 12. C, (T,c,) for AuCuLi
at ¢, =0,6%

Table 4. Dependence of mean nearest neighbor distance a(10*°m) on temperature T
and concentration of lithium atoms c,; (%) for AuCulLi at ¢, =6%

T(K) | cLi (%) 0 0.3 0.7 1 3 5
50 2.8069 | 2.8219 | 2.8292 | 2.8352 | 2.8431 | 2.8824 | 2.9162
100 2.8091 | 2.8242 | 2.8315 | 2.8376 | 2.8455 | 2.8852 | 2.9194
500 | a0 0m) | 28270 | 2.8444 | 2.8500 | 2.8601 | 2.8608 | 2.9219 |2.9689
700 2.8365 | 2.8599 | 2.8725 | 2.8839 | 2.8997 | 2.9941 | 3.0839
900 2.8464 | 2.8855 | 2.90870 | 2.9308 | 2.9630 | 3.16779 | 3.3684
1000 2.8516 | 2.9040 | 2.9363 | 2.9677 | 3.0138 | 3.31242 | 3.6067
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Table 5. Dependence of mean nearest neighbor distance a(10™°m) on temperature T

and concentration of copper atoms ¢, (%) for AuCulLi at ¢, =0.6%

T(K | ccu(%o) 0 0.5 1 2 3 4 5 6
50 2853 |2.851 |2.849 |2.846 |2.842 |2.839 |2.835 |2.83
100 2.855 |2.853 |2.851 |2.848 |2.845 |2.841 |2.838 | 2.83
300 a(10°m) 2864 |2.862 |2.861 |2.857 |2.854 |2.851 |2.847 |2.84
500 2875 | 2874 |2.872 |2.869 |2.866 |2.863 |2.859 | 2.85
700 2897 2895 |2.894 |2.891 |2.887 |2.884 |2.881 |2.87
900 2940 2938 |2.937 |2.933 |2.930 |2.926 |2.923 | 291
1000 2974 12972 2970 12966 |2.963 |2.959 |2.955 |2.95

Table 6. Dependence of thermal expansion coefficient o, (10’5K’1) on temperature T

and concentration of lithium atoms c;(%) for AuCuLi at c., =6%

TK) | ¢, (%) | O 03 | 05 | 07 1 3 5
50 0.9584 | 0.8557 | 0.6595 | 0.4505 | 0.3172 | 0.2992 | 0.1990
100 1.5615 | 0.9971 | 0.7418 | 0.6030 | 0.4299 | 0.1503 | 0.0665
500 o | 20932 | 1.3615 | 1.0887 | 0.8977 | 0.7019 | 0.2884 | 0.1331
700 | (10°K*) | 2.2440 | 1.4301 | 1.1456 | 0.9520 | 0.7553 | 0.2935 | 0.1649
900 2.4103 | 1.5012 | 1.1927 | 0.9855 | 0.7971 | 0.2964 | 0.1646
1000 2.6015 | 1.5306 | 1.2357 | 1.1025 | 0.8079 | 0.3972 | 0.2638

Table 7. Dependence of thermal expansion coefficient o; (10‘5K‘1) on temperature T

and concentration of copper atoms ¢, (%) for AuCulLi at ¢, =0.6%

TK | c(%) | 0 | 05 | 1 2 3 4 5 6

50 0.461 | 0.462 | 0.468 | 0.468 | 0.469 | 0.469 | 0.4693 | 0.469
100 0.674 | 0.678 | 0.679 | 0.679 | 0.770 | 0.770 | 0.7709 | 0.771
300 | ¢ | 0941 | 0.941 | 0.942 | 0.944 | 0.946 | 0.948 | 0.9498 | 0.950
500 | (10°K) | 0.986 | 0.987 | 0.989 | 0.991 | 0.993 | 0.995 | 0.9982 | 1.000
700 1.024 | 1.026 | 1.027 | 1.030 | 1.032 | 1.035 | 1.0378 | 1.040
900 1.062 | 1.064 | 1.065 | 1.068 | 1071 | 1.074 | 1.0769 | 1.079
100 1.081 | 1.083 | 1.084 | 1.087 | 1.090 | 1.094 | 1.0970 | 1.100
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Table 8. Dependence of heat capacity at constant pressure C, (J/moI.K) on
temperature T and concentration of lithium atoms ¢ (%) for AuCulLi at ¢, =6%

TK) | ¢, (%) 0 0.3 05 0.7 1 3 5
50 13.1718 | 13.2043 | 13.3981 | 13.9863 | 14.1863 | 14.3354 | 14.7759
100 21.3454 | 21.5393 | 21.6829 | 21.8319 | 22.0614 | 22.3479 | 22.7580
500 (o 27.3840 | 27.3844 | 27.5073 | 27.6745 | 27.9715 | 30.3794 | 32.9576
700 | (¥mol.K) | 28.7614 | 28.7879 | 29.0038 | 29.2891 | 29.7884 | 33.7619 | 37.9869
900 30.2616 | 30.3201 | 30.6562 | 31.0929 | 31.8494 | 37.7897 | 44.0722

1000 31.0810 | 31.1600 | 315710 | 32.1012 | 33.0156 | 40.1509 | 47.6776

Table 9. Dependence of heat capacity at constant pressure C, (J/moI.K) on
temperature T and concentration of copper atoms ¢, (%) for AuCulLi at c; =0.6%

T(K) Ccu(%) 0 05 1 2 3 4 5 6
50 13.641 | 13.589 | 13.537 | 13.432 | 13.328 | 13.224 | 13.119 | 13.015
100 21.614 | 21.576 | 21.538 | 21.462 | 21.385 | 21.309 | 21.233 | 21.156
300 C, 26.149 | 26.133 | 26.117 | 26.086 | 26.054 | 26.023 | 25.991 | 25.960
500 (J/ mol. K) 27.830 | 27.810 | 27.789 | 27.749 | 27.708 | 27.667 | 27.627 | 27.586
700 29.479 | 29.451 | 29.423 | 29.366 | 29.309 | 29.253 | 29.196 | 29.140
900 31.321 | 31.283 | 31.245 | 31.169 | 30.093 | 30.017 | 30.941 | 30.865
100 32.347 | 32.303 | 32.260 | 32.173 | 32.086 | 31.999 | 31.912 | 31.825

In the comparison of thermodynamic properties of alloys AuCuLi and AuCuSi we
see that at the same temperature, pressure, the concentration of interstitial and
substitutional atoms, the heat capacity at a constant pressure of AuCulL.i is larger than
that of AuCuSi and the thermal expansion coefficient of AuCuLi is smaller than that of
AuCuSi. That is explained by the difference of the Mie-Lennard-Jones potential
parameters between interstitial atoms Li and Si. The Mie-Lennard-Jones potential
parameters are n = 1.66; m = 3.39; D = 6800.502 x 102 erg; ro = 3.0077 x 10" m [24-33]
for Li and these parameters for Si are given in Table 1. The difference of potential
parameters leads to the difference of the interstitial atom size and the interaction
between the interstitial atom and main metal atoms. Therefore, at the same physical
conditions, our calculated mean nearest neighbor distance between two atoms of
AuCuLi is larger than that of AuCuSi. That leads to the difference of the heat capacity
at constant pressure and the thermal expansion coefficient between AuSiLi and AuCuSi as
above mentioned. For example at P =0 and T =1000 K, AuCussxLis% has a = 3.554x 10° m,
Cr =47.74 JJmol.K and a; =2.4x10° K while AuCus»Sis» has a = 2.903x101% m,

Cp=32,12 J/mol.K and o, =4.8x10° K [33].
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3. Conclusions

We briefly present the thermodynamic theory of FCC ternary substitutional and
interstitial alloy at zero pressure derived by the SMM and apply this theory to alloy
AuCulLi. The thermodynamic properties of Au, AuCu and AuLi are specific cases for
that of AuCuLi. Our calculated results of thermodynamic quantities for alloy AuCuL.i
predict and orient experimental results in the future. Our calculated results of the
thermal expansion coefficient and the heat capacity at constant pressure in the interval
of temperature from 100 to 700K for Au are in good agreement with experiments [33].
The calculated results of thermodynamic quantities for alloy AuCu are described in [25].
We compared the thermodynamic properties of alloys AuCuLi and AuCusSi in order to
show the role of the size of the interstitial atom and the interaction between this atom
and the main metal atom.
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