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Thermodynamic assessment of Au-Zr system 

LI Zhi-hua(~,=~,~q~), JIN Zhan-peng(~,)~jl~), LIU Hua-shan(~]~t l l )  
(School of Materials Science and Engineering, Central South University, Changsha 410083, China) 

Abstract: Au-Zr binary system was reassessed by using the calculation phase diagram (CALPHAD) technique 
based on experimental thermodynamic data and newly reported phase diagrams. The excess Gibbs energies of the 

three terminal solutions and the liquid phases were formulated with Redlich-Kister polynomial. All the intermetallic 

phases were treated as stoichiometric compounds with the exception of ZrAu which is modeled by a two-suhlattice 
model, (Au,Zr)  : (Au,  Zr). The results show that there exist seven intermetallics: Zr3Au, ZrzAu, ZrsAu4, 

ZrTAUl0, ZrAu2, ZrAu3, and ZrAu4 in the system. The eutectoid reaction: fl(Zr) --~a(Zr)+Zr3 Au takes place at 
1 048 K and the maximal solubility of Au in a-Zr is 4 .7% (mole fraction). The maximal solubility of Zr in Au is 

6.0%(mole fraction) at ! 347 K. The homogeneity range of ZrAu phase is about 44.5%-52.9% (mole fraction) of 

Au. The present assessment fits experimental data very well. 
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1 INTRODUCTION 

Chemical vapor deposition (CVD) diamond 
holds great promise in solving thermal management 
problem in high performance multi-chip modules 
(MCMs) .  However, this material does present 
some technological challenges, one being the de- 
velopment of reliable metallization systems E13. The 
desirable characteristics of a metallization system 
are good adhesion to the substrate, low stress, 
good electrical conductivity and minimal reactions 
at subsequent processing temperatures (up  to 
400oc)Ez]. Gold is usually chosen as the metal for 
the conductive layer for its superior electrical con- 
ductivity and ease of deposition. Zirconium is easy 
to form carbides with diamond and to combine with 
gold at high temperature. So Au-Zr system is an 
ideal metalization system for CVD diamond. 

Recently, SU Xu-ping et al c31 has made evalu- 
ation of this system by employing CALPHAD 
method and good fitting has been realized between 
the calculated and most experimental data. How- 
ever, some disadvantages of their phase diagrams 
should be pointed out. Firstly, they treated ZrAu 
phase as a line compound which actually has a 
homogeneity range from 45~  to 53~ of Au (mole 
fraction)E43. Such simplification may cause problem 

when extrapolating to higher order system, such as 
Au-Zr-Ti. Secondly, the angle between hcp(Zr)  
and bcc(Zr) was calculated to be too small com- 
pared with the experimental data. In view of 
these, reassessment is performed in this paper. 

2 EVALUATION OF EXPERIMENTAL INFOR- 
MATION 

2.1 Phase diagram 
Much investigation about Au-Zr system has 

been made by different research groups. E. Raub 

and M. Engel measured the Au-rich side of the 
phase diagram of Zr-Au system up to 45, 5 % Zr E53. 

E. Stolz and K. Schubert E61 reported seven inter- 

metallic compounds Zr3Au, Zr2Au, ZrsAu4, 

ZrTAUl0, ZrAuz, ZrAu3, and ZrAu4 in Au-Zr sys- 
tem. But neither their type of formation nor their 

stability ranges were defined. T .B.  Massalski et 
al c71 summarized the work done before 1985. More 

recently, M. Lomello-Tafin et al E41 remeasured 

this system by means of differential thermal analy- 

sis (DTA) ,  X-ray diffraction (XRD) and electron 

probe microanalyses (EPMA),  and two new com- 

pounds Zr3Au2 and ZrAu were discovered. 

According to the experiment, the compound Zrs Au4 
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repor ted by E. Stolz and K. Schuber t  is not a line 

compound but  the Zr-rich limit of ZrAu [63. The  ex- 
per imental  phase diagram is shown in Fig. 1, which 

is the basis of the present  optimization.  
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Fig. 1 Exper imenta l  phase d iagram by 
M. Lomel lo-Taf in  et alES] 

2.2  Thermodynamic property 
K. Fitzner and O . J .  Kleppa [9] measured  the 

s tandard enthalpies of format ion  for the congruent -  

ly mel t ing compounds  at 298.15 K and the enthal-  

pies of mixing for solid Zr in liquid Au by their  
modified Se ta ram- type  calorimeter .  La te r ,  enthal-  

pies of mixing for liquid alloys and the enthalpies 

of format ion  for the compounds  at high t empera -  
tures  were  determined by M. Lomel lo-Taf in  et al [8] 

with direct reaction calorimeter .  Both sets of ther-  
modynamic  data were used in this optimization. 

3 THERMODYNAMIC MODEL 

3.1 [I-Zr, a-Zr, Au(fce) and Liquid 
T h e  three solid solution phases  [3Zr(bcc),  aZr 

(hep)  and Au( fce )  as well as liquid, are described 
with a subst i tut ional  solution model for which the 
Gibbs  energy express ion is 

2 2 

G° (x ,  T) = ~ax°GT ( T) -t- R T  X~,x, lnx, +EG° 
i = 1  i = 1  

where G o is Gibbs  energy of the liquid, a-Zr ,  t3-Zr 

and A u ( f c c ) ,  respect ively ,  x~ denotes  the mole 

fract ion of Au or Zr,  and rG° is the excess Gibbs  

energy ,  expressed by a Redl ich-Kis ter  polynomi-  
al Ix°] as 

n . 

EGo = xax2 ~_~'L~ zr(X, - -  x2) j 
j = 0  

where (J)L °A~,zr = A j  + B I T ,  Aj and B i are the pa- 
rameters  to be optimized. 

3.2  Stoichiometric phases 
The  intermetal l ic  compounds  Zr3Au,  ZrzAu,  

Zr3Auz, ZrTAulo, ZrAuz,  ZrAus ,  and ZrAu4 are 

s toichiometr ic  phases. With assumpt ion  of Neu-  

mann-Kopp  rule [1°] , Gibbs  free energies of these 

phases  are calculated using the following expres-  

sion: 
G AaBb -h- a 0 G~Cu -3v b ° Ghz~ p "J- C - ~ -  D T  

where 0 r~ ,  and o ~ c  ~z, ,--no are the Gibbs  energies of the 

respect ive pure e lements ,  C and D are also con- 
s tants  to be optimized. 

3.3  ZrAu phase 
The  s t ruc ture  of ZrAu has not been clearly de- 

te rmined until now. M. Lomel lo-Taf in  et al. [43 

pointed out that  mos t  of the equiatomic Zr-plati-  

noid e lements  are congruent  mel t ing compounds  

and have CsCl- type s t ruc ture  at higher tempera-  

ture. I t  should be noticed that  the atomic radius of 

Zr is 206 p m ,  which is a lmost  equal to tha t  of H f ,  

208 p m ,  but  differs great ly  f rom that  of T i ,  176 

pm. And,  what  is more ,  the electronegativi t ies  of 

Zr and H f  are similar. So it is more  reasonable  to 

conclude tha t  AuZr  has the same s t ruc ture  as Au-  

Hr.  Because the s t ruc ture  of A u H f  is CuTi  type ,  

according to the atomic location of CuTi  [n] ,  a 

tw0-subla t t iee  model ,  ( A u , Z r )  : ( A u , Z r )  is used to 

describe ZrAu.  Thus  the Gibbs  energy  of ZrAu is 

expressed  as 

G Z r n u  ~ - ~  ~ ' ~  t V T 0 r ~ Z r A u  
A u , Z r : A u , Z r  = ~ . / Z . a Y i Y ~  ~ u i . j  -k- 

i j 

O. 5RT[ ~5-~y~lny~ + ~f~jyl~ l n y ~  ] --[-EGZrau 
i i 

where  EGzra" is the excess Gibbs  energy:  
E r ~ Z r A u  _ _  I 1 HO L Z r A u  

t.,r - -  Y A ~ , Y Z r Y A u  Au,Zr  ' n u  "3/-- 

yI .I ^ H O L Z r A u  
Au~VZr.YZr Au ,Z r  ' Zr + 

jI .17 .HO L ZrAu 
Au,YAu .YZr  Au : Au ,Zr  

yl .n .nOLZ,A~ _u 
Z r Y A u . Y Z r  gr  Au,Zr  7 

I I ~ r i 0  r Z r A u  YAuyz~YAuyZ~ ~Au,Z~. Au,Zr 
and y~ and y~ are the mole fract ion of Au ,  Zr in 

suhlat t ice I and II , respectively.  In order  to re- 

duce the number  of variables to be opt imized,  as- 
sume that  ° L Z ~ n u  _ _  0 r Z r A u  _ _  0 r Z r A u  _ _  

Au ,Zr  : Au - -  L ' A u , Z r  = Zr - -  -t~Au : Au ,Z r  - -  

0 [ ZrAu 0rZrAu and the pa ramete r  X-.Au,Zr: Au.Zr L'Zt" ,  Au ,Zr  , is set to 
zero, 

4 RESULTS AND DISCUSSION 

Using the assembled  lattice stabili t ies of Au 
and Zr establ ished by A. T. Dinsdale c1~] , the phase 
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diagram of A u - Z r  has been  opt imized  us ing  T h e r -  

mo-calc  so f twa re ,  which  appl ied a least  square  al- 

g o r i t h m  to fit var ious  e x p e r i m e n t a l  data  t~33, and  as 

s h o w n  in Tab l e  1, all pa r ame te r s  are nume r i c a l l y  

acceptable .  

Table 1 T h e r m o d y n a m i c  pa rame te r s  eva lua ted  

in the  p re sen t  work  

Liquid (1 sublattice, site: 1.0, constituents: Au, Zr) 
°L~q,z~= --201 982.44+25. 332 274T 

lL~q,z~= 10 471.25--7. 998 875T 

a-Zr (hcp) (2 sublattice, site: 1.0 : 0. 5 ,constituents: Au,Zr : Va) 
°L~,z  ~, v , =  --123 674.45 

fl-Zr(bcc) (2 sublattice, site : I. 0 ." 3.0,  constituents : Au, Zr : Va) 

°Lb~¢A~,Z~, w = --181 067.16+16. 646 143T 

1L~,¢~,z~, w= --37 200.00 

Au(fcc) (2 sublattice, site: 1.0 : 1.0, constituents: Au,Zr : Va) 
°Lf~A~,Z~, v~ = --170 440. 90+0. 277 674T 

ZrzAu (2 sublattice, site: 2.0: 1.0, constituents: Zr : Au) 
o O z ~ _ 2 o  ~o~ o ~ee Gz~ -- GA.=--143 990. 78+14. 553 000T 

Zr3Au (2 sublattice, site: 3.0 : 1.0, constituents: Zr : Au) 
0 Zr A u  _ _  0 h e p _ _ 0  f e e _  OZr~ Au 3 Gz, GAu-- --148 517. 65+8. 902 574T 

Zr3Auz(2 sublattice, site: 3.0 z 2.0, constituents: Zr: Au) 
0Gza ,zr A~A;~ _ 30G~p_ 20G~ = _ 256 352.16+18. 235 905T 

ZrTAul0(2 sublattice, site: 7.0 : 10.0, constituents: Zr '  Au) 
° GZ~7,~t0 --7°Gh~P--10°Gk~ =--1  008 102. 40+92. 476 753T 

ZrAu(2 sublattice,site: 1.0 ' 1.0,eonstituents:Au,Zr : Au,Zr) 
0 Z r A u  _ _  0 Ice _ _  GA~,A~ 2 GA~--1000 

0 Z r A u  _ _  0 hop 0 lee _ _  GZr,A~ Gz~ -- GA , - - - - l 15649 .60+7 .357727T  

0 o~.A,"~,-0G~ - 0 ~ v  = 0  

0 Z r A u  - -  0 ep Gz,,zr 2 G~ =32000.00 
°L~.~A,~, A, =--68 000. 00+13. 827 498T 
°L~n.~r, Z,= --68 000.00+13. 827 498T 
° L~[~A, UAu,Zr = --68 000.00+13. 827 498T 
0L~A, UAo,Z~= --68 000. 00+13. 827 498T 

ZrAu2(2 sublattice, site: 1.0: 2.0, constituents: Zr: Au) 
0 Z r A u  0 hop 0 fee Gz~, ~ - -  Gzr --2 GA~=--173 810. 28+17. 175 849T 

ZrAu3(2 sublattice, site: 1.0: 3.0, constituents: Zrz Au) 
0 Z r A u  0 hcp 0 ice Gzr, :~u -- Gzr --3 GAu= --204 019.82+21. 130 226T 

ZrAu4(2 sublattice, site: 1.0 : 4. 0, constituents: Zr : Au) 
0 Z r A u  _ _  0 hcp - -  0 fee _ _  Gzr, "~. GAu 4 GAu -- --203 193.94+17. 360 239T 

4.1 Phase diagram 
T h e  calcula ted phase d i a g r a m  of A u - Z r  sys t em 

is p lo t t ed  in Fig.  2 in compar i son  wi th  the  exper i -  

m e n t a l  data. In  c o m b i n a t i o n  to the i nva r i an t  equi-  

l ibr ia  l is ted in T a b l e  2,  it is obv ious  tha t  the pres-  

en t l y  ca lcula ted  phase  d iag ram agrees  r ea sonab ly  

wi th  t ha t  of the fo rmer ly  repor ted .  T h e  bounda r i e s  

of A u Z r  have also been  wel l  f i t ted.  

4.2  Thermodynamic property 
Fig.  3 shows  good fit  b e t w e e n  the  ca lcula ted  

and  e x p e r i m e n t a l  en tha lp ies  of mix ing  (AHmi~) of 

l iquid al loys at 1 473 K. Also  the  en tha lp ies  of for-  

m a t i o n  of some c o m p o u n d s  at  d i f fe rent  t e m p e r a t u r e  

have been op t imized ,  which are cons i s t en t  wi th  the  

e x p e r i m e n t a l  data .  

4. 3 Comparison between assessed and experimental 
data 

As s h o w n  in Fig. 2,  Z r A u  phase  is well  opt i -  

mized wi th  a h o m o g e n e i t y  range.  T h e  f i t t ing  of liq- 

uid l ines in A u - r i c h  par t  is be t t e r  t h a n  those by S U  

X u- p i ng  et al E33 , and  the t e rmina l  phase  bounda r i e s  

of Z r ( h c p )  are close to the e x p e r i m e n t a l  data t h a n  

those  by S U  X u p i n g  et al E33. 
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Table  2 I n v a r i a n t  r eac t ions  in A u - Z r  s y s t e m  

T / K  Mole fraction of Au/% 
Equilibrium Phase 

Present Ref. [4] Present Ref. [4] 

L I Q ~ Z r  + Zr3Au 1 378 1 378-4-8 LIQ 0.2 

13-Zr 13.7 ~-0. 1 

~-Zr-~a-Zr  + Zr3Au 1 048 1 0494-10 13-Zr ~-10. 0 

a-Zr 4.07 <2.0 

LIQ--~Zr3Au 1 423 1 416 

LIQ---~Zr3Au+ ZrzAu 1 393 1 3934-4 

LIQ+ ZrAu"~ZrzAu 1 419 1 4195=3 

ZrAu+ ZrzAu--~ Zr3Auz 1 370 1 3704-5 

Zr3Au2 -~ ZrAu+ Zr2Au 1 200 1 2004-6 

LIQ"-~ ZrAu 1 848 1 848 

LIQ--" ZrAu+ ZrAuz 1 768 1 763+10 

ZrAu+ ZrAuz---~ZrTAul0 1 749 1 749+4 

LIQ--~ZrAuz 1 851 1 860+4 

LIQ--~ZrAu2 + ZrAu3 1 822 1 808-4-4 

LIQ--~ZrAu3 1 839 1 845 

LIQ+ ZrAu3--~ZrAu4 1 528 1 527-4-5 

LIQ+ ZrAu4--~ Au(fcc) 1 347 1 350+3 

LIQ 29.00 30 

LIQ 32.00 32.0 

ZrAu 44.50 ~45.0 

ZrAu 44.90 ~45.0 

ZrAu 46. l0 ~47.0 

LIQ 50. 30 50.0 

LIQ 58. 50 55.0 

ZrAu 52.90 ~.53.0 

ZrAu 

LIQ 71.40 70.0 

LIQ 89.70 ~-87.0 

LIQ 95.80 92.0-95.0 

fcc 94. oo ~92.0 

Table 3 E n t h a l p i e s  at  d i f fe ren t  t e m p e r a t u r e s  

( A H J ( k J  • m o 1 - 1 ) )  

Phase 
high temperature 298. 15 K 

Ref. [9] Present Ref. [8] Present 

Zr3Au --39.7(1273K) --39.55 --30.07 --37.13 

ZrzAu --49.4(1 273 K) --50.15 

ZrAu --59.7(I 373 K) --58.98 

ZrTAulo --60.6(1 273 K) --60.63 

ZrAuz --59.0(1273 K) --59.01 --61.00 --57.94 

ZrAu3 --54.7(1573 K) --51.27 --51.41 --51. I0 

ZrAu4 - - 3 8 . 0 ( 1  173 K) --41.42 

5 C O N C L U S I O N S  

1) A u - Z r  s y s t e m  is r ea s se s sed  by us ing  the  

C A L P H A D  t e c h n i q u e ,  in wh ich  A u Z r  phase  is 

m o d e l e d  by a t w o - s u b l a t t i c e  model .  T h e  ca lcu la ted  

phase  d iag ram fi ts  e x p e r i m e n t a l  da ta  ve ry  well .  

2) T h e  n e w  t h e r m o d y n a m i c  data  of  A u - Z r  sys-  

t e m  are  wel l  e s t ab l i shed  by us ing  C A L P H A D  tech-  

n ique ,  wh ich  c o n t r i b u t e s  to bu i ld ing  the  s y s t e m a t i c  

t h e r m o d y n a m i c  da tabase  of Au- l l l  A ( T i ,  Z r ,  H f )  
sys t ems .  
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