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The interdiffusion coefficients in the ~ f cc  phase of Cu -Zn -Sn  alloys, Dsnsn,Ncu Dsnzn,~Cu D~nzn'Cu and 
~Cu D~nS~, have been determined at 1073 K. The concentration profiles indicate that the diffusion 

rate of tin is greater than that of zinc in the Cu -Zn -Sn  alloy. The diffusion paths show the 
typical S-shaped curves. All of the four interdiffusion coefficients are positive and they are 
very sensitive to the solute concentration. The atomic mobilities of the three diffusing elements 
in Kirkendall planes increase in the order of Cu, Zn, Sn. The interaction energy of the Cu-Sn 
bond is much larger than that of the Zn-Sn bond. From the results of the present work it 
seems that the Onsager reciprocal relation holds in the c~ phase of the Cu -Zn -Sn  system. 

1. Introduction 
Copper-rich alloys in the Cu Z n - S n  system are a 
kind of commercial alloys which have high strength, 
wear and corrosion resistances and are used for 
bronze casting in mechanical industries [1]. Diffusion 
in the alloys has become an important subject of 
investigation to obtain basic information on heat 
treatments and oxidation, etc. [2, 3]. Investigations of 
interdiffusion in C u - Z n - S n  alloys have been per- 
formed by Rhines et al. [4], Kirkaldy et al. [5] and 
Dayananda et al. [6]. However, the interdiffusion coef- 
ficients of C u - Z n - S n  alloys at 1073 K have not been 
determined, and verification of  the Onsager reciprocal 
relation has not been attempted in the present system. 

The purposes of the present work are (a) to deter- 
mine the ternary interdiffusion coefficients in the 
a-phase region of the C u - Z n - S n  system at 1073 K by 
use of the solid-solid couples, (b) to estimate the 
interaction parameters in C u - Z n - S n  alloys from the 
interdiffusion coefficients, and (c) to verify the 
Onsager reciprocal relation for this system. 

2. Experimental procedure 
A constitution diagram [7] of the copper side of the 
C u - Z n - S n  system at 873 K is shown in Fig. 1. Ter- 
minal compositions of diffusion couples are listed in 
Table I. Nineteen diffusion couples were prepared in 
order to determine the interdiffusion coefficients in the 
a-phase field of this system. The diffusion couples C1 
and C2 were couples for binary diffusion in the C u -  
Zn system and D 1 - D 4  were couples for binary dif- 
fusion in the C u - S n  system. Cu -Zn ,  C u - S n  and 
a - C u - Z n - S n  alloys of selected compositions were 
prepared from 99.99 wt % Cu, 99.99 wt % Zn and 
99.9 wt % Sn in an induction melting furnace in an 
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argon atmosphere. The alloy ingots were annealed at 
temperatures 50 to 70 K below their melting points for 
604.8 ksec, in order to establish the homogenization 
and grain growth. The grain diameter of these alloys 
was more than about 1 ram. 

The C u - Z n  and a - C u - Z n - S n  alloys were turned 
to rods of diameter 8 mm and length 80 mm by a lathe. 
A hole of the same dimensions was drilled in blocks 
of pure copper and the C u - S n  alloys (25ram x 
25 mm x 70 mm). The faces of the rod alloys and the 
holes in the blocks were mechanically polished by 4/0 
emery paper (600 grade), and then washed with 
acetone. The alloy rods were then inserted into the 
holes in the blocks. These combined metals were 
quickly (within about 180 sec) rolled to 70% reduction 
in thickness after heating at 1073 K for 3.6ksec, and 
then quenched in water. The rolling has the advantage 
that the oxide film at the interface between the metals 
is broken up and distributed over a much larger area 
[8]. The rolled metals were cut into 5 mm widths as 
the diffusion couples. The interfaces of the diffusion 
couples were examined by a Jeol JXA-733 electron 
probe microanalyser (EPMA). It was found that diffu- 
sion during the welding treatments was negligible. 

The diffusion couples were annealed at 1073 K for 
74.8 ksec under a purified argon atmosphere of about 
105 Pa in order to prevent oxidation of the diffusion 
couples and evaporation of zinc. After the diffusion 
annealing, the couples were quenched in ice-water. 
The annealed couples were metallographically pol- 
ished along planes parallel to the diffusion direction. 
Solute concentration profiles in these diffusion couples 
were measured by EPMA. The characteristic X-ray 
intensities of zinc and tin were corrected for atomic 
number, absorption and fluorescence effects and 
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Figure 1 Constitution diagram of the copper side of the Cu Zn Sn 
system. 

converted into concentration values of zinc and tin 
using the bulk alloy compositions at the ends of the 
couples as standards [9, 10]. 

Interdiffusion in a ternary alloy 1 -2 -3  is expressed 
by an extended Fick's second law on the basis of 
Matano coordinates: 

at - #x 7 7 )  + ~  a x )  
(l) 

and 

( 0Cl)  c2) (~C2 -- (~ 531 -~- L5~2 (2) 

where C~ and C2 are the concentrations of Solutes 1 
and 2, t is the diffusion time and x the distance from 
the Matano interface. Constituent 3 (denoted by a 
superscript) represents the solvent and is treated as a 
dependent variable [11]. The interdiffusion coefficients 
/5~1 and/)~2 are referred to as the 'direct" or "major"  
coefficients, and J~2 and /)~ as the "indirect" or 
"cross" coefficients. In this study, the solvent is copper 
and solutes 1 and 2 are tin and zinc, respectively. 

Kirkaldy et al. [12] have shown that Equations 1 and 
2 can be solved by an extension of the Boltzmann- 
Matano method to ternary equations: 

CI ( ~Cl  ~C2~ 
J(c~-~ X d C  1 - 2t \/)~, ~-x + /)~2 0x ] (3) 

and 

fc£~o x dC2 - 2t 1)31 + D~2 (4) 

and the origin for x must be chosen in such a way that 

C + OO C+ OO 

~" 1 f C  IC_O ° X d C  l = x d C  2 = 0 (5) 
[ 2 -°° 

where C? -°° and Ci +°° (i = 1, 2) are the terminal com- 
positions at the ends of the diffusion couples. The four 
interdiffusion coefficients in Equations 3 and 4 are 
evaluated at the common compositions (Cl and C~) of 
intersection of the diffusion paths. The binary Cu 
Zn and Cu-Sn  interdiffusion coefficients were deter- 
mined by using the Matano method [13]. 

TAB L E I Terminal compositions of diffusion couples 

Couple name Composition (at %) 

A1 Cu/Cu 2.4Zn 6.2Sn 
A2 Cu/Cu- 5.5Zn-5.3Sn 
A3 Cu/Cu 10.1Zn 4.3Sn 
A4 Cu/Cu- 14.4Zn-2.3Sn 
BI Cu 4.7Zn/Cu-2.7Sn 
B2 Cu-  8.0Zn/Cu-4.1Sn 
B3 Cu 13.0Zn/Cu-5.5Sn 
B4 Cu-  8.0Zn/Cu-6.9Sn 
B5 Cu-  13.0Zn/Cu- 6.9Sn 
B6 Cu 17.7Zn/Cu 6.9Sn 
B7 Cu 4.7Zn/Cu-6.9Sn 
B8 Cu-  8.0Zn/Cu-2.7Sn 
B9 Cu-  17.7Zn/Cu-5.5Sn 
C 1 Cu/Cu-24.6Zn 
C2 Cu/Cu- 28.5Zn 
D1 Cu/Cu 2.7Sn 
D2 Cu/Cu 4.1Sn 
D3 Cu/Cu- 5.5Sn 
D4 Cu/Cu- 6.9Sn 

3. Results and discussion 
3.1. Concentration profiles, interdiffusion 

fluxes and diffusion paths 
Typical concentration profiles of the couples A1 and 
B7 annealed at 1073 K are shown in Figs 2a and b, 
respectively. The origin of the abscissa in Figs 2a and 
b is the Matano interface. The diffusion distances of 
tin are larger than those of zinc. The concentration 
profiles indicate that the diffusion rate of tin is greater 
than that of zinc in C u - Z n - S n  alloys. 

For uniaxial diffusion in the ternary system, the 
interdiffusion flux J~Zn [14] is represented by 

O~Zn = Jznzn ~- ,lZnSn 

~Cu ~Czn ~Cu OCsn 
= - -Dznzn Ox Dzns" Qx (6) 

where Jznzn is the direct flux of zinc due to the zinc 
concentration gradient and JZnSn is the indirect flux of 
zinc due to the tin concentration. A similar relation 
holds for ]Sn" Fig. 3 shows the relation between ]ZnS,/ 
Jznz, and tin concentration for the couples A 1 to A4. 
The influence of the indirect flux becomes larger with 
an increase of tin concentration. 

The diffusion paths for the diffusion couples are 
shown in Fig. 4. The couple names are also written in 
Fig. 4. In the C u - Z n - S n  system, the alloying con- 
stituents do not diffuse linearly on the ternary iso- 
therm at 1073 K. The diffusion paths show the typical 
S-shaped curves. The formation of S-shaped diffusion 
paths is attributed to the magnitude of the difference 
between the diffusion rates of zinc and tin (see Figs 
2a and b) and the presence of a marked interaction 
between the diffusing elements. S-shaped diffusion 
paths are obtained in the C u - N i - Z n  [15, 16], A1- 
A g - Z n  [17], C u - M n - Z n  [18] and C u - N i - S n  [19] 
systems. 

3.2. Diffusion coefficients 
Reports of the lattice parameters in C u - Z n  Sn alloys 
[20] indicate that the partial molar volumes of these 
alloys are constant in the concentration range of the 
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Figure 2 I ypical concentrat ion profiles of  
zinc and tin for diffusion couples (a) A1 
and (b) B7 annealed at 1073K for 
74.83 ksec. 

present work. Furthermore, since the molar volumes 
do not vary markedly with composition [20], the vol- 
ume change in the diffusion zone is negligible. There- 
fore, Equations 3 to 5 can be applied to the Cu Z n -  
Sn system. The interdiffusion coefficients/)sCUsn,/)sCn~z,, 
/)ZC~Z, and /)zCn"sn are evaluated at the composition 
points of intersection ol ~ diffusion paths by using 
Equations 3 to 5. 

The values of the four diffusion coefficients at 
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Figure 3 Relation b e t w e e n  Jznsn/.~ZnZn and tin concentrat ion for 
diffusion couples A1 to A4 at 1073 K. 
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1073 K are listed in Table II and are shown in Figs 5a 
to d. Isodiffusion coefficient contours are shown by 
the broken lines. The values of/)sCUsn,/SsCUzn,/)zCUz, and 
/)zC~s, are very sensitive to the solute concentrations. 
The values of/)sC~sn and /)C~zn increase towards the 
tin-rich corner, and those of/)zCUzn and /)zCUsn increase 
towards the zinc-rich corner. Diffusion coefficients of 
pure metals and binary alloys are related to their 

2O 
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Figure 4 Diffusion pa ths  for diffusion couples annealed at 1073 K. 



T A B LE 11 Experimental interdiffusion coefficients in Cu Zn-Sn alloys at 1073 K 

Diffusion Composition (at %) 

couple Zn Sn 

Interdiffusion coefficients (10-14 m 2 sec-l ) 

~Cu ~Cu ~Cu ~Cu D~nzn D~nsn 

AI -BI  0,47 2.2 
AI B2 1.1 3.2 
A1 B3 1.9 4.5 
A1 -B4 2.0 4.7 
AI -B5 2.2 5.2 
A1 B6 2.3 6.1 
AI B7 1.7 4,2 
A I - B 8  0.58 2,4 
AI -B9 2.1 4.9 
A2-BI  0.95 1.9 
A2-B2 2.3 2,7 
A2 B3 3.9 3.5 
A2 -B4 3.7 3.4 
A2-B5 4.6 4.0 
A2 B6 5.1 4.5 
A2 B7 2.9 3.0 
A2-B8 1.2 2.1 
A2 B9 4.4 3.9 
A3 BI 1.5 1.7 
A3 B2 3.5 2.1 
A3 B3 6.1 2.6 
A3-B4 5.2 2,4 
A3 B5 6.9 2.8 
A3 B6 8.3 3.1 
A3 B7 3.7 2.2 
A3 B8 2.1 1,8 
A3 B9 7.1 2.8 
A4 B1 3.1 1.0 
A4 B2 5.7 1.3 
A4 B3 9.0 1.5 
A4-B4 6.8 1.3 
A4-B5 9.8 1,5 
A4 B6 12 1.7 
A4 B7 4.5 1.2 
A4 B8 4.6 1.2 
A4-B9 11 1.6 
B2 B7 3.9 1.9 
B3 B4 2.9 4.0 
B4 B9 1,6 5.1 
B7 B8 4.4 1.3 

9.7 0.12 3.4 -0 ,25  
12 2.5 4.2 0.51 
20 7,7 8.4 1.5 
22 9.6 9.3 1.8 
27 6.3 11 2,1 
18 6.2 16 4.1 
18 2.7 8.3 0.83 
8.9 1.9 3.8 0.34 

26 9.1 l0 1.6 
9.8 0.095 3.3 -0 .57  

11 1.9 4.5 0,66 
16 4.0 7.6 1.7 
16 3.5 7.0 1,6 
21 4.7 11 2.4 
27 8.8 14 4.3 
15 1.8 6.0 0.81 
9,3 1.1 3.5 -0 .41  

18 4.7 9.8 2.2 
10 0.64 3.1 - 0.039 
11 1.9 4.6 0.42 
16 3,3 8.3 4.5 
13 2,8 6.7 1.I 
20 3.4 10 3.9 
24 5.3 14 5.9 
12 1.8 4.7 0.94 
11 1,2 3.6 - 0.38 
19 4.0 10 4.3 
8.9 0.32 3.0 1.0 

10 0.87 4.7 1.7 
14 1.5 8.4 4.8 
10 1,1 5.8 0,89 
16 1.6 9.4 3.8 
18 2,8 13 4.7 
9.7 0.62 3.9 0.47 
9.2 0.70 4.1 - 0,30 

16 2.3 11 4.9 
12 2.4 4.6 0,96 
18 4,6 7.3 0.48 
22 9.0 11 2.7 

9.9 0.87 4.2 0,69 

melting points, etc. [21-23] and the tendency of the 
magnitude of the diffusion coefficients in ternary Cu-  
Zn-Sn alloys corresponds to the direction of decrease 
of the liquidus temperature [24]. Almost all the direct 
and indirect coefficients at the same composition 
reveal the relations /SCn~s~ > /SzC~zn > 0 a n d  /~fUzn ~> 
/SzCn~sn > 0 in the phase region. The thermodynamic 
conditions for the four interdiffusion coefficients have 
been presented as follows [25, 26]: 

D12D21 > 0 (7) 

and 
~3 ~3 ~3 ~3 D,1D22 - DI2D21 > 0 (8) 

These relations are satisfied by the experimental val- 
ues of the present work except for the negative values 
of indirect coefficients, which appear in the neighbour- 
hood of  the terminal composition. While the values of 
/)~2 and/)~l should have the same signs as shown in 
Equation 7, the negative va lues  of/)zCUsn are liable to be 
induced in the vicinity of the terminal compositions as 
already reported [27, 28]. 

The limiting values of the interdiffusion coefficients 
on the sides of  the ternary i - j -k  diagram have been 

established by Shuck and Tool [29]. The limiting 
values of the direct coefficients/5~ are 

lim /)~ = /)ik (9) 
Q~0 

on the i k side, where/5i ~ is the diffusion coefficient 
of the binary i-k system. The direct coefficients/~fnUSn 
and/)zC~zn approach the binary coefficients/SCu_S, and 
/)cu-zn on the Cu-Sn and C u - Z n  sides in Figs 5a and 
c. The limiting values of  the indirect coefficients/5~ are 

lim /)~ = 0 (10) 
C i ~ O  

on the j - k  side. The indirect coefficients /3~z n and 
LSC2sn approach zero on the Cu-Zn  and Cu-Sn sides, 
respectively, as shown in Figs 5b and d. 

In addition, the limiting values of / )~  are 

lim /5~ * (11) -= O ~ ( j _ k )  
C l i O  

on t h e j - k  side, where D~j_k)is the impurity diffusion 
coefficients of component i in a binaryj-k alloy. The 
values of D~'n/cu z~) and D*~(c~-sn) can be determined by 
Hall's method [30, 31] at the terminal compositions of  
the profiles obtained from the diffusion couples B1 to 
B9. Results obtained at 1073K are shown in Figs 5a 
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Figure 5 Direct and indirect interdiffusion coefficients (a) ~cu ~cu ~cu ~cu (c) O~nzn and Units are lO-14 m 2 sec-i D~ns. , (b) (d) Dzns~. O s n z n  ~ " 

and c. The direct coefficients/%C~sn on the C u - Z n  sides 
(Fig. 5a) correspond to the impurity diffusion coef- 
ficients of tin in the C u - Z n  alloys, D*n(Cu-Zn). The 
direct coefficients /)zCn~z, on the Cu-Sn  sides (Fig. 5c) 
correspond to the impurity diffusion coefficients of 

zinc in the Cu Sn alloys, D*n(c. s.). The values of 
D~'n(Cu z.) and D*n(cu~n) at 1073K are also shown in 
Fig. 6 with those of Dcu_zn and/SCu_Sn. The concentra- 
tion dependence of D*n(Cu s,) and /)c,-sn are more 
marked than those of D*n(cu-zn) and/)cu z,, since the 
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gradient of  the liquidus line of  the copper side in the 
C u - S n  system is much larger than that of the copper 
side in the C u - Z n  system [32]; that is, D*,(Cu s,) and 
5cu s, approach the liquidus line at lower solute con- 
centrations. The values of  5C.-Sn and D*,(c,) are in 
good agreement with literature data [33, 34]. 

3.3. A tomic  mobi l i t ies  
The atomic mobility fie [35] of component i at the 
composition of  the plane of Kirkendall markers is 
given by 

Ai 
fi, - ( i  = 1, 2 , . . .  n) (12)  

2tC, 0#~ 

where A~ and C~ refer, respectively, to the cumulative 
intrinsic flux and molar concentration, ~?#/Sx is 
the gradient of its chemical potential, and No is 
Avogadro's number. In the range of validity of 
Henry's law, ~?#/Ox is represented by 

~#i RT 8Ci 
- (13)  

ctx C~ ~x 

where R is the gas constant and T the diffusion tem- 
perature. The use of Equation 13 in Equation 12 yields 

Ai 
fl, - ( 1 4 )  

(2t_RT eCi l ~ 
ax No/ 

Table III presents the mobilities of the three diffusing 
species at the compositions of the planes of Kirkendall 

markers. The mobilities of c~-Cu-Zn-Sn alloys 
increase in the order Cu, Zn, Sn. 

3.4. Interaction parameters and the Onsager 
reciprocal relation 

Kirkaldy et al. [36] have derived the relation between 
/)~//5~ and Wagner's interaction parameter, el ° and 
81 j )  : 

5~ = Ni 4- NiN3el j) 
(15) 

5~ 1 - Nj 4- NiN3el ') 

where N,, Nj and N3 are the atom fractions of Compo- 
nents /, j and 3, respectively. For highly dilute sol- 
utions, Equations 15 reduces to the relation 

53//5,, = (1 + 81J))Ni (16) 

The interdiffusion coefficients in the ternary system 
can be described in a different form by the choice of 
dependent component or "solvent". The dependent 
component can be changed from superscript 3 (Cu) to 
2 (Zn) by using Equations 17 to 20 [37]: 

~ ~ L5~2 ( 1 7 )  D ? ,  = 5 7 1  - 

5 h  - =~ 5b_ (is) v~ 

(19) 

~ ~' 5~2 (20) 

where VI, V2 and ~ are the partial molar volumes of 
1, 2 and 3, respectively. 

Fig. 7a shows the relation between /)sC~zn/LSsC~s n 
and tin concentration. Similarly, Fig. 7b shows the 
relation for/SZ~cu/5Z~s, converted by Equations 17 and 
18. The values of  lPl, ~ and l? 3 calculated from the 
data of the lattice parameter are 10.6, 8.47 and 7.11 x 
10 6 m 3 mol 1, respectively [20]. The solid lines in Figs 
7a and b are drawn for Equation 16 with the values of  
e(Zn) = 6 and o(cu) - 8 . 5 .  The experimental values Sn ~ 'Sn 

are distributed about  these lines, and they satisfy 
Equation 16 in the dilute range from 0 to about 5 at % 
Sn. The positive values of L3sC~zn and/)C~s n indicate that 
the activities of  tin and zinc are increased by zinc and 
tin, respectively. Since the interaction parameter .(Zn) o S n  

has a positive value, and ~Sn°(Cu) has a negative value, it 
is expected that the interaction energy of the C u - S n  
bond is much larger than the value for the Z n - S n  
bond. 

T A B L E  I I I  Atomic mobilities in e - C u - Z n  Sn alloys: present work (1073K) 

Diffusion Composi t ion (at %) 

couple Zn Sn 

Atomic mobility (107 m sec- ~ N ~ ) 

&o &, /~s. 

CI 17.5 0 0.61 1.2 - 
D4 0 4.1 0.96 - 1.1 
A1 1.8 4.3 0.90 1.4 2.2 
A2 4.0 3.7 0.71 1.3 2.6 
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The Onsager reciprocal relation [38] for the inter- 
diffusion coefficients in the ternary system is given by 

1 g12]/5~1 gz: + (1 -- N2)~22 

I 1 N2 N1 ] ~ g,2 + (1 - Ul) g= + DI, 

I 1,]_ = gl, + (1 - N,) ~ g2 O~2 

[ 1 ~ N2 ] ~  
+ (1 - X2)~-~ gll -'1- g21 D~2 (21) 

The thermodynamic factors gH and g12 are expressed 
by 

gl l  = ( f f  l o g  al "] 
~og NIJN2 

In Yl 
= I + N I - -  

c~N~ 

gJl = 1 + N l e l  1~ (22) 

and 

3 2 0 0  

g12 
= (ff log ai "] 

17g 

c3 in Yl 
= N 2 - -  ~N~ 

g,2 = N2e] 2~ (23) 

where o I and Yl are the activity and activity coefficient 
of Component 1, respectively. Similar equations can 
be also derived for g22 and g2~. When the Onsager 
reciprocal relation is available in the ~ phase, the left- 
hand side of  Equation 21 is in agreement with the 
right-hand side. Ratios of  differences between the 
values of two sides, %A [39], can be evaluated by 

A - B (24) 
%A = 100 (~ ~7-B)/2 

where A is the left-hand side in Equation 21 and B is 
the right-hand one. As mentioned with Figs 7a and b, 
if Henry's law is valid in the ~ phase field of the 
C u - Z n - S n  system, the value ofe(s z=) is equal to that of  
~n ~) and their values are 6, while both ~s=°(s") and dzZ~ ) are 
zero. The Onsager reciprocal relation can be evaluated 
by substituting the experimental values el j) and /5~j 
( i , j  = 1, 2) at each concentration mentioned above in 
Equation 21, and the results are shown in Fig. 8. The 
Onsager reciprocal relations in ternary alloys have 
been verified in C u - A g - A u  [38], T i - V - Z r  [37] and 
C u - M n - Z n  [18] systems. In the present work, the 
errors in the reported values are estimated to be within 
_ 10% for the direct coefficients, + 2 0 %  for the 
indirect coefficients and 30% for the interaction par- 
ameters. The maximum relative errors in evaluating 
Equation 21 are about  50%. Almost all the values of  
%A are within 50% except for the five data (open 
circles) in the vicinity of the terminal compositions. 
The authors conclude that the Onsager reciprocal 
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Figure  8 Discrepancy with Onsager relations, %A = 10012(A - 
B ) / ( A  + B)I (Equation 24); (e)  %A < 50%, (o) %A > 50%. 

relation is valid in the a phase field of the C u - Z n - S n  
system, since the values of %A are smaller than the 
maximum relative errors and many experimental 
values of  the two sides in Equation 21 agree with the 
deviations within 30%. 

On the other hand, the phenomenological coef- 
ficients L u (i, j = 1, 2) [40] are related to the inter- 
diffusion coefficients and the thermodynamic factors 

L .  - L iz -- 
a d -  bc a d -  bc 

dD~l - b O 3 2  a 1 ~ 2  - -  cJD321 
L21 - -  L22 - -  a d -  bc a d -  bc 

by 

where 

(25) 

c ¢ ~ @ q ¢, @,, 
a = 1 +c /TC+c  c 

b - c, ( 1 
oc-- + 1 + c3 /-i-d 

(26) 

c and d are the same respectively as a and b except that 

~/OC~ is replaced by O/OC2. In the range of validity of  
Henry's law, the thermodynamic quantities [41] can be 
evaluated by 

1 
= + 

- - - -  × 1 - -  
G 

= R T  e~ 1) -~- 6 T  x 1 - -  

= c,' ( × 1 - 

where CT = C~ + C2 + C3. The values of (0#2/~C2)Cl 
and (0#2/OC~)c: can be obtained by similar equations. 

The phenomenological coefficients [42, 43] can be 
calculated by 

Li I CI . (29) = RT Dl 

and 

CN~ N2 
LI2 - R ~  [N2D* + NID* 

+ N3(D* + D * -  D~')] (30) 

where D*, D* and D* are the impurity diffusion coef- 
ficients of the ternary alloys and C is the mean molar 
density. Although no impurity diffusion data are 
available for the C u - Z n - S n  system, it is seen from 
the interdiffusion coefficients and mobilities of this 
work that the signs of Lii must be positive and those 
of L u are negative. The results obtained at the selected 
compositions are listed in Table IV. The indirect coef- 
ficients L12 and L21 are smaller than the direct coef- 
ficients LI~ and L22 but cannot be neglected. The 
Onsager reciprocal relation L~2 = L21 is again well 
verified. 

4. S u m m a r y  
The interdiffusion coefficients in the ~ fc  c phase of 
C u - Z n - S n  alloys, ~c, -Cu ~c, ~cu Ds.sn, Ds,zn, Dznz. and have O~nsn, 
been determined at 1073 K. All of  the four interdiffu- 
sion coefficients are positive and they are very sensitive 
to the solute concentrations. The interaction energy of  
the C u - S n  bonds is much larger than the value for the 
Z n -  Sn bonds. The results of the present work suggest 

T A B L E I V Phenomenological coefficients in ~-Cu Z n -  Sn alloys at 1073 K 

Composit ion (at %) Phenomenological coefficient (10-14 mol 2 j-1 m - l  sec-t  ) ,  

Zn Sn L u L22 LI2 L2~ 

3.9 3.5 8.2 4.3 - 0 . 2 0  - 0 . 3 1  
4.6 4.0 12 7.6 - 1 . 1  - 0 . 9 4  
4.4 3.9 10 6.4 - 0 . 4 4  - 0 . 6 6  
3.7 2.2 3.9 2.6 - 0 . 1 4  - 0 . 1 3  
5.7 1.3 1.9 3.8 - 0 . 0 7 7  - 0 . 0 6 8  
4.5 1.2 1.7 2.6 - 0 . 1 7  - 0 . 1 5  

*1 --- Sn, 2 =- Zn, 3 ~ Cu. 
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that the Onsager reciprocal relation is valid in the 
phase field of the C u - Z n - S n  system. 
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