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Determination of vacancy jump frequency ratios and 
correlation factors of impurity diffusion and estimation 
of vacancy-impurity binding Gibbs free energies in 
dilute silver-antimony alloys 

H Hagenschulte and Th Heumann 
Institut fur Metallforschung, Universitat Munster, Wilhelm-Klemm-Strasse 10, D 4400 
Munster, Federal Republic of Germany 

Received 14 July 1988 

Abstract. The dependences of intrinsic diffusion coefficients (DSb, DAg) and interdiffusion 
coefficients (d) upon temperature and composition in dilute AgSb alloys have been 
measured. The interdiffusion coefficients d(0) obtained with infinitely dilute solutions agree 
well with tracer data for D&(o)  from the literature. The ratio of the intrinsic diffusion 
coefficients was determined by applying the thin plate method. Within the error margins the 
ratio Dsb/DAg can be regarded as independent of concentration up to 3 at.% Sb. The values 
of DSb/DAg(0) with infinitely dilute solutions decrease linearly with increasing temperature. 

The jump frequency ratios w4/wo,  w2/w1 and w3/w1 were calculated according to the five- 
frequency model on the basis of the vacancy flow factor LAB/LBB(0), the ratio of tracer 
diffusion coefficients D&/D&(O) and the linear enhancement factor b,. From these the 
correlation factor fSb of impurity diffusion is obtained, which increases with temperature 
from 0.30 at 890 K to 0.49 at 1048 K,  as expected. 

The binding Gibbs free energy Sg, of a vacancy-antimony pair has been estimated using 
four different methods of evaluation using the values measured in the present paper and 
diffusion data from the literature. The temperature dependence of Sg, is critically discussed. 

1. Introduction 

The five-frequency model, which serves as the basis for the theory of Howard and 
Manning (1967), provides a detailed description of atomic jump behaviour in very dilute 
binary alloys with FCC structure. Assuming that only single vacancies interact with 
isolated impurity atoms, the jump frequency ratios w2/w1, w3/w1 and w4/wo (with w, 
defined in the usual way) may be related to four experimentally obtainable diffusion 
quantities. These are the ratio of the tracer diffusion coefficients of the solute and the 
solvent D $  /OX , the linear enhancement factor of solvent diffusion b,,  the vacancy flow 
factor LAB/LBB and the correlation factorfB of impurity diffusion. However, only three 
of these quantities are required for the determination of the jump frequency ratios. 

For the system AgSb only two of these quantities are known, namely 0; /DT, and 
bl.  Since a suitable second Sb radio-isotope is not available the correlation factor fB 

cannot be determined by employing the usual isotope effect measurements (Rockosch 
and Herzig 1984). However, it is possible to calculate this quantity from the otherwise 
known jump frequency ratios. 

0953-8984/89/233601 + 14 $02.50 @ 1989 IOP Publishing Ltd 3601 
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The first aim of this work is to determine the jump frequency ratios at different 
temperatures. For this purpose previous diffusion investigations in the cr-solid solution 
range (Sonder 1955, Schmidt 1978) of the system AgSb have been enlarged by precise 
measurements of the intrinsic diffusion coefficients DB and DA. These quantities yield 
the vacancy flow factor via the relation (Heumann 1979): 

LAB D i  1 DA V B  

LBB 0; f 0  DB vA 
- (0) = - (0) - - - (0) - 

where VA,B is the partial molar volume of components A and B, and f o  is the correlation 
factor of the pure host metal A.  A further intention of this work is to provide a reasonable 
estimation of the binding Gibbs free energy 6gl of a vacancy-impurity pair, i.e., the 
difference between Gibbs free energy of formation of a vacancy at a nearest-neighbour 
site of an impurity and at a site in the pure host metal. All available diffusion data should 
be employed for this purpose. The diffusion behaviour of an impurity in a host metal 
depends sensitively on the vacancy-impurity binding Gibbs free energy. 

2. Experimental procedure 

For the measurements of the intrinsic diffusion coefficients the thin plate method (Heu- 
mann 1977) was applied. AgSb alloys were prepared from materials with a nominal 
purity of 99.999%. Rods were first melted in quartz capsules under an argon atmosphere 
using a resistance furnace. In order to achieve a good mixing of the components they 
were melted a second time by RF heating in a graphite crucible of spectral purity. A 
remaining small porosity was eliminated by hammering, which reduced the rods from 
9 mm to 6.4 mm in diameter. During the subsequent homogenisation anneal at T = 
1030 K for one week, the alloys recrystallised to a mean grain size of about 1 mm. By 
means of the Bridgmari method single crystals of pure silver were grown with the same 
diameter of 6.4 mm. 

The rods were cut into thin plates of 1, 2 and 4 mm thickness by means of spark 
erosion. The front surfaces of the plates were precisely ground parallel to each other by 
using a special grinding and buffing attachment. Subsequent to the polishing of the front 
surfaces the plates were welded in a resistance furnace. The time of the welding treatment 
was 15 min at 1030 K under a pressure of 1 N cm-2. 

The arrangement of several thin plates, welded together to a complete diffusion 
couple, is shown in figure 1. The sample dimensions and the sandwich-like construction 
of single-crystalline Ag and coarse-grained AgSb plates are clearly seen. The grain 
structure appears after etching for one minute with a solution of 100 ml H,O and 11 ml 
H2S04.  A small C r 0 3  crystal of about 1 mg was dissolved in this solution. In order to 
demonstrate the welding interfaces the same etching technique was applied. 

Before the diffusion anneal the distances between the welding interfaces were 
measured with a microscope in dark field illumination at a magnification of 120. The 
individual measurement was performed at two plane-parallel ground surfaces. Each 
reading was repeated along three lines perpendicular to the welding interfaces. Sub- 
sequently the samples were annealed in quartz capsules in an argon atmosphere until 
the concentration was uniform; this yields the maximum possible Kirkendall migration 
for the given sample dimensions. The annealing times at the temperatures T = 1048 K, 
1014 K and 971 K were 3 , 4  and 5 months, respectively. 

To avoid influences of surface diffusion and diffusion via the vapour phase plane- 
parallel layers at least 1 mm thick were removed from the existing ground surfaces and 
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the distances between the welding interfaces were remeasured. Because of the specific 
sandwich-like arrangement (figure l), which causes adjacent welding planes to move in 
opposite directions, the double welding interface displacement is determined in this 
way. After diffusion annealing a typical welding interface shows up as a thin dotted line 
(figure 2). The grain on the right top of the picture is-as well as the sloped twin-grown 
across the welding interface without producing any kink or curvature in the welding 
interface. This indicates perfect welding and an undisturbed diffusion. 

In the case of annealing the samples to a complete homogenisation in concentration 
the ratio of the intrinsic diffusion coefficients for an arrangement of two plates is given 
by (Heumann 1977) 

- - 

( 2 )  
D S B  

D A ,  

V S h  ( c i h  - C S h ) ( d -  - 6) + c i h 6  vSh (CSh - C c h ) ( d +  + 6, + c l h a  

V A ,  (CA, - c&)(d- - 6) - ~ , , 6  - VAC (c& - c A g ) ( d +  + 6) - c&S 
--- - _  

where cf(+) is the initial concentration in Sb-rich (Sb-deficient) plates (in mol cm-')); ci 
is the final concentration of component i ( i  = Ag, Sb); d-(+) is the thickness of Sb-rich 
(Sb-deficient) plates; and 6 is the welding interface displacement. 

3. Results 

3. I .  Samples with finite thickness 

The temperatures, concentrations and results for samples with finite thickness are listed 
in table 1. Initial concentrations as well as final homogeneous concentrations were 
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Table 1. Results from samples with finite thickness. AI change of the sample length; 2 
mean plate thickness; 26 mean double welding interface displacement; cSb final antimony 
concentration. 

T = 1048 K 
C-1.87 
C-2.80 
C-3.96 
1.82-3.87 

T = 1014 K 
C-1.95 
C-2.94 
C-3.92 
1.91-3.78 

T = 971 K 
0-1.91 
C-2.89 
C-4.10 
1.95-3.74 

1052 
1056 
1057 
1082 

1002 
1020 
1016 
1059 

1092 
1049 
1073 
1016 

+1.7 
-1.2 
+0.7 
-0.1 

+1.3 
+1.2 
-0.8 
+0.5 

+0.3 
+1.6 
-0.Y 
-1.0 

mean value: 
10.4 2 2 
14.4 t 2 
20.3 ? 2 
9.6 t 3 

mean value: 
10.3 t 3 
16.9 * 2 
24.2 C 3 
10.0 * 2 

mean value: 
12.0 t 2 
18.6 t 2 
26.8 t 4 
11.0 i: 2 

1.51 t 0.08 
1.57 t 0.19 
1.51 t 0.11 
1.51 t 0.09 
1.43 t 0.23 

1.62 t 0.09 
1.58 t 0.25 
1.63 20 .13  
1.72 i- 0.17 
1.54 t 0.18 

1.71 * 0.09 
1.66* 0.19 
1.74 t 0.14 

1.72 t 0.18 
1.73 r 0.22 

0.94 
1.40 
1.98 
2.85 

0.98 
1.47 
1.96 
2.85 

0.96 
1.45 
2.05 
2.85 

measured by electron microprobe analysis. The plate thicknesses of each sample differed 
by only a few 10 pm, which allows the mean value d = ( d -  + df)/2 to be used in the 
evaluation. The error in the determination of the welding interface displacements is 
i 1 pm and therefore an error of 2 2 ,um results for the double displacement. In some 
cases, where greater corrections were necessary or where only less precise measurements 
were possible, an additional uncertainty of * 1 pm is indicated. All other errors affecting 
the determination of DSb/DAg are assumed to be negligible. The increase in sample 
length Al ,  given in table 1, is obtained from changes in distance between the interfaces 
SE1 and SE3 or SE2 and SE4 (figure 1), because they moved in the same direction. Within 
the error margins mentioned above no lengthening of the sample was detectable. Due 
to the Kirkendall effect the formation of voids is in principle possible in originally 
Sb-rich plates. With very few exceptions no Kirkendall voids could be detected by 
microscopic inspection (figure 2), which allows us to assume that the measured welding 
interface displacements correspond to the real Kirkendall effect. 

Within the error margins no concentration dependence can be derived from the 
values of the ratios of the intrinsic diffusion coefficients listed in table 1. Therefore the 
ratios Dsb/DAg(O) at infinitely dilute solution are given as mean values of the four data 
points at each temperature. The resulting linear temperature dependence is shown in 
figure 3. 

3.2. Samples with infinite thickness 

The samples with infinite thickness were prepared in a similar way to those with finite 
thickness with only minor differences in the arrangement of the plates (2" Sb- 
deficient, 4 mm Sb-rich, 2 mm Sb-deficient). For samples with double infinite thickness 
the boundary conditions were fulfilled by employing annealing times of 40 h at T = 
971 K and 35 h at T = 1014 K, 1048 K. Penetration curves of about 1 mm in length were 
produced in this way. 
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Figure 3. Ratio of the intrinsic diffusion coefficients Dsb/DAg(0) at infinitely dilute solution 
as function of temperature T. 

! 
0-1000 -800 -600 -400 -200 0 200 400 600 

x (pm i  

Figure 4. Diffusion profile (3.92 a t .% Sb, pure Ag); T = 1048 K;  t = 35 h. 

A total of six concentration profiles were analysed for each sample by means of an 
electron microprobe. Following the semi-empirical method of Ziebold and Ogilvie 
(1963) the determination of the concentrations was accurate to 1.5%. As described by 
Heumann and Rottwinkel(l975), a fii was made to the superposition of the six individual 
sample profiles. A typical profile with the corresponding fitted curve is shown in figure 4 .  
In order to calculate the chemical diffusion coefficients we employed the appropriate 
equation given by Sauer and Freise (1962) or Wagner (1969), where the general case of 
a concentration-dependent molar volume is taken into account. Because of a higher 
uncertainty in concentration in the peripheral zones of the profiles several samples with 
overlapping concentration ranges were used for the evaluation at each temperature. 
The chemical diffusion coefficients determined by this method are plotted against con- 
centration in figure 5 .  There is good agreement in the range up to 3.5 at .% Sb between 
the data and the second-order polynomials 

T = 1048 K D(NSb) = 1.67 x i0- l3( i  + 12.6NSb + 1185 Nib) m2 S - l  (3a) 
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Figure S. Interdiffusion coefficient d versus Sh concentration N,,  
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Figure6. Interdiffusion coefficient d and intrinsicdiffusion coefficients DSbr DAs as functions 
of Sh concentration at T = 971 K.  

T =  1014K 

T = 9 7 1 K  

D(NSb) = 9.13 x i0- l4( i  + 2.2 N S b  + 1425 Ngb) m2 S - l  

D(Nsb) = 4.12 x i0- l4( i  + 9.1 N S b  + 1318 Nib) m2  S-l. 

(3b)  

(3c) 
In all three cases the values b ( N B  + 0) for infinitely dilute solution obtained from 

equations (3) agree well with tracer diffusion data of DrT. (0) (Sonder et a1 1954, Schmidt 
1978). Within the error margins of *5% there is also agreement with the chemical 
diffusion coefficients measured by Schmidt (1978) at T = 971 K. 

By means of the generalised Darken equation 

D = c ~ V ~ D ~  + c B V B D ~  (4) 
the intrinsic diffusion coefficients Dsb and DA, can be calculated using the ratios 
Dsb/D,, determined in this work. For T = 971 K typical curves are shown in figure 6. 
In the investigated concentration range the difference between the Dsb values and the 
chemical diffusion coefficients D is only very small. 
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Table 2. Values of D&/DX,, Dsb/DA,, LAB/LBB at infinitely dilute solution andenhancement 
factors b , ,  b2 at four temperatures. 

T(K) D:b/DT\g DSb/DA,  LAB/LBB b I  bl 

1048 6.24 1.51 -0.76 27 1055 
952 8.69 1.77 -0.67 43 1523 
926 9.60 1.84 -0.66 47 1591 
890 10.85 1.92 -0.64 51 2237 

Table 3. Jump frequency ratios w,/w,, w 3 / w 1 ,  w z / w l  and correlation factors f s b  of antimony 
diffusion in silver at four temperatures. 

1048 2.02 0.38 1.85 0.49 
952 3.50 0.70 3.36 0.40 
926 3.96 0.84 4.35 0.36 
890 4.40 0.99 6.44 0.30 

4. Jump frequency ratios and correlation factors 

The data used to calculate the jump frequency ratios are summarised for four tem- 
peratures in table 2. Mean values from diffusion coefficients measured by Schmidt 
(1978), Sonder (1955) and Sonder et a1 (1954) were calculated for the ratio D&/D$.  
The ratios of the intrinsic diffusion coefficients were taken from figure 3 and the vacancy 
flow factors were determined according to equation (1). The enhancement factors are 
obtainable from the well known equation 

D i ( N B )  = D;(O)(l + b,NB + b2Ni + b3Ni + . . .). ( 5 )  
Since the enhancement factors are fitting parameters of this polynomial, where the 

order of the fitted polynomial depends on the considered concentration range, the 
accuracy of b is sensitively related to the quality and the number of the data points used 
in the fitting procedure. 

Measurements of the silver diffusion coefficient in dependence on the antimony 
concentration are available from Schmidt (1978) and Sonder (1955). Faupel and Hehen- 
kamp (1986) obtained enhancement factors by fitting a third-order polynomial to the 
data of Schmidt (1978) in the concentration range NSb < 0.05. Sonder (1955) investigated 
the concentration dependence of the activation enthalpy Q and the frequency factor Do 
in the range up to 1.5 at.% Sb. By fitting a second-order polynomial with respect to the 
smaller concentration range, to the diffusion coefficients calculated from the Arrhenius 
equations given by Sonder (1955), we estimated another set of bl  and b2 values. In 
comparison with the bl  values of Faupel and Hehenkamp (1986) considerably higher 
linear enhancement factors were obtained. Hence a recalculation of the enhancement 
factors was made on the basis of the diffusion data of both these authors. The values 
obtained for b ,  and b2 are given in table 2. 

The jump frequency ratios calculated by means of a computer program are listed in 
table 3. According to the following equation (Howard and Manning 1967) 

f B  = (1 + 3.5FW3/W1)/(1 + W * / W 1  + 3.5 Fw3/w1) (6) 
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Figure 7. Correlation factor fSb plotted logarithmically as function of the reciprocal tem- 
perature 1/T. 

where Fis  a function of w4/wo,  the correlation factor of impurity diffusion is calculated. 
Increasing values offB are obtained with increasing temperature (table 3), as is to be 
expected in the case of single vacancies. 

The difference A Q  of the activation enthalpies between solute and solvent diffusion 
has been calculated by Le Claire (1962) in terms of an electrostatic model. In A Q  the 
quantity C is included, which takes into account the temperature dependence of the 
correlation factor fB. According to the definition C = k{[d(lnfB/T>](l/T)} Le Claire 
(1962) determined the value C = -0.27 eV for the AgSb system at T -'I 1000 K. A 
logarithmic plot (figure 7) of thefB values from table 3 versus 1/T, yields C = - 0.25 eV, 
which is in good agreement with the value from the literature. 

5. Estimation of binding Gibbs free energies 

According to the definition of the binding Gibbs free energy Sg, can be calculated 
straightforwardly. if the dependence of the vacancy concentration upon temperature 
and composition can be determined exactly. Since measurements of absolute vacancy 
concentrations are experimentally difficult to perform and since the exact evaluation 
also gives rise to many problems, several investigators have tried to estimate the binding 
Gibbs free energy using diffusion data only. In the following four of these methods will 
be briefly explained, which are applicable to the system AgSb. 

(i) The basis of the first method is the well known relation between Sg, and the jump 
frequencies w3 and w4. 

w4/w3 = exp( - S g , / k T ) .  (7) 
Apart from theoretical considerations, the ratio w4/w3 cannot be calculated in a 

straightforward manner from the three other jump frequency ratios. An additional 
assumption is therefore required. For this purpose it was suggested (Arnhold et a1 
1981), that the mean jump frequency of a vacancy in a vacancy-impurity complex is 
approximately the same as in the pure solvent, i.e., 12w0 = 4wl + 7w3 + w2. Combined 
with equation (7), this assumption yields 
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Although this assumption seems to be plausible in the case of weak binding, it is not 
expected to apply in general. Hence values of 6gl calculated by equation ( 8 )  have to be 
examined carefully. 

(ii) The ratio D B / D ,  serves as an important quantity when applying the second 
method. We employ previously derived equations (Heumann 1979), which relate the 
phenomenological coefficients Lik to the intrinsic and tracer diffusion coefficients: 

(9) 

where N ,  is the molar fraction of component i (i = A,  B); and c, is the concentration of 
component i (in mol ~ m - ~ ) .  These equations, which may be regarded as an extension of 
the so-called random alloy model (Manning 1967), are useful in the case of very dilute 
solutions. The concentration-dependent molar volume Vand the thermodynamic factor 
rp cancel out when the ratio D B / D A  is formed. For dilute binary substitutional alloys 
(NB < 0.005) with FCC structure the expression L,,RT/c, is given according to Bocquet 
(1974) by 

L A A R T / C A  = (Di(o) / fONA)  ( l  + b N B ) *  (11) 

The factor b is a function of the jump frequency ratios, which should however not be 
mistaken for the enhancement factor b l  of solvent diffusion. In the case of small impurity 
concentrations one may apply an equation for LBBRT/cB given by Manning (1967): 

L B B R T / c B  = Dg ( 1  + [ ( l / f o )  - 11 N B D g / ( N A D :  + NBDg)}.  (12) 
The second term in parentheses is rather insensitive to small impurity concentrations. 

The quantities l/f; (i = A, B) are defined as 

I/?* = f w.4 l / f B  = f 6 / f B  (13) 
where f i  is a correlation factor of atoms of components i, and f 6 is a correlation factor 
of vacancies with respect to jumps with atoms of component i. 

According to equation (6) the correlation factor f B  can be obtained from the jump 
frequency ratios. The quantity f is also calculable if the jump frequency ratios are 
known (Dirkes 1985). Since this estimation of 6gl should be restricted to a concentration 
range where no contributions of higher-order complexes with two or more impurity 
atoms bound to a vacancy have to be taken into account, both these correlation factors 
and also l / fB  may be regarded as independent of concentration, while on the contrary 
l/f, has a strong dependence on concentration. When distinguishing between vacancies 
bound to an impurity and free vacancies this different behaviour has to be taken into 
consideration. For free vacancies, just like in the pure metal A, l/?, = l / f o  is valid. For 
vacancies bound to impurities the quantity l / f i  is introduced which, analogous to 
l / f B ,  can be regarded as independent of concentration. Assuming that the number of 
free and bound vacancies is given by the Lomer equation (Lomer 1958) one obtains: 

(14) 
_ -  - ( l -  1 2 N B ) ( 1 / f O )  + l2 N B  exP[-(agl/kT)](l/fk) 
f* 1 - 12 NB + 12 NB exp[ - (Gg l / kT) ]  

l / fA  is to be calculated by employing equations (9) and (lo), using the known ratio 
DB/DA from 8 3.1. The application of equation (14) for two different concentrations, 
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e.g. , NB = 0.001 andNB 0.005, yields the vacancy-impurity binding Gibbsfree energy 
6gl and the quantity l / fL .  The estimation of 6gl with equation (14) is restricted to 
vacancy-impurity pairs only. With respect to the extremely small concentrations chosen 
here it seems justified to neglect influences of higher-order complexes as indicated 
above. Finally, one should bear in mind that this is only an estimation. 

(iii) In a paper (Heumann 1986) dealing with the theoretical background of a linear 
relation between normalised diffusion coefficients D i ( N B ) / D i ( 0 )  and normalised 
vacancy concentrations NV(NB)/Nv(0) , which was empirically found (Hehenkamp et a1 
1980, Hehenkamp and Faupel 1983, Hehenkamp 1983), another possibility for an 
estimation of the binding Gibbs free energy was derived. With A constant the relation 

i ( N B  ) lD i (O) - = A (NV (NB )/NV (0) - 1) (15) 

should hold (Hehenkamp and Faupel 1983). 
For a reasonable estimation of binding Gibbs free energies it is necessary that 

the linear relation of equation (15) can be applied also in the range of second-order 
complexes, i.e., when two impurities are bound to a vacancy. For a single-vacancy 
mechanism the macroscopically observable diffusion of the solvent atoms is also in- 
fluenced by the vacancy concentration and the mean effective jump frequencies 
W,f i ,  i = 0, . . , , 12 (Hehenkamp eta1 1980). The mean jump frequency of solvent atoms 
in a complex with i impurities is denoted by W,, the mean correlation factor by f i .  By 
using the additional assumption that the mean effective jump frequency in first-order 
complexes is approximately the same as in second-order complexes, we obtain after a 
transformation of the equations from the previous paper (Heumann 1986) 

( D g / D i ( O ) )  - 0.9 ( D F / D i ( O ) )  - 0.1 
= - kT1n L . 1 ( D y D F )  -0.1 ( D y D ; ( 0 ) ) + 0 . 2  (D: /Di (o ) )  - 1.2 (16) 

where DF is the mean diffusion coefficient of the 11 A atoms in a first-order complex 
and 0% is the diffusion coefficient related to the 10 A atoms in a second-order complex. 
These diffusion coefficients are related to the enhancement factors b ,  and b2 of solvent 
diffusion. 

Da./Di<O) = b l / l l  + 1 

D g / D i ( O )  = b2/55 + 2 ( D 2 / D 2 ( 0 ) )  - 1. 
0 7 a )  

(17b) 

The enhancement factors can be obtained according to equation (5). Inserting the 
equations (17) into equation (16) the following relation between the enhancement 
factors b ,  and b2 and the binding Gibbs free energy 6g, is obtained. 

6gl = - kTln[l( l l  + b1)/{11 - [(0.1 b1)/(1 + 5.5b , /b2)] ) l .  (18) 
Obviously there is only a very small influence of the enhancement factor b2 on the value 
of 6gl obtained from equation (18). 

(iv) In the framework of the complex model (Dorn and Mitchell 1966) and regarding 
a random solute distribution around vacancies according to Berces and Kovacs (1983) 
the binding Gibbs free energies of first-, second- and third-order complexes can be 
calculated using terms derived by Faupel and Hehenkamp (1986), if the enhancement 
factors bl ,  b2, b3 of solvent diffusion and B1,  B2  of solute diffusion are known. The 
enhancement factors of solute diffusion correspond to a polynomial of the form 
0; ( N B )  = D i  (0) (1 + B I N B  + B 2 N i  + . . .). In the temperature range 870 K 5 T 5 
1048 K the binding Gibbs free energy of first-order complexes in dilute AgSb alloys was 
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Table 4. Vacancy-antimony binding Gibbs free energies 6g, (eV) calculated according to 
equations (8), (14), (18) and (19). 

T ( K )  Equation (8) Equation (14) Equation (18) Equation (19) 

1048 -0.120 -0.1l5 -0.134 -0.197 
952 -0.134 -0.125 -0.164 -0.18, 
926 -0.137 -0.13" -0.169 -0.17, 
890 -0.142 -0.128 -0.173 -0.18, 

estimated from experimental values of these five enhancement factors to be 6gl = 
-0.20 eV (Faupel and Hehenkamp 1986). 

In the case of short-range impurity-impurity repulsion Faupel and Hehenkamp 
(1987a) have derived an approximate relation for the estimation of the binding Gibbs 
free energy. Dk and D g  are again the diffusion coefficients of the A atoms in first- and 
second-order complexes, respectively, which are calculable from the enhancement 
factors bl and b2 of solvent diffusion according to equations (17). 

6gl = - kTln[(D%/Dk)/O.818]. 

By applying this equation, Faupel and Hehenkamp (1987a) obtained the same value 
of 6g, for the system AgSb as mentioned above. From this result it is concluded that 
without knowledge of the other enhancement factors a suitable estimation of 6g, is 
possible. For our present estimates equation (19) is also used. 

6. Results and discussion 

The binding Gibbs free energies estimated when employing the four different methods 
for evaluating Sg, are summarised in table 4. As explained in 9 5 ,  different assumptions 
were required for each of the four evaluation methods. In the discussion of the results 
obtained these assumptions have to be taken into consideration. The estimation of 6g, 
by employing equation (8) is directly and that by employing equation (14) indirectly 
related to the three jump frequency ratios of table 3. These jump frequency ratios were 
calculated on the basis of several experimental findings. In the case of AgSb they yield 
meaningful results for the correlation factor of impurity diffusion. The good agreement 
of the values of these in principle very different estimations via equations (8) and 
(14) may be regarded as an indication that the introduced assumptions are in no way 
unreasonable. 

The two other estimates via equations (18) and (19) yield somewhat larger absolute 
values of the binding Gibbs free energy. These evaluation methods are solely based on 
enhancement factors of solvent diffusion. The principal difficulties in determining these 
quantities by a polynomial fitting, even if reliable measurements of the solvent diffusion 
coefficient in dependence on concentration are available, have been explained in 9 5 .  
From this it has to be concluded, that the values obtained by means of equations (18) 
and (19) are afflicted with larger experimental uncertainties. It seems reasonable to 
assume that the enhancement factors for the system AgSb are not sufficiently accurate; 
in particular, the b2 values of table 2 are apparently too large. The following argument 
may be regarded as an additional indication of this assumption. 

From the ratio of the diffusion coefficients D%/D?,  which is required for the 
calculation of 6g, from equation (18) as well as from equation (19), additional infor- 
mation is obtained on the binding Gibbs free energy 6g2 of a vacancy in second-order 
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Figure 8. Binding Gibbs free energies 6g, calculated by different methods applying equation 
(8) 0, equation (14) V, equation (18) 0 or equation (19) 0, plotted versus temperature T.  

complexes (Heumann 1986). For noble metals alloyed with excess valent impurities 
the relation 16g2/ 5 216g, 1 is expected from the repulsive interaction of neighbouring 
impurities. In the present case of the system AgSb this relation is not fulfilled for all 
temperatures when using the bl  and b2 data listed in table 2. Such a result is physically 
unreasonable. The relation mentioned above would, however, be satisfied with some- 
what smaller values of b2. 

It was the purpose of the previous discussion to reveal that the differences of 6gl 
obtained from the four independent evaluation methods are most likely to result from 
the uncertainties in the determination of the enhancement factors b l  and bZ. Hence we 
prefer the results which were calculated by applying equations (8) and (14). 

In the following the temperature dependence of the binding Gibbs free energy Sg, 
will be examined as a further criterion for assessing the quality of the results obtained. 
The values of Sg, calculated with equation (19) seem to increase in absolute value with 
increasing temperatures, while there is a decrease in I 6gll when the other three methods 
are applied. This difference is clearly shown in figure 8, where all values of 6g, of table 4 
are plotted against temperature. 

Recently binding Gibbs free energies calculated from enhancement factors according 
to equation (19) were also reported for the system AgSn in dependence on temperature 
(Faupel and Hehenkamp 1987b). The cited absolute 6g, values increase drastically 
with temperature from 6gl = -0.15 eV at T = 629 K to 6g, = -0.21 eV at T = 1127 K. 
According to the Gibbs-Helmholtz relation 

where 6hl is the binding enthalpy of a vacancy-impurity pair, and 6sl is the binding 
entropy of a vacancy-impurity pair. A positive binding entropy 6sl is needed for such a 
temperature dependence. But this requirement seems to be in contradiction with the 
entropy difference AS calculated from diffusion data: 

Entropy contributions related to migration are labelled m and those related to formation 
f. The entropy difference AS is given by the general equation 

6g1 = 6hl - T6s1 (20) 

AS = S, - SA = ( S S  + Sg)  - (ST  + Sa). (21) 
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with the activation enthalpy of solvent diffusion HA = H i  4- H z  and that of solute 
diffusion HB = H i  + H ;  - C and C = k (d In fB/d l / T ) .  To a good approximation the 
ratio of the vibrational frequencies vB and v A  is given by 

where M A  and MB are the atomic weights. Using diffusion data (Sonder et a1 1954, 
Sonder 1955, Hehenkamp and Faupel 1983, Tomizuka and Slifkin 1954), clearly negative 
values of AS are obtained for AgSn as well as for AgSb. According to equation (21) AS 
consists of the migration entropy term Sg - Sz and the formation entropy term 
as, = Sf, - Sa. When AS is split up into identical parts of migration and formation 
entropy contributions as a rough approximation, we obtain AS/2 = - 1.61 k in  the case 
of AgSn and AS/2 = -1.86 k for AgSb. In accordance with these results we expect 
a decrease in 16gll with increasing temperature in both systems. Three of the four 
independent methods of estimating 6gl (figure 8) fulfil this requirement. 

The binding enthalpy ahl and the binding entropy asl may be regarded as tem- 
perature independent in the considered temperature range. Therefore the binding 
Gibbs free energy should depend linearly on temperature. The 6gl values obtained by 
employing equation (8) fulfil this expectation excellently (figure 8). It therefore seems 
reasonable to evaluate the binding entropy from the slope of the straight line, although 
the investigated temperature range is relatively small. The value asl = -1.61 k is 
obtained, which is in adequate agreement to AS/2 = -1.86 k with respect to the some- 
what arbitrary choice of the factor 1/2 when characterising as,. 

The corresponding binding enthalpy ahl  is given by the intersection with the 6g, axis 
for T = 0 K and is found to be ah l  = -0.26 eV. Within the error margins this result is in 
good agreement with the value of ahl = -0.235 eV calculated by Flynn (1962). 

It was the purpose of these comments to demonstrate that estimates of binding Gibbs 
free energies, which rely on enhancement factors only, have to be examined critically. 
As shown in the present calculation for the system AgSb these fitted parameters may be 
afflicted with larger errors. In contrast to the estimations with equation (18) and equation 
(19) the two other methods of estimating 6gl via equations (8) and (14) are based on 
additional reliable experimental information like Dg /OX, the correlation factor fB, the 
vacancy flow factor L A B / L B B ,  the intrinsic diffusion coefficients and finally the three 
jump frequency ratios, which describe the relationships with respect to the five-frequency 
model. 
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