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The development of surface contour changes during
interdiffusion in silver/gold alloy diffusion couples

Reimar Voigt and Volker Ruth
Fachbereich Physik, Universitit Oldenburg, D-2611] Qldenburg, Postfach 2503, Germany

Received 24 Qctober 1994, in final form 25 January 1993

Abstract. The development of surface contour changes at about the welding interfaces
of silver/gold alloy diffusion couples with various terminal gold concentrations has been
investigated for an annealing temperature of 1081 K. The surface profiles were measured at
nine different annealing times for each of the employed diffusion couples. The cross-sectional
areas of the developing bulge and groove increase proportionally with annealing time, as has
already been observed in other systems. The results can be described in terms of reduced
growth coefficients. The unexpected decrease of the effects at high silver concentrations could
be explained by a model of mass compensation based on plastic deformation.

1. Introduction

In many diffusion systems an observed shift of the Kirkendall interface is associated
with a change of the samples’ surface contours in the vicinity of the welding interface.
Both the longitudinal shift of the Kirkendall interface and the change of the specimen’s
lateral dimensions are integrated effects of local expansions and contractions of the volume
elements of the sample. Together with the formation of pores the local volume dilatations
compensate for local divergences of total diffusion fluxes that arise when in multicomponent
diffusion systems the components diffuse with different rates [1-3]. Depending on whether
the divergence of the total diffusion flux leads to local sub- or supersaturation of vacancy
concentrations the volume elements will expand or contract in order to maintain equilibrium
vacancy concentration. The swelling and shrinkage of the volume elements is usually
believed to proceed via a production and elimination of vacancies at dislocations, grain
boundaries, and other vacancy sources and sinks within the material. Also in one-component
systems the phenomenon of lateral dimensional changes has been observed in connection
with electromigration [4, 5] and thermomigration [6].

The relation of a volume element's expansion and/or contraction in diffusion direction
to its total volume change defines the isotropy factor ¢ with the limiting valves % and 1,
where o = % corresponds to an ideal isotropic volume change and @ = 1 to purely axial
deformation [4]. It should be noted that the case of ideal anisotropy is assumed when
Darken's equations are employed for the determination of intrinsic diffusion coefficients.
This case, corresponding to & = 1, would imply that only lattice planes perpendicular to
the diffusional fluxes are created or eliminated which seems to be rather inconceivable in
view of the assumed mechanism of vacancy elimination/creation at dislocations and grain
boundaries. Therefore, it is expected that the divergence of the total diffusional fluxes
should cause isotropic dimensional changes of all volume elements of the sample if the

local volume changes were not constrained by the specimen itself. As has been discussed
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by several authors [5, 7, 8] the constraints generated by the specimen itself should yield an
overall effect of approximately o = 1 for ‘massive samples’ whereas for ‘thin samples’ the
constraints are expected to be diminished Jeading to an overall effect of @ = % Huntington
and Grone {4] and Penney [3] assumed that during electromigration in thin wires « was
% at any point within the specimen. In this case of ‘thin samples’ the lateral dimensional
changes should be proportional to the thickness of the specimen. Consequently, from the
very observation of lateral dimensional changes independent of the sample’s thickness during
Kirkendall experiments on ‘massive samples’ one must conclude that in these cases o is
a function of the distance from the surface with & being unity at about the axial centre of
the specimen and decreasing to % only in near-surface regions. Penney [5] has developed a
theory for the case of electromigration in thin wires predicting the ratio of lengitudinal to
lateral dimensional changes to depend on the geomeiry of the sample as well as on Poisson’s
ratio v of the material involved. Since the application of Penney's theory is confined to thin
specimens and because of an undetermined parameter & inherent in the theory, one cannot
predict the extent of lateral dimensional changes in massive diffusion couples. However, in
the current paper a model is proposed according to which contrary to longitudinal volume
changes the lateral ones are expected to be constrained. In accordance with the premises of
Penney’s theory the constraint is expected to increase with the distance from the surface and
should depend on the critical shear stress of the respective material at diffusion temperature.

In previous papers the effects of lateral dimensional changes and their dependence on
annealing time and temperature have been treated for binary semi-infinite diffusion couples
composed of pure gold and silver half-samples [1, 2]. In this communication we report on
an investigation of surface contour changes occurring during interdiffusion in silver—gold
alloy diffusion couples with different terminal gold concentrations. The measurements are
confined to only one annealing temperature, but, instead, the influence of the concentration
range ¢n the effects is considered.

2. Experimental procedure

The diffusion experiments were carried out with diffusion couples composed of half-samples
with different silver—gold compositions. Beside gold and silver rods with a nominal purity
of 99.999%, alloy rods containing 25, 50, and 75 at.9% Au had been combined to form the
following nine diffusion couples: 100/75, 100/50, 100/25, 75/50, 75/25, 75/0, 50/25, 50/0,
and 25/0, where the figures are the terminal gold concentrations of the couples, given in
at.%.

For each experiment pieces of about 4 mm length had been cut from two cylindrical
rods of different compositions with a diamond saw and the cutting areas were ground and
polished. Subsequently, the appropriate pieces were welded for 45 minutes with a pressure
of 1.22 N mm~2 at a temperature of 1123 K under an argon atmosphere. The welded
cylinders had a diameter of 5 mm and were cut along their axes into two semicylinders.
The cutting areas were ground and polished and a notch was scratched parallel to the
welding interface onto the surface of the slower-diffusing component’s side of the couple at
a distance of about 600 um from the welding interface, serving as a fixed reference mark
for the measurements. The surface profile of the diffusion couple is determined by moving
a diamond tip of a modified roughness tester in the diffusion direction along ten different
lines parallel to each other on the sample’s surface. For the evaluation the average profile
curves are taken. The determination of the surface contour is repeated after each annealing
period corresponding to total diffusion times ranging from 100 to 8100 minutes. Before
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the onset of diffusion anneal the distance between the welding interface and the scratched
reference notch is measured by means of a light microscope. The annealing is carried out
under argon atmosphere at a temperature of 1081 K. For a more detailed description of
the preparation techniques and the methods of measurement and evaluation we refer to a
preceding paper [1].

3. Experimental resulés

For a discussion of the experimental results it is reasonable to identify the employed
concentration ranges by two independent parameters, the difference between the terminal
gold concentrations of the sample (given as mole fractions)

ANag = N7 = NJ° (1)
and the mean concentration

_ N+m+ N—OO
Nay = —S——8e, (2)

ANa, defines the width and Nay the position of the chosen concentration range.

In figures 1(a)-(d) the surface profiles of four diffusion couples with an initial
concentration step AN, of 0.25 are given as obtained for nine different annealing times.
In figures 2{a) and (b) two sets of surface profiles are given for diffusion systems with
ANpy = 0.75 whose Na, values are identical with those of figures 1(b) and (c), respectively.
A comparison of the corresponding profile curves in figures 1 and 2 indicates that the effects
are more pronounced for systems with higher initial concentration steps than for those with
lower ones at the same Na, values. The remaining three sets of profile curves that are
evaluated correspond to an initial concentration step ANy, of 0.5 and are given in figures

3(a)—(c).

Table 1. Growth coefficients of the bulge, fy, and the groove, by, and their reduced quantities
fnand fp. Experimental results of Busch and Ruth [1] have been included (No 6). The growth
coefficients are given in units of zm? min~!.

No  Nay ANgy b by fo fe Figure/reference
1 0.125 0.25 0.548 0.089 0.773 0.038 1{a)
2 0.25 0.50 0.994 0.125 1.180 0.081 3(a)
3 0375 0.25 0.728 0.376 1.027 0.15% 1(b)
4 0.375 0.75 1.038 0.158 1.5 0.132 Za)
5 0.50 0.50 1.243 0345 1476 0224 3(b)
6 0.50 1.00 1.15% 0.208 1.159 0.208 1
7 0.625 0235 0.808 0231 1.140 0097 1(e)
8 0625 075 1238 0454 1330 0303 2(b)
9 0.73 0.50 G516 0280 0613 0182  3(c)

10 0.875 025 0250 0231 0353  0.097 Ld)
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4. Evaluation of experimental results

The already earlier observed time law of the develapment of surface contonr changes [1] is
also confirmed for the investigated silver/gold alloy diffusion couples: the cross-sectional
areas of the bulge and the groove, Au(t) and A,(t), both grow linearly with time [3]

Ab.g(r) = bb.gt- (3)

The slopes by and by can be determined by regression of a plot of the Ap and A; values
versus annealing time ¢. The cross-sectional areas are obtained from the measured profile
curves. The parameters by, and b, are taken as measures for the effects of bulge and groove
growth and are listed in table 1. Growth coefficients for a 100/0 diffusion couple (with
Nay = 0.50 and ANa, = 1.00) as derived from experimental results that had previously
been obtained in our laboratory [1] have been included. For the subsequent evaluation these
data are alsc considered.

The analysis of data is carried out separately for the bulge and the groove zones. For
the diffusion couples with an initial concentration step ANa, = 0.25 (corresponding to
figures 1(a)~(d)) a plot of the slopes b, versus Ny, is given in figure 4. The obtained
curve has a maximum between N, = 0.375 and 0.625. A maximum of the » values at
about Ny, = 0.5 is also indicated for the corresponding b values describing the growth
of the groove for ANy, = 0.25 as well as for the development of the bulge and the
groove for diffusion couples with an initial concentration step ANa, = 0.5. There is also
some evidence that the effects increase with increasing width of the employed concentration
range as has already been stated in the preceding section of this paper. Therefore, it seems
reasonable to state the empirical equation

B(Nay, ANay) = F(Na)(ANa)™ 4)

defining a reduced growth coefficient f that only depends on Na,. The fitting parameter m
is estimated by minimizing the expression

3 b 2
_ i.2 5
; [m;,,;)m <AN33>J ®

where the index i refers to the Ny, values 0.375, 0.500, and 0.625. For each of these
mean concentrations measurements of the slopes b have been carried out for two different
concentration widths ANy,. The cormresponding values for &; ; and AN "’ are taken from
the experimental results No 3-8 of table 1. The minimizing procedure ylelds m = 0.248
for the growth of the bulge and m = —0.623 for the groove. With these values the reduced
growth coefficients f(Nga,) are calculated that are listed in columns 5 and 6 of table 1.
Flots of f, and f; versus Nay are given in figures 5 and 6.

5. Discussion and conclusion

The concentration dependences of the reduced growth coefficients f, and f, can be presented
for each of the corresponding effects by a single curve when the empirical fitting parameters
m are employed. There is no analogue to pore formation on the bulge side of the specimen
[3] and, consequently, longitudinal and lateral volume expansions on the slower-diffusing
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Pigure 2. Surface contour changes at 1081 K of Aw/Ag alloy diffusion couples with an initial
concentration step ANy = 0.75 and the mean gold concentrations Nay of (a} 0.375 and (b)
0.625.

component’s side of the specimen are usually more pronounced than the corresponding
volume contractions on the other side of the diffusion couple. Therefore, it is not surprising
that different growth laws (with different m values) govern the bulge and the groove
formations.

Both curves, depicted in figures 5 and 6, are characterized by a maximum between 30
and 60 at.% Au. The pronounced decline at both ends of the total concentration range can
be explained by a consideration of the processes leading to the Kirkendall shift (longitudinal
expansions and contractions) and the bulge and groove formation (lateral expansions and
contractions).

The overall process consists of two parts: (i) local changes of particle density due to
an imbalance of diffusion rates and (ii) the subsequent—but simultaneousty occurring—



2661

ced surface cOROUr changes

Inrerdi_ﬁ‘usion-indu
Ag- 100%AL

50%AuS0%

70

-
-]

50

¢
Thoe (SQRT iy

ARl 4
; F Am—— ; {
2 : for {30

i 4 ze

i 1 190

...............

Height (#™)

L
apa £
56
‘ e G00 i
Lengtl (juxn) 1ea0 T 2(;3

7594 AU Yo AL - 25%AuT5% AL

b)

o )
209 H
40 !
0 806 o
engEl (puiry e 1ag00

AuS0%ASL

100%Au - 50%

Y m; N ;
[I’ "l’l‘l'l’f’ l Q .......... .....
n;gﬂmm mll l"
” ' "’""l"l ltlll'l l
W H mmm

7a

30 {} 7]
T 20} ”ﬂﬂﬂﬂ"ﬂ
2 10 #’”j’%ﬂm ﬂll!." HAEITT 60 5
% oW A y;;;;;;'lmm bogl
IR o " ©g
o 20'0 ! .‘ . i z20 =
400 00 00 102’0 '};o

at 1081 K of AwAg alloy diffusion couples with a1t initial
the mean gold concentrations Nay of {ay 0. 25, (b 0.50, and

Lougth ()

Figure 3. Surface countows changes
concentration step AN = 0.5 and

() 0.75.



2662 R Voigt and V Ruth

E L7

[un™/m

1.3

0.9

" 0.5 Lol //_—*\\

0.1
0

0.2 04 __ 0.6 0.3 1

NAu
Figure 4. Plot of slopes f, versus Nay for on initial concentration step ANgy = 025
(corresponding to figures 1{a)—(d))

P
~I

H

fam ™ /min|

ok
(T3
13

*e

. . \
N
0.5 \

0.1
-0

=
o
o
N
AN

0.2 04 _ 0.6 0.3 1

NAn
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compensation of the resulting excess concentrations of atoms or vacancies, manifested by
longitudinal and lateral volume changes as well as by a formation of pores [3]. The
relative contributions of these three phenomena to the total required mass compensation
are expected to depend upon the specific physical situation prevailing. Here, we confine
the discussion to longitudinal and lateral volume changes, the only mass-compensating
phenomena, observed on the slower-diffusing component’s side of a diffusion couple. It
is evident that in cases where the mass-compensational processes (ii} can proceed much
faster than the mass-imbalance-initiating process (i) the latter will become rate controlling
and the overall effect is expected to attain the composition dependence of the imbalance
of diffusion rates. If, however, one of the mass-compensation processes (ii} cannot keep
up with the mass-imbalance-initiating process (i) its relative contribution to the total mass
compensation will appear 1o be reduced in favour of the alternative compensational process.
In this case, the diffusion-induced generation of excess concentrations of atoms or vacancies
is no longer rate controlling for the slower one of the compensational processes and its
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Figure 6. Variation of the reduced growth coefiicient f; of the groove formation (column 6 of
table 1) with the mean gold concentration Ny,

composition dependence may deviate from that of the imbalance of diffusion rates.

For the following discussion it is sufficient to know the tendency of the concentration
dependence of imbalance of diffusion rates over the entire concentration range and to
compare it with that of our obtained curves, depicted in figures 5 and 6, Therefore, it
1s justified to confine the consideration to an estimate of the imbalance of diffusion rates in
a binary gold/sifver diffusion system. j.(x, ), which can be written as

dNay
Jm(x,8) = c(x, 1) (Dag — DAu)x( 3; ) (6}

with the total particle concentration c(x,¢) and the components’ individual diffusion
coefficients Da, and Dy,. According to Morral this expression can be approximated for
the vicinity of the position xg of the welding interface if some idealizing conditions are
fulfilled [9]. For the gold/silver system these assumptions should be fairly well fulfilled and
since the pertinent diffusion [10] and thermodynamic data {11] are available for this system,
Jm(x, 8} at xg can be estimated for the constdered annealing temperatare. The calculation
yields

aNAu
ax

no AN
)xx =f (NAu)—ﬁ (7N

(DAg - DAu)xK(
where the function f(Np,), figure 7, describes the concentration dependence of the mass-
imbalance-generating process and should correspond to the reduced growth coefficients
Jo and f,. A comparison of figures 5 and 6 with figure 7 leads to the conclusion
that on the gold-rich side of the concentration range the diffusional generation of a
mass imbalance is likely to be the rate-controlling process of the bulge and groove
formation, since all three curves show the same tendency of concentration dependence
at the regime of high gold concentrations. This, however, does obviously not apply for
the surface effects observed at silver-rich diffusion couples: whereas the approximated
imbalance of diffusion rates continues to increase with decreasing gold concentration, the
corresponding f values do decrease. The opposite behaviour of the f (Nay) and the f (Naw)
curves suggests that at higher silver concentrations not the imbalance-generating but the
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Figure 7. The function f(Nau) of Eq. (7) as determined according to the Morral approximation
[9] employing diffusion [10] and thermodynamical [11] data for 1081 K.

imbalance-compensating processes is rate controlling for the specimens’ lateral expansions
and contractions. Following the preceding argumentation it can be concluded that in silver
rich alloys the formation of a bulge and groove zone is retarded, whereas the longitudinal
volume changes are not hampered,

The different behaviour of lateral and longitudinal volume changes at high silver
concentrations can be explained by a model of mass compensation based on plastic
deformation, According to figure § the local lateral volume changes’ variation in diffusion
direction corresponds to a shear of the material normal to the diffusion direction whereas
the longitudinal volume changes are not associated with shear. In materials with high yield
strength the plastic deformation by shear is expected to be hampered and, consequently,
surface contour changes should appear to be reduced in favour of longitudinal volume
changes. This model leads to the same consequences as the ‘simplified theory of plastic
flow’ of Penney, who predicts that in thicker electromigration specimens internal constraints
should give risc to plastic flow leading to a decrease of lateral dimensional changes [5].

Unfortunately, there are no experimental data concerning the yield strength of silver/gold
alloys at elevated temperatures known to the authors, However, there is some evidence that,
indeed, the yield strength of silver-rich stlver/gold alloys exceeds the vield strength of gold-
rich alloys. Measurements of the microhardness of silver/gold alloys in our laboratory
employing the Vickers method have revealed that at room temperature the hardness of
silver-rich alloys is higher than the hardness of gold-rich ones [!12]. Unfortunately, a hot-
hardness tester was not available, but assuming only a moderate temperature dependence of
the constants A and B in the Westbrook relation [13]

H=Ae 57 8)

(with hardness H in arbitrary units) a similar behaviour could be expected at diffusion
temperature. According to Cahoon er al the yield strength oy of a material can be related
with good precision to the Vickers hardness Hy by

op = %(0.1)""2 )]

where #n is a number of about 2.5 [14]. Considering the proportionality between the yield
strength and the Vickers hardness expressed by equation (9) and the approximation provided
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Figure 8. Schematic drawing of an axial section of a diffusion couple with its volume elements:
(a) Before onset of diffusion, (b} after diffusion with longitudinal, and (c) with longitudinal and
lateral volume changes. Case (c) is associated with a shear of volume elements.

by the Westbrook relation (8) it seems to be justified to conclude from our hardness
measurements that also at diffusion temperature silver-rich alloys are characterized by a
higher yield strength than gold-rich ones.

Hence, the unexpected decrease of lateral volume changes at silver-rich diffusion couples
can be explained by a higher yield strength of silver-rich silver/gold alloys in comparison
to gold-rich alloys at the pertinent diffusion temperature.
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