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Computer simulation experiments were performed for the anodic dissolution process of

Cug ;Au, 5-,Pd, (x=0-0.3) alloys. Dissolution probabilities of constituents which represented
the dissolution rate were defined by considering the standard electrode potential of the
dissolution reaction and atomic interaction between Cu and the other atoms. The simulation
results qualitatively reproduced the experimental results of anodic potentiostatic polarization
tests regarding the dependence of the anodic dissolution behaviour on the polarization
potential and the alloy composition, and the atomic concentration depth profile of the
constituents after anodic polarization. Atomic interaction among the constituents of an alloy
was found to be one of the important factors which control the anodic dissolution features of

the alloys.

1. Introduction

In the alloys containing noble elements, it is well
known that the selective dissolution of less noble
elements and surface enrichment of noble elements
take place when the alloys are polarized at a lower
potential than that of anodic reaction of the noble
elements [1, 2]. Pickering and Wagner [3] suggested
that the preferential anodic dissolution of copper was
caused by solid-state diffusion of copper via a diva-
cancy mechanism in Cu—Au binary alloys. Forty and
co-workers [4, 5] showed that corrosion in Ag-Au
and Cu-Au alloys proceeded by the selective dissolu-
tion of less noble elements and the formation of Au-
rich islands via surface diffusion. Recently, computer
simulation experiments were carried out to clarify the
selective dissolution mechanism. Sieradzki et al. [6]
applied percolation theory to the de-alloying (i.e. dis-
solution) of a binary alloy including noble elements.
They reproduced the process of selective dissolution in
the binary alloy by computer simulation. Song Qian
et al. [7] showed, using the percolation model, that the
passivation of Fe—Cr binary alloy occurred by the
selective dissolution of Fe and surface covering of Cr.
They introduced the dissolution probability in the
selective dissolution model.

Anodic dissolution of the less noble elements in an
alloy is a process in which the atoms detach from the
alloy surface by cutting bonds with the surrounding
atoms. The amount of dissolution is thought to be
affected not only by the standard electrode potential
of the dissolution reaction but also by the atomic
interaction energy between a less noble atom and the
surrounding atoms. The atomic interaction energy
varies with the kinds of the nearest-neighbour atoms.

In this study, computer simulations of the anodic
dissolution process in Cu—Au-Pd ternary alloys were
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performed using the dissolution model and taking into
account the effect of atomic interaction energy. To
compare the simulation results with experimental res-
ults, anodic potentiostatic polarization tests were also
carried out in a 1% NaCl aqueous solution at 37 °C.

2. Experimental procedure

2. 1. Computer simulation model

In this simulation, a dissolution probability p was
employed to represent the dissolution rate of consti-
tuents. The anodic dissolution features of an alloy will
be governed mainly by the dissolution of the least
noble element, 1e. Cu in a Cu-Au-Pd alloy. The
dissolution probability of Cu depends on the kinds of
the surrounding atoms. Atomic pairs Cu—Cu, Cu-Au
and Cu-Pd exist around a copper atom in this alloy.
According to the results of calculation of the
Cu—Au-Pd ternary phase diagram [8] and analysis of
the atom configuration of the ordered lattice in
Cu—Au-Pd ternary alloys [9, 10], the atomic inter-
action energy of these pairs becomes larger in this
order: Cu-Cu < Cu-Au < Cu-Pd. Although there
were many configurations around a copper atom, only
three dissolution probabilities of Cu were defined to
simplify the simulation, as follows:

p (Cu—Cu): the dissolution probability of Cu whose
nearest neighbours are all Cu atoms.

p (Cu—Au) : the dissolution probability of Cu which
possesses at least one Au atom as nearest neighbour.

p (Cu-Pd): the dissolution probability of Cu which
possesses at least one Pd atom as nearest neighbour.

These probabilities become smaller in the following
order:

p (Cu—Cu) > p (Cu-Au) > p{Cu-Pd)
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Simulations were carried out at 300, 500 and 700 mV
versus Ag/AgCl (KCl saturated) electrode®. At all
these potentials the dissolution of Au atoms does not
occur, ie. the dissolution probability of Au atoms is
equal to zero (p (Au) = 0). At 300 mV, since the Pd
atoms do not dissolve, the dissolution probability of
Pd atom is also equal to zero (p (Pd) = 0). At 500 and
700 mV, the Pd atoms dissolve at the given dissolution
probabilities which are smaller than those of Cu
atoms.

Assuming that the dissolution of constituents quali-
tatively obeys Tafel’s law, log (current density i) is
proportional to the anodic polarization potential E. In
that case, it is considered that log (dissolution prob-
ability p) is proportional to the anodic polarization
potential E because the current density i corresponds
to the amount of atoms dissolved. The dissolution
probabilities of constituents used in this simulation
are shown in Fig. 1.

The computer simulations were performed on a
three-dimensional simple cubic lattice of 50 x 30
atoms x 11 layers. Cu, Au and Pd atoms of the
prescribed composition (Table I) were randomly ar-
ranged on the lattice points. A periodic boundary
condition [11] was applied in this simulation. Dis-
solution was simulated by detaching atoms in the
prescribed probabilities from the surface exposed to
an electrolyte.
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Figure I Relation between anodic polarization potential and
dissolution probability for simulation: (C) p-(Cu-Cu), (4)
p-(Cu-Au), (J) p-(Cu-Pd), (@) p-(Pd).

TABLE I Chemical compositions of alloys used

Composition (at %)

Specimen Cu Au Pd
70Cu-30Au 70.0 30.0 -
70Cu—28Au-2Pd 70.0 28.0 20
70Cu-25Au-5Pd 70.0 25.0 5.0
70Cu-20Au-10Pd 70.0 20.0 10.0
70Cu—15Au-15Pd 70.0 150 15.0
70Cu—10Au-20Pd 70.0 10.0 20.0
70Cu-30Pd 70.0 - 300

*E(SCE) = E(Ag/AgCl) — 484 mV.
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In this simulation, it was assumed that diffusion of
atoms and rearrangement of surface atoms did not
occur during dissolution. However, only noble ele-
ments were allowed to move downward when their
surrounding atoms dissolved. The amount of atoms
dissolved was counted by the total number of atoms
detached from the alloy for constant time steps.

2.2. Potentiostatic polarization tests

Sample alloys as shown in Table I were made from
99.99% Cu, Au and Pd in evacuated quartz ampullae
using a high-frequency induction furnace. These in-
gots were hammered, cold-rolled and homogenized at
850°C for 2 days. These specimens were cut into a size
of 5mm x S mm x 2 mm and embedded in epoxy
resin. They were polished by waterproof polishing
papers and abrasive aluminium oxide powder of
0.3 um diameter.

The dissolution behaviour of constituents from the
alloy was examined by potentiostatic polarization
tests. Deaerated 1% NaCl aqueous solution kept at
37°C was used as an electrolyte. A platinum counter-
electrode and an Ag/AgCl (KCI saturated) reference
electrode were used. Potentiostatic polarization tests
were carried out at 300, 500 and 700 mV. The time-
integrated current density (denoted by parameter Q)
obtained from the potentiostatic polarization test cor-
responds to the total amount of Cu and Pd dissolved
{12].

Electron spectroscopy for chemical analysis (ESCA)
measurements were carried out to obtain the atomic
concentration depth profiles of constituents after an-
odic polarization. The analysis was made using MgK,
operating at 10 kV under 1 x 10~ ° Pa. Argon ion
etching was performed at 2 kV under 5 x 107* Pa.

3. Results and discussion
3.1. Computer-simulated pictures of anodic
dissolution
Fig. 2 shows the change in the surface morphology
with polarization potential (dissolution probability) in
the 70Cu—10Au-20Pd alloy. Dissolution markedly
occurs and the alloy surface becomes rougher as the
polarization potential becomes higher. Fig. 3 shows
the changes in computer-simulated pictures with alloy
composition in the anodic dissolution of alloys polar-
ized at 700 mV. It can be seen that the surface
enrichment of Au occurs markedly as the Au content
increases, and that surface enrichment of Pd does not
occur at this potential.

3.2. Changes in the amount of dissolution
with polarization potential and allay
composition

Figs 4a, 5a and 6a show changes in the amount of Cu

and Pd dissolved with Pd content by simulation at

300, 500 and 700 mV, respectively. The amount of Cu

and Pd dissolved is indicated by the total number of

atoms detached from the alloy for ten time steps. It
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Figure 2 Computer-simulated pictures of anodic dissolution of the 70Cu—~10Au-20Pd alloy polarized at various potentials.
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Figure 3 Computer-simulated pictures of anodic dissolution of various alloys polarized at 700 mV.

can be seen that the amount of Cu and Pd dissolved
becomes larger as the polarization potentials become
higher (note the difference in scale of the vertical axis
in each figure).

At the polarization potential of 300 mV, the simu-
lation result shows that the amount of Cu dissolved
decreases as the Pd content increases (Fig. 4a). We can

consider two retarding effects on the dissolution of Cu.
One is the atomic interaction between Cu atoms and
Au or Pd atoms. The other is a surface covering by
noble elements such as Au and Pd. At this potential,
both Au and Pd atoms do not dissolve and they
remain on the alloy surface. Therefore, the retarding
effect on Cu dissolution due to covering with Au
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Figure 4 Changes in the amount of Cu dissolved and the Q value
with Pd content. (a) Simulation of polarization at 300 mV:
p-(Cu-Cu) = 023, p-(Cu-Au) = 0.16, p-(Cu-Pd) = 0.10,
p-(Pd) = 0. (b) Potentiostatic polarization test at 300 mV for
10 min.

and Pd atoms should be constant at any composition
(the total content of Au and Pd is kept constant at
30 at %). The amount of Cu dissolved was decreased
by replacing Au with Pd because the atomic inter-
action of Pd with Cu was greater than that of Au.

At the polarization potential of 500 mV, the amount
of Cu and Pd dissolved is almost unchanged up to 20
at % Pd and increases at 30 at % Pd (Fig. 5a). The
retarding effect due to atomic interaction of Pd with
Cu increases as the Pd content increases, as already
described. At this potential, however, the retarding
effect cannot be expected to be as much as at 300 mV
because the Pd atoms dissolve at a prescribed dissolu-
tion probability p (Pd) = 0.15. The dissolution of Pd
also decreases the retarding effect of covering the alloy
surface with Au and Pd atoms because of the decreas-
ing Au content. Therefore, it is suggested that the
amount of Cu and Pd dissolved was kept nearly
constant with increasing Pd content to 20 at % Pd as
a result of an adverse effect of the decrease in surface
covering and the atomic interaction of Pd with Cu.
The amount of Cu and Pd dissolved increased in the
30 at % Pd alloy because this alloy did not contain the
Au atom which had a retarding effect due to covering
on the dissolution of Cu.

Fig. 6a shows the result of simulation at 700 mV.
This result is substantially the same as the result at
500 mV except that the amount of Cu and Pd dis-
solved decreases in the 5 to 15 at % Pd alloys. It is
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Figure 5 Changes in the amount of Cu and Pd dissolved and the Q
value with Pd content. (a) Simulation of polarization at 500 mV:
p-(Cu—Cu) = 040, p-(Cu-Au) = 027, p-(Cu-Pd) = 0.18,
p-(Pd) = 0.15. (b) Potentiostatic polarization test at 500 mV for
10 min.
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Figure 6 Changes in the amount of Cu and Pd dissolved and the Q
value with Pd content. (a) Simulation of polarization at 700 mV:
p-(Cu~Cu) = 070, p-(Cu-Au) = 047, p{Cu-Pd) = 0.32,
p-(Pd) = 0.28. (b) Potentiostatic polarization test at 700 mV for
10 min.



thought that the retarding effect of Pd on Cu dissolu-
tion appears notably by replacing a part of the Au
with Pd, because there is a large difference between
p (Cu—Cu) and p (Cu-Pd) at this potential. .

Figs 4b, 5b and 6b show the variation of Q values
with alloy composition obtained from anodic poten-
tiostatic polarization tests at 300, 500 and 700 mV for
10 min, respectively. The experimental results quali-
tatively fitted the simulation results.

3.3. Atomic concentration depth profile of the
constituents after dissolution

The atomic concentration depth profiles of the consti-
tuents after the simulation of anodic dissolution were
obtained from the fractions of the number of Cu, Au
and Pd atoms in each layer from 4th to 11th. The
depth profile data from 1st to 3rd layers were excluded
because few atoms remained in these layers after the
simulation of anodic dissolution.

Figs 7a and 8a show the atomic concentration
depth profiles of the constituents in 70Cu-25Au-5Pd
and 70Cu—10Au-20Pd alloys, respectively, after the
simulation at 700 mV. In both alloys, it can be seen
that enrichment of Au and depletion of Cu take place
in the vicinity of the alloy surface. The concentration
of Pd was almost constant from the surface to the
inside of the alloy. 1f the alloy is polarized at a lower
potential than the potential at which Pd can be dis-
solved, the surface enrichment of Pd will occur [13].

Figs 7b and 8b show, respectively, the experimental
results obtained by ESCA analysis in the
70Cu-25Au-5Pd alloy after polarization at 700 mV
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Figure 7 Atomic concentration depth profiles of constituents in the
70Cu—25Au-5Pd alloy: (o) Cu, (4A) Au, ([1) Pd. (a) Simulation of
polarization at 700 mV: p-(Cu—Cu) = 0.70, p-(Cu-Au) = 047,
p-(Cu-Pd) = 032, p-(Pd) = 0.28. (b) Potentiostatic polariza-
tion test at 700 mV for 10 min.
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Figure 8 Atomic concentration depth profiles of constituents in the
70Cu—10Au-20Pd alloy: (o) Cu, (A) Au, ([J) Pd. (a) Simulation of
polarization at 700 mV: p-(Cu—Cu) = 070, p-(Cu-Au) = 047,
p-(Cu-Pd) = 0.32, p-(Pd) = 0.28. (b) Potentiostatic polariza-
tion test at 700 mV for 10 s.

for 10 min and the 70Cu—10Au-20Pd alloy after
polarization at 700 mV for 10 s. The atomic concen-
tration depth profiles of the constituents after poten-
tiostatic polarization were qualitatively in good agree-
ment with those of the simulation of anodic dissolu-
tion.

4. Conclusion

The  anodic  dissolution  process of  the
Cug,Aug 5 Pd, (x = 0-0.3) alloys was studied by
computer simulations, taking into account the atomic
interaction energy in the alloys. The results of simu-
lation qualitatively reproduced the experimental res-
ults of anodic potentiostatic polarization tests regard-
ing the dependence of the anodic dissolution behavi-
our on the polarization potential and alloy composi-
tion, and the atomic concentration depth profile of the
constituents after anodic polarization. Atomic inter-
action among the constituents of alloys was found to
be one of the important factors which controlled the
anodic dissolution features of the alloys.
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