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The corrosion potential and morphology of copper ®lms deposited from a cyanide solution on zinc
diecast were studied in acid solutions similar to those employed in industry for the deposition of a
second copper layer. Open circuit potential measurements and gravimetric methods were employed
to determine the in¯uence of the copper electrodeposition variables on the corrosion potential. The
in¯uence of variables such as the presence or absence of additives, the current density and the copper
or cyanide concentrations were studied. The corrosion potential decreased with increasing copper
®lm thickness. Less protection was obtained when a thin copper layer was electrodeposited from a
solution without additives. Higher protection for the same thickness was obtained from a solution
with high cyanide content. This result is related to the strong interaction between cyanides and the
metal surface during the electrodeposition. A smooth surface structure was observed by SEM under
these conditions.
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1. Introduction

A metal can be covered with metallic coatings for
many di�erent reasons. These can include enhancing
the solderability or contact properties, improving the
wear resistance or decorative purposes. The most
common and important function of such coatings,
however, is to resist the corrosive action of the envi-
ronment. If a metal coating can be deposited without
impurities and without discontinuities, its behaviour
is essentially that shown by the metal itself. Unfor-
tunately, this is di�cult to achieve since discontinu-
ities in a coating can have a considerable e�ect on its
corrosion behaviour: their study is important in order
to determine protection properties.

The porosity of a coating is related to its corrosion
resistance. Generally, therefore, the porosity of a
coating is important when the coating acts as cathode
in a bimetallic corrosion cell but unimportant if it
acts as the anode [1]. In the case of decorative elec-

troplating improved durability of bright coatings has
been achieved by electrodeposition of a three-metal
multilayer of copper±nickel±chromium [2]. The im-
provement has extended the corrosion protection and
good appearance of plated commodity materials, like
zinc diecast or zamak, containing zinc with 4% of
aluminium and 1% of copper. From the viewpoint of
the corrosion behaviour zinc diecast behaves like
zinc.

Zinc diecast specimens are often plated with cop-
per, nickel and chromium for protection and deco-
ration. When zinc is immersed in a typical copper
acid plating solution, which provides a brilliant sur-
face, it corrodes rapidly and dissolves in the acid
bath. If a specimen is immersed with current ¯ow,
corrosion and electrodeposition occur simultaneous-
ly. In standard practice the zinc is ®rst plated with an
undercoat from a cyanide copper bath. This depos-
ited ®lm is too noble to dissolve in the acid solution
[3].

List of symbols

A preexponential factor (V)
Aa anodic area, Zn (cm2)
Ac cathodic area, Cu (cm2)
ba anodic Tafel slope (V)
bc cathodic Tafel slope (V)
d thickness of copper ®lm (lm)
ga anodic overpotential (V)

gc cathodic overpotential (V)
g mixed corrosion potential (V)
g0 steady state potential at high thickness (V)
Ia anodic current (A)
ia anodic current density (A cmÿ2)
Ic cathodic current (A)
ic cathodic current density (A cmÿ2�
i0a anodic exchange current density (A cmÿ2)
i0c cathodic exchange current density (A cmÿ2)
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Stabilities of zinc and copper are reversed in al-
kaline cyanide, and zinc will not displace copper
from cuprocyanide solutions [4]. Once a coherent
copper coating envelopes the zinc, the specimen is
transferred to the copper acid bath. However, plates
are porous [5] and the specimens have a complex
shape giving a nonuniform coating. Thus, diecasting
zones do not have full coverage and the acid bath
will attack the substrate resulting in severe corro-
sion. Under these conditions it is important to
know the porosity in order to improve the electro-
plating conditions attaining a most compact elec-
trodeposit.

Previous studies focused on the in¯uence of the
plating bath components on the porosity [6±14].
Notter and Gabe say that alkaline cyanides bath are
often thought to give lower coating porosity because
these plating solutions are suitable for cleaning the
substrate during plating [5]. The addition of bright-
ening agents to a plating bath has been shown, in
most circumstances, to reduce the porosity of an
electrodeposit [9]. Leeds [11] has attributed that re-
duction to the tendency of brighteners to promote
lateral crystal growth in a deposit, thus enhancing the
rate of pore sealing.

Current density may signi®cantly a�ect the po-
rosity: low current densities during electrodeposition
give a more compact deposits [12±14, 8]. Similar re-
sults have also been obtained by Leeds [7]. At in-
creasing agitation rates, he noticed that the porosity
drops to a minimum and then rises again.

In this paper porosity will be indirectly evaluated
by corrosion potential measurements. When two
metals are coupled in an appropriate electrolyte, the
corrosion potential is a function of the relative sur-
face area of each metal. Therefore, any variation on
the porosity (and hence on the area of the exposed
substrate) will result in a shift of the corrosion po-
tential. The ®rst systematic investigation based on
experimental determination of the corrosion potential
in order to test the porosity was performed by Mor-
rissey [15] who studied gold coatings on copper.
Morrissey established that the corrosion potential of
a specimen was related to the logarithm of the frac-
tion of exposed area. This relationship was valid for
thin coatings. Oldham and Mansfeld [16] attributed
the deviation from this behaviour at high thickness to
a third reaction, such as the H2 or OHÿ oxidation on
the coating.

In acid solution, when a metal corrodes, the an-
odic current of the metal dissolution and the cathodic
current of the hydrogen evolution must be the same.
The corrosion potential was calculated from the Tafel
equations when both anodic and cathodic currents
equalize [17]. Thus, if we consider the reactions:
Anodic (a) on Zn:

Znÿ 2 eÿ � Zn2� �1�
Cathodic (c) on Cu:

2H3O
� � 2 eÿ � H2 � 2H2O �2�

under steady state:

Ia � Ic �3�
iaAa � icAc �4�

ia=ic � Ac=Aa �5�
This process is controlled by activation polariza-

tion [17] and it is possible to use the following
equations:

ia � i0a exp�ga=ba� �6�
ic � i0c exp�ÿgc=bc� �7�

Combination of Equations 5, 6 and 7 gives:

ia
ic
� Ac

Aa
� i0a

i0c
exp g

1

ba
� 1

bc

� �� �
�8�

Taking logarithms yields:

g � C
2:3 babc

�ba � bc� log
Ac

Aa

� �� �
�9�

where

C � ÿ babc

�ba � bc� ln
i0a
i0c

� �
�10�

Equation 9 is a general expression for any galvanic
couple, such as Cu/Zn. The slope of this curve con-
tains ba and bc, the anodic Tafel slope of the substrate
and the cathodic Tafel slope of the coating material,
respectively.

Most work related to the use of copper cyanide bath
was performed in an attempt to replace cyanide by
pyrophosphate [18], glycerol [19] etc., but adhesion
problems hindered any practical application of these
baths. Other groups used di�erent brighteners in cya-
nide baths [20±22]. Few e�orts were devoted to the
study of the protection of zinc diecast in acid solution,
in spite of the widespread industrial use of these baths.

The aim of this work was to investigate how the
electrodeposition conditions of the copper ®lms,
generated from cyanide baths, in¯uence the protec-
tion of zinc diecast when the electrodeposited samples
were transferred into the acid copper bath. The cor-
rosion potentials of the coated specimens were mea-
sured in the acid solution, and the porosity of each
sample was estimated. The morphology of the coated
specimens was observed by SEM.

2. Experimental details

The composition of the standard cyanide bath was:
70.5 g dmÿ3 CuCN (50 g dmÿ3 copper), 132.2 g dmÿ3

KCN (30 g dmÿ3 cyanide), 40 g dmÿ3 grain re®ning
agent 5ml dmÿ3 commercial surfactant cupralite 150
(Enthone±OMI) and 5ml dmÿ3 commercial bright-
ener cupralite 150 (Enthone±OMI). Deionized water
(Milli RO4 water puri®cation system) was used to
prepare the solutions. The pH of the working solu-
tions was 12. Technical reagents were used and the
composition of the solution was similar to that of
industrial baths. The standard conditions were: room
temperature, a current density of 0.015A cmÿ2 and a
deposition time of 15min.
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Electrochemical experiments were performed in a
single-compartment cell. Zinc diecast working elec-
trodes having a surface area of 10.8 cm2 were used.
As counter electrode, a copper sheet of 20 cm2 of
surface area was used. A Ag/AgCl electrode was
employed as reference electrode. All potentials are
referred to this electrode.

The composition of the zinc diecast was: 95% zinc,
4% aluminium and the remainder copper. The
cleaning treatment of the working electrodes followed
the sequence:

(i) Cathodic electrocleaning at )4V for 120 s in a
commercial solution (Enprep 221).

(ii) Anodic electrocleaning at 4V for 10 s in a com-
mercial solution (Enprep 221).

(iii) Rinsing in deionized water.
(iv) Acid dipping in 1% H2SO4 until hydrogen

bubbling.
(v) Rinsing in deionized water.

The zinc concentration in a fresh industrial acid
copper bath was followed by atomic absorption using
a Perkin Elmer 2380 espectrophotometer. The cor-
rosion test was performed in a solution containing
60 g dmÿ3 H2SO4 and 0.17 g dmÿ3 NaCl, similar to an
industrial acid copper bath. A 501 B Philips SEM
microscope was used to observe the surface mor-
phology.

The thickness of each copper ®lm was obtained by
gravimetric determination of the copper deposited on
the electrode, using a Sartorius ultramicrobalance
4504 MPS (10)7mg precision). Taking into account
that the area of the electrode was 10.8 cm2 and that
the copper density is 8.92 g cmÿ3 [23], the average
thickness of each ®lm was calculated.

3. Results and discussion

3.1. Preliminary study

Factory plated zinc specimens from a cyanide bath
were transferred into the acid bath where the cop-
per electroplating was completed. The copper ®lm
deposited from alkaline copper baths is known to
be nonuniform, because zinc corrosion occurs
through the copper pores after immersion in the
acid bath. Even when current ¯ow starts the
chemical corrosion process continues in parallel
with the electrodeposition. The result is a continu-
ous increase in the bath zinc content with time
(Fig. 1). The copper acid bath becomes useless
when the Zn concentration reaches a value between
8 and 10 g dmÿ3. Under these conditions, the zinc
present in the acid bath alters the passive ®lm of
CuCl coating the Cu anodes by modifying the
electrode surface during the open circuit time.
When the current ¯ows again, small particles are
detached from the anode promoting the formation
of nodules on the zinc diecast specimens, giving a
gritty appearance to the surface. The presence of a
high Clÿ concentration in the bath initially elimi-

nates these problems. However, in the long term
nodule formation reappears, which, together with
other additional problems linked to a high Clÿ

concentration, makes this alternative unsuitable.
The nonuniformity of the deposits obtained from

alkaline copper baths can be attributed to the pres-
ence of pores, allowing access of the acid solution to
the base metal. When a specimen has pores or a
partial coating its electrochemical potential in acid
solution is midway between those of copper and zinc.

Equation 9 was checked using copper samples
coupled to zinc diecast. The overall area of the two
materials was kept constant and equal to 10.8 cm2.
The relative area (Ac=Aa) was changed for every ex-
periment. A macroscopic calibration was obtained by
measuring the steady state potential of a coupled
sample (Fig. 2). This calibration curve shows that the
corrosion potential increases when log (Ac=Aa) in-
creases. Our experimental linear relationship is simi-
lar to the theoretical conclusion of Morrissey
obtained for copper coated by gold [15]. A potential
of )0.79V vs Ag/AgCl was obtained when both
metals have the same area. The corrosion potential
shifts from )0.66 to )0.874 when the Ac=Aa fraction

Fig. 1. Variation of zinc content in an industrial copper acid bath
200 g dmÿ3 CuSO4, 60 g dm

ÿ3 H2SO4, 0.17 g dm
ÿ3 NaCl and ad-

ditives as a function of the electrodeposition time. A surface of
2� 105/cm 2 was treated per hour.

Fig. 2. Semilogarithmic plot of corrosion potential against the
fraction of the cathodic and anodic areas. Measurements per-
formed in a solution containing 60 g dmÿ3 H2SO4 and 0.17 g dmÿ3
NaCl for 30min at room temperature. Working electrodes:
0.108 dm2 of total surface area. Area fractions of copper 0.28, 0.47,
0.63, 0.92, 1.7, 2.24 and 3.1.
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(ACu=AZn) goes from 6 to 0.31. The experimental
corrosion potential value obtained using pure zinc
diecast in the solution test was )0.9V, while that of
pure copper was 0.0V. The Ac=Aa fraction is pro-
portional to the porosity or number of pores per cm2

present in the sample coated by copper.

3.2. Corrosion potential experiments using zinc diecast
specimens coated by copper from cyanide baths

Specimens coated by copper having di�erent thick-
nesses were obtained by changing one of the elec-
trodeposition variables each time: electrodeposition
time (with and without additives), current density,
copper concentration and cyanide concentration.
Figure 3 shows the open circuit potentials from
samples coated at di�erent electrodeposition times. A
steady state potential is obtained after immersion for
20 to 30 min in the solution test. The range of the
obtained experimental potentials overlaps the cali-
bration curve (Fig. 2). Thus, the Ac=Aa fractions can
be obtained for each specimen. The values obtained
range from 5.4 to 0.5 when the thickness of the
copper ®lm changes between 7.7 and 0.6 lm.

Figure 4 shows the steady state corrosion poten-
tials obtained after immersion for 30min as a func-
tion of the copper ®lm thickness. The potential drops
exponentially when the copper thickness increases
following the expression:

g � g0 � A exp�ÿd=s� �11�
Taking logarithms,

ln �gÿ g0� � ln Aÿ d=s �12�
The parameter 1/s, obtained from the slope of a
ln �gÿ g0� against d plot, is indicative of the e�ciency
of the thickening process in order to eliminate the
porosity. The porosity depends on the grain size,
which is determined by the synthesis conditions.
Figure 4 also shows that at high thicknesses
(d>4 lm), a given thickness increment provides a
lower change in the corrosion potential and, conse-
quently, a low change in the porosity. Thus, under

these experimental conditions, it is di�cult to achieve
Ac=Aa fractions greater than 5.5, that is, more than
85% of the specimen area.

Experimental results similar to those presented in
Fig. 4 were obtained by changing other experimental
variables. Experiments were performed in the pres-
ence and absence of additives; current density was
varied between 0.005 and 0.03A cmÿ2, copper con-
centrations were investigated in a 20 to 100 g dmÿ3

range, and cyanide concentration varied from 0 to
100 g dmÿ3. The 1=s values obtained from these ex-
periments are presented in Table 1. Coatings ob-
tained in the absence of additive gave the greatest
porosity, while the increase in cyanide concentration
in the bath provided the most compact copper ®lms.
Specimens coated with thin ®lms obtained at low
current density, or from a bath with low copper
concentration, had lower porosity than those ob-
tained from the standard bath.

High cyanide concentrations in the bath increase
the polarisation through the formation of a cyanide
barrier on the cathode [3]. However, the most im-
portant e�ect on the porosity may be due to the
preparation of a cleaner surface by complexing and
subsequent elimination of impurities, which favour
compactness [5]. The change in copper concentration
had a lower in¯uence on the porosity than the cya-
nide concentration.

Fig. 3. Dependence of the open circuit potential (OCP) on im-
mersion time in a solution with 60 g dmÿ3 H2SO4 and 0.17 g dmÿ3
NaCl. Curves correspond to thickness of copper deposit: (a) 0.6, (b)
2.6, (c) 3.3, (d) 5.7 and (e) 7.7 lm (Select curves are shown for
clarity).

Fig. 4. Plots of OCP or corrosion potential against thickness of
copper deposit constructed on the basis of curves shown in Fig. 2.

Table. 1. Dependence of slope �1/s� on the method for thickness

variation

Synthesis

conditions

Without

additives

Time

/min

Current

density

/Acm)2

Copper

/g dm)3
Cyanide

/g dm)3

sÿ1=lm)1 )0.106 )0.47 )0.635 )0.708 )1.953

(No additives) without additives at di�erent times of current ¯ow:

2, 5, 7, 10, 12, 15, 17, 20 and 22min

With additives, t: 2, 5, 10, 12, 15, 20min

(i) at constant polarization time and constant composition

changing the current density: 0.005, 0.01, 0.015, 0.02, 0.025,

0.03 A cmÿ2

(Cu) changing the copper concentration and keeping constant all

the other parameters: 20, 30, 40, 50, 60, 70 and 100 g dmÿ3

(CN) changing the cyanide concentration: 0, 20, 30, 40, 60 and

100 g dmÿ3
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3.3. SEM study

The morphology of the obtained copper ®lms de-
pends on the synthesis conditions. Four micrographs
were taken from ®lms that, having the same thick-
ness, were obtained under di�erent experimental
conditions (Fig. 5). The selected thickness was 4 lm,
since higher values give lower di�erences in corrosion
protection due to a pore occlusion e�ect. These
micrographs show a granular copper plate structure.
The ®ner granular structure correlates with a lower
porosity, deduced from steady state potential mea-
surements.

Micrograph (a) was obtained from a sample
coated under standard conditions without additives
and with a current density of 0.015A cmÿ2 for
12min. Micrograph (b) was obtained from a sample
coated under standard conditions for a 12min cur-
rent ¯ow. The morphology shown by micrograph (c)
was obtained by decreasing the copper concentration
to 40 g dmÿ3 and the morphology shown by micro-
graph (d) by increasing the cyanide concentration to
40 g dmÿ3 with respect to the standard conditions.
The most irregular morphology corresponds to the
®lm obtained from a solution without additives; in
this case, the experimental area fraction obtained
from the steady state potential was 1. The most ho-
mogeneous ®lm was obtained by increasing the cya-

nide concentration, the area fraction being 4.7. A
more irregular morphology gives a less compact ®lm.
There is little di�erence between micrographs (c) and
(d) for area fractions of 4.4 and 4.7, respectively. The
experimental area fraction of sample (b) is 4.1. The
morphology of the samples correlates with the ex-
perimental corrosion potential.

4. Conclusions

The corrosion potential measurements of copper
®lms electrodeposited on zinc diecast specimens from
cyanide baths, in acid solution, have shown that the
®lms are nonuniform and porous. Porosity, deduced
from corrosion potential measurements, increases
with decreasing the thickness. For a given thickness,
the porosity decreases with increase in cyanide and
additive concentration. The nonuniformity and po-
rosity of the samples was demonstrated by the ob-
served increase of the zinc concentration in a fresh
industrial copper acid bath during the process.

Acknowledgement

This work was supported by the University of the
Basque Country and the Ministerio de EducacioÂ n y
Cultura of the Spanish Government.

Fig. 5. Surface morphology of copper deposit at 4 lm by scanning electron microscopy. Each micrograph correspond to a di�erent
variation of standard composition: (a) time without additives (12min), (b) time (12min), (c) copper concentration (40 g dmÿ3), (d) cyanide
concentration (40 g dmÿ3).
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