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Zinc±nickel electrocoatings obtained from an industrial bath containing two additives were char-
acterized by analysing their morphology, structure, microhardness, residual stress and corrosion
resistance. Changes in deposit characteristics following the addition of saccharin were also studied.
All coating, with or without saccharin, presented a good appearance, good mechanical properties and
a high corrosion resistance. Moreover, by varying certain plating conditions it was observed that the
deposits maintained their properties over a wide interval of experimental conditions, which suggests
their suitability for use in batch bath.
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1. Introduction

In recent years, several attempts have been made at
preparing zinc coatings with high corrosion resis-
tance. In so doing, zinc alloys with the group 8 metals
have been developed [1±3] and, among theses, zinc±
nickel alloys have received most attention because of
their high degree of corrosion resistance and their
mechanical properties.

Although slight variations have been reported, it is
accepted that the highest corrosion resistance of zinc±
nickel alloys can be obtained with a nickel content in
the 10±15% range and various electrolytes have been
reported as depositing Zn±Ni coatings with this
composition [4±8]. In previous studies of this group,
zinc±nickel electroplates with the desired composition
and good corrosion behaviour were obtained from an
acid bath containing a high concentration of NH4Cl
[9]. However, ecological considerations have led us to
design a new plating bath without complexing agents
to obtain zinc±nickel coatings in a batch bath and
with commercially attractive properties. Our ®rst
objective is to characterize the zinc±nickel alloys ob-
tained with this new acid bath by analysing their
composition, morphology, structure, corrosion resis-
tance and certain mechanical properties (microhard-
ness, residual stress). Since most of the characteristics
of the electrocoatings are structure dependent and the
structure, in turn, is determined by the plating con-
ditions, our second objective is to attempt to establish
the relationship between electrodeposition parame-
ters, structural properties and functionality.

2. Experimental details

The zinc±nickel coatings were deposited under gal-
vanostatic conditions at 200 A m)2 up to a constant
thickness of 10 lm, using a chloride industrial bath
(1.0 mol dm)3 in Zn2+ and 0.25 mol dm)3 in Ni2+)
at pH 5.2 and 28 °C. The basic electrolyte contained
two additives (7.0 g dm)3 of a tensioactive and
0.2 g dm)3 of an aromatic aldehyde) and saccharin
(2.0 g dm)3 was added in a number of cases to ana-
lyse the e�ect of the latter on deposit properties. In
addition, alloys obtained with small variations in
these basic conditions (�10% of temperature, pH,
bath concentration) were also characterized to de-
termine the properties of the alloys that might be
obtained under these conditions in industrial plant. A
range of current densities in the interval 50±
500 A m)2 and of deposit thicknesses, from 5 to
30 lm, were used in studying the in¯uence of these
parameters on the characteristics of the alloys.

The experimental set-up for the plating processes
was as described in [9]. After deposition, some of the
coatings were chromated by immersion for 25 s at
25 °C in a chromating solution, before being rinsed in
deionised water and dried in warm air.

Deposit morphology was examined by optical
microscopy (OM) and scanning electron microscopy
(SEM) and ®lm composition by atomic absorption
spectrophotometry and XPS techniques. X-ray dif-
fractograms were obtained on a Bragg±Brentano
Siemens D500 di�ractometer using CuKa radiation
(0.1542 nm) and the analysis of texture and the de-
termination of microdeformations and the size of the
coherent di�racting domains (CDD) were carried*To whom correspondence should be addressed.
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out. These parameters were calculated by analysing
the broadening of the X-ray di�raction lines. With
this method the pro®le of the di�raction line is de-
scribed by a Voigt function, representing a convolu-
tion of the Cauchy and Gauss functions, where it is
assumed that the broadening due to the small CDD
is according to the Cauchy-type only, while that due
to the microdeformations is of the Gaussian-type
[10, 11].

The di�ractometer described above and a texture
goniometer Philips MRD were used in analysing the
residual stress of the coatings, using the sin2 Y method
[12]. Thus, the stress, r/, can be obtained from the
relationship:

d/W ÿ do
do

� 1� m
E

r/ sin
2 Wÿ m

E
�r1 � r2� �1�

where d/Y and do are the stressed and unstressed
lattice parameters, r1 and r2 are the principal
stresses, m is Poisson's ratio and E is Young's mod-
ulus. This equation predicts a linear variation d
against sin2 Y from which slope the stress r/ can be
derived if do, m and E are known. Since do may not be
readily available in practice, the lattice spacing mea-
sured at Y � 0 is usually substituted for do. As was
performed elsewhere [13], m and E were calculated in
accordance with the percentage of pure Zn and Ni
values or with Young's modulus given in the bibli-
ography for zinc±nickel alloys 12% Ni [14].

The microhardness of the ®lms was measured with
a Matsuzawa MXT equipped with a Vickers diamond
indenter and using a load of 50 g. In taking these
measurements, the thickness of the deposits was
constant at 30 lm, so as to obtain a value unin¯u-
enced by the substrate.

Corrosion behaviour was studied by the salt-spray
test (ASTM conditions) and by electrochemical
techniques. These measurements were performed
with EGG 273 and Schlumberger 1287±1255 systems.

The cell was an EGG corrosion cell (exposed area
1 cm2) and the test environment was a 5% NaCl
solution in aerated conditions. At immersion, Ecorr

was measured until no further change was observed
and then, the corrosion data were recorded. Imped-
ance measurements were carried out in the frequency
range 104±10)4 Hz. In a previous study [15], it was
observed that for chromated zinc coatings more re-
producible data were obtained after seven days of
ageing at room temperature and so, the same period
was respected here before analysis of the zinc±nickel
chromated deposits was undertaken.

3. Results and discussion

Figure 1 shows the e�ect of current density on alloy
composition and current e�ciency, together with the
polarization curve for the basic bath. The addition of
saccharin promoted a slight positive shift in the de-
position potentials, but the composition and e�-
ciency remained practically unmodi®ed. Figure 1,
illustrates that these baths provided a wide interval of
current densities with a constant composition of the
coatings, between 10 and 14% Ni, depending on the
plating temperature, pH and additive concentrations.
On the other hand, the composition depth pro®le of
the deposits showed that the alloys were uniform in
composition (Fig. 2), unlike observations made with
zinc±nickel alloys of the same global composition
obtained from an ammonium bath, where the per-
centage of nickel of the coatings decreased with the
deposition time [9, 16]. Moreover, here the compo-
sition of the alloys as determined by ESCA coincided
with that obtained by absorption spectrophotometry
and no preferential sputtering of zinc was observed.
Preferential sputtering has been observed elsewhere
when the alloy constituents di�er appreciably in their
heats of sublimation [17] but it is clear that the
preferential sputtering of zinc is not merely a conse-

Fig. 1. E�ect of current density on nickel content of
deposits (s), on current e�ciency (g) for alloy deposi-
tion (h) and polarization curve (*) during the deposition
process.
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quence of the di�erence between the sublimation
heats of Zn and Ni and that other factors, such as
composition or structure, need to be considered.

When using the basic electrolyte or upon adding
saccharin, bright homogeneous deposits were ob-
tained with current densities up to 700 A m)2. The
surface morphology of the deposits was examined by
SEM and optical microscopy. The coatings obtained
under di�erent conditions were highly similar: they
consisted of nodular grains which were not very
uniformly distributed (Fig. 3) and, as usual, those
obtained at low current densities presented larger
grains. The most surprising fact was observed in the
cross-section of the electroplates obtained with the
lowest Ni2+ concentration and saccharin, where
many ®ssures that opened up near the substrate
boundary were observed (Fig. 4). After the chro-
mating process, the coatings showed a smoother
surface and in some cases, a network of microcracks,
characteristic of the passivation layer, was observed.

The microstructure of the coatings was studied by
di�ractometric analysis. X-ray di�ractograms of the
alloys with the basic bath showed the presence of
c-phase with the highest re¯ection intensity corre-
sponding to the (3 3 0) and (6 0 0) preferential
orientations (Fig. 5a). An accurate analysis of the
di�ractometric peaks revealed the presence of small
amounts of g-phase, as corresponds to a nickel con-
tent of 10±14% (the percentage of nickel of a pure
c-phase should be 17.8% by mass). The addition of
saccharin did not result in any major texture change,
but an increase in the intensity of the peaks corre-
sponding to the (2 2 2) and (4 4 4) orientations was
observed (Fig. 5b). The chromating ®lm scarcely
modi®ed the di�ractometric response of the deposits,
although in the deposits obtained with saccharin, the
peaks corresponding to the (2 2 2) or (4 4 4) orien-
tations were seen to disappear (Fig. 5c). This result
would seem to indicate that these crystallographic
planes were mainly situated near the deposit surface

Fig. 2. ESCA depth pro®le of a Zn±Ni alloy containing a 12% Ni.

Fig. 3. SEM picture of a Zn±Ni alloy obtained without saccharine at 200 A m)2.
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and they were preferentially dissolved during the al-
loy oxidation promoted by the chromating process.

To study the evolution of the preferred orientation
with the current density and deposit growth, the
texture coe�cient Thkl was calculated for the various
(hkl) re¯ections [18]:

Thkl � Ihkl=Iohkl

�1=n�P
n
�Ihkl=Iohkl�

� � �2�

where Ihkl is the intensity of the di�ractometric peak,
Iohkl is the standard random peak intensity and n is the
number of measured peaks. When the texture coe�-
cient calculated for the di�erent re¯ections was
plotted as a function of the current density, no
changes in the texture were observed. However, when
plotting Thkl againsts deposit thickness the coating
tended to the (6 0 0) orientation as the thickness in-
creased and this increase in the (6 0 0) intensity oc-
curred at the expense of the (3 3 0) re¯ection.

The determination of the lattice parameter (a),
microdeformations (e) and the size of the coherent
di�racting domains (CDD) was mainly performed
from the peak corresponding to the (6 0 0) orienta-
tion. As seen in Fig. 5, the peak corresponding to the
(3 3 0) orientation overlapped that corresponding to
the (1 1 0) orientation of the iron substrat and it also
had a small contribution of the (1 0 1) orientation of

g-phase and so that deconvolution was needed. With
some deposits it was veri®ed that after the deconvo-
lution process the results obtained from the (3 3 0)
and (6 0 0) orientations were highly similar and so
this latter orientation was used in most cases to de-
termine the aforementioned parameters.

Figure 6 shows the in¯uence of current density on
a, CSD, and e for nonchromated alloys obtained with
the basic bath. As usual, an increase in current den-
sity led to a fall in both grain size and the size of the
coherent di�racting domains, but concurrent to this
the crystals grew faster, with a signi®cant increase in
the number of faults, dislocations and microstrains.
However, the microdeformation values obtained for
these coatings were lower than those determined for
other electrodeposits using the same XRD method
[19]. On the other hand, the lattice parameter also
increased with current density, but this was mainly
due to the variations in alloy composition (Fig. 1). As
mentioned above, these alloys were constituted of c-
phase and included some excess of zinc. The dif-
fractograms indicated that, although they contained
some g-phase, most of the zinc was included in the c-
phase lattice. Since zinc atoms are larger than those
of nickel (rZn � 1.37 AÊ , rNi � 1.25 AÊ ), the interca-

Fig. 4. Cross-section of a Zn±Ni alloy obtained with saccharine at
200 A m)2.

Fig. 5. X-ray di�ractograms for Zn±Ni deposits obtained: (a) with
the basic bath, (b) with saccharine, (c) with saccharine and pass-
ivated.
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lation of zinc into the f.c.c. lattice of c-phase led to an
increase in the lattice parameter. Finally, neither the
lattice parameter nor the size of the coherent di�r-
acting domains and microdeformations varied ap-
preciably with the deposit thickness.

The residual stress of the coatings was determined
using the sin2 Y method. Figure 7 shows the d against
sin2 Y plots obtained for the (6 0 0) family of planes
of a deposit obtained with the basic bath. The oscil-
latory behaviour observed in these plots was also
observed in zinc coatings obtained with a chloride
bath that contained a similar family of additives [15].
Such oscillations have been explained by taking into
consideration the superposition of strong gradients
and shear stresses normal to the surface or the ani-
sotropy in the X-ray elastic constants [12] but an
average residual stress can be estimated by consid-

ering the average slope of the plots. With this pro-
cedure, the residual stress calculated for the alloys
obtained from the basic bath was of 204 � 24 MPa,
which agrees with the values reported for zinc±nickel
alloys of this composition [3]. On the other hand, the
variation in stress with deposit thickness appeared to
be very small, in contrast to the e�ects observed
elsewhere [12], decreasing with an increase in current
density and becoming constant at 200 A m)2. Final-
ly, it must be mentioned that small variations in the
plating conditions had no great in¯uence on the stress
of the coatings, except for the concentration of the
tensioactive; a decrease in the concentration of this
compound always generated an increase in the stress
level.

The microhardness of the 30 lm thick alloys ob-
tained with the basic bath was measured with the
Vickers method. It was observed that the values were
mainly dependent on the composition of the alloy,
included in the interval 393±472 HV for alloys con-
taining 11±14% Ni, obtained under di�erent experi-
mental conditions.

Table 1 summarizes the in¯uence of saccharin on
the various characteristics of the zinc±nickel coatings.
The addition of saccharin to the plating bath scarcely
modi®ed the residual stress level, except when ®ssures
were observed in the cross section of the coatings.
When this was the case, a very low value
(67 � 11 MPa) was obtained and this would seem to
be related to relaxation during the deposition of the
®rst layers of the alloy. Saccharin is a commun ad-
ditive used in reducing stress in Ni electrodeposits
and it is generally accepted that the decrease in re-
sidual stress is due to the restriction of lateral growth
and the inhibition of coalescence of separate islands
in the initial deposition stages [21]. As previously
observed with Zn electrodeposits [15], with this Zn±
Ni alloy the in¯uence of saccharin on the residual

Fig. 6. E�ect of current density on coherent scattering domains (h), microdeformations (*) and lattice parameter (s) of Zn±Ni alloys
deposited from the basic bath.

Fig. 7. Variation in the (6 0 0) lattice parameter with sin2 Y for
Zn±Ni deposits obtained with the basic bath.
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stress was not as great as that observed in Ni de-
posits. The alteration of microdeformations and
CDD proceeded simultaneously with changes in re-
sidual stress, and no major di�erences were observed
on adding saccharin. The same behaviour was ob-
served with microhardness, except in those electro-
plates that developed ®ssures; in this case the
presence of these cracks lowered microhardness by up
to 215 HV.

The in¯uence of the chromating process on these
properties of the coatings is also summarized in
Table 1. As expected, the passivation ®lm increased
the microhardness and residual stress of the deposits
[22]; major increase in the microdeformations of the
coating was also observed, particularly in these
coatings obtained without saccharin.

The corrosion resistance of the deposits was ®rst
evaluated by observing the propagation of red rust on
the deposits in the salt spray environment. For the
passivated coatings the propagation of white rust was
also observed. Table 2 shows the results obtained
with both plating baths. It can be seen that the cor-
rosion resistance of these alloys was very good, in
spite of the microcracks observed on their surface. It
has been speculated that the corrosion mechanism at
this microcracked alloy surface might be compared to
microcracked chromium: this minimizes the amount
of corrosive attack over the metal surface through
this network of microcracks. The addition of sac-
charin did not modify the appearance of white rust,
but improved resistance to the red rust. The ®ssures
observed in the cross section of some alloys obtained
with this additive did not a�ect the corrosion results.

The electrochemical corrosion resistance of the
coatings was measured using d.c. and a.c. methods.
The results obtained using d.c. measurements (Ecorr,
Rp, icorr) are summarized in Table 2. In contrast to
observations made with zinc electrodeposits [15], here
the electrochemical corrosion parameters were highly
sensitive to the measurement conditions, being Rp and

the anodic Tafel slopes the most a�ected factors. All
the cathodic branches of the polarization curves
showed a di�usion-dependent trend and, for non-
passivated coatings, the anodic Tafel slopes were of
about 30 mV, which agrees with other studies in
chlorine-containing environments [23]. However, with
the chromated deposits the anodic Tafel slope values
were lower than those in the literature [24, 25] about
20 mV when measured after 3 h of immersion. This
value increased up to 40/50 mV when the immersion
time was increased or another measurement, such as
cathodic polarization branch or an impedance mea-
surement, was performed and then, the divergences
might be accounted for by the di�erent measurement
recordings. To determine the corrosion rates, icorr was
calculated as usual using the Stern±Geary equation
[26] with the lowest ba value obtained in conditions
where the system was least disturbed (after Rp deter-
mination using a potential interval of Ecorr � 5 mV
and only the potentiodynamic anodic scan).

The impedance plots (Fig. 8) obtained for these
coatings were more complex than those observed in
other cases for zinc±nickel alloys [27]. The Nyquist
diagrams for the nonchromated deposits showed two
capacitative loops with a complex response at very
low frequencies. Initial studies conducted to ®nd the
equivalent circuit corresponding to this response
showed that the second capacitative semicircle in-
cluded a di�usion component. This component
meant that the resistance values obtained from the
impedance plots (Rac in Table 2) were higher than
those of Rp determined by d.c. measurements. For the
chromated zinc±nickel alloys di�erent capacitative
and inductive elements were present (Fig. 9), but in
any case di�usion components were observed. Here,
it was observed that the Rp values were in accordance
with the maximum resistance, but not with total re-
sistance.

The presence of saccharin in the plating bath did
not modify the electrochemical corrosion response, in

Table 1. Lattice parameter �a�, size of the coherently di�racting domain �CDD�, microstrain �e�, microhardness and residual stress for Zn±Ni

coatings 11% Ni obtained at 200 A m)2 �Cr: passivated �

Plating bath a

/AÊ
CDD

/AÊ
e ´ 104 Microhardness

/HV

Residual stress

/MPa

Basic 8.925 343 2.6 393 253 � 24

Basic + sacch. 8.941 279 1.6 362 204 � 19

Basic (Cr) ± 249 7.7 472 297 � 18

Basic + sacch. (Cr) ± 258 2.8 454 364 � 26

Table 2. Time �h� until the appearance of 1% of white and red rust and electrochemical corrosion parameters obtained for zinc±nickel alloys

�Cr: passivated�

Plating bath W. rust

/h

R. rust

/h

Ecorr

/mV

Rp

/kW cm2
ba
/mV

Rac

/kW cm2
icorr
/lA cm)2

Basic ± 800 )990 3.0 28 4.0 4.0

Basic + sacch. ± 900 )980 2.9 31 3.5 3.8

Basic (Cr) 550 1400 )985 78.0 15 79.0 0.1

Basic + sacch. (Cr) 525 1900 )975 79.0 18 80.0 0.1
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agreement with the salt spray results, which indicated
that this additive only a�ected the red corrosion re-
sponse. Finally, although the electrochemical mea-
surements with these Zn±Ni alloys were more
sensitive than those observed in other cases, a cor-
relation between salt-spray and electrochemical cor-
rosion results could be established: coatings with Rp

values higher than 35 kW cm2 or icorr lower than
0.4 lA cm)2 would pass industrial quality control
(480 h before white corrosion in the fog chamber).

4. Conclusions

Zinc±nickel coatings obtained from an industrial
bath were characterized by analysing several of their
properties. It can be concluded that with the plating
conditions used here, the alloys presented good ap-
pearance, a high corrosion resistance and micro-
hardness and residual stress values at the usual level
observed for zinc±nickel electrodeposits. Moreover,
the structural study showed that no great changes
were obtained in the interval of current densities used

in a batch plating or when varying some of the elec-
troplating parameters and then, the properties of the
coatings were maintained over a wide interval of ex-
perimental conditions.

The in¯uence of saccharin on deposit characteris-
tics was also tested and it was observed that, in most
cases, the additive only produced slight modi®cations
to coating properties, although it improved corrosion
resistance. When the concentration of Ni2+ was low,
the mean e�ect of this additive was to promote the
appearance of ®ssures on the coating layers closed to
the substrate and a consequent decreases in micro-
hardness and stress, but it did not modify corrosion
behaviour. More work is needed to establish the or-
igin of these ®ssures and their e�ect on other me-
chanical properties of the deposits.
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