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Abstract

This paper presents the application of anodic voltammetry to determine the effective porosity in nickel coatings. The
nickel coatings were obtained by electrodeposition from a Watts bath on copper substrate. This technique consists
in a comparison of the charge density involved in the passivation process of the substrate without coating and that
required to passivate the substrate covered with a nickel layer. The passivation solution was a 0.4 M sodium sulfide
solution (Na2SO3) at 25 �C selected to maintain the coating inert in the potential region where substrate passivation
occurs, thus preserving its integrity. The results indicate an exponential decay of the coating porosity, with respect
to the deposit thickness, and a net porosity of 4 to 5%. The relation between porosity decay and deposition
potential was investigated for nickel deposition from a Watts bath.

1. Introduction

Metallic coatings are frequently inspected visually to
detect pores. However, a precise determination of the
amount and distribution of the pores is required. Pores
and cracks in metallic coatings are localized interrup-
tions of the coating material that may be defined as
follows: (a) pores are voids expanded predominantly in
three dimensions, which are not filled with solid or
liquid materials, and (b) cracks are faults with expansion
predominantly in one dimension [1]. They can be
classified as in Figure 1 [1], as (i) pores and cracks
‘passer-bys’ crossing the whole coating, from the surface
to the substrate, and (ii) pores and cracks ‘no-passer-
bys’, subdivided in opened ‘no-passer-by’ (opened to the
surface but not reaching the substrate), and closed ones
(no opening to the surface, totally restricted into the
coating or substrate). In this work, pores and cracks of
type 1 were studied. In general, the porosity in the
electrodeposits is analysed qualitatively by four tech-
niques: ferrocyanate test, electrographic test, hot water
test and salt-spray test. These techniques are based on
the observation and counting of pores, and, consequent-
ly, they are not sensitive to pores of small dimensions,
which prevents the detection of small cracks, as well as
small pores [2–5].

With the increasing interest in thin films technologies
[6–8], there is a need for more reliable measuring
techniques of coating porosity. Basically, the porosity

measuring techniques can be divided into two catego-
ries: (i) techniques in which individual pores are detected
by physical, chemical or electrochemical observation,
and (ii) techniques in which the total porosity is
obtained through measurements of gas permeation,
chemical or electrochemical analysis [9]. Electrochemical
measurement seem more appropriated to determines the
effective coating porosity, including exposed substrate
through pores and cracks of type 1. These techniques
can be divided in four categories: open circuit potential
measurements [10, 11], anodic current measurements
[12–16], polarization resistance measurements [16], mea-
surements of the charge obtained during process of
potentiodynamic anodic polarization [10, 17] and, re-
cently, cyclic voltammetric charge measurements [8].

This work presents the results obtained from voltam-
metric anodic dissolution, in which the dissolution/
passivation charges of the substrate were measured. One
positive aspect of this technique is the short analysis
time (about one minute), when compared with current
works [9]. In addition, the charges involved in the
porosity analysis by the proposed technique are about
100 times smaller than those necessary to determine the
porosity by other techniques [9]. As a consequence, a
smaller interference level on the sample could be
obtained, as well as a larger reliability and better
precision [8]. Meanwhile, it should be noted that the
applied technique uses a small area for analysis not
considering possible edge effects.
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2. Experimental procedures

The voltammetric anodic dissolution technique used in
this work, consists of anodic polarization of the sub-
strate/coating system and the measurement of the
charge density involved in the passivation process of
the substrate [18].

The comparison between the passivation charge
densities of the substrate without coating (passivation
standard charge density) and that involved in the
passivation of the covered substrate, gives the porosity
according to the expression [19, 20]:

h ¼ QPASS

Q�
PASS

ð1Þ

where h is the porosity or substrate area fraction
exposed to electrolyte; Q�

PASS is the dissolution/passiva-
tion charge for substrate without any coating; and
QPASS is the covered substrate dissolution/passivation
charge.

The necessary conditions to apply this technique are:
the substrate does not suffer chemical attack in the
dissolution/passivation solution, the substrate passivates
and the coating must stay inert or present a small
reaction rate in the potential range for passivation [21–
24]. Due to the restrictions imposed by the above
conditions and for the case of small reaction rates,
between the dissolution/passivation solution and the
coating, Equation 1 should be modified to:

hi ¼
QPASS � 1 � hi�1ð ÞQREV

Q�
PASS

ð2Þ

with: hi the porosity at the ith iteration; hi�1 the porosity
in the previous iteration; and QREV the coating disso-
lution/passivation charge.

From Equation 2, the porosity calculation is proposed
as an iterative procedure, with the porosity obtained in
the first iteration used for porosity calculation in the
second iteration and so forth. In the first iteration
hi�1 ¼ 0:5 is used as a first estimative for the iterative
process. Independent of the assumed value, along the
iterations the porosity value tends to the correct value.
The convergence condition used was that the variation
between the last two iterations should be smaller than
1%.

In this work a nickel coating on copper was selected.
Copper and nickel 99.9% purity grade electrodes were
used to define the initial conditions. The nickel electro-
deposition was carried out potentiostatically from a
Watts bath with no organic additives consisting of 0.9 M

nickel sulfate (NiSO4 Æ 6H2O), 0.5 M boric acid (H3BO3),
0.2 M nickel chloride (NiCl2 Æ 6H2O) and 1 M sulfuric
acid (H2SO4) added to maintain pH at 3.5. The electro-
lyte used for the anodic voltammetry was a 0.4 M sodium

Fig. 1. Representation of the different types of pores and cracks. Type

1: pore/crack passer-by; type 2: open pore/crack, no-passer-by; type 3:

closed pore/crack, restricted entirely in the coating; types 4 and 5:

closed, contiguous and penetrating in the substrate, respectively [1].

(Reprinted with permission of the author).

Fig. 2. Dissolution/passivation process of copper (––) and nickel (- - - ) electrodes in a sodium sulfide electrolyte (Na2SO3) 0.4 M, scan rate

10 mV s)1.
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sulfide solution (Na2SO3) with pH ¼ 10. All solutions
were prepared from distilled water (conductivity
2.4 lS cm�1) and analytical grade chemicals. They were
maintained and used at room temperature (25 �C).

The copper working electrodes consisted of 18 disc
electrodes, manufactured from a copper cylinder and
individually assembled in small TeflonTM skirts. The
exposed area of these electrodes was 0.119 cm2. The
electrodes were polished on emerypaper (brown alumi-
num oxide, Al2O3) to a 600 grit finish before use. All
potentials were referred to the saturated calomel elec-
trode (SCE). The nickel electrode was manufactured
from a small nickel cylinder embedded in epoxy resin,
type AralditeTM, in a PyrexTM glass tube. The exposed
area was 0.226 cm2. The counter electrode was a spiral
platinum wire (dia. 1 mm).

For the anodic voltammetry, a potentiostat/galvano-
stat PAR model 273, coupled with a recorder was used.
The surface morphology was analyzed by scanning
electron microscopy (SEM) using a Phillps XL 30
microscope.

3. Results and discussion

Figure 2 presents a voltammetric analysis of copper and
nickel for the anodic voltammetric polarization mea-
surements at 0.4 M Na2SO3 solution. The copper
passivation/dissolution process occurs in the range from
)400 mV to 100 mV. In this potential range the nickel
dissolution/passivation charge is small and can be
quantified. Therefore, the three necessary conditions
for the application of voltammetric anodic dissolution
(VAD) in porosity analysis were fulfilled and the copper
fraction exposed through nickel pores can be calculated
using Equation 2.

Afterwards, a copper standard passivation charge
density, Q�

PASS, can be determined, being the charge
density involved in the clean copper passivation. The
copper standard passivation charge density value, cal-
culated from the area under the copper dissolution/
passivation reaction curve presented in Figure 2, was
70.59 mC cm�2 for a polarization rate of 10 mV s�1. It
could also be observed that the nickel standard passi-
vation charge density, QREV, determined for a nickel
electrode was 4.2 mC cm�2. The dissolution/passivation
charge for the coating was obtained using a pure nickel
electrode and the same polarization conditions as for the
substrate. Nickel deposits were made on copper sub-
strates at three deposition potentials ()850 mV,
)930 mV, )1030 mV) and different deposition charge
density QDEP. For each of these deposits, the copper
dissolution/passivation charge, QPASS, was determined.
The coating porosity was calculated from Equation 2.
The deposition charge densities used in the deposition
process ranged from 40 to 670 mC cm�2, corresponding
to thickness ranging from 0.014 to 0.230 lm. The
surface damage after the application of the proposed
technique was verified by scanning electron microscopy

(SEM) (Figure 3). Scratches and small holes from
sanding were observed (Figure 3(a)). Figure 3(b) pre-
sents a typical micrograph of the copper electrode
covered with nickel after the dissolution/passivation
process. Figure 3(c) shows a greater magnification of
Figure 3(b). The deposition potential used was
)1030 mV and the deposited nickel charge density was
of 670 mC cm�2. It is observed that the nickel deposit
reproduced the copper morphology, with rugosity and
amplification of superficial defects. This probably hap-

Fig. 3. (a) Copper electrode, (b) copper electrode coated by nickel

after dissolution/passivation process, general view, and (c) detail of the

center of the electrode. Conditions: deposition potential )1030 mV

and deposited nickel charge density 670 mC cm)2.
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pened due to the absence of organic additives, (i.e.,
levelling agents). The analytical processes seem to cause
no damage to the coating.

In Figure 4, dissolution/passivation curves are pre-
sented for the deposition potential of )830 mV. As the
nickel deposition charge increases, the dissolution/pass-
ivation charge decreases, indicating a decrease in the
copper area exposed to the electrolyte. A shift of the
initial potential for the copper passivation process is also
evident. This shift occurs in the direction of more
cathodic values from )350 mV for the pure copper, to
)240 mV, when there is a nickel deposit on copper.

Figures 5 and 6 present the dissolution/passivation
curves for the deposition potentials of )930 and
)1030 mV. Characteristic porosity curves obtained

using Equation 2, for the deposition potential of )830,
)930 and )1030 mV, are presented in Figure 7. These
curves were obtained by plotting the deposition charge
density (mC cm�2) against the porosity fraction ob-
tained in the fourth iteration (h4).

The three exponential equations relating the porosity
index, h, to the deposition charge density, QDEP in
mC cm)2, obtained are as follows:
For deposition potential ¼ )830 mV

h ¼ exp
�QDEP

141:1

� �
ð3Þ

Thicknesses tested range from 0.014 to 0.144 lm.
For deposition potential ¼ )930 mV

Fig. 4. Copper passivation curves for several nickel deposition charge densities. Conditions: deposition potential )830 mV, scan rate 10 mV s)1.

Charge: (—) standard; (– Æ – Æ) 5, (– Æ Æ – Æ Æ) 15, (– – –) 25, (� � � �) 35 and (- - -) 50 mC.

Fig. 5. Copper passivation curves for several nickel deposition charge densities. Conditions: deposition potential )930 mV, scan rate 10 mV s)1.

Charge: (—) standard; (– Æ – Æ) 5, (– Æ Æ – Æ Æ) 15, (– – –) 25, (� � � �) 35 and (- - -) 50 mC.
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h ¼ exp
�QDEP

59:3

� �
ð4Þ

Thicknesses tested range from 0.014 to 0.144 lm.
For deposition potential ¼ )1030 mV

h ¼ exp
�QDEP

36:4

� �
ð5Þ

Thicknesses tested range from 0.014 to 0.230 lm.
It can be seen that for the same deposition charge

density, the coating obtained for more cathodic poten-
tials, has smaller porosity. This smaller porosity may be

associated with the larger deposition current density
applied in the deposition process, leading to a higher
nucleation rate and a consequent larger number of fine
grains [17, 24]. High deposition overpotential results in
finer grains [24, 25], but, for current densities higher
than limiting, due to mass transport effects, the porosity
tends to increase again [24].

It can also be observed that the porosity calculated
based on the experimental data (Equations 3, 4 and 5)
tends to zero (h ¼ 0.1%) for deposition charge densities
in the order of 950, 450 and 250 mC cm)2, for deposi-
tion potentials of )830, )930 and )1030 mV, respec-
tively. In spite of this, for deposition charge densities in
the order of 670 mC cm)2, a residual passivation charge

Fig. 6. Copper passivation curves for several nickel deposition charge densities. Conditions: deposition potential )1030 mV, scan rate

10 mV s�1. Charge: (—) standard; (– Æ – Æ) 5, (– Æ Æ – Æ Æ) 15, (– – –) 25, (� � � �) 35, (- - -) 50 and (ÆÆÆÆÆÆ) 80 mC.

Fig. 7. Curves of nickel deposition charge density against porosity. Deposition potential: (.) � 830, (¯) � 930 and (w) � 1030 mV.
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density was observed indicating some residual porosity
of about 4 to 5%. This residual porosity may be related
to cracks produced by stress present in all the electro-
deposited nickel process.

4. Conclusions

The voltammetric anodic dissolution (VAD) technique
used for coating porosity measurements presented good
sensitivity allowing a precise porosity evaluation. It was
also possible to verify that deposits obtained at larger
current densities have smaller porosity.

The technique developed can be applied for mechani-
cally ground substrates (600 grit finishing) with no need
of a better prepared surface.

The substrate composition allows the passivation
process just during the polarization procedure, with no
passive film formation before the anodic polarization.
This electrochemical behaviour needs to be confirmed
for other substrate compositions.
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