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The corrosion resistance of pure zinc coatings can be improved through the application of suitable
chemical passivation treatments. Hexavalent chromium compounds have widely been used to formulate
conversion layers providing better anticorrosive protection as well as anchorage properties to painting
systems. However, taking into account that they are produced using hazardous chemical compounds,
the development of alternative and “green” technologies with equivalent protective performance is a

Keywords: paramount purpose of many R&D laboratories working around the world. In the present paper, the
Interfaces . . . . . . . R

Corrosion corrosion behavior of zinc coatings obtained from free-cyanide alkaline baths and later subjected to
Electrochemical properties a Cr3* based passivation treatment, with and without a sealing treatment, was studied. The experimental
Coatings work involved electrochemical impedance spectroscopy measurements in 0.5M NaCl solution, surface

SEM microstructural and morphological characterization by electronic microscopy as well as chemical analy-
sis by EDXS. The salt spray test was also performed. The analysis and interpretation of all the data coming
from this battery of tests allowed inferring that both the Cr3* based conversion treatment +adequate
sealer presented a good corrosion resistance and, therefore, they could be used as neither a polluting nor
toxic alternative to the traditional chromate coatings.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The zinc coatings are employed as active galvanic protection
for steel. However, as zinc is an electrochemically high reactive
metal, its corrosion rate may also be high indoors but particu-
larly high under outdoor exposure conditions [1]. For this reason,
a post-treatment is necessary in order to increase the lifetime of
zinc coatings, and with this objective chromates are used in a
wide range of industries, including construction, food, automotive,
appliances, conversion coating and as a pigment of the primer of
painting schemes. The chromatation layer has a number of func-
tions such as acting like anodic inhibitor, forming a passive layer
and lowering the zinc dissolution rate. It is also an efficient cathodic
inhibitor, lowering the rate of the oxygen reduction reaction on
the metal surface and avoiding the formation of blisters [2], i.e., it
acts as a corrosion inhibitor, providing excellent protection partic-
ularly at defective areas such as crevices or cut edges [3]. Besides,
it promotes adhesion between the substrate and the paint. On
the other hand, the increasingly stricter environmental legislation
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all over the world restricts the use of chromate. In the European
Community, the use of Cr(VI) compounds, considered a cancer-
producing agent, must be withdrawn within a short time, according
to the regulations 2002/95/CE and 2000/53/CE related to the elec-
tronic/appliances and automotive industries, respectively [4]. A
zinc layer itself provides slightly better corrosion resistance than
bare steel; therefore, most items coated with zinc by electroplating
or hot-dipping are often protected together with another coating
system in order to induce a synergistic action. The term conversion
coating, as used in the metal-finishing industry, refers to the con-
version of a metal surface that can easily accept applied coatings
and/or make it more corrosion-resistant [5]. Although the begin-
ning of the chromium-based conversion coatings can be traced
back to 1915 [6], the advent of modern-day chromating coatings
is recorded from 1945 to the early 1950s [7-9]. They are formed
by a chemical or an electrochemical treatment of metal or metallic
coatings in solutions containing chromium ions and, usually, other
components. The process results in the formation of an amorphous
protective coating composed of the substrate, complex chromium
compounds, and other components of the processing bath.

In the last 30 years, zinc plating has had remarkable devel-
opment because of the increasing demand from the automotive
industry for coatings with better corrosion resistance. If pure zinc
is used, such resistance can be improved by applying suitable
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Table 1

Samples and description of Cr®* free makeup coatings.
Sample Description
TA Zn + chromatizing process free of Cr® and complexing agents (Tridur Azul 3HPC®)
TAC TA +S1 (treatment with corrosion inhibitors and a product based on silica stabilized with organic additives (Corrosil Plus 501 N®))
Z80 Zn +chromatizing process free of Cr®* and oxidizing agents (SurTech 680®)
7805 Z80+S3 (treatment with a Cr®* free liquid dispersion and mineral particles (SurTech 5555®))
7806 780 +S2 (treatment free of Cr* and oxidant products (SurTech 662®))
266 Zn + passivation process free of Cr®*, oxidative agents and fluorine ions (SurTech 666®)
2665 766 +S3 (treatment with a Cr®* free liquid dispersion with mineral particles (SurTech 5555%))
7666 766 +S2 (treatment free of Cr® and oxidant products (SurTech 662®))

chemical passivation treatments whose baths contain additives
such as fluoride, sulfate or acetate to produce thicker conversion
layers as well as higher painting system adhesion. These layers pro-
tect the zinc coating by acting as a physical barrier to the inducing
corrosion species (water, oxygen and ions), and corrosion inhibitor.
Furthermore, when scratched or mechanically damaged, enough
water is absorbed by the layer to swell and mend the damaged
areas (self-healing effect) [10].

The trivalent chrome (Cr3*) conversion coating technology was
commercially introduced in the late 1980s as an earlier attempt to
replace the carcinogenic hexavalent chrome from as many metal-
finishing processes as possible.

Many investigations and valuable results related with chromate
coatings have been reported, but the protective mechanism of the
chromate coatings is still not fully known [11-14]. Consequently,
extensive fundamental research is still needed in order to elucidate
the protective mechanism of the chromate conversion coating and,
from this fact, to find effective but non-toxic and environmentally
friendly alternatives.

The main purpose of the present work was to study a non-toxic
and environmentally friendly conversion treatment, which can suc-
cessfully replace the Cr%* based one. In order to do this, it was
evaluated the corrosion behavior of electrogalvanised steel panels
covered with alternative Crb* free treatments and then immersed
in 0.5M NacCl solution by using AC and DC electrochemical tech-
niques. Replicates of these panels were subjected to the salt fog
chamber test. The analysis of the surface morphology and chemical
composition was also performed.

2. Experimental details
2.1. Samples preparation

AISI 1010 steel sheets (7.5cm x 10cm x 0.4 cm) were industrially electrogal-
vanised using a cyanide-free alkaline bath containing Zn?>* 10-12gL-!, NaOH
130-140gL-!, commercially available additives, and the following operative condi-
tions: temperature 25 °C and cathodic current density 2 Adm~2. Immediately after
finishing the zinc deposition step, each sample was coated with the Cr3* based

makeup described in Table 1 according to the operating conditions recommended
by the supplier (Table 2). At the end of this step, samples were again rinsed with
deionized water, and then dried.

2.2. Thickness measurements

The coating thickness was measured with the magnetic inductive method using
the Helmut Fischer equipment DUALSCOPE MP4 according to ASTM B499: 1996
(2002) standard. To evaluate the conversion layer thickness, the samples were cut
and their cross-sections observed with scanning electron microscopy (SEM).

2.3. Quali-quantitative chemical analyses and morphology

Morphological analyses of coatings were conducted by means of SEM with a
LEO 440i microscope, while their composition was obtained using Energy Dispersive
X-Ray Spectroscopy (EDXS).

2.4. Electrochemical and corrosion behavior

2.4.1. Corrosion potential and EIS measurements

The electrochemical cell consisted of a classic three-electrode arrangement;
where the counter electrode was a platinum sheet, the reference one a saturated
calomel electrode (SCE=+0.244V vs. NHE) and the working electrode each coated
steel sample with a defined area of 15.9 cm?2. All measurements were performed at
a constant room temperature (22 +3°C) in 0.5M NaCl solution.

Impedance spectra in the frequency range 10-2 Hz <f<10° Hz were performed
in the potentiostatic mode at the open circuit potential, as a function of the exposure
time in the 0.5 M NaCl solution, using a Solartron 1255 Frequency Response Analyzer
(FRA) coupled to a Solartron 1286 electrochemical interface (EI) and controlled by
the ZPlot® program. A sinusoidal signal with amplitude of 15mV peak to peak was
applied and 10 points per decade were registered. The corrosion behavior was ana-
lyzed until white corrosion products could be seen by the naked eye on the samples’
surface. The experimental spectra were fitted and interpreted based on equivalent
electrical circuits using the software (EQUIVCRT) developed by Boukamp [15]. On
the triplicate specimens of each sample, all impedance measurements were per-
formed with the electrochemical cell inside the Faraday’s cage to reduce as much as
possible any external electromagnetic signal able to disturb the studied system. The
integrity of samples was checked by measuring the corrosion potential after each
test to confirm that their change from the initial value was less than +£0.005V.

2.4.2. Salt spray test

Triplicate specimens of each sample were tested in salt spray chamber in accor-
dance with ASTM B117: 2002 standard. The surface percentage covered with red
rust was evaluated at various exposure times.

Table 2
Coating films and operating conditions.
Parameter Sample
TA TAC(TA+S1) Z66 7666 (Z66+S2) 7665 (Z66+S3) Z80 7806 (Z80+S2) Z805(Z80+S3)
Makeup +zinc coating (% v/v)
Cr 0.02 0.04 0.05 0.02 0.04 0.14 0.17 0.15
Zn Rest Rest Rest Rest Rest Rest Rest Rest
Si - 1.19 - 0.68 0.58 - 0.95 0.44
Co - - - - - 0.02 - -
pH 1.6-2.0 8.0-9.0 1.7-2.2 7.0-8.5 9.0-9.5 1.6-2.1 7.0-8.5 9.0-9.5
Bath temperature (°C) 22 25 25 25 25 60 25 25
Immersion time (s) 30 15 30 10 20 60 10 20
Drying temperature (°C) 60 60 25 70 70-120 25 70 70-120
Agitation Mechanical
Activation 0.5% HNOj3 solution for 10 s and then rinsed in deionized water
Film color Blue Blue Blue Blue Blue Green iridescent ~ Green Green
Total coating thickness (wm)  11.84+£0.86 10.7+0.93 84+043 7.8+0.37 8.2+0.35 10.4+1.43 10.3+0.77 9.1+0.28
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3. Results and discussion

The identification symbol, chemical composition and overall
coating thickness of the tested samples are reported in Table 1.
In it, the dispersion of the average coating tickness values was
atributted not only to measurement errors but mainly on the fact
that both, the galvanic coating and the conversion layer, were
built up under operation conditions in a continuous galvanising
line, where this type of dispersion commonly occurs. On the other
hand, although information related with the specific thickness
of the passivated layers could not be obtained, it was possible
to observe that the films were continuous throughout the entire
surface.

The table also shows that results provided by the surface coat-
ing analyses made with EDXS revealed the presence of mainly Cr,
Si (when the sealant was applied) and Zn as components of the
makeup and the underlying coating, respectively. In some cases, the
sealing treatments changed the coating chromium content proba-
bly due to osmotic phenomena (increasing) or the fact that some
chromium ions could be lost (decreasing) [16]. Cobalt ions detected
in sample Z80 suggest an improvement of its corrosion resistance
[17]. However, in samples Z805 and Z806 cobalt was not detected
as it may have been lost during the sealing process according to
what was previously remarked in reference to chromium ions. In
order to explain that experimental result, it is presumed that the
cobalt contained in the conversion layer was removed by the F~
ions coming from the sealant, and replaced by Cr3* ions, which also
form part of the sealant composition.

(g

Fig. 1. Microstructure of the tested coatings. (a) TA; (b) TAC; (c) Z66; (d) Z666; (e) Z665; (f) Z80; (g) Z806; and (h) Z805.

3.1. Morphology

Fig. 1 shows that the conversion layer was distributed on the
entire surface and that, except in preferentially etched zones, it
did not present the typical network of cracks characteristic of
chromate coatings. Such a result suggests that an individual orien-
tation of the zinc crystals influences the conversion layer structure
[18].

Sample TA (Fig. 1a) showed a roughed but without microporos-
ity surface. The marks on the surface were attributed to an incorrect
handling during transportation. The same conversion treatment
covered with a sealer layer (sample TAC, Fig. 1b) presented an
increase of the surface roughness as the main difference.

Samples Z66 (Fig. 1c) and TA did not exhibit significant
morphological differences because the applied conversion layer
formulation was quite similar (see Table 1). Fig. 1d and e shows the
surface morphology of samples Z666 and Z665, respectively. The
sealing treatment 2 (sample Z666) proved to be ineffective due to
fissures and microporosities formed on the passivated layer. On the
other hand, sample Z665 using the sealant 3 exhibited small spher-
ical shaped particles distributed on the surface, which had a strong
tendency to agglomerate forming filaments of inorganic particle
groups.

The surface of sample Z80 (Fig. 1f) presented an irregular size
growth, and the morphology of samples Z806 (Fig. 1g) and Z805
(Fig. 1Th) was similar to that of samples 2666 and Z665 (Fig. 1d and
e, respectively). This fact may suggest that the sealed coating layer
was not influenced by the conversion treatment formulation.
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Fig. 2. Bode plots showing the time dependence of the TA (a), Z66 (b) and Z80 (c)
samples impedance at short immersion periods in 0.5 M NaCl solution.

3.2. Electrochemical behavior

3.2.1. EIS measurements

Results obtained by EIS measurements allow to improve the
insight related with the electrochemical characteristics of the
tested conversion treatments. It is important to emphasize that
when the conversion layer is used as the outermost one in the coat-
ing system, electrochemical interactions between this layer and its
surrounding medium start just after getting in contact, particularly
if the medium is a saline aqueous solution. In such circumstances,
the chromium content in the conversion layer plays an important
role either providing a barrier resistance to the corrosion-inducing
species diffusion towards the underlying zinc or inhibiting the oxy-
gen reduction reaction. The effectiveness of these actions can be
improved through the sealing treatment. However, as each con-
version layer behavior depends upon its composition, desirable
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Fig. 3. Bode plots showing the time dependence of the TAC (a), Z665 (b) and Z805
(c) samples impedance at short immersion periods in 0.5 M NaCl solution.

protective properties are only obtained if the adequate sealant is
used.

3.2.1.1. Bode plots.

3.2.1.1.1. Shortimmersion times.

3.2.1.1.1.1. Samples without sealing treatment. Experimental
results obtained with the eight types of tested samples exposed to
0.5 M NacCl solution clearly proved that the zinc corrosion process
started just after immersion.

Figs. 2-4 show the Bode plots of the electrochemical impedance
evolution for short immersion times (less than 24 h). At first glance,
a qualitative comparison among the coating corrosion resistance
can be accomplished from a simple visual analysis of the time
dependence |Z| and phase angle (Theta) values [19].

In Fig. 2a it can be observed that, at low frequencies, the sample
TA’s |Z| values decreased almost one order of magnitude before
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24 h immersion, suggesting the presence of an increasing activity
within the coating layer and at the metal/coating interface. This
behavior was confirmed by the angle phase (Theta) evolution where
the maximum value not only shifted towards lower frequencies but
also decreased indicating the loss of part of the coating dielectric
capacity (i.e. its isolating effect).

For sample Z66 (Fig. 2b) the decrease of impedance values at
medium and low frequencies suggested a fast corrosion-inducing
species permeation up to the metal/coating interface. This fact was
confirmed by the appearance of a well-defined second time con-
stant at low frequency, which was easily visible in the phase angle
plot. The slight increase of |Z| and Theta values after the corrosive
attack was attributed to the corrosion products gathered within
the pores and/or other coating defects, which improved the coating
barrier protection.

With regard to sample Z80 (Fig. 2¢) it can be seen that at low
frequencies it exhibited higher initial |Z| values than samples Z66
and TA. This behavior was in agreement with that inferred from
polarization curve measurements and confirmed that this con-
version treatment yielded a better barrier effect due to the more
compact structure of the coating thickness. After 60 min exposure,
the |Z| values at medium and low frequencies decreased about
one order of magnitude and remained close to 103 2, suggest-
ing an electrochemically active interface. At lower frequencies, the
impedance related to the conversion coating properties showed a
slight increase, which was ascribed to an improvement of the coat-
ing protective properties; however, as it will be demonstrated in
the next paragraphs, it was not enough to prevent the substrate
corrosion at longer immersion periods. This type of behavior could
be explained assuming that initially the loose corrosion products
tended to become more compact, but as time elapsed, part of them
diffuse towards the electrolyte contributing to diminish the coating
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Fig.4. Bode plots showing the time dependence of the Z666 (a) and Z806 (b) samples
impedance at short immersion periods in 0.5 M NacCl solution.
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Fig. 5. Bode plots showing the time dependence of the TA (a) and TAC (b) samples
impedance at long immersion periods in 0.5 M NaCl solution.

resistive and capacitive properties. In spite of this, changes under-
went by the conversion layer had no very significant effect on the
corrosion behavior of the total coating probably due to the cobalt
content.

From a qualitative point of view, it can be presumed that sam-
ple Z80 showed higher degradation resistance than other analyzed
alternative treatments and, as a possible consequence that also
provided a better corrosion protection to the metallic substrate.

3.2.1.1.1.2. Samples with sealing treatment. By analyzing sam-
ples with sealing treatment, sample TAC (Fig. 3a) showed a less
degradation rate than TA, which suggested a more effective bar-
rier acting to diminish the corrosion rate during the exposure to
the aggressive solution. This result was confirmed by the increas-
ing trend showed by the phase angle evolution at medium and low
frequencies, i.e., the development of more resistive pathways to the
corrosive species towards the zinc substrate.

In spite of having identical sealant, samples Z665 and Z805
(Fig. 3b and c) showed different behavior. Initially, the |Z| val-
ues of sample Z665 were lower than those of Z805; however,
in both cases the values suggested high electrochemical activity
at the zinc/conversion layer interface. At the lowest frequencies,
the |Z| values for sample Z805 remained unchanged during all the
immersion time, and close to 104  probably due to an improve-
ment of the anticorrosive properties provided by both the higher
chromium content and the sealant 3 presences in this conversion
layer. For sample Z665, these values ranged between 102 and 103 Q.
At high and medium frequencies, changes observed for sample
7805 indicated continuous fluctuations of the resistive and capac-
itive components of these samples impedance. However, sample
7665 did not show variations along the immersion time.
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Fig. 6. Bode plots showing the time dependence of the Z66 (a), Z665 (b) and Z666
(c) samples impedance at long immersion periods in 0.5 M NaCl solution.

For samples Z666 (Fig. 4a) and Z806 (Fig. 4b), the |Z| and phase
angle values showed almost no significant changes during the first
immersion day. The sample Z666 behavior, being similar to Z66,
suggested that the sealing treatment did not improve its corro-
sion resistance. This fact could be due to the fissures observed on
their respective surfaces (Fig. 1c and d). On the other hand, the
initial response of sample Z806 was worse than that of Z80, that
is to say, the electrochemical reactivity was higher; however, after
60 min immersion, the impedance spectra of both were very similar
(Figs. 4b and 2c, respectively). Such a difference could be attributed
to the fact that the presence of a very small concentration of Co in
sample Z80 led to a short induction time for the corrosion attack
initiation.
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Fig. 7. Bode plots showing the time dependence of the Z80 (a), Z805 (b) and Z806
(c) samples impedance at long immersion periods in 0.5 M NacCl solution.

3.2.1.1.2. Long immersion times.

3.2.1.1.2.1. Samples either without or with sealing treatment. In
Fig. 5a and b, it can be seen that long immersion in 0.5M NaCl
solution promoted no significant changes in the |Z| values of sam-
ple TA, but for TAC they were nearly one order of magnitude

CPE1
N
Ps
R1 R2 R3 CPE4
NN
T VN rdbs
CPE2 CPE3
NS Ny
77 7?7

Fig. 8. Equivalent circuit model used for fitting tested samples.



C.R. Tomachuk et al. / Materials Chemistry and Physics 119 (2010) 19-29 25

R &
3 5
a w
~ ~—
5 S
o [e)]
S S
& &
5 5
G w
o T\.
x S
b=d o
o

4 8
& 4 2 &
e & (e) )] “-‘E
o 3]
. — W 4
© ©
x ) o
o 2 g r 16 o
S S

0 -8
0 200 400 600 800 1000 0 200 400 600 800 1000
Time / min Time / min

Fig. 9. Evolution of (a) logRy; (b) log Cy; (c) logRy; (d) log Cy; (e) log R3; and (f) log C3 parameters of samples TA and TAC at short exposure times in 0.5 M NaCl solution.

6 -2

c’\'—" —
£ (a) ® | &
e 3
G 4 P: 4w
~ 7 ~
© GENY)
o 2 6 =
5 g
-
s LR .
~ 4 Ao o
£ 6 () @72 &
) o
o] w
< 4 . (O
o v o~
m 7 9
o 2 h -6 [*)]
S ks
o of (e) N
™~ 6 e o
9 4 =
o© o
« )
2
8 8
— |
0
0 10 20 30 40 50 O 10 20 30 40 50
Time / days Time / days
& - v
=
[§] -3 P
t e v L ] " L ]
- -5
N
o -7 1
8 ()
-9
0 10 20 30 40 50
Time / days

Fig. 10. Evolution of (a) logR;; (b) log Cy; (c) logRz; (d) log Cy; (e) logRs; (f) log C3; and (g) log Zy parameters of samples TA and TAC at long exposure times in 0.5M NaCl
solution.



26 C.R. Tomachuk et al. / Materials Chemistry and Physics 119 (2010) 19-29

-2

Ng (a) (b) "'E
o
G 4 4w
< ' Y
o 2 Y 16 3
3 L
0 -8
— P —
£ 6 () @y &
£ £
o o
G 7 (1
I 4 L 4 —
o~ o~
x ! O,
5 2 1 8
S b
0
A —_
&; 6 (e) o
5 5
% 4 :
© @
3 S
o 2 [=)]
S S
0
0 10 20 30 40 50 10 20 30 40 50
Time / days Time / days
~ 1
o
E (9) . . - . [
w -3y ... [ l.. - o -
i n . L .
T -5¢
N v v
2 7}
- v
-9
0 10 20 30 40 50
Time / days

Fig. 11. Evolution of (a) logR1; (b) log Cy; (¢) logR,; (d) log Cy; (e) logRs; (f) log C3; and (g) log Z4 parameters of samples Z66, Z665 and Z666 at long exposure times in 0.5 M

NaCl solution.

less than that measured at short times. Besides, by compar-
ing the performance of both samples during the two exposure
periods, greater and better-defined changes in the phase angle
plots were observed. Therefore, from these results it could be
inferred that the sealant did not improve the coating protective
performance.

With regard to the time dependence of the impedance module
and the angle phase of samples 266, Z665 and Z666 (Fig. 6a—c),
and Z80, Z805 and Z806 (Fig. 7a—c) submerged in the same solu-
tion, a similar response to that described in the above paragraph
was found. That is to say, independently of the overall coating
composition, the main variations along the frequency range swept
suggested that there was a poor barrier resistance as well as
evidence of certain electrochemical activity at the conversion treat-
ment/zinc interface.

3.2.1.2. Impedance data deconvolution. One of the most important
difficulties for analyzing the electrochemical impedance data from
the impedance spectra deconvolution is, in general, to find at least
one electrical equivalent circuit model whose resistive and capac-
itive elements can be associated to the physicochemical processes
taking place in reactive and/or complex interfaces. In this sense,
the dynamic character of the electrochemical reactions occurring
on the coated surface as well as at the bottom of its defects makes
that the impedance spectra of conversion layer/electrogalvanised
steel/0.5M NaCl solution systems change the whole immersion

time. A fairly good description of their impedance data evolution
could be obtained in terms of the transfer function analysis using
the non-linear fit routines developed by Boukamp [15]. However,
because of the reactive and complex nature of the processes tak-
ing place in the tested systems, for describing their time exposure
dependence was necessary to perform a preliminary and long series
of comparative proofs until the “more probable transfer function
and, therefore, equivalent circuit model able to fit satisfactorily
the obtained impedance spectra” [15], was found (Fig. 8). In it,
the first time constant (R;-CPE;) appearing at higher frequencies
represents the resistance to the ionic flux (R;) and the dielectric
capacitance (CPE;) of the conversion layer. As the frequency val-
ues diminished, and taking into account that the permeating and
corrosion-inducing chemicals (water, oxygen and ionic species)
reach the electrochemically active areas of the substrate through
the coating defects characterized by Ry, it is reasonable to assume
that the corrosion process developing at the zinc surface should
be placed in series with R;. The R, and CPE; parameters account
for the charge transfer resistance and the electrochemical double
layer capacitance of the corrosion process. Due to the zinc dissolu-
tion, corrosion products accumulate at the bottom of the pores.
Their contribution to the system impedance is characterized by
the R3 and CPE3 parameters [20-23]. The diffusion component Z4
obtained at certain exposure times was associated with an oxy-
gen diffusion-controlled reaction usually found in zinc corrosion
[24,25].
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Fig. 12. Surface degradation as a function of the exposure time in the salt spray chamber.

All the time constants exhibited some Cole-Cole type disper-
sion which had the corresponding n; parameter, being 0<n; <1.
Furthermore, distortions observed in those resistive-capacitive
contributions indicate a deviation from the theoretical models in
terms of a time constant distribution. This is due to lateral pen-
etration of the electrolyte at the metal/coating interface (usually
started at the base of intrinsic or artificial coating defects), to
underlying metallic surface heterogeneity (topological, chemical
composition and surface energy) and/or to diffusion processes that
could take place along the test. Since all these factors may cause the
impedance/frequency relationship to be non-linear, they are taken
into consideration by replacing one or more capacitive components
(G;) of the equivalent circuit transfer function by the correspond-
ing constant phase element (CPE;), for which the impedance may
be expressed as [26,27]:

O

VA
Yo

where

Z(w)= impedance of the CPE (Z=Z'+j7") (Q2);

j= imaginary number (j2 =-1);

w = angular frequency (rad);

n= CPE power (n=«/([2));

o = constant phase angle of the CPE (rad);

Yo = part of the CPE independent of the frequency (2-1).

When difficulties in providing an accurate physical descrip-
tion of the occurred processes were found a standard deviation
(x?)<5 % 10~* was used as final criterion by considering that the
smaller this value, the closer the fit to the experimental data[15].In
the present work, the fitting process was mainly performed using
the phase constant element (CPE;) instead of the dielectric capac-
itance C;. However, this last parameter was used in the following
plots in order to facilitate the results visualization and interpreta-
tion.

The Ry, C1, Ry, C3, R3, C3 and Zy parameter values estimated from
the impedance spectra fitting analysis for short and long exposure
times are respectively reported in Figs. 9a-f, 10a-g and 11a-g. Asa
result of the dynamic changes suffered throughout the test by the
heterogeneous composition and morphology of both the substrate
surface and the zinc corrosion products, a high variation of the time
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constant values associated to the interfacial processes evolution
was observed.

3.2.1.3. Time dependence of the impedance resistive and capacitive
components.

3.2.1.3.1. Short exposure time. As an example of the gathered
experimental results, Fig. 9a-f shows the electrical and electro-
chemical parameter values obtained from applying the equivalent
circuit model to impedance data corresponding to samples TA and
TAC. Therein, it can be seen that both samples provided quanti-
tatively similar oscillating resistive—capacitive time dependence.
Despite the fact that the magnitude of these parameters differs,
the electrochemical performance of samples Z80 and Z66, either
sealed or not, was similar although these showed the appearance of
a diffusion component at different immersion times. It is important
to point out that, independently of the conversion layer structure
and composition, the zinc electrochemical reactivity was very high
in this medium. Regarding this, the dynamic behavior of the pro-
cesses taking place at this interface is reflected by the changing
value of the parameters associated to these processes, by the num-
ber of time constants (R;C;) feasible to be deconvoluted, and by
the rate-determining step (rds) of the zinc dissolution reaction.
In samples TA and TAC, the rds was always under active control,
while in the rest changed from active to diffusion or vice versa.
Such performance may be explained assuming that the protection
afforded by the conversion layer in samples TA and TAC was less
effective because their coating structure and higher roughness left
unprotected large areas of the underlying zinc substrate.

3.2.1.3.2. Long exposure time. With regard to the barrier prop-
erty provided by the conversion layer, Fig. 10a-g shows that the R,
values of sample TAC were one to two orders of magnitude larger
than those of TA. This fact was ascribed to the blockage of pores
and defects of that layer provided by the sealing treatment. This
improvement was accompanied by also increasing values of the
charge transfer resistance (R;) - i.e., lower corrosion rate — and the
resistive contribution (R3) of the corrosion products coming from
the zinc dissolution. Again, the rds dependence on the exposure
time fluctuated between active, mass transport and mix that is why,
in some cases, an overlapping of their associated time constants
took place.

On the other hand, the samples Z66, Z665 and Z666 response
(Fig. 11a-g) showed that probably due to their thinner coating layer
all of them presented changes from active to diffusion-controlled
zinc dissolution reaction at different immersion times. Such behav-
ior was attributed to the dynamic nature of each tested interface,
which took place at the same time, or almost, in certain areas.
Due to that, the localized corrosion was inhibited by the blocking
action of the corrosion products, but it started in other places where
the protection was weaker. This mechanism can repeat endlessly
along the test until the overall protection disappears and bare steel
is exposed. On the other hand, samples Z80, Z805 and Z806 did
not present significant changes or diffusion processes during the
test. This may be indicating that their conversion layer was more
effective at inhibiting the anodic (zinc corrosion) than the cathodic
(oxygen reduction) reactions. Since the gathered corrosion prod-
ucts were not enough for delaying the oxygen transport towards
the cathodic areas, it is also reasonable to think that they may have
contributed to prevent the oxygen reduction from being the rds.

3.3. Salt spray test

The test was cut off just after red corrosion products were
detected on the surface at naked eye. It is important to note that
the coating passivation effect is strongly dependent on the appli-
cation parameters, the thicker the layer the higher the corrosion
protection.

Fig. 12a-d shows the surface degradation vs. time during the salt
spray exposure of the samples with and without sealing treatment.
In Fig. 12a it can be seen that superficial degradation of sample
TA started after 76 h exposure while for Z66 and Z80 this occurred
after 100 and 240 h, respectively. Samples TA and Z66 had simi-
lar trend to surface degradation. This result is in agreement with
electrochemical measurements and could be associated to the less
chromium content in the conversion layer.

Fig. 12b-d illustrates that among the sealed samples, the TAC
showed the earlier degradation followed by Z666, Z665, Z806 and
Z805. Besides, by comparing samples treated with either sealant 2
or 3, it can be observed that those using sealant 3 always afforded
higher anticorrosive protection confirming results obtained from
electrochemical measurements.

4. Conclusions

This research work included three conversion layers, either with
or without sealing treatments, applied on electrogalvanised steel.
From their experimental results, some conclusions with regard
to their corrosiveness in environments containing relatively high
chloride ions concentration could be drawn:

¢ The more uniform and compact coatings showed the lower cor-
rosion rates.
By combining adequate sealant composition, conversion layer
thickness (higher barrier resistance) and their Cr(IllI) contents
(corrosion inhibiting effect) it is possible to improve the corro-
sion behavior of alternative pre-treatments; therefore, a very well
designed system could be used as non-pollutant or non-toxic. In
this sense, it is important to emphasize that suppliers of com-
mercial steel coated sheets built up in a continuous line should
subject them to strong quality tests in order to avoid the high
amount of surface defects found along the present research.

¢ The studied conversion treatments provide interesting insights
related with this topic but other experiments need to be per-
formed for evaluating other alternatives to the traditional and
highly effective Cr(VI) based conversion treatment.

e The EIS technique was useful for characterizing the resistance
against corrosion of electrogalvanised steel samples coated with
different conversion treatments. The number of time constants
deconvoluted from the impedance spectra corresponding to each
sample confirmed the protective action of the conversion layer
containing Cr(III).

e The analysis and interpretation of all the experimental data
showed that when the alternative conversion layer is sealed, their
protective properties tend to improve although, in some cases,
such effect may not be significant. Nevertheless, before a conclu-
sive opinion can be inferred, it is necessary to test replicates of
all the samples under different exposure conditions after being
coated with specifically developed protective painting systems.
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