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Abstract

For corrosion protection of 55% Al—Zn-coated steel, a dense polypyrrole
(PPy) film is electrochemically formed on 55% Al-Zn-coated steel in an acidic
tartrate solution under constant current control. The film potentially
consists of an inner layer of aluminium and/ or zinc oxide and an outer PPy
layer doped with tartrate anions. The PPy layer can maintain passivation of
55% Al-Zn-coated steel in a 3.5 wt% NaCl aqueous solution and protected
the steel for several hours. The doping of molybdate anions into the

PPy-tartrate film greatly improved the film’s protective properties.
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1. Introduction

Coating with conductive polymers is a promising method for corrosion
protection of metals. Many papers have been published on corrosion
protection, and oxidative conducting polymers such as polypyrrole (PPy),
polyaniline (PANI), and polythiophen (PThio) are widely used in corrosion
protection [1-6]. Anodic protection has been assumed to be the mechanism
through which conductive polymers protect against corrosion. [1] Anodic
protection occurs when the oxidative action of the polymer coating induces
passivation of the substrate metals, and the metals are protected by a thin
passive oxide or salt layer located underneath the polymer coating.

A 55% Al-Zn coating has been used for the prevention of steel corrosion,
and this coating is sometimes treated by chromate before painting the
coating onto the substrate. Because of the environmental problems
associated with chromate, it has been replaced by other substitution
treatments. The chromate conversion coating has an important advantage in
that there is a self-healing property associated with corrosion prevention [7].
The self-healing property of the chromate conversion coating results from
the repair of the passive oxide layer at damaged sites. A conductive polymer
that 1s designed to have oxidative action and to include inhibitors against
corrosion may be a candidate that can successfully replace chromate [8, 9]. In

this study, we utilise electropolymerisation of PPy to place a conductive



polymer coating on a 55% Al—Zn alloy, which is used in corrosion protection
of zinc-alloy-coated steel.

Formation of a PPy layer on aluminium for corrosion prevention by
electropolymerisation in various aqueous electrolytes and capacitor
applications has been previously reported [10-23]. PPy formation on zinc or
a zinc-coated steel has also reported to prevent corrosion [8, 24—34].

When coating Zn surfaces with PPy, active dissolution of zinc may
prevent oxidised polymerisation of the PPy because sufficiently positive
potentials cannot be reached to produce polymerisation of the pyrrole
monomer (Py). Therefore, surface passivation treatment or the predeposition
of a zinc salt layer may be required for the preparation of PPy coated zinc
surfaces. For example, Zaid et al first treated a zinc surface with a NaS
solution to make an inert ZnS-ZnOxHy; surface layer and subsequently
initiated the polymerisation of Py [26]. Petitjean et al electrochemically
prepared a PPy layer on zinc in an aqueous sodium salicylate solution, where
a zinc salicylate salt layer was formed to passivate the zinc surface before
polymerisation occurred [24, 25]. Martins et al prepared a PPy layer on zinc
in an aqueous tartrate solution, where a zinc tartrate salt layer acted as a
passivation layer on the zinc surface [28, 29]. We have also prepared a PPy
layer on zinc in an acidic tartrate solution, and we have observed the
formation of an oxide and salt layer between the zinc and PPy by

cross-sectional analysis using scanning electron microscopy (SEM) [34].



During the preparation of a PPy layer on aluminium, the formation of an
anodic oxide may inhibit polymerisation because the applied anodic current
can potentially result in the formation of anodic oxide, which would prevent
PPy polymerisation from occurring. An anodic oxide that has dielectric
properties and little electronic conductivity may suppress PPy
polymerisation. For the preparation of PPy coatings, various organic acids
and solutions of the acid’s correspond salt, such as oxalic acid [12], saccharin
[16], malic acid [18], dodecylsulphate [20], dodecylbenzene sulfonate [20],
and succinate [19], have been utilised for the successful formation of PPy
layers. The above research was performed in either neutral or acidic
solutions. Saidman et al successfully prepared a conductive PPy layer in
basic solution at pH 12 that contained nitrate and molybdate anions [13-15].
Molybdate anions are well known to be an effective passivator that
facilitates passivation of various metals. Paliwoda-Porebska et al reported
that a PPy layer doped with molybdate anions potentially acted as a
protective layer with self-healing properties [8].

In this paper, we successfully prepared a PPy layer on 55% Al-Zn-coated
steel in an acidic tartrate solution under constant current control to protect
the coated steel against corrosion. Constant current control was used to
control the thickness of the PPy layer. The thickness can be determined by
the anodic charge passed by determining, for example, the time period of

current control. Corrosion prevention for the 55% Al-Zn-coated steel covered



with a PPy layer was studied by an immersion test in an aqueous sodium
chloride solution, linear sweep voltammometry, and electrochemical
impedance spectroscopy. The relationship between the corrosion protection
properties and the condition of the PPy layer was also examined. Finally,
molybdate dopant ions were investigated to determine the effect that these
ions have on corrosion protection and to determine how molybdate anions act

as an inhibitor in a steel-coating PPy layer.

2. Experimental

Steel sheets that were 0.5 mm thick and coated with a 55% Al-Zn alloy
were provided by JFE Steel Co Ltd. The 55% Al-Zn alloy layer was
approximately 20 um thick, and its composition was 55 wt% Al, 43.4 wt% Zn,
and 1.6 wt% Si. The sheet was cut to 2.5 x 1.5 cm? and then washed in
acetone using ultrasonication. The edges of the steel sheet were covered by
silicone resin and both faces with areas of 1.0 x 1.0 cm? were used for the PPy
polymerisation.

All solutions were prepared from analytical grade reagents and pure
deionised water obtained from a Millipore purification system. The aqueous
solutions used for the electropolymerisation of PPy were tartaric acid,
sodium tartrate, and mixtures of sodium tartrate and tartaric acid. The

tartrate ion concentration of all solutions was 0.5 mol dm=3 (M). A 5 mM



solution of sodium molybdate was added to the tartrate solutions when the
effect of doped molybdate ions was examined. After deaeration of the
solution by bubbling pure nitrogen gas through the solution, pure pyrrole
(Py) monomer purchased from Tokyo Chemical Industry was added by
syringe until a 0.6 M concentration was reached. For electropolymerisation
of PPy, a three-electrode cell with 50 cm3 volume was used, and this cell was
connected to the glass flask where the deaerated preparation solution was
stored. An Ag/ AgCl/ saturated KCl electrode (SSE) and a platinum sheet
were used in the cell for the reference and counter electrodes, respectively.
The SSE reference electrode was wused for all the electrochemical
measurements in this study. Anodic electropolymerisation of PPy was
performed under constant current control from 1.0 to 5.0 mA c¢cm~2 in the
tartrate solutions with a Py monomer concentration of 0.6 M and pH values
ranging from 1.5 to 8.4. These electropolymerisations were performed both in
the absence and presence of sodium molybdate. The current control and
potential measurements were conducted using a Hokuto-Denko HA501
potentiostat.

The formed PPy layer was analysed by Raman spectroscopy (RS) and
infrared reflection absorption spectroscopy (IR-RAS). For RS, a Bunko-Keiki
M30-TP-M polychromator spectrometer with a 300 mm optical length and a
holographic grating with 1200 grooves mm~! was used. The spectrometer

was equipped with a highly sensitive CCD detector (Andor DU401A) and a



100 mW-power YVOq solid-state laser with a wavelength of 532 nm. The
excitation for RS was performed using laser light with a power of 1 mW at an
incidence angle of 60°, and Raman scattering light from the PPy layer
covering the 55% Al—Zn coated steel was collected in the direction normal to
the steel surface with a confocal optical system. For IR-RAS, a JASCO FT'IR
4000 instrument was used, which is equipped with a CMT detector and a
grazing angle measurement accessory, JASCO RAS PO410-H, with an
incidence angle of 85°.

A JEOL JXA-8900M SEM was used to observe the surface of the PPy
layer coating the steel substrates. The elemental depth profile was measured
by glow discharge optical emission spectroscopy (GD-OES) using a Horiba
JY-5000 RF spectrometer.

A Laser Tech 1LM21D confocal laser scanning microscope was used to
measure the thickness of the PPy layer formed on the steel samples. The
step distance between the coated region of the PPy layer and the uncoated
surface was used to estimate the layer thickness.

The protective properties of the PPy layer formed on the alloy coated
steel with an anodic charge of 3.0-5.0 C cm™2 at various current densities
(CDs) were examined by immersing the coated steel into an aqueous 3.5 wt%
sodium chloride solution at a temperature of 25 + 0.5 °C under atmospheric
conditions. The immersion test was performed in a cylindrical glass flask

with a 150 cm3 volume in which the 55% Al—Zn-coated steel plate covered by



a PPy layer was fixed by an electric lead wire, and a SSE reference electrode
was inserted. During immersion, the open circuit potential (OCP) or the
corrosion potential of the 55% Al-Zn steel covered by the PPy layer was
monitored against the SSE by a Hokuto-Denko HE-104 potentiometer and a
Graphtec Midi Logger GL-450 data logger. The formation of corrosion
products was also observed by visual inspection. In addition to the
immersion test, linear sweep voltammogram and electrochemical AC
impedance spectroscopy (EIS) of the 55% Al-Zn-coated steel covered by the
PPy layer were measured by a three-electrode system in a glass cell with 100
cm3 volume equipped with a SSE reference electrode and a Pt sheet counter
electrode. The measurement of linear sweep voltammogram was performed
by a Hokuto Denko HZ-5000 potentiostat, and EIS was measured from 102
to 104 Hz with a 0.01 V amplitude by a frequency response analyser (FRA),
NF Circuit Design 5020, that was connected to a potentiostat specially
designed in our laboratory.

The AC impedance spectroscopy of 55% Al-Zn-coated steel covered by
PPy was also measured under dry conditions after the PPy layer was dried in
a desiccator. For this measurement, two gold disc plates with diameters of 10
mm were used as electric contact probes, and these probes were pressed by

springs to both sides of the coated steel covered by the PPy layer.

3. Results



3.1 Effect of sodium tartrate and tartaric acid mixture ratio

The ratio of sodium tartrate and tartaric acid greatly affected the
potential of PPy polymerisation under constant current. Figure 1 shows the
potential change during the constant current polymerisation at 5.0 mA cm=2
in solutions of 0.5 M sodium tartrate at pH 8.4, 0.5 M tartaric acid at pH 1.5,
and a 92:8 molar mixture of 0.5 M tartaric acid and 0.5 M sodium tartrate at
pH 2.1. All solutions contained 0.6 M Py monomer. After oxidation for 600 s,
a black PPy layer was observed on the 55% Al-Zn-coated steel. In the acidic
tartrate solution, the potential initially increased sharply from the initial
immersion potential of —1.6 V (vs. Ag/AgCl/saturated KCl (SSE)) until the
potential peaked at 2.6 V after 5 s, and subsequently, the potential gradually
decreased to a constant value. The initial increase in potential may
correspond to the growth of an oxide and nucleation of PPy on the 55% Al-Zn
alloy. The subsequent potential decrease may correspond to the
three-dimensional growth of the PPy layer. In a neutral solution, an initial
peak at 4.6 V was observed after 3 s and a second peak at 4.4 V after 50 s.
This peak was followed by a gradual decrease to 2.5 V after 600 s. In acidic
solutions with a pH between 1.5 and 2.5, the initial peak and steady growth
potentials occurred at much lower potentials. In a neutral solution, the
formed PPy layer was inhomogeneous and relatively rough, and small

crater-like features were observed on the surface of the black PPy layer. It is



likely that oxygen gas bubbles were evolved because of the relatively positive
polymerisation potential; however, vigorous evolution of oxygen bubbles was
not observed.

Figure 2 shows the effect that the mixture ratio has in the acidic pH
range between pH 4 and 2 during constant current polymerisation at 3.0 mA
cm~2, The transient potential was similar to that observed in acidic solutions,
as shown in Figure 1. The initial peak potential was dependent on the pH of
the solution; the peak potential was approximately 3.7 V in the solution
containing a 20:80 tartaric acid:sodium tartrate mixture (pH 4.0) and was
approximately 1.8 V in the solution containing a 94:6 tartaric acid:sodium
tartrate mixture (pH 2.0). The potential during the subsequent constant
polymer growth also decreased with a decrease in pH.

In an acidic solution with a pH lower than 2.5, high anodic dissolution
prevented the potential from increasing sufficiently to polymerise Py when a
current density (CD) smaller than 3 mA cm2 was applied. To initiate
polymerisation, a potential of at least 0.8 V vs. SSE was required in the
acidic tartrate solution. For example, when a CD of 1.0 mA cm~2 was applied
to the coated steel in a 0.5 M tartaric acid solution at pH 1.5, the potential
initially increased to a maximum of 0.4 V. After this initial increase, the
potential immediately decreased to —0.78 V, and a PPy layer was not
observed on the alloy surface after 600 s of oxidation. Table 1 shows the

effect of the mixture ratio of 0.5 M tartaric acid and 0.5 M sodium tartrate
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and CD on the formation of PPy films. In an acidic solution at pH 2.0, only
CD higher than 3 mA cm~2could form a PPy layer. In a solution with a pH
larger than 4, the PPy layer was successfully formed with a low CD of 1 mA
cm~2. However, for the PPy layer formed in the solution with larger pH
values, small cracks in the film expanded during drying in a desiccator.
Potentially, the PPy layers formed in the neutral solutions did not adhere
sufficiently to the substrate, and shrinkage during drying induced the
formation of these small cracks. Compact and adhesive PPy layers could be
prepared in solutions with a pH smaller than 4. When the potential during
PPy polymerisation exceeded 2 V, oxygen evolution potentially occurred, and
therefore, lower potentials during PPy polymerisation may be preferable. In
this paper, we selected an acidic mixture of 0.5 M tartaric acid and 0.5 M
sodium tartrate with a molar ratio of 92:8 at pH 2.1 as the optimal acidic
solution for the preparation of a compact and adhesive PPy layer on the alloy
surface. The acidic tartrate solution at pH 2.1 was used for the preparation
of PPy layers in the following sections unless otherwise noted.

When Py was polymerised at lower CD, a denser and more homogeneous
PPy layer was formed. This will be described in the following section using
SEM characterisation. In the acidic solution at pH 2.1, we utilised an
optimised two-step polymerisation; in the first step, we applied a relatively
large CD of 5 mA cm=2 for 100 s, which can both overcome the active

dissolution of the 55% Al-Zn coating and initiate the polymerisation of PPy.
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In the second step, the relatively small CD of 1 mA ¢cm~2 was applied for 2500
s to obtain a dense PPy layer. The total charge used for the preparation of the

PPy layer was usually 3.0 C cm™2.

3.2 Surface morphology and depth profile of PPy layer formed in a tartrate
solution

The surface morphology of the PPy layer was found to be dependent on
the applied CD. Figure 3 shows the SEM image of the PPy layers formed by
single step polymerisation at 5 mA cm=2for 600 s (A) and by the two-step
polymerisation (B). The PPy layer consisted of agglomerated cylindroids on
which small spherical protuberances grew. In Figure 3, the size of the
cylindroids in the PPy layer formed by the single step was shown to be
slightly larger than those formed by the two-step polymerisation.

The depth profile of the PPy layer was measured by GD-OES. The result
1s shown in Figure 4, where the depth profiles of the elements C, H, N, O, Al,
and Zn are plotted against sputtering time. Because Al and Zn were not
observed between the initial sputtering time and 170 s, it was determined

that Al and Zn in the substrate did not penetrate into the PPy layer.

3.3 Addition of molybdate anions to the PPy doped with tartrate anions
Molybdate anions are known to work as an efficient corrosion inhibitor of

zinc and its alloys [35, 36], and these anions are expected to stabilise the
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passive film. When molybdate is doped into a PPy layer, an improvement of
the corrosion protection of 55% Al—Zn-coated steels is expected. The doping
of molybdate into a PPy layer was reported by Paliwoda-Porebska et al. [8].

For the formation of the PPy layer, we added sodium molybdate with a
5.0 mM concentration to the acid tartrate solution. In our previous work [34],
the addition of high concentrations of molybdate to the Py monomer solution
prevented the formation of PPy and resulted in the formation of a black salt
layer of zinc molybdate. In this study, therefore, we chose the low molybdate
concentration of 5.0 mM. Figure 5 shows the potential change during the
two-step electropolymerisation in the acidic tartrate solution at pH 2.1 both
with and without sodium molybdate. In Figure 5, molybdate addition
decreases the polymerisation potential by approximately 0.3 V at the initial
CD of 5 mA cm~2 and by 0.1-0.2 V during the second step at a CD of 1 mA
cm~2, when compared with the solution without molybdate.

The addition of molybdate changed the surface morphology of the PPy
layer. Figure 6 shows the SEM image of surface of the PPy layer. When
compared with the surface image in Figure 3, the surface particles of the PPy
layer formed in the solution containing molybdate are smaller, with
diameters of approximately 5 um.

Doping of the PPy layer by molybdate anions was confirmed by GD-OES
depth analysis. This result is shown in Figure 7 and indicates that a

detectable amount of molybdate is incorporated in the PPy layer.
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3.4 Optical characterisation of PPy layer

The deposition of the polymerised PPy on 55% Al-Zn-coated steel was
confirmed by infrared reflection absorption spectroscopy (IR-RAS) and
Raman spectroscopy (RS). The IR-RAS and RS spectra are shown in Figure 8
for the PPy layer formed by two-step polymerisation in the acidic tartrate
solution with or without sodium molybdate. For the measurement of IR-RAS,
the reflectance (%) from the PPy layer on 55% Al-Zn-coated steel was
normalised to the reflectance (/&) of the 55% Al-Zn-coated steel without a
PPy layer and converted to an absorbance value.

Absorbance = —log (/o)
The absorption peaks in the IR-RAS and the peaks in the RS were in
agreement with those previously reported for PPy [37—45]. Although there
were small differences in wavenumber between the IR—RAS peaks described
in this report and the ordinary absorption peaks reported with a
transmission absorption technique, the absorption peaks at 1525, 1439, 1288,
and 1162 cm™! could be, respectively, assigned to C=C backbone stretching,
C—C ring stretching, C—N ring stretching, and C—C stretching [37—40]. In the
small wavenumber region, the absorption at 1031 cm~! may correspond to
N-H in-plane deformation, and the absorption at 953 cm~! may correspond
to C—H out-of-plane vibration [37-40]. The Raman bands were also related to

those of PPy as follows: C=C backbone stretching at 1587 cm™!, N-C ring
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stretching and C—C ring stretching at 1425 cm~!, C—C stretching at 1324
cm~1, C—H in-plane bending at 1042 cm™!, and ring deformation at 985 cm!
[41-45].

As shown in Figure 8, the spectra of the PPy layers formed in solutions
containing molybdate were almost identical to those of the PPy layer formed
without molybdate, and the presence of molybdate did not influence the
formation of PPy, except for the observed decrease in potential during

constant current polymerisation.

3.4 Thickness of PPy Layer

Confocal laser scanning optical microscopy was used to measure the
thickness of the PPy layers formed under various conditions to assess the
quantitative relationship between the layer thickness and the anodic charge
passed.

Figure 9 shows the estimated thickness as a function of anodic charge
passed. Figure 9 shows data for PPy layers that were formed in three
solutions by the two-step polymerisation in which 5 mA cm=2 was first
applied for 100 s and 1 mA cm~2 was then applied for various time periods.
The PPy layer thickness was found to increase with a rate of 3.7 um (C
cm~2)-1in the acidic tartrate solution at pH 2.1, and the thickness was not
influenced by the addition of molybdate into the solution. However, the PPy

layer grew with a rate of 4.6 um (C cm=2)-! in the tartaric acid solution. When
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these results were compared with the values reported in our previous paper
on steel covered with a PPy layer doped with phospho-molybdate
heteropolyanions (PMo120403) [46], the ratio of thickness to charge passed
was 1.3—1.6 times larger than for the layer doped with PMo0120403". This
difference may be because of a change in volume of the doped anions and the
doping ratio.

By utilising the linear relationship shown in Figure 9 between the
thickness of the PPy layer and the charge passed for polymerisation, the
thickness of the PPy layer can be controlled by CD and the time period of
constant current polymerisation. This is the case even though there is not
enough evidence for the charge efficiency of the PPy polymerisation.
Potentials more positive than 1.2 V during polymerisation, as shown in
Figures 1, 2, and 5, indicated that oxygen gas evolution possibly occurred;
however, because we did observed any gas bubbles on the surface, it is
possible that the charge efficiency for the PPy polymerisation was close to

100 %.

3.5 AC impedance under dry conditions

To assess the conductive properties of the PPy layer and the dielectric
properties of the passivating interfacial oxide film, we measured the AC
electric response of the PPy layer covering the 55% Al-Zn-alloy-coated steel

under dry conditions after polymerisation. The measured AC impedance
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reflects the electronic properties of the PPy layer and the interfacial oxide
film.

The AC impedance response of the 55% Al-Zn-coated steel covered with
the PPy layer is shown in Figure 10, where the real part is plotted against
the imaginary part (the Nyquist plot). From the semicircle in Figure 10, the
equivalent circuit shown in Figure 11 was assumed, which consists of a
series connection of a resistance Hppy of the conducting PPy layer with a
parallel Fox- Cox circuit for the dielectric interfacial thin oxide layer. We found
the same layer structure illustrated in Figure 12 in a previous paper
concerning a PPy layer formed on a zinc electrode in a tartrate solution [34].

Using the Nyquist plot, the electrical elements of the equivalent circuit
can be estimated. From the values of Real(Z) at the high frequency limit and
the low frequency limit, one can respectively evaluate Rppy and Hox. From the
frequency (%) at the top of the semicircle, the time constant (7) of the parallel
circuit can be evaluated, and Cox can be estimated using 7and Fox.

Cox = 7/ Rox = 1/(21£5 Rox)

The evaluated results are listed in Table 2 as well as the thickness of the
interfacial thin oxide film, which was estimated from the capacitance
assuming that the dielectric constant of the oxide film is & = 9.84. This
dielectric constant value is the value for the anodic oxide film of aluminium
[47]. The thickness of the interfacial oxide layer ranged from 10 to 15 nm.

The impedance was affected by the addition of sodium molybdate. As
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shown in Figure 10 and Table 2, the resistance (&) of the interfacial oxide
film formed on the Al-Zn alloy in the solution containing molybdate is 4 to 5
times larger than that in the solution without molybdate. Additionally, the
resistance of the PPy layer (Zppy) became smaller when molybdate was
added. Consequently, the addition of molybdate produced a more conductive

PPy layer and a more insulating oxide film.

3.6 Corrosion test in a 3.5 wt% NaCl solution

The corrosion protection of the PPy layer was tested by immersion of the
steel sample in a 3.5 wt% NaCl solution. During immersion, the open circuit
potential (OCP) or corrosion potential was traced, and the surface of the PPy
coated steel was checked for the appearance of corrosion products. The OCP
1s plotted in Figure 12 for the coated steels covered by a PPy layer formed
under three current conditions in the acidic tartrate solution with a pH of 2.1.
In Figure 12, the OCP of a bare 55% Al-Zn-coated steel without PPy was
also plotted as a comparison. The conditions for the electropolymerisation of
the three samples were as follows: (1) 5 mA cm=2 for 600 s with a total charge
of 3 C cm2 and a thickness of 11 um, (2) initially, 5 mA cm=2 for 100 s and
subsequently 1 mA cm~2 for 2500 s with a total charge of 3 C cm™2 and a
thickness of 11 pm, and (3) initially, 5 mA cm=2 for 100 s and subsequently, 1
mA cm~2for 4500 s with a total charge of 5 C cm~2 and a thickness of 19 pm.

The potential of the PPy layer covering the 55% Al—-Zn-coated steel initially
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exhibited high values from 0 to —0.4 V, which corresponds to the passive
state of the 55% Al-Zn alloy, and the potential subsequently gradually
reduced to an active state potential between —0.96 and —1.03 V. On the
contrary, uncoated 55% Al-Zn-coated steel had an active potential of —1.05V
vs. SSE when initially immersed in 3.5 wt% NaCl. When the potential was
more positive than —0.7 V, no corrosion products were observed on the black
PPy layer. However, while in the active state at approximately —1 V, a white
corrosion product immediately appeared on the surface. The length of time
necessary for the potential to decay to —0.7 V may be an indicator of
corrosion protection efficiency. As shown in Figure 12, the PPy layer formed
by the two-step polymerisation was found to be more efficient for the PPy
layers formed with a total charge of 3 C cm~2. Comparing PPy layers formed
with 3 and 5 C cm~2total charge indicates that thicker PPy layers may be
more effective at preventing corrosion.

Figure 13 shows the effect of molybdate anion incorporation on the
protection of 55% Al-Zn-coated steel against corrosion. As shown in Figure
13, the addition of molybdate increased corrosion protection because the time
period necessary for the potential to decrease to —0.7 V was approximately
60 h, ten times larger than the corresponding time period observed for the

PPy layer formed without molybdate.

3.7 Electrochemistry of 56% Al-Zn-coated steel coated with PPy layers
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To examine the protection mechanism, potential-current curves for 55%
Al—-Zn-coated steel coated with a PPy layer doped with either tartrate and
molybdate ions or only with tartrate ions were measured by the linear
potential sweep method using a sweep rate of 5 X 103V s1in a 3.5% NaCl
solution under air after the steel sample was immersed for 30 min in the
NaCl solution. The potential range for the potential-current measurement
was restricted between (Eocp — 0.20) V and (Eocp + 0.60) V to avoid large
changes in the redox property of the PPy layer before the measurement.
These results are shown in Figure 14 as well as the potential-current curve
of bare 55% Al—-Zn-coated steel. The corrosion CD was estimated for bare
55% Al—Zn-coated steel to be 2.9 pA cm™ from extrapolation of the Tafel lines.
In the anodic branch, the current of the bare 55% Al-Zn alloy sharply
increased to 100 mA cm2 at -0.4 V, and no passive region was observed. The
55% Al-Zn-coated steel covered by PPy layers exhibited larger OCP and
larger exchange CDs of 38 pA cm2 and 20 pA cm? for the coated steels
covered by the PPy-tartrate layer and PPy-tartrate-molybdate layer,
respectively. Larger OCPs indicate that the PPy layer is acting as an oxidant
to the 55% Al-Zn alloy. The high exchange CDs at the OCPs do not
correspond to the corrosion CD of the PPy-covered specimens but to redox
CD of the oxidative PPy layer,

PPy~*®(x/y)Av- + e = PPysv+@[(x[y)/yl]As" + A%

where A”,q represents an anion removed from the PPy layer into the aqueous
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solution. The redox potential of the PPy layer is determined by the oxidation
degree, x, which gradually decreases with an increase in immersion time.
The oxidation degree eventually reaches x = 0, which corresponds to neutral
PPy. The anodic CD of the 55% Al-Zn-coated steel covered by the PPy layers
shown in Figure 15 remains much smaller than that of the bare 55% Al-Zn.
The current was assumed to be an oxidation current of the PPy layer. The
anodic CD of the 55% Al-Zn-coated steel covered by the PPy-tartrate layer
displayed a sharp increase from 0.32 V ((a) in Figure 14). This increase may
correspond to an initiation of pitting corrosion for the Al-Zn-coating layer.
For the coated steel covered by the PPy-tartrate-molybdate layer, no similar
increase of anodic CD was observed ((b) in Figure 14).

The electrochemical impedance spectroscopy (EIS) was also measured
during immersion in a 3.5% NaCl solution. Figure 15 shows Nyquist plots of
the impedance for 55% Al-Zn-coated steel covered by a 11 pum thick
PPy-tartrate-molybdate layer, which was formed by the two-step method.
The response shown in Figure 15(a), which was measured after 0.5 h of
immersion, probably consisted of two semicircles. However, the semicircle
between 5 Hz and 10 mHz was not completed. The diameter of the semicircle
at higher frequencies increased with an increase in the immersion time, as
shown in Figure 15. The low-frequency semicircle decreased in intensity
with longer immersion periods and had almost disappeared after 19.9 h of

immersion.
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For the impedance response, we assumed an equivalent circuit shown in
Figure 16 in which the equivalent circuit consisted of two parallel R-C
circuits connected in series, and the A-Ccircuit in the lower frequency region
potentially includes the Warburg diffusion impedance. We believe that the
parallel FRi-Ca circuit at higher frequencies corresponds to the
electrochemical response at the interface between the PPy layer and the
solution, and A and Ca were respectively an ionic transfer resistance at the
interface and a double layer capacitance. The second parallel circuit in the
lower frequencies may correspond to ionic transfer and diffusion elements in
the PPy layer [47, 48]. R-ppy was assumed to be an ionic transfer resistance
through the PPy layer, Wis the Warburg diffusion impedance of mobile ions
in the PPy layer, and Credox is the redox capacitance of the PPy layer [48, 49].
The circuit of (Bippy— W—Cedox at lower frequencies, however, was not
examined in further detail because the semicircle was not completed in the
frequency range applied to this study. In the latter section, we examine only
the semicircle in the higher frequency region.

The EIS responses of the 55% Al-Zn alloy covered by the PPy-tartrate
layer is shown in Figure 17 in which the EIS was measured after immersion
in the 3.5% NaCl solution for 0.5 h and 4.8 h. From the diameter of the
semicircle at higher frequencies and the specific frequency (£) at the top of
the semicircle in Figures 15 and 17, one can simulate the values of R, Fi,

and Cg. The simulated values are listed in Table 3. The simulation was
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performed in a similar manner to that of the previous AC impedance
spectroscopy measured under dry conditions. The ion transfer resistances A
at the PPy-solution interface slightly increased with the immersion time and
were 2 to 3 times larger for the specimen covered by the
PPy-tartrate-molybdate layer than for the sample covered by the
PPy-tartrate layer. The increase of A indicates that the ion exchange rate
between the PPy layer and solution is decreased with degradation of the PPy
layer, and the rate for the PPy layer containing molybdate ions is smaller
than that of the layer without molybdate. The simulated double layer
capacitance, Ca, for the specimen covered by the PPy-tartrate-molybdate
layer was smaller than the capacitance for the PPy-tartrate layer, and the
capacitances were smaller than the usual double layer capacitance of metal
electrodes. The cause of the small capacitance value has not been elucidated.
We hypothesise that the inner oxide layer partially contributes to the
capacitance value.

The PPy layer lost its oxidant property after long periods of immersion in
the NaCl solution and could not maintain the passive state of 55%
Al-Zn-alloy coating. The OCP of the alloy coating covered by the less
oxidative PPy layer reached a potential of approximately —1.0 V, which
corresponds to that of bare 55% Al-Zn alloy. The PPy layer after long
immersions may be changed to a neutral form. Figure 18 shows the

impedance response of the 55% Al-Zn-alloy-coated steel covered by a neutral
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PPy layer immersed for long time period. The semicircle was suppressed,
and the diameter became smaller (150-160 Q cm?2) when compared with the

results of the oxidative PPy shown in Figures 15 and 17.

4. Discussion

4.1 Structure of the PPy layer electropolymerised on a 55% Al-Zn-alloy
coating

Figure 19 shows the initial transient of potentials under constant
current control at 3 mA c¢m 2 in the acidic tartrate solutions. The results in
Figure 19 correspond to the potential change in the initial 35 s shown in
Figure 2. During oxidation under constant current control, the potential
linearly increased from the initial immersion potential of -1.4 Vto 2V in 2 s,
and the potential peaked at a maximum of 2.5-3.0 V within 5 s. In the initial
period of 5 s, an oxide film is assumed to grow, and the nucleation of PPy
began. After the initial 5 s, the three-dimensional growth of the PPy layer
was 1initiated. The layer formed on the 55% Al-Zn alloy is, therefore,
assumed to consist of a bi-layer of a thin insulating inner oxide layer and an
outer conducting PPy layer. In a previous study on a PPy coated zinc
electrode, we observed by SEM an interfacial oxide/salt layer between the
zinc substrate and the PPy layer in a cross-sectional view of the sample

[34]. Because the interfacial oxide layer on the 55% Al-Zn alloy was assumed
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to be much thinner than that found on the zinc electrode, it might be difficult
to observe the oxide layer in cross section using SEM.

The formed inner layer is assumed to work as a dielectric layer that
induces a semicircle on the complex plane plot of the impedance under dry
conditions, as shown in Figure 10. The thin and insulating oxide is also
assumed to work as a passivation barrier against corrosion. The outer
conducting PPy layer has oxidative properties that can help to maintain the
Inner passive oxide.

The outer PPy layer has conductive properties. Using the thickness (d) of
11 um shown in Figure 9 and the resistance of the PPy layer listed in Table 2,
the conductance (o) of the PPy layer can be estimated. Using the equation,

o =d/ Rpepy
the conductance of the PPy layer formed in the pH 2.1 solution of tartaric
acid and sodium tartrate was estimated to be 3—10x10% Q! cm’!, and the
conductance in the solution containing molybdate was estimated to be 2x104
Q1! cm’l. Because the measured resistance includes a contribution of a
contact resistance between the gold disc and the PPy layer, the exact

conductance of the PPy layer may be larger than the calculated value.

4.2 Effect of solution pH on PPy formation on 556% Al-Zn coating
The potential transient during the constant current oxidation is very

dependent on the pH of the mixture of tartaric acid and sodium tartrate as
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shown in Figures 1, 2, and 19. As shown in Figures 2 and 19, after the initial
maximum, the potential decreased over time to a steady potential, at which
time three-dimensional growth of the PPy layer occurs. Both the initial
maximum and steady potential are lower in the more acidic solution. The
polymerisation of Py is assumed to occur with a smaller overvoltage in the
more acidic solution.

The model shown in Figure 20 may explain the effect of solution pH on
the PPy formation. In a neutral solution, the applied current produces a
thick anodic oxide, and electron transfer for PPy formation occurs only
through a small density of defect sites, which results in a patch-like
inhomogeneous PPy layer. In acidic solutions, the dissolution of the 55%
Al-Zn alloy occurs preferentially when a small current is applied and the
potential polarised by the current does not reach the polymerisation
potential of approximately 0.8 V. When a larger current is applied, growth of
the oxide film occurs, and the oxide film’s growth is restricted to a small
thickness by the film’s simultaneous dissolution. The thin oxide may include
a relatively large number of defect sites through which electron transfer can
occur from the Py monomer in aqueous solution to the Al-Zn-alloy substrate.
This electron transfer produces a homogeneous PPy layer.

In alkaline solutions, the growth of the oxide film i1s expected and may
inhibit the PPy polymerisation on the Al-Zn alloy. Saidman et al., however,

reported a successful formation of a PPy layer on aluminium by growing the
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oxide film in an alkaline solution at pH 12 that contained nitrate and
molybdate anions [13-15]. Molybdate anions may play a large role in PPy
formation because the molybdate anions enhance the polymerisation of PPy
potentially by acting as a catalyst. The catalytic properties of molybdate may
be related to the redox properties of Mo(VI) and Mo(V). Addition of
molybdate in this study produced a smaller anodic overvoltage during the

galvanostatic polymerisation, as shown in Figure 6.

4.3 Eftect of current applied on PPy formation and corrosion protection

The current used for the polymerisation of the Py monomer may
influence the surface morphology of the PPy layer. The morphology of the
PPy layer consisted of agglomerated small cylindroids, the size of which
depended on the applied current. A smaller current produced smaller
cylindroids and, therefore, smaller crevices or channels between the
cylindroids. This may be the origin of the increased protective properties of
the PPy layer when it is formed at lower current.

To form a dense and compact PPy layer, we utilised the two-step
polymerisation method. This method uses an initial polymerisation with a
large current of 5 mA m~2 to overcome the initial dissolution and to initiate
nucleation of PPy. A second polymerisation is then utilised with a smaller
current of 1 mA cm~2 for growth of a dense and compact PPy layer composed

of fine particles. The PPy layer formed by the two-step polymerisation
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method displayed relatively high corrosion protection of the Al-Zn alloy, as

shown in Figure 12.

4.4 Model of corrosion protection by oxidative and conducting PPy

The redox potential of the oxidative PPy layer formed is significantly
more positive than that of the corrosion potential of the bare 55%
Al-Zn-alloy-coated steel, as shown in Figure 14. Because the exchange redox
current of the PPy at the OCP is much larger than that of the corrosion
current of the bare 55% Al-Zn-alloy-coated steel, the potential of the 55%
Al-Zn alloy with the PPy layer can be shifted to the redox potential of the
PPy layer. Without the PPy layer, the anodic current of 55% Al-Zn alloy
sharply increases to 100 mA cm™? with an increase in potential and no
passivation was observed. Potentially, active dissolution of the 55% Al-Zn
alloy 1s followed by pitting corrosion as a result of chloride attack. The PPy
layer covering the 55% Al-Zn-alloy coating shifts the potential to more
positive values. This shift facilitates the formation of a passive oxide on the
55% Al-Zn alloy and allows the oxide to be stably maintained. Although the
composition of the passive oxide was not analysed in this study, the passive
film potentially includes tartrate and/ or molybdate complexes of aluminium

and zinc.

4.5 Eftect of the addition of molybdate anions into the PPy layer on corrosion
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protection

Molybdate anions added to the acidic tartrate solution are incorporated
in the PPy layer during polymerisation (Figure 7) and change the surface
morphology of the PPy layer to an agglomerate of fine granules (Figure 6).
Further ion exchange between the PPy layer and solution was suppressed, as
shown in Figure 15 and 17.

Molybdate anions may themselves act as a corrosion inhibitor of the
passivated Al-Zn alloy [35, 36], and molybdate anions can induce the
formation of a more stabilised passivation film on the 55% Al-Zn-alloy
coating. Because molybdate anions can be stored in the PPy layer as dopant
anions, the anion’s inhibitive effect continues for a relatively long time
period. When the PPy layer and the passive oxide are locally destroyed,
molybdate anions released from the PPy potentially repair the damaged
passive oxide, and the passive state of 55% Al-Zn coating will remain [8, 9].
In addition to the inhibitive effect, molybdate anions allow for the formation
of a finer and denser PPy layer. Both effects can induce a longer duration of
passivation during immersion in a sodium chloride solution, as shown in

Figure 13.

5. Conclusion
For corrosion protection, a polypyrrole (PPy) layer was formed on 55%

Al-7Zn-coated steel.
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(1) A dense layer of PPy was successfully formed in an acidic tartrate
solution at pH 2.1. The film potentially consists of an inner thin layer of
zinc and/or aluminium oxide and an outer PPy layer doped with tartrate
anions.

(2) The PPy layer can passivate 55% Al-Zn-coated steel in a 3.5 wt% aqueous
NaCl solution for several hours.

(3) Doping of molybdate anions into the PPy-tartrate film significantly
improved the film’s protective properties. Doping of molybdate anions
produced a denser PPy layer, and the rate of anion exchange between the
PPy layer and solution was decreased. The PPy-tartrate-molybdate layer,
therefore, improved the duration of passivation of 55% Al-Zn-coated steel
in a 3.5 wt% NaCl solution to 60 hours, during which time no appreciable

corrosion was observed.
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Captions

Table 1 The formation of PPy layers in mixtures of 0.5 M tartaric acid and

0.5 M sodium tartrate at various pH values.

Table 2 Resistance of the PPy layer, Rppy, resistance of the interfacial oxide
layer, Hox, and capacitance the interfacial oxide layer, Cix. The thickness, d,

of the oxide layer was determined using Cox.

Table 3 Values for the electric elements of the equivalent circuit for 55%
Al-Zn-coated steel covered by the PPy-tartrate-molybdate or the
PPy-tartrate layer during immersion in a 3.5% NaCl solution where A is the
ion transfer resistance, Ca is the double layer capacitance, and Fs is the

solution resistance.

Fig. 1 Potential transient during the polymerisation of polypyrrole (PPy) at
current density (CD) of 5 mA cm=2 in a solution of 0.5 M sodium tartrate (pH
8.4) (a), in a 0.5 M tartaric acid solution (pH 1.5) (b), and in a mixture of 0.5
M sodium tartrate and 0.5 M tartaric acid (pH 2.1) (c). The concentration of

pyrrole (Py) monomer in the solutions was 0.6 M.

Fig. 2 Potential transients during the polymerisation of PPy at a CD of 3 mA
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cm~2 in solutions containing various ratios of 0.5 M tartaric acid and 0.5 M
sodium tartrate. The molar ratios of tartaric acid to sodium tartrate were (a)

20:80 at pH 4.0, (b) 90:10 at pH 2.5, (c) 92:8 at pH 2.1, and (d) 94:6 at pH 2.0.

Fig. 3 SEM images of the PPy surface on Al-Zn-coated steel. The PPy layer
was formed in the acidic tartrate solution at pH 2.1 by (A) constant current
oxidation at 5 mA cm2 for 600 s and (B) by a two-step oxidation performed

initially at 5 mA cm2 for 100 s and subsequently at 1 mA cm2 for 2500 s.

Fig. 4 The elemental depth profile measured by GD-OES for a PPy layer
formed on a 55% Al-Zn coating. The PPy layer was formed in the acidic

tartrate solution at pH 2.1 by the two-step oxidation process.

Fig. 5 Potential transient during the two-step oxidation in the acidic tartrate

solution at pH 2.1 with or without 5 mM of sodium molybdate.

Fig. 6 SEM images of the PPy surface on 55% Al-Zn-alloy-coated steel. The
PPy layer was formed by the two-step oxidation process in the acidic tartrate

solution at pH 2.1 that contained 5 mM of sodium molybdate.

Fig. 7 The elemental depth profile measured by GD-OES for a PPy layer

formed on a 55% Al-Zn coating. The PPy layer was formed by the two-step
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oxidation in the acidic tartrate solution at pH 2.1 that contained 5 mM of

sodium molybdate.

Fig. 8 (A) IR-RAS spectra and (B) Raman spectra of the PPy layer on 55%
Al—-Zn-coated steel. The PPy layer was formed using the two-step oxidation
process in the acidic tartrate solution at pH 2.1 that contained 5 mM of

sodium molybdate.

Fig. 9 The ratio of PPy layer thickness to electric charge passed for a
preparation in tartaric acid (pH 1.5) and in the acidic mixture solution of
tartric acid-sodium tartrate (pH 2.1) with and without 5 mM sodium
molybdate. The polymerisation was performed using the two-step oxidation
process where 5 mA cm 2 for 100 s was used, followed by 1 mA cm2 for

different time periods ranging between 1000 and 9500 s.

Fig. 10 Complex plane plots of impedance for PPy layers on 55%
Al-Zn-coated steel. The PPy layer was formed either in the acidic tartrate
solution using 5 mA cm=2 for 600 s (a), by the two-step oxidation (b), and in
the solution containing 5 mM sodium molybdate by the two-step oxidation (c).
The frequencies noted in the figure represent characteristic frequencies from

the top of the individual semicircles.
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Fig. 11 A schematic model of the interfacial phase of the 55% Al-Zn
alloy/passive oxide/conductive PPy layer and the corresponding equivalent

circuit.

Fig. 12 The open circuit potential (OCP) of 55% Al-Zn-coated steel covered
by PPy layers in 3.5 wt% sodium chloride solution. The PPy layers were
formed in the acidic tartrate solution by oxidation at 5 mA cm2 for 600 s (a),
by the two-step oxidation at 5 mA cm 2 for 100 s followed by 1 mA cm 2 for
2500 s (b), and by 5 mA cm2 for 100 s followed by 1 mA cm2 for 9000 s (c).

The OCP of bare 55% Al-Zn-coated steel was plotted as a comparison.

Fig. 13 The OCP of 55% Al-Zn-coated steel covered by PPy layers in 3.5 wt%
sodium chloride solution. The PPy layers were formed in the acidic tartrate
solution (a) with and (b) without 5 mM sodium molybdate using the two-step

oxidation process.

Fig. 14 Potential-current relationships for 55% Al-Zn alloy coated steel
covered with the PPy-tartrate layer (a) or by the PPy-tartrate-molybdate
layer (b) in a 3.5% NaCl solution under an air-opened condition. The
relationship of uncoated 55% Al-Zn-alloy-coated steel (c) is plotted for
comparison. The relationship was measured by the potential sweep method

from Eocp— 0.20 V to Eocp+ 0.60 V at a sweep rate of 5 mV sL.
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Fig. 15 Nyquist plots of EIS for the 55% Al-Zn-alloy-coated steel covered by
the PPy-tartrate-molybdate layer in a 3.5% NaCl solution after immersion
for 0.5 h (a), 8.25 h (b1), and 19.9 h (b2) under an air-opened condition. The
PPy layers were formed using the two-step oxidation process in the acidic

tartrate solution at pH 2.1 that contained 5 mM of sodium molybdate.

Fig. 16 The equivalent circuit of EIS where: Fso is the solution resistance; A
1s the 1on transfer resistance at the PPy/ solution interface; Ca is the double
layer capacitance; F:-ppy is the ion-transfer resistant in the PPy layer; Credox
1s the redox capacitance of the PPy layer; and Wis the Warburg impedance of

ion diffusion in the PPy layer.

Fig. 17 Nyquist plots for the EIS of 55% Al-Zn-alloy-coated steel covered by
the PPy-tartrate layer in a 3.5% NaCl solution after immersion for 0.5 h (a)

and 4.8 h (b) under an air-opened condition.

Fig. 18 Nyquist plots of EIS for the 55% Al-Zn-alloy-coated steel covered by
the PPy-tartrate layer (a) and by the PPy-tartrate-molybdate layer (b) in a

3.5% NaCl solution after immersion for 60 h under an air-opened condition.

Fig. 19 Potential transient in the initial 40 s during polarisation at a CD of 3
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mA cm~2 in the acidic mixtures of tartaric acid-sodium tartrate at pH 2.1, 2.4,

and 4.0. The data correspond to the initial part of Fig. 2.

Fig. 20 A schematic model for the formation of a PPy layer on 55% Al-Zn in

neutral and acidic solutions.

40



Table 1 The formation of PPy layers in mixtures of 0.5 M tartaric acid and 0.5 M
sodium tartrate at various pH values.

Volume ratio of tartric acid to sodium tartrate 20:80 90:10 92:8 94:6
Current Density / mA ecm™ pH 4.0 pH 2.5 pH 2.1 pH 2.0
1 O X X X
2 O O O X
3 O @) @) O
5 O @) @) O

O: The PPy can be formed.

X : The potential does not rise to enough high
potential to polymerize pyrrole.



Table 2 Resistance of the PPy layer, R,,,, resistance of the interfacial oxide
layer, R,,, and capacitance the interfacial oxide layer, C_,. The
thickness, d, of the oxide layer was determined using C,.

Condition of PPy formation o e . . } .
. 7 . Rppe/ 82 cm= Rox/t2 cm= Cox/ 1077F cm™ d/ nm

/ymAem?2 Q/Ccem? Solution

5.0 3.0 Mixture Solution at 36 7 5x10? 6 15
pH 2.1

Mixture Soluti t

5.0-1.0 3.0 Sme BOhon 4 9.0 6.1x102 7 12

pH 2.1
Mixture solution at pH
5.0—-1.0 3.0 2.1 with 5 mM 5.0 3.2x103 4 23
molybdate




Table 3 Values for the electric elements of the equivalent circuit for 55%
Al-Zn-coated steel covered by the PPy-tartrate-molybdate or the
PPy-tartrate layer during immersion in a 3.5% NaCl solution where
R, is the ion transfer resistance, C, is the double layer capacitance,
and R, is the solution resistance.

time Eocp R Ca Ryl
h V vs. Ag/ AgCl 2 cm? 106 F cm™2 €2 cm?
PPy-tartrate-molybdate
0.5 0.07 750 4.3 3.7
3.7 —-0.31 780 4.3 4.4
8.25 -0.13 1020 4.1 4.8
19.9 —0.26 1170 7.2 5.7
PPy-tartrate
0.5 —-0.18 380 13 3.8
1.7 —0.34 380 10 3.4

4.8 —=0.75 455 15 4.9
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