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Repairing of Anodic Oxide Films on Al-Zn Alloy Coated Steel

after Removal with Photon Rupture in Solutions
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Analysis of abrupt destroyed of passive oxide films on Al - Zn alloy layer coated on steel and its repair
is important to understand the localized corrosion of steels. In the present investigation, anodic oxide films
formed on Al - Zn coated steel specimens were removed by photon rupture method (one pulse of focused
pulsed Nd - YAG laser beam irradiation) at a constant potential in sodium borate solutions, pH = 9.2,
with / without chloride ions to monitor the current transient. Irradiation with a pulsed laser in solutions
causes abrupt removal of the anodic oxide film on the specimen at the laser-irradiated area. Without chloride
ions, oxide films were reformed in the sodium borate solution at - 0.5 to 1 V after removal of the anodic
oxide film. However, in chloride ions containing solutions, pitting corrosion of Zn - 55 mass % Al coated
layers occurs at high potentials, while film reformation occurs at low potentials. It was also found that
chloride ions enhance dissolution of aluminum and zinc at the very initial period after laser irradiation.
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1. Introduction

Zn and Zn alloy coatings are widely used because of
their excellent performance in corrosion protection of
steels, particularly in atmospheric environments. The co-
rrosion protection of steel by Zn and Zn alloy coatings
is ascribe to cathodic protection by galvanic reaction
between coated layer and substrate,” and its high corrosion
resistance due to the formation of stable and compact
corrosion products.”™ Atmospheric corrosion studies have
investigated the composition of corrosion products formed
on Zn for various exposure conditions.”” R. Ramanauskas
et. al. has characterized corrosion products formed on
electrodeposited Zn and Zn alloy in atmospheric environ-
ments such as marine and urban by x-ray diffraction and
x-ray photoelectron spectroscopy.'o)

For the application of electrochemical methods such as
voltammetry, electrochemical impedance spectroscopy (
EIS) to atmospheric corrosion study, some problems
caused by thin electrolyte layer are encoutered. Recently,
the EIS technique has been applied to measurement of
atmospheric corrosion of Zn or Zn alloy.""'* Katayama
et. al. has attempted to monitor the corrosion rate of Zn
and Zn-Al coated steels under cyclic wet - dry condi-
tions.'” The ex situ EIS studies of the initial stage of
atmospheric zinc corrosion has reported by S. C. Chung
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et. al.."”?

Analysis of abrupt destroyed of passive oxide films on
Al-Zn alloy layer coated on steel and its repair is important
to understand the localized corrosion of steel. Analysis of
this behavior has been carried out by monitoring potential-
or current- transients after mechanically stripping”™" of
the oxide films. The mechanical film stripping poses pro-
blem in film stripping rate, contamination from stripping
tools, and stress or strain on the substrate. Recently, film
stripping by laser irradiation (photon rupture method),
which resolves many of the problems has been reported.
The irradiation of a pulsed laser beam is able to strip the
oxide film at extremely high rate without any contami-
nation of specimens. It has been used on iron electrodes
by Oltra et al.,*"*” and on aluminum electrodes by Sakairi
et al.”*® and Takahahshi et al..”” Without chloride ions,
oxide films were reformed in the borate solution after
removal of the anodic oxide film by photon rupture me-
thod.”*?® However, in chloride ion containing solutions,
pitting corrosion occurs at high potentials, while film re-
formation occurs at low potentials. It was also found that
chloride ions enhance dissolution of aluminum at the very
initial period after laser irradiation.””

In the present investigations, zinc - aluminum alloy
coated steel specimens covered with protective oxide film
were irradiated with one pulse of pulsed Nd-YAG laser
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beam at constant potential in sodium tetra-borate solutions
with and without chloride ions to measure current tran-
sients.

2. Experimental

2.1 Specimen

Zn - 55 mass % Al coated steel sheet was cut into 20
x 20 mm with handle, and edges were covered by silicone.
The coated layer thickness was about 19 #m. Specimens
were anodizing in 0.1 kmol / m’ Na;BsO; (pH = 9.2),
0.1 kmol / m® Hs;BO; / 0.05 kmol / m® Na,B,O; (pH=
8.7), and 0.5 kmol / m’ H3BO; / 0.1 kmol / m’ Na;B4O5
(pH = 7.4) solutions at 293 K with constant current density
of 10 A / m’, and then immersed for 120 s in boiling
distilled water to seal the defects inside the film. After
anodizing, film thickness and micro-structure were deter-
mined from observation of ultra-microtomed sections by
transmission electron microscope (TEM).

2.2 Laser irradiation

The schematic model of laser irradiation system with
current transient measurement unit shows in Fig. 1. The
specimens were immersed in 0.1 kmol / m’ Na,B,O; and
0.1 kmol / m’ Na;B40; with between 0.01 and 0.001 kmol
/ m® Nacl solutions, and were irradiated with one pulse
of the Nd-YAG laser beam focused on the surface with
lens at constant potential, E; = - 0.5 to 1.0 V ( vs. Ag
/ AgCl). The laser beam used was the second harmonic
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wave with 532 nm wavelength, 8 ns puls duration, and
laser power, P, was adjusted at 30 mW.

Current transients after laser irradiation were measured
with a computer system through an A/D converter. The
laser irradiation time was detected by photo-detector. After
experiments, specimens surface were examined by con-
focal scanning laser microscope ( CSLM ).

3. Results and discussion

3.1 Anodizing of Zn-Al alloy layer

Fig. 2 shows potential time responses for Zn - 55 mass
% Al coated steel at 10 A / m” in 0.1 kmol / m’ Na;B4O-
(pPH=9.2), 0.1 kmol / m’ H;BO; / 0.05 kmol / m’ Na,B4O,
(pH= 8.7), and 0.5 kmol / m’ H;BO; / 0.1 kmol / m’
Na;B40; (pH = 7.4) solutions. In fig. 2, potential time
curve for electropolished pure aluminum at 10 A / m’® in
0.5 kmol / m® H;BO; / 0.1 kmol / m’ Na;B,O; (pH =
7.4) is also indicated as a solid line. The specimens show
almost linear increase in potential with time. The slopes
of potential time curves in high pH solutions are much
steeper than that in low pH solutions, because of the
dissolution rate of zinc is higher at lower pH solution.

Fig. 3 shows the TEM image of cross section of Zn
- 55 mass % Al coated steel anodized at 10 A / m’ in
0.1 kmol / m’ Na;B407 (pH = 9.2) up to 50 V. The anodic
oxide film formed on alloy coated layer has uniform
thickness of about 70 nm. Thus the apparent film width
/ voltage ratio is about 1.4 nm / V. This value is about
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Fig. 1. Schematic diagram of laser irradiation system with electrochemical current measurement unit.
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Fig. 2. Potential time response for Al and Zn - 55 mass % Al

coated steel at 10 A / m’ in 0.1 kmol / m’ NaaB4O7 (pH =

9.2), 0.1 kmol / m’ H;BOz / 0.05 kmol / m’ NaaB4O7 (pH=

8.7), and 0.5 kmol / m* HiBO;3 / 0.05 kmol / m* Na:B,0, (pH
= 7.4) solutions.
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Fig. 3. TEM image of vertical section of Zn - 55 mass % Al
coated steel anodized at 10 A / m® in 0.1 kmol / m’ Na:B,0-
(pH = 9.2) up to 50 V.

Fig. 4. CSLM surface image after laser irradiation at 1V in 0.1
kmol / m’ Na:B4O; solution.
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30% larger than that of pure aluminum anodized at 10
A/m’ in pH = 7.4 solution. The surface roughness in-
creases during anodizing, because of zinc was dissolved.
Surface color was changed bright to dark gray during
sealing.

3.2 Film removal by photon rupture method

Fig. 4 shows the CSLM surface image after laser
irradiation at 1V in 0.1 kmol / m’ Na,B,O; solution. The
film removal area shows a pentagon, which comes from
diaphragm, with about 200 ym diameter and rough surface,
and it seems to have been quickly melted and solidified.
It is consider that the anodic oxide film on Zn - 55 mass
% Al alloy should be removed by the high pressure
produced by laser ablation.

3.3 Current transient without chloride ions

The current transient and the photo detector signal
between 0 to 10 ms after laser irradiation at E; = 1.0 V
in 0.1 kmol / m’ Na,B4O; solution is shown in Fig. 5.
By laser irradiation, the current increases instantaneously
and through a maximum, i,, at about 0.4 ms after photo
detector signal peak, decrease exponentially with time.
About 600 ms after laser irradiation, the current reaches
a value as low as that before laser irradiation.

Fig. 6 shows the change in current, i, with time, t,
obtained in 0.1 kmol / m’ Na,B.O; solution at E; = -0.5
and 1.0 V after laser irradiation. The slope of the log i
vs. log t curves show about - 0.3 at the initial stage, and
then -1 at late stage after t = 10 ms. The slope at the
initial stage is slightly smaller as potential is set at higher
values. At the initial stage after t = 0.4 ms, the oxide
film formation is accompanied by the film dissolution. The
ratio of film dissolution rate to film formation rate
increases as the set potential becomes nobler. At the late
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Fig. 5. Current transient and photo detector signal between 0
to 10 ms after laser irradiation at E, = - 0.5 in 0.1 kmol / m’
Na:B4O; solution.
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Fig. 6. Change in the current with time obtained in 0.1 kmol
/m” Na:B4O; solution at Es =-0.5 and 1.0 V afer laser irradiation.

0 g

01k

Current, i/ mA

0.01

0.001

0.01 0.1 i 10 100 1000
Time, t/ ms

Fig. 7. Change in current with time obtained in 0.1 kmol / m’
Na:B40; with 0.005 kmol / m’ NaCl solution at E; = -0.5, 0.5
and 1.0 V after laser irradiation.

Fig. 8. CSLM image of sg)ecimen surface at t = 5 s after laser
irradiation in 0.1 kmo! / m” Na:B4O7 with 0.005 kmol / m” NaCl
solution at E; = 1.0 V
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stage after t = 10 ms, the film formation kinetics follow
the inverse logarithmic law, according to Cabrera-Mott
theory.

3.4 Current transient with chloride ions

Fig. 7 shows the current transients obtained in 0.1 kmol
/ m® Na,BsO; with 0.005 kmol / m’ NaCl solution at E
= - 0.5, 0.5 and 1.0 V after laser irradiation. All the
specimens show 0.4 ms of induction time before the abrupt
increases and show the maximum of current, i, just after
increasing. At Es =- 0.5V, current, i, decreases with time
after the maximum and the slope of the log i vs. log t
curves slightly smaller than one. Above E, = 0 V, i
decreases with time and then increases after a minimum.
As E; becomes nobler, i increases. The behavior can be
explained by a preferential dissolution of the metal sub-
strate, which is enhanced at nobler potential.

Fig. 8 shows the CSLM image of specimen surface at
t = 5 s after laser irradiation in 0.1 kmol / m’ Na,B,O;
with 0.005 kmol / m’ NaCl solution at E, = 1.0 V. White
precipitates are observed at the laser irradiated area, which
were produced by the preferential dissolution of the alloy
layer. By electron probe micro analysis, these were con-
sidered to be aluminum hydroxides

3.5 Effect of chloride ion concentration on the pre-
ferential dissolution

Fig. 9 shows the effect of set potential, Es, and chloride
ion concentration on the peak current, i,. The peak current,
ip, increases linearly with increasing set potential, E;, in
every solutions. At lower potential region, Es <0 V, i,
independent of chloride ion concentration. However, at
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Fig. 9. Effect of the set potential, E,, and chloride ion con-
centrations on the peak current, i,
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Fig. 11. Effect of set potential, E,, and chloride ion concentrations
on the slope of log t vs. log t curves.

higher set potential, E; > 0 V, i, increases with increasing
chloride ion concentration. In without chloride ion
solutions or at low set potentials, the Zn - 55 mass %
Al layer exposed to the solution by the film removal is
oxidized electrochemically to Zn”" and A’ ions, and AP
ions react with water to form oxide film.

2 AP + 3 HO = ALO; + 6 H' n

In the chloride ion containing solutions, the aluminum
dissolution by forming aluminum-chloride complexes may
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compete with Eq. | at high set potentials.
A" +n ClI” = [AICIn}]™" )

Zn’" also dissolves as zinc-aquo complexes, Zn®* (aq),
after the layer is exposed to the solutions.

Fig. 10 shows the relationship between the charge, Q,
and the set potential, E; in 0.1 kmol / m’ Na,B4O; without
and with 0.01, 0.005 and 0.001kmol / m’ NaCl solutions.
The charge, Q, is independent of the set potential, Ej, in
Na;B4O; without and with 0.01 and 0.005kmol / m* NaCl
solutions. However, in higher chloride ion concentrations,
the charge, Q, increases linearly with increasing the set
potential, Ei.

Fig. 11 shows the relationship between the slope log
i vs log t plots after 10 ms and the set potential, Es, in
0.1 kmol / m’ Na;B,O; with 0.01, 0.005 and 0.001kmol
/ m' NaCl solutions. The slope become steeper at lower
set potential and lower chloride ion concentration. This
may be due to both aluminum and zinc dissolution, Egs.
1 and 2 are enhanced by chloride ions and potential.

4. Conclusions

The photon rupture method was attempt to study initial
stage of localized reformation of oxide film and localized
corrosion on Zn - 55 mass% Al alloy coated steel speci-
mens covered with protective oxide film, and the following
conclusions may be drawn,

1) A dense anodic oxide film can be formed by ano-
dizing of Zn - 55 mass % Al alloy coated steels in sodium
borate solution at pH = 9.2. The anodic oxide film on
the specimen can be removed locally by photon rupture
method in solutions.

2) In sodium borate solution, oxide films are reformed
between -0.5 to I V vs. Ag/AgCl after removal of the
anodic oxide film.

3) Pitting corrosion occurs at high potentials, film
reformation occurs at a low potentials in chloride ion con-
taining solutions. The threshold potential for the pitting
corrosion is higher at lower chloride ion concentration.
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