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A dual-phase steel was electrodeposited with Cu prior to reduction annealing in order to improve coating quality and resultant
corrosion characteristics of the galvanized material. This pre-eletrodeposition process allowed a tenfold reduction in coating defects
(typically found in uncoated areas and empty pores), thereby yielding a 8.4% coating weight gain and a noticeable decrease (24%)
in the average spangle diameter. However, the Cu pre-electrodeposition layer acted as an inter-diffusion barrier, thereby limiting
Fe-Al interactions during galvanization, and resulted in the formation of imperfect Fe-Al compounds. Nevertheless, this Cu layer
could extend the incubation time of the Fe-Zn phases. Consequently, the presence of this Cu electrodeposition layer could effectively
prevent concentration polarization, thereby decreasing corrosion current density even after 4 days of immersion in 3.5% NaCl

solution.
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Among the large variety of metals used for steel coating, Zn
has been found to provide superior barrier and galvanic protection
upon exposure corrosive environments. These Zn coatings are typi-
cally manufactured in continuous hot-dip galvanizing production lines
forming automotive body panels. During the galvanizing, the molten
Al atoms (0.1-0.3 mass% Al is generally added to a molten Zn pot)
interact with the Fe atoms in the solid state, developing very thin and
ductile Fe-Al intermetallic phases without loss of coating adhesion to
the steel substrate.! However, if the metallurgical linkages between
the steel substrate and the molten Al become weak, the composition
of the bonding zone might change, and consequently, coating de-
fects in the final galvanized steels, the so-called “outburst” would be
formed. The Fe-Al intermetallic phases at the coating/substrate in-
terface act as an inhibition layer, thereby slowing down the Fe-Zn
inter-diffusion. Furthermore, although the Fe-Zn intermetallic phases
can provide a high bonding strength between the Zn coating and the
steel substrate,>* these phases are typically very brittle and thick, lead-
ing to the onset of disbond cracks in the galvanized coatings during
the galvanization process.*® Consequently, careful control over the
formation of Fe-Zn intermetallic phases is required in the galvanized
steels.

The subsequent reduction annealing process, typically carried out
under a H, + N, atmosphere with a dew point of —30°C, can also
lead to structural issues in galvanized steels.”'” Thus, minor alloy-
ing elements such as Si, Mn, and Al (normally found in advanced
high-strength steels) segregate to the surface, causing a high degree
of external oxidation. A large amount of studies corroborated that the
extent of this selective surface oxidation depends on the dew point of
the reducing atmosphere and the nature of the corresponding oxides
formed."""'7 These external concentrated oxides have low wettability
with molten Zn, and hence, the formation of surface defects such as
outbursts in galvanized coatings is triggered.'®!® Furthermore, these
surface defects can serve as preferential sites for corrosive attack
upon exposure of the sheets to environment conditions. A potential
solution to reduce the extent of surface oxidation involves utilization
of reducing atmospheres with lower dew point temperatures. How-
ever, this would obligate steel manufacturers to continuously adapt
the dew point temperature to the various types of steel sheets passing
through the annealing line on a daily basis,?® which is realistically
impossible. In this sense, new strategies to avoid the selective surface
oxidation under reducing atmospheres with a relatively high dew point
temperature are needed. Improvement of the surface quality and the
associated corrosion resistance of galvanized coatings have been stud-

*Electrochemical Society Active Member.
“E-mail: parkcj@chonnam.ac kr

ied extensively in the past years. Tobiyama et al.>! reported that the
surface defects on galvanized coatings can be effectively suppressed
by electrodepositing Fe (0.1-10 g m~2) on the steel sheets prior to
reduction annealing. Similarly, Sakurai et al. demonstrated a notable
reduction in the concentration of coating defects by electrodepositing
a 0.01-3.0-pm-thick layer of pure metal or alloys containing Fe, Ni,
Co, and Cu on the pre-annealed steel sheets before dipping them into
the Zn pot.?’> Recently, Sa-nguanmoo et al. applied pulsed current
waveforms to pre-electrodeposit Ni over the steel sheets.?* Shibli and
Maru reported the beneficial effects of electrolessly deposited Ni on
the growth of intermediate layer and the corrosion resistance of galva-
nized coatings.>* Corrosion resistance can be alternatively improved
by application of post-treatments to ordinary galvanized coatings such
as conversion coating, phosphating, and oxide deposition.>~>% We re-
cently demonstrated that formation of Mn and Si oxides on the surface
of a dual-phase steel can be effectively suppressed during reduction
annealing by pre-electrodepositing Cu or Fe.”** The amount of elec-
trodeposits on the steel sheets ranged from 0.2 to 0.4 g m~2, corre-
sponding to a thickness of 22-50 nm, was enough to significantly
reduce the surface defects on the final galvanized coatings.

In the present study, we investigated, in a more systematic manner,
the influence of Cu pre-electrodeposits prior to reduction annealing
on the surface quality and resultant corrosion characteristics of galva-
nized dual-phase steels.

Experimental

The chemical composition of the dual-phase steel used as a sub-
strate was Mn 1.0, Si 0.31, A1 0.053, C 0.088, P 0.01, S 0.006, and Fe
balance (mass%). The steel sheets were first degreased with ethanol
and acetone, cathodically cleaned at 100 mA cm™2 for 5 min in a
10 mass% NaOH solution, activated in a 10% HCI solution, and fi-
nally neutralized with deionized water. The samples were then masked
with polypropylene tape, leaving an exposed area of 55 cm?.2? Cu was
galvanostatically electrodeposited over the steel sheets for only 1 s at
120 mA cm~? in a bath containing 0.8 M CuS04.5H,0 + 0.4 M
H,SO, at 25°C. The corresponding electrodeposition potential was
—0.1 Vgcg and the amount of Cu electrodeposited was approximately
0.2-0.4 g m2. Following electrodeposition, reduction annealing was
carried out at 800°C for approximately 1 min in a reducing atmo-
sphere of 15% H, in N, (v/v) with a dew point of —30°C. The steel
sheets were then dipped into a molten Zn pot containing a maximum
of 0.3 mass% Al. After withdrawing the sheets from the molten Zn
pot, the amount of liquid Zn was controlled to 3.8—4.0 mg cm~2, and
the sheets were finally quenched. These processes were carried out
using a laboratory-scale galvanizing simulator.
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Figure 1. Surface morphologies of the galvanized steels; (a) conventional,
(b) Cu pre-electrodeposited.

The microstructure and corresponding chemical composition of
galvanized coatings were analyzed by optical microscopy (OM), scan-
ning electron microscopy (SEM), and energy-dispersive spectrometry
(EDS). In order to determine the average spangle diameter, a 3-mm-
long line was drawn across the micrographs, and the number of spangle
boundary intercepts, n, was subsequently counted. The spangle size,
d, was then determined by the following equation: d = 3/n. The area
fraction of coating defects was determined by a quantitative image
analyzer by recording 12 consecutive micrographs with the same fo-
cus range (x50). The area fraction with coating defects was defined
as the ratio of the defect area to the total area.

The corrosion characteristics of galvanized steels were assessed
by electrochemical impedance spectroscopy (EIS) and then anodic
polarization tests after 1 h and 4 days of immersion in a deaerated 3.5
mass% NaCl aqueous solution at 25°C. To prevent edge corrosion,
the edge and back parts of the samples were masked with silicone
paste. In the EIS measurements, the real and imaginary parts of the
electrochemical cell were assessed over a nominal frequency range
set to 10* Hz to 1072 Hz with a 10 mV amplitude, where the applied
potential was an open-circuit potential (Eocp). Measurement for the
anodic polarization tests were then carried out with a scan rate set
to 0.5 mV s~!. All the electrochemical measurements were carried
out after stabilizing Eocp in a three-electrode system. The galvanized
steels under study served as the working electrode (WE); a 0.8-mm-
thick platinum wire was used as the counter electrode (CE); while
a saturated calomel reference electrode (Hg/Hg,Cl,/sat.KCl) with a
Luggin probe acted as the reference electrode (RE). All experiments
were repeated three times, and the obtained results were reproducible.

Results and Discussion

Effects on coating quality.— As shown in Figs. 1 and 2, two types
of surface defects, i.e. cracks and pin-holes, were primarily found on
conventional galvanized coatings. These cracks and pin-holes resulted
from Si- and Mn-containing oxides, respectively, during reduction
annealing prior to galvanization.”® Minor alloying elements in dual-
phase steels oxidize because of their lower standard Gibbs free energy
change (AG°®) as compared to that of Fe oxidation reaction under
reduction annealing conditions. These oxide compounds, especially

Figure 2. Optical micrographs of the galvanized coatings; (a) conventional,
(b) Cu pre-electrodeposited.

Table I. The average spangle size in diameter (jum), area fraction
of coating defects, and coating mass (g m~2) of conventional and
Cu pre-electrodeposited galvanized steels (o: standard deviation).

Conventional Cu pre-electrodeposited

50.5(c=72)

Average spangle
diameter (jLm)
Average area fraction

of coating defects
Average coating mass
(gm?)

63.1 (c =24.8)

0.067 (o = 0.006) 0.005 (o = 0.001)

40.9 (o = 2.1) 48.6 (0 = 3.0)

the amorphous Si or Si/Mn complex oxides, are in a condensed state,
thereby hindering the wetting characteristics of the steel substrate and
inducing many defects in final galvanized coatings (see Figs. 1a and
2a).

Remarkably, these unwanted coating defects were significantly
reduced (more than tenfold) by pre-electrodepositing Cu prior to re-
duction annealing, as shown in Table I. The slow kinetics of forma-
tion of amorphous-Si-containing oxides under a particular reduction
annealing atmosphere, which can be attributed to electrodeposition,
has been previously proposed to explain this beneficial effect.?’ The
strong reduction in the concentration of coating defects with the ap-
plied electrodeposition current intensity supports this hypothesis. It
is known that the nucleation and growth rate of Cu particles during
the electrodeposition are mainly influenced by the applied cathodic
overvoltage. However, good control over the electrodeposition pro-
cess is crucial to avoid imperfect overlay of the steel substrate which
may leads to rapid oxidation of Si, Mn, and even Fe by Cu during
the reduction annealing. The probability of these unwanted oxidation
processes to occur increases with the difference of AG° between the
two metals. With these aspects in mind, a high cathodic overvoltage
corresponding to a current density of 120 mA cm™2 was applied to
obtain fine Cu electrodeposits with a high nucleation density. This
current density was found to be optimum to effectively decrease the
degree of selective surface oxidation during the reduction annealing
while reducing the coating defects after the galvanization process.?
As a result, the coating mass of the galvanized steel was increased by
about 19% (from 40.9 to 48.6 g m~2, Table I). As shown in Figs. 3a and
3b, ordinary coating methods based on unwanted Fe-Zn interdiffusion
typically led to the formation of surface cracks and a large number
of empty pores. The pre-electrodeposition of Cu, on the other hand,
generated a coating layer with a higher thickness, which accounts for
the higher coating weight observed (Table I). This parameter is im-
portant in that the service life of galvanized steel is a direct function
of its coating weight (90 g m~2 & 20-25 years).’!

As shown in Table I, the average spangle size on galvanized coat-
ing was decreased by about 24% (from 63.1 to 50.5 pum in diameter).
The spangle size is known to be mainly affected by the cooling con-
ditions during crystallization (e.g., solidification). Thus, it is known
that quenching with water can decrease the spangle size and prevent
any Fe-Zn intermetallic phase from formation. The above results sug-
gest that the Cu electrodeposition itself is able to reduce the spangle
size probably by increasing the nucleation sites at the substrate/liquid
Zn interface. Thus, the presence of Cu electrodeposits on the steel
substrate could increase the solid/liquid interfacial energy in the so-
lidifying Zn coatings, thereby increasing in growth velocity of new
spangles. Reduction in the spangle size became more prominent as the
electrodeposition current density increased (6 mA cm™2: about 16%,
120 mA cm™2: about 24%). This phenomenon is worthy of notice in
that the decrease in spangle size can enhance the adhesion strength of
organic paint to the galvanized coating.*?

As shown in Fig. 4, the pre-electrodeposited thin Cu layer inher-
ent to the steel substrate completely disappeared after galvanization.
This unexpected phenomenon was consistent with the in-depth pro-
file results obtained by glow discharge spectrometry (GDS, results not
shown) and seems to be explained by high diffusion ability of Cu upon
galvanization at 450°C. According to an equilibrium phase diagram
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Figure 3. Cross sections of the galvanized coatings; (a), (b) defect-containing
coating areas, (c) ordinary coating area. Conventional galvanized coating led
to a number of surface defects comprised of a large number of empty pores and
uncoated areas. These coating defects were reduced by approximately tenfold
after pre-electrodepositing Cu prior to reduction annealing.
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Figure 4. Energy dispersive spectrometer (EDS) line-scan profile of the gal-
vanized steel pre-electrodeposited with Cu.

Figure S. Surface morphologies of the Fe-Al compounds formed at the coat-
ing/substrate interface; (a) conventional, (b) Cu pre-electrodeposited.

of Zn-Cu, Zn containing 0-2.83 mol% Cu exists in the liquid state
at temperatures higher than 420°C, leading to the highly significant
diffusion of the Cu into the galvanized coating during solidification.
Several alternative elements such as Ni and Co also may be rapidly
diffused upon the galvanization because they exist in the liquid states
on Zn-rich sides of each equilibrium phase diagram at 450°C. During
the solidification, the Cu electrodeposits placed between liquid Zn
and steel substrate, unfortunately, acted as a diffusion barrier, thereby
retarding the reactive inter-diffusion between Fe and Al, as shown in
Fig. 5 and Table II. The development of a continuous layer of Fe-Al at
the coating/substrate interface is important in that it temporary inhibits
the so-called “outburst reaction”, which refers to the formation of
Fe-Zn intermetallic phases at substrate grain boundaries.*® The brit-
tle Fe-Zn intermetallic phases are responsible for volume expansion,
breaking the inhibitive Fe-Al compounds, and ultimately inducing the
onset of coating defects in galvanized steels. The Cu electrodeposits
retarded the Al uptake process at the coating/substrate interface during
the galvanization, thereby limiting the nucleation and growth of Fe-Al
compounds and resulting in the incomplete development of pancake-
shaped Fe-Al compounds, as shown in Fig. 5b. Several researchers
have described the formation of Fe-Al compounds by a two-stage
growth mechanism: (i) an initial formation of compact, lower layer
(comprised of close-packed crystals) adjacent to the substrate by rapid
interface controlled reaction, and (ii) subsequent formation of a thick
upper layer with pancake-shaped crystals by solid-state diffusion of
Fe.?*3* Cu electrodeposits itself could, however, increase the incuba-
tion time, i.e. the time required for the formation of Fe-Zn intermetallic
phases during the galvanization, instead of or along with the incom-
pletely formed Fe-Al compounds, resulting in the reduction in the
coating defects. Furthermore, the presence of novel elements such as
Cu in the coating as a result of diffusion processes during galvaniza-
tion may improve the mechanical and electrochemical characteristics
of galvanized steels. However, electrodeposition of novel metals less
than 0.5 g m~2 is recommended to avoid an excessive increase in the
weight of the vehicle.

Effects on corrosion characteristics.— EIS measurements were
carried out to examine the accurate mechanistic information and
charge-transfer kinetics across the galvanized coating layer-steel sub-
strate interface. The obtained impedance plots revealed different time-
constants with immersion time. Therefore, proper equivalent circuit
architectures were applied to each electrochemical system, as shown
in Fig. 6. A constant phase element (CPE) was used to compensate the
deviations from the ideal dielectric behavior as a result of a depressed

Table II. Chemical composition of inhibition layers formed
at the coating/substrate interface of conventional and Cu
pre-electrodeposited galvanized steels depicted in Fig. 5.

Al Si Mn Fe Zn

Conventional 22.02 0.44 1.37 73.59 2.58
Cu pre-electrodeposited 16.17 0.33 1.24 81.26 1.00
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Figure 6. Equivalent circuits used to examine the parameters in electrochem-
ical impedance plots in Figs. 7 and 8; (a) both samples (after 1 h), (b) Cu
pre-electrodeposited (after 4 days), and (c) conventional (after 4 days).

semicircle in Nyquist plots. Ry is the solution resistance between the
reference electrode tip and the galvanized coating surface, R, is the
corrosion product resistance representing the resistance of Zn-based
corrosion products mainly deposited in the defects of galvanized coat-
ing upon immersion, R,, is the coating resistance (pore resistance)
representing the resistance of galvanized coating which is associated
with the electrolyte penetration into its defects and pores, and R
refers to the charge transfer resistance representing the resistance at
an interface of galvanized coating/substrate where corrosion occurs.
C., implies the capacitance of corrosion products primarily deposited
in the defects of galvanized coating upon immersion, Cy, represents
the capacitance of galvanized coating associated with the electrolyte
penetration through the coating defects and pores, Cgy indicates the
double layer capacitance at an area beneath the galvanized coating
where corrosion occurs, and W is the Warburg impedance represent-
ing the diffusion process of corrosive ions (such as Cl7) from the
electrolyte solution.

As shown in Fig. 7, all Bode plots were characterized by
three different time-constants after 1 h of immersion in 3.5%
NaCl, indicating that the equivalent circuit models for these elec-
trolyte/coating/substrate cells were composed with three resistive
components. The existence of a third time-constant at a high fre-
quency (> 10° Hz) is attributed to the Zn-based corrosion products
initially generated and accumulated in the coating defects of galva-
nized steel upon the exposure environment. In this context, a threefold
higher R, of conventional galvanized coating (53.8 £ cm?) as com-
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Figure 7. Electrochemical impedance plots of the conventional galvanized
steels measured in a deaerated 3.5 mass% NaCl solution at 25°C; after immer-
sion for (a) 1 h, (b) 4 days.

pared to Cu pre-electrodeposited part (18.9 Q cm?) signifies that this
coating layer is ineffective to protect the substrate against the corro-
sion, resulting from the high corrosion rate (icor = 40.3 WA cm™2,
Table III). On the other hand, for the Cu pre-electrodeposited steel,
the relatively lower value of R, (18.9 Q cm?) in comparison to those
of Ry (460.3 Q cm?) and R, (121.2  cm?) indicates that the effect
of corrosion products on the overall corrosion resistance of galva-
nized steel is negligible during 1 h of immersion, which accounts
for the high corrosion-resistant galvanized coating resulting from the
dense and compact coating layer observed. The presence of a second
time-constant at a middle frequency (10'-103 Hz) is distinctly due
to the porous galvanized coatings (Fig. 7). Thus, the higher R, of
Cu pre-electrodeposited galvanized steel as compared to conventional
galvanized steel after 1 h of immersion indicates that the steel sub-
strate was fully covered by the galvanized coating, thereby resulting
in a fourfold increase in R, as shown in Table III.

However, the one time-constant which is associated with the for-
mation of thick and protective Zn hydroxide layer on the galvanized
coating contributed to the corrosion process after 4 days of immer-
sion (Fig. 8). The Cu pre-electrodeposited galvanized steel afforded a
higher R, (by about 3 times) as compared to the conventional part as a
result of an effective filling and blockage of coating defects by the Zn
hydroxide. However, the corrosion process of the conventional part
was controlled by the concentration polarization of corrosive species
(Warburg impedance) after 4 days of immersion, thereby showing that

Table III. Charge transfer resistance R, pore resistance R, corrosion product resistance R.,, Corrosion potential E¢or, and corrosion current
density icorr of galvanized steels determined from the impedance plots in Figs. 7 and 8 and potentiodynamic curves in Fig. 9.

Ecorr (mVSCE) icorr (HA Cm_z) Rct (Q sz) an (Q sz) ch (Q sz) W (ms 51/2 Cm_z)
Conventional 1h —1.14 40.3 101.1 103.7 53.8 -
4 days —1.32 141.8 174.7 - - 31.7
Cu pre-electrodeposited 1h —0.98 9.4 460.3 121.2 18.9 -
4 days —1.26 18.3 613.1 - - -
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Figure 8. Electrochemical impedance plots of the Cu pre-electrodeposited
galvanized steels measured in a deaerated 3.5 mass% NacCl solution at 25°C;
after immersion for (a) 1 h, (b) 4 days.

this material cannot effectively prevent the mass diffusion from the
electrolyte to the Zn hydroxide layer. The mass diffusion of corrosive
species adjacent to the electrode surface refers to the diffusive trans-
port resulting from concentration gradients and controls the corrosion
rate according to the first Fick’s law (J = —D(3C/dx)).*> Therefore,
the extent of this diffusion process depends on the stability and ho-
mogeneity of galvanized coating layer, and consequently, it offers the
indication of the fraction of coating defects. In this sense, a tenfold
lower fraction of the coating defects of Cu pre-electrodeposited gal-
vanized coating led to a threefold higher polarization resistance R,
(i.e. the sum of all resistances) even after 4 days of immersion.

The anodic polarization behavior of Cu pre-electrodeposited galva-
nized steel was investigated and compared with that of a conventional
material after 1 h and 4 days of immersion. As shown in Fig. 9a, the
galvanized coating pre-electrodeposited with Cu exhibited a higher
corrosion potential E o, (—0.98 Vgcg) and lower corrosion current
density icor (9.4 A cm~2) than those of the conventional part (Ecor
= —1.14 Vgcg, iconr = 40.3 pA cm™?) after 1 h of immersion, and
resulted in lower anodic currents at potentials near the OCP. Fur-
thermore, the pre-electrodeposition of Cu afforded a typical anodic
polarization behavior of galvanized coatings, i.e. a highly depolarized
anodic reaction,’® whereas a passive state emerged at —1.1-1.0 Vscg
for the conventional galvanized coating. These phenomena can be
explained in base of a rapid precipitation of corrosion products such
as Zn(OH), over the galvanized coating during the first 1 h of im-
mersion, which results from the high corrosion rate observed for this
material. These results are consistent with those of EIS analysis that
the conventional galvanized coating exhibited the higher R, than the
Cu pre-electrodeposited part after 1 h of immersion (Table III), since
the passive state of galvanized coating is significantly associated with
the formation of corrosion products (o< R.;,). The utilization of a low
potential scan rate of 0.5 mV s~! during the whole anodic polarization
test could also account for the observed results. Zn(OH), precipitates
according to reactions 1 and 2.>” During the open-circuit immersion in
chloride-containing environment, ZnCl, 4Zn(OH), forms as a result
of reaction 1 and accounts for the alkaline (pH 8-9) environment. This
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Figure 9. Potentiodynamic curves of the galvanized steels measured in a
deaerated 3.5 mass% NaCl solution at 25°C; after immersion for (a) 1 h,
(b) 4 days.

alkalinity might promote the stability of precipitates by the formation
of Zn(OH), over the galvanized coating (reaction 2). This passivity of
galvanized coatings can be observed more clearly at —1.3—1.1 Vgcg
after 4 days of immersion.

Zn + 5H,0 + 5/20, + 2C1™ — ZnCl, 4Zn(OH), + 20H™ [1]

7ZnCl, 4Zn(OH), + 20H™ — 5Zn(OH), + 2CI~ 2]

The improvement in corrosion resistance of the Cu pre-
electrodeposited galvanized coating clearly contrasts with the behav-
ior of the conventional part after 4 days of immersion (Fig. 9b). As
shown in Table III, the i. of conventional galvanized coating was
sharply increased from 40.3 to 141.8 WA cm~2 after 4 days of immer-
sion, whereas this parameter remained nearly unchanged for the Cu
pre-electrodeposited part. This result is also consistent with that of EIS
analysis that the Cu pre-electrodeposited galvanized steel maintained
almost constant R, (rather increased) during 4 days of immersion
(from 600.4 to 613.1 © cm?), which was decreased in the conven-
tional part (from 258.6 to 174.7 Q c¢cm?). According to the mixed
potential theory, this is directly produced by the decrease in the oxi-
dation reaction rate of the Cu pre-electrodeposited galvanized coating
since both coatings have approximately the same reduction reaction
rate.

Conclusions

This study examined the effect of Cu pre-electrodeposits on the
coating quality and the resultant corrosion characteristics of galva-
nized dual-phase steels. The crack and pin-hole type of coating de-
fects were significantly reduced by pre-electrodepositing Cu, resulting
in an increase in weight of galvanized coating. Further, the average
spangle diameter was significantly decreased for this sample. This
result suggests that the Cu pre-electrodeposits on the steel substrate
could increase the solid/liquid interfacial energy, increasing the nu-
cleation sites of new spangles in the solidifying Zn coatings dur-
ing the galvanization. On the other hand, the Cu electrodeposits re-
tarded the rate of Al uptake at the coating/substrate interface and fully
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disappeared after the galvanization, resulting in the development of the
imperfect Fe-Al compounds. These phenomena indicate that the Cu
electrodeposits act as a diffusion barrier between Fe and Al. However,
the incubation time for the formation of Fe-Zn intermetallics during
the galvanization seems to be increasing also by the Cu coating layer,
leading to a decrease in coating defects. The Cu pre-electrodeposited
galvanized coating afforded a higher corrosion resistance than con-
ventional steels upon the immersion in an electrolyte. In particular, it
effectively prevented the concentration polarization even after 4 days
of immersion and acted as a barrier layer for steel surface. These
results are directly owing to the decreased oxidation reaction rate of
the Cu pre-electrodeposited galvanized coating since both galvanized
coatings present similar reduction reaction rates.
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