CORROSION SCIENCE AND TECHNOLOGY, Vol.23, No.6(2024), pp.562~568

[Research Paper]

PISSN 1598-6462 / eISSN 2288-6524
DOI: https://doi.org/10.14773/cst.2024.23.6.562

Corrosion Protection of Electrogalvanized Steel Sheet
by Chromate-free Coating with Tetravalent Vanadium Ions

Takeshi Matsuda"’, Shinichi Furuya', Rie Kaneko', and Koji Fushimi’

!Coated Products Research Department, JFE Steel Corporation, Fukuyama 7218510, Japan
’Division of Materials Chemistry, Graduate School of Engineering, Hokkaido University, Sapporo 0608628, Japan
(Received January 29, 2024; Revised April 15, 2024; Accepted April 15, 2024)

The corrosion-protective behavior of electrogalvanized steel sheets (EG) by tetravalent vanadium ions was
investigated. The immersion of bare EG in a NaCl solution revealed that the cathodic reactivity to form
vanadium (IIT) oxide on the EG surface decreased when vanadium (IV) oxide sulfate was added to the
solution. Characterization of the corrosion products by X-ray photoelectron spectroscopy revealed that
vanadium (III) precipitated as V,0; on the EG surface, while ZnO was also included in the corrosion prod-
ucts. It was assumed that vanadium (IV) species was reduced to vanadium (III) simultaneously with the
oxidation of zinc, and V,0, precipitates immediately on the EG surface. The corrosion-protective ability of
an epoxy coating containing vanadium (IV) species was investigated by a salt spray test. The white rust
area of EG coated with vanadium (IV) species was smaller than that without vanadium (IV). Since the
reduction reaction of vanadium (IV) species followed by the precipitation of V,0;, which has a high cor-
rosion protection ability, indicated a corrosion-protective process similar to that of chromium (VI) ions,
vanadium (IV) species was concluded as a candidate inhibitor for chromate-free coatings.
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1. Introduction

Galvanized steel sheets are widely used in automobiles,
electrical machinery and building materials because of
the anti-corrosion effect on steel sheets. Among these
products, electrogalvanized steel sheets (EG) are used in
electrical machinery such as home appliances and office
automation equipment because of their uniform metallic
luster. It is important to protect zinc coatings from
corrosion because corrosion products such as zinc oxide
degrade the appearance of electrical machinery. A
chromate coating consisting of chromium (III) oxide and
a small amount of chromium (VI) was applied to prevent
corrosion of EG [1-4]. Chromate coatings feature a high
barrier property against corrosive species and good
adhesion to metal substrates because chromium (IIT) oxide
can be polymerized and bonded to metal substrates [1,5-
9]. A self-healing ability is also a characteristic because
a polymeric coating composed of chromium (IIT) oxide
is formed in defective or damaged parts of the coating by
the reduction reaction of chromium (VI) ions [2,8-10].
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Thus, chromate coatings can achieve excellent corrosion
protection with a thin coating layer and maintain the
metallic appearance of the substrate. However, strict
regulations have been applied to the use of certain heavy
metals such as Cd, Pb, Hg and Cr(VI) due to their high
toxicities, as seen, for example, in the ‘“Restriction of
Hazardous Substances (RoHS) Directive” enforced in
Europe from 2003 [11]. Thus, alternative coating systems
are needed for corrosion protection of EG.

Vanadium (IV) species are known to form a sol-gel
coating consisting of a dense oxide and/or hydroxide
coating by hydrolysis of the oxovanadate ion VO*. In
particular, when the metal substrate is immersed in an
acidic solution of sodium metavanadate NaVO, [12-17]
or ammonium metavanadate NH,VO; [18-20], a sol-gel
coating consisting of a complex oxide of vanadium (V)
species and vanadium (IV) species is formed by an etching
reaction on the metal surface [15,21,22]. When this sol-
gel coating is formed on EG, hydrolysis of the vanadium
(V) species proceeds while incorporating oxidatively
dissolved Zn(Il) species into the coating by the etching
reaction, and the sol-gel coating is obtained by the
dehydration condensation reaction of the product
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VYO(OH),(OH,),. It has been reported that the anodic
reaction is remarkably suppressed due to the synergistic
effect of the adhesion of the interface between the
galvanizing and coating and the barrier property of the
polymerized sol-gel coating [15,23]. However, due to the
formation of the V(V) decavanadate ion V,,0,,", which
has a low corrosion protection ability depending on the
pH and V(V) concentration of the acidic solution [12,22],
practical application of this technology is expected to be
challenging. On the other hand, sol-gel coatings composed
of V(IV), in which decavanadate ions are not produced,
have been studied. It has been reported that sol-gel
coatings composed of the vanadium (IV) species are
expected to be used as a substitute for chromate coatings
because they are likely to ensure the adhesion property,
barrier property and self-healing ability with the same
coating components [24-27]. In this study, the open circuit
potential (OCP) of a bare EG sheet in a NaCl solution
containing only the vanadium (I'V) species is monitored,
and the corrosion products on the EG surface are analysed
by X-ray photoelectron spectroscopy (XPS). The
corrosion resistance of EG coated with an epoxy resin
containing the vanadium (IV) species is also evaluated
by a salt spray test (SST).

2. Experimental Methods

2.1 Materials

As the test steel material, 0.6 mm thick EG sheets with
a zinc coating thickness of 2.8 um were obtained from
JFE Steel Corporation. Polyvinyl chloride (PVC) tape was
purchased from Nitto Denko Corporation. Vanadium (IV)
oxide sulfate hydrate (VOSO,xH,0) was purchased from
Shinko Chemical Co., Ltd. Epoxy resin (Beckopox™

VEP 2381 W/55WA) and an amine hardener (Beckopox™
EH 623 W/80WA) were supplied by Allnex. Fine Cleaner

E6403 was purchased from Nihon Parkerizing Co., Ltd.
Deionized water was used for all experiments. All solvents
and reagents were used without further purification.

2.2 Immersion test

The EG sheets were cut to a size of 150 mm x 50 mm
and defatted with Fine Cleaner E6403 to remove corrosion
inhibiting oil and used as specimens. The four ends of
the specimens were sealed with PVC tape, and the
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specimens were immersed in a 5 wt% NaCl solution with
or without 1 mM VOSO, at ambient temperature. After
immersion, the specimens were rinsed with water and air-
dried. Samples exposed to the solution for a period of
time were evaluated visually.

2.3 Characterization

OCP measurement of the specimens was performed by
the three-electrode technique using a platinum counter
electrode and a silver/silver chloride reference electrode.
The EG specimens were immersed in a 5 wt% NaCl
solution with or without 1 mM VOSO,, and OCP was
measured continuously at ambient temperature. The
surfaces of the EG specimens immersed in a 5 wt% NaCl
solution with or without 1 mM VOSO, were analysed
with an XPS (ULVAC-PHI Quantera SXM). Al Ka was
used as the X-ray source, and binding energy of C 1s
(284.8 eV) was used for correction of the electrostatic
charge.

2.4 Salt spray test

The EG sheets were cut to a size of 150 mm X 50 mm
and degreased with Fine Cleaner E6403 to remove
corrosion inhibition oil, and were then used as specimens.
5 wt% of VOSO, was added to an epoxy resin with a
stoichiometric amount of an amine hardener. The total
amount of solid in the paint was adjusted by adding water
so that a 1 pum thick dry film was achieved. The SST was
conducted by spraying the specimen with a 5 wt% NaCl
solution and holding the specimen in air with a 95 %RH
at 35 °C in accordance with JIS Z 2371. Visual assessments
were performed at periodic intervals.

3. Results and Discussion

3.1 Immersion test of bare EG

The time variation of the OCP of the bare EG immersed
in the 5 wt% NaCl solution containing 1 mM VOSO, was
measured. (Fig. 1). For comparison, a 5 wt% NaCl
solution without VOSO, was also used. Regardless of the
presence or absence of VOSO,, the OCP immediately
after immersion was unstable and rapidly shifted in the
less noble direction. Because the bare EG is not covered
with a highly corrosion-resistant natural oxide such as an
aluminium alloy, the rapid change in potential immediately
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after immersion is presumed to be due to activation of
the anodic reaction of Zn. OCP was stable in the 5 wt%
NaCl solution without VOSO, from —0.80 to —0.81 V.
Since this roughly corresponds to the standard electrode
potential of Zn, —0.76 V., the formation of the zinc (II)
species by oxidation of Zn is thought to proceed. On the
other hand, in the solutions containing VOSO,, the OCP
shifted in the noble direction after reaching its lowest
potential, and then showed a lower potential than in the
solutions without VOSO, and remained between —0.82
and —0.83 V.. These changes in OCP indicate that
VOSO, affects the reaction of bare EG in a NaCl solution.

Fig. 2 shows the surface appearance of a specimen
immersed in a NaCl solution for 24 hours. In the NaCl
solution without VOSO,, gray dots can be observed in
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Fig. 1. Time-variation in OCP of EG immersed in 5 wt%
NaCl solution with or without VOSO,

1 mm lmm
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the glossy part of the specimen (Fig. 2b). White products
were also continuously deposited on the sample surface
in the gray dots. In contrast, the entire surface of the
specimen immersed in the NaCl solution containing
VOSO, became dark gray, indicating that some products
were deposited on the EG surface in the solution
containing VOSO, (Fig. 2¢). The transition of OCP to
less noble is thought to be highly relevant to the formation
of these deposits.

3.2 Characterization of corrosion products

The surfaces after immersion in the NaCl solutions
containing VOSO, for 3 and 24 hours were analysed by
XPS to determine the chemical state of the products. In
the wide-scan spectrum, peaks attributed to Zn, V or O
were detected (Fig. 3). Fig. 4a shows the narrow scan
spectra of the Zn Auger L3M45M45 line with peak
binding energies at 494.6 eV and 497.8 eV, which are
nearly identical with those of Zn (494.5 eV) [28] and ZnO
(498.0 eV) [28], respectively. The increase in the ratio of
7ZnO to Zn with immersion time suggests that ZnO is
gradually deposited on the EG surface. Fig. 4b shows the
narrow scan spectra of V2p,,. The peak binding energy
of VOSO, is 516.7 eV, which is substantially in agreement
with the 516.3 eV of V(IV)O, [28]. In comparison, the
peak binding energy of the product deposited on the EG
surface is 515.7 eV, which is about 1 eV smaller than that
of vanadium (I'V) independent of immersion time and is
consistent with the peak energy of V(III),0, (515.7 V)
[28], indicating that the product V exists in a trivalent
form. On the other hand, the narrow scan spectra (Fig. 4¢)
of O1s shows a peak binding energy at 530.4 eV regardless

Fig. 2. Photographs of EG surfaces immersed in 5 wt% NaCl solution without VOSO, for (a) 0 h and (b) 24 h or (c) with

VOSO, for 24 h
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Table 1. Deconvolution ratio of Zn,, . and Ols spectrum
with immersion time

70, yger Ols
ZnO Zn o~ oH H,0
3 hours 77 23 78 18 4.0
24 hours 86 14 70 24 6.0

(III) species consisting mainly of V,0, and vanadium (III)
hydroxides such as VO(OH) and V(OH),, or a small
amount of hydrate, which are deposited on the EG surface.

Here, the potential-pH diagram of the V-H,O system
generated by OLI Studio (Fig. 5) is used to examine the
formation process of V,0, on the EG surface. The
maximum consumption of the vanadium (IV) species in
the NaCl solution in the 24-hour immersion test was about
0.05 mM, which is two orders smaller than the original
concentration. Therefore, when creating the diagram, the
concentration of V is assumed to be 1 mM. Reductive
precipitation of the vanadium (IV) species dissolved in
the NaCl solution requires oxidation of the dissolved
species or the EG surface. The redox potential of Zn(Il)/

Fig. 3. XPS spectrum of EG surface immersed in 5 wt% NaCl solution with VOSO,
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Fig. 4. High resolution XPS spectrum of (a) Z, .., (b) V2p;,
and (c¢) Ols obtained for VOSO, and EG immersed in S
wt% NaCl solution with VOSO,

of immersion time. The results of deconvolution using the
peaks of O* (530.5eV) [28], OH (531.8 eV) [28] and
H,0 (533.0 V) [28] are shown in Table 1. It is found
that the vanadium (IV) species are reduced to vanadium
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Zn is —0.76 Vg, while that of V(IV)/V(II) is 0.34 Vg
[29]. There is no doubt that zinc acts as a reducing agent
because the NaCl solutions contain no other substances
that act as reducing agents. Therefore, when zinc is
oxidized and eluted as the zinc (II) species, the vanadium
(IV) species near the EG surface is reduced to the
vanadium (IIT) species. In a neutral NaCl solution, the
vanadium (III) species are considered to precipitate
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Fig. 5. Pourbaix diagram of V and Zn. The concentration of
the elements is10~° M

immediately as V,0O, in an environment which is more
than weakly acidic, and the EG surface is then covered
with V,0;. Since the solubility products of V(OH), and
Zn(OH), are 4 x 10 and 3 x 1077 [30], respectively,
V,0, is thought to precipitate prior to ZnO, but a small
amount of ZnO is also likely to be present. Considering
the results of the OCP immediately after immersion of
the bare EG in the 5 wt% NaCl solution containing
VOSO, (Fig. 1), the rapid shift in a less noble direction
is related to the acceleration of zinc oxidation by the
vanadium (IV) species. After reaching the lowest
potential, the OCP in the solution containing VOSO, shifts
in the noble direction, indicating that oxidation of zinc
may be suppressed by precipitation of V,0, on the EG
surface.

3.3SST

Fig. 6 shows photographs of the EGs coated with an
epoxy coating with or without VOSO, having an artificial
cross-cut scratch before and after the SST for 24 hours.
White rust occurred over the entire surface of the
specimen coated with the epoxy resin, while slightly white
rust was observed on the specimen coated with epoxy
resin containing VOSO,. Since white rust is derived from
zinc oxide, the EG coated with an epoxy coating without
VOSO, is severely corroded. This suggests that corrosion
resistance of epoxy resin coating is not sufficient, and

566
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(a) Epoxy coating

(b) Epoxy coating
with VOSO,

Fig. 6. Photographs of specimens coated with (a) epoxy resin
and (b) epoxy resin containing S wt% of VOSO, after SST
for 24 hours

both the anodic reaction by zinc dissolution and the
cathodic reaction by oxygen reduction actively occur. In
contrast, the occurrence of white rust was suppressed on
the EG coated with an epoxy coating containing VOSO,.
It is considered that corrosion resistance was improved
by suppression of the cathodic reaction due to the self-
healing reaction of forming an oxide film of Zn and
vanadium (IIT) species when the vanadium (IV) species
in the epoxy coating is dissolved in a corrosion
environment.

4. Conclusions

The corrosion protection behavior of EG by vanadium
(IV) ions was investigated. Addition of VOSO, at a
concentration of 1 mM to a 5 wt% NaCl solution shifted
the OCP of the bare EG toward the less noble direction.
In the early stage of immersion, zinc was oxidized
simultaneously with the reduction of the vanadium (IV)
species in the NaCl solution to the vanadium (III)
species, and the vanadium (III) species precipitated
immediately as V,0; in the NaCl solution. As the
corrosion resistance of the EG coated with the epoxy
resin containing V,0; was improved, it was concluded
that the vanadium (IV) species is a candidate inhibitor
for chromate-free coatings.

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.6, 2024
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