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a b s t r a c t

The vanadium conversion coating as chromate replacement was prepared on electrogalvanized steel
(EG) plates previously treated in a solution mainly composed of vanadate. Corrosion behavior of these
EG plates in contact with 3.5% NaCl solution was investigated using potentio-dynamic measurement
and electrochemical impedance spectroscopy (EIS) measurement. The morphology and composition of
the vanadium conversion coating were studied using scanning electron microscopy (SEM) and X-ray
vailable online 24 September 2010
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photoelectron spectroscopy (XPS) in conjunction with argon-ion sputtering. According to the results,
the V-treated EG plate shows the best corrosion protection property compared with the untreated and
Cr-treated EG plates. The vanadium-rich coating is composed of the closely packed particles. The coating
mainly consists of vanadium and oxygen, which mainly exist as V2O5, VO2, and its hydrates such as
V O ·nH O, VO(OH) .
hemical conversion coating

orrosion resistance
-ray techniques

2 5 2 2

. Introduction

Conversion coating can improve protection for metallic surface
n aggressive environment. They modify the metal surface from an
ctive to a passive state by dipping the metal in a specific anion
ontaining bath which reacts with the surface, forming a conver-
ion coating. Chromating on electrogalvanzied steel, aluminum and
inplates is widely used in the automotive and aerospace industries
s well as in electronics and domestic appliances [1]. However,
he baths are prepared with hexavalent chromium, which is car-
inogenic. Therefore, new alternative and more environmentally
riendly surface treatments need to be developed [2]. Many studies
ave been conducted in recent decades to find a suitable friendly
nticorrosive alternative to chromate. Several processes are based
n different salt, expected to be less environmentally aggressive
han the chromate, such as molybdate [3–5], permanganate [6,7],
ilicate [8–11], titanate [12–14], rare earth salts [15–18], tungstate
19,20] compounds.

Vanadium has not received in-depth consideration as chromate
onversion coating replacement due to the solubility of crystalline

anadium oxides. There are relatively few coating chemistries in
hich vanadium or its compounds is the primary film-forming

gent. Some papers reported the application of vanadate coatings
n aluminum alloys and magnesium alloys. Hamdy et al. [21,22]
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studied the corrosion protection performance of thickened oxide
conversion coatings containing vanadium ions formed on alu-
minum composites and proposed newly developed environmen-
tally acceptable surface treatments based on vanadate prepared by
sol–gel method. Guan and Buchheit [23] studied the self-healing
properties of vanadate conversion coatings on aluminum alloy
2024-T3 in a 100 mM NaCl solution. They found that vanadates
were anodic and cathodic inhibitors in near-neutral solutions. Ian-
nuzzi et al. [24,25] found that metavanadates inhibit AA2024-T3
corrosion by a mechanism that does not involve electrochemi-
cal reduction. However, decavanadates did not impart significant
corrosion protection. Yang et al. [26] immersed magnesium alloy
(AZ61) in vanadium containing bath with various conditions, such
as the vanadium concentration, immersion time and bath tem-
perature. The presented conversion treatment had its potential to
replace the chrome-based conversion coating treatment.

In this work, a newly developed environmentally friendly
vanadium conversion coating was proposed on the EG plates as
alternatives to toxic chromate based systems. The effect of vana-
dium conversion coating on the corrosion behavior of EG plates in
3.5% NaCl solution will be studied using Tafel and EIS techniques.
Surface examination will be performed by scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS).
2. Experimental procedure

2.1. Materials and samples pre-treatments

Commercial electrogalvanized steel (EG) plates made by Baosteel Co. in China
with coating mass on both sides of 60 g m−2 were employed as substrates. Before

dx.doi.org/10.1016/j.jallcom.2010.09.080
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Corrosion data of the samples from Tafel tests.

Sample Ecorr (vs. SCE, V) icorr (A cm−2)
log j / A .cm )(

ig. 1. Polarization curves of the EG plates for untreated, V-treated and Cr-treated
G plates tested in 3.5% NaCl solution at room temperature.

he vanadium conversion treatment, the specimen was degreased using ethanol
nd activated in a HNO3 solution for 10 s, and then rinsed with deionised water. The
anadium conversion bath includes NaVO3 (24 g/L), NaH2PO4 (8 g/L), and K3Fe(CN)6

13 g/L). The pH of vanadium conversion bath was adjusted to 1.8 by adding H3PO4

nto the bath with agitation. After activation process, the specimen was immersed in
anadium conversion bath at room temperature for 60 s, and then washed with dis-
illed water to stop the future reaction via removing the residual salts. After drying
n compressed air, the V-treated EG sample was obtained and stood for overnight
o test.

For comparison, a chromate treatment is also used. The untreated EG plate was
mmersed in the solution containing 5 g/L CrO3 and 2 g/L ZnSO4 solution for 30 s at
0–25 ◦C and pH 1.5, then rinsed in distilled water and dried with compressed air.

.2. Electrochemical techniques

The electrochemical properties of both as-received and conversion-treated sam-
les were performed at room temperature by the potentio-dynamic electrochemical
ests to evaluate the corrosion resistances. Tafel test with scan rate of 5 mV s−1 from
1.3 to −0.7 V (vs. OCP) started after the open circuit potential was stable. EIS curves
ere measured by immersion the samples (0.785 cm2 of exposed area) into a 3.5%
aCl solution at pH 6.8 with an EG&G PAR273 potentiostat, applying 10 mV ampli-

ude signals over a 104 to 10−2 Hz frequency range. This equipment comprised three
lectrodes, the sample is the working electrode, and platinum mesh is the counter
lectrode and the saturated calomel electrode (SCE) as the reference electrode.

.3. Surface analysis

The surface morphologies of the samples were observed by scanning elec-
ron microscopy (Hitachi, S-4700). X-ray photoelectron spectroscopy (XPS) analyses
ere performed with a PHI5700 ESCA system (Perkin-Elmer) using Al K� radiation

1486.6 eV), operated at a constant power of 250 W. The pressure in XPS analysis
hamber was maintained below 10−7 Pa during the measuring period. The high-
esolution spectra were taken with the pass energy of 29.35 eV and the step size of
.125 eV. Charging compensation was undertaken by assuming that the O1s level at
84.5 eV for C1s. The analyzed surface area was around 4 mm × 4 mm. Quantifica-
ion was done by calculating the elemental peak area which corrected according to
he sensitivity factors after background subtraction. To obtain atomic concentration
rofiles (distribution of elements as a function of specimen thickness), the surface
as sputtered by Ar+ bombardment at a 3 kV and the sputtering rate was around

0 Å min−1. The XPS data analysis was performed with XPSPeak4.1 program.

. Results and discussion

.1. Electrochemical results

Potentio-dynamic measurement was used to study corrosion
ehavior of the three EG plates in contact with a 3.5% NaCl solu-
ion at pH 6.8. Fig. 1 shows three typical polarization curves for

he V-treated, untreated and Cr-treated EG plates tested in 3.5%
aCl solution. Ecorr are −0.908 V for V-treated layer, −1.068 V for
ntreated EG plate, and −0.951 V for Cr-treated layer. Both cathodic
eaction and anodic reaction of the two treated EG plates are inhib-
ted markedly compared with the untreated EG plate, and the
Untreated EG −1.068 4.28 × 10−5

Cr-treated EG −0.951 2.39 × 10−6

V-treated EG −0.908 1.98 × 10−6

inhibition effectiveness of anodic reaction is higher than that of
cathodic reaction. Comparing the left shift of the Tafel polarization
for treated EG plates, it is found that the anodic branch for V-treated
EG plate is approached to that for Cr-treated plate and far away from
that for untreated EG plate. It can be considered that the suppres-
sion the anodic process of zinc corrosion by the vanadate coatings
is chiefly dependent on the coverage of vanadate coatings.

Through Tafel extrapolation, corrosion potential (Ecorr) and cor-
rosion current density (icorr) of three EG plates were obtained,
which were listed in Table 1. The V-treated layer and Cr-treated
layer increase corrosion potential of EG plate by 160 mV and
117 mV, respectively. And corrosion current density of the V-
treated EG plate is 21 times lower than that of the untreated EG
plate, and lower than that of the Cr-treated EG plate, indicating
that both V-treatment and Cr-treatment seem to have a significant
improvement on corrosion resistance of EG plate when exposed
to the 3.5% NaCl solution and V-treatment provides better effec-
tiveness. It suggested the corrosion protection provided by the
V-treated layer is due to blocking of parts of the EG surface with
reduction of oxygen and metal dissolution occurring in the pores
of the coating layers.

3.2. EIS measurement

EIS measurement was also used to study corrosion behav-
ior of the three EG plates in contact with a 3.5% NaCl solution.
Fig. 2 presents three representative Nyquist plots for treated and
untreated samples.

As Fig. 2(a) shows, the Nyquist plot of untreated sample presents
a depressed semicircle, at high frequencies (HF), accompanied by a
capacitive loop at low frequencies (LF), which resembles an induc-
tive loop over the real axis. In chloride environment, the corrosion
products such as zinc hydroxychlorides and zinc oxides are formed
on the surface of zinc [27]. In the case of EDG, the HF capacitive loop
can be ascribed to the formation of the corrosion products which
suppress the process of charge transfer; the LF inductive loop can
be attributed to the dissolution of the zinc layer [28–30]. The sys-
tem has not been reached the steady state. It seems to the result
of the reactivity of the aggressive electrolyte, for example chloride
ion. The similar situation was mentioned in the literatures [31,32].
The equivalent circuit depicted in Fig. 3(a) was used in the simu-
lation fitting procedure of EIS spectrum at high and intermediate
frequencies. In the circuit, Rs corresponds to the resistance of the
electrolyte; Rct and CPEdl represent the charge transfer resistance
and the double layer capacitance, respectively.

As Fig. 2(b) and (c) shows, the shape of Nyquist plots is similar for
Cr-treated and V-treated samples. The two Nyquist plots present
a depressed semicircle at the higher frequencies, which can be
attributed to charge transfer process of corrosion. The semicircle is
followed, at the lower frequencies, by a straight line superimposed
at 45◦ to both axes, which is corresponding to diffusion process. In
this case, the two EIS spectra were fitted by the equivalent circuit
of Fig. 3(b), where Rs corresponds to the resistance of the elec-

trolyte, Rct is the charge transfer resistance, CPEdl is the double layer
capacitance, and W represents the diffusion (Warburg) impedance.

The parameters used in the fitting procedure were presented in
Table 2. As can be seen from Fig. 2, excellent agreement between
experimental and simulated data is observed, and the fitting error
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Fig. 2. Nyquist plots for the samples after 1 h of immersion in 3.5% NaCl solution at
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Fig. 3. Equivalent electrical circuit used to model: (a) untreated EG plate/3.5% NaCl
solution system; and (b) Cr-treated and V-treated EG plates/3.5% NaCl solution sys-
tem.

posed of the closely packed particles, and it is difficult to discern

T
P

H 6.8. (a) untreated EG plate; (b) Cr-treated EG plate; (c) V-treated EG plate.

ere is less than 10%. Through fitting the impedance data, plenty
f information is discovered. Charge transfer resistance (Rct) of the
wo treated EG plates is remarkably higher than untreated EG plate
nd V-treated EG plate has the highest Rct. The comparison indi-
ates that V-treatment or Cr-treatment can remarkably improve
orrosion resistance of EG plate in contact with 3.5% NaCl solution

nd V-treatment is more efficient, indicating that vanadium con-
ersion coating has a high protection property, which may be the
eason that V-treated EG plate has the highest Rct.

able 2
arameters used in the simulation of impedance data.

Element Untreated EG plate Cr-trea

Values Error (%) Values

Rs (� cm2) 64.54 1.29 63.05
Y0 (CPEdl) (F sn−1 cm−2) 8.498E-6 7.79 1.85
n 0.877 1.17 0.80
Rct (� cm2) 280.4 1.47 9087
Y0 (W) (F s−0.5 cm−2) – – 7.67
Fig. 4. SEM micrograph of the V-treated layer on EG plate.

3.3. Characterization of the V-treated layer

Fig. 4 shows a SEM micrograph of the V-treated layer on EG
plate. From Fig. 4, it can be observed that V-treated layer is com-
the boundary.
X-ray photoelectron spectroscopy (XPS) was used to analyze

chemical composition of the vanadium conversion coating. Fig. 5

ted EG plate V-treated EG plate

Error (%) Values Error (%)

0.49 66.36 0.39
6E-5 1.08 2.727E-5 0.94
2 0.25 0.777 0.20

0.98 11,960 0.66
8E-4 3.43 5.877E-4 2.92
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ig. 5. XPS survey spectrum of the vanadium layer prepared on EG plate after 5 min
f Ar+ etching.

hows the whole XPS spectrum for the V-treated sample with
min Ar+ etching. After Ar+ etching, the signals of contaminants
ave become feeble. It can be seen from Fig. 5 that the photo-
lectron peak for V 2p appears clearly at a binding energy, Eb,
f 524 eV, O 1s at Eb = 531 eV, Zn 2p at Eb = 1022 eV and C 1s at
b = 285 eV. The chemical composition of the coating layer deter-
ined by integration of the peak area in the spectrum is V 21.77, O

6.71, Zn 17.71, C 3.81 (atom %). Obviously, the presence of carbon
ight be attributed to the residual carbon from precursor solu-

ion and the adventitious hydrocarbon from the XPS instrument
tself.

Fig. 6 shows the high resolution XPS spectra of the Zn 2p, V
p and O1s regions for the V-treated EG plate. The Zn2p3/2 spec-
rum consists of one peak corresponding to zinc in form of Zn2+ at
021.7 eV (Fig. 6(a)). The presence of zinc comes from the oxide film
y the low pH of the coating bath. The binding energy of the V 2p1/2
nd V 2p3/2 are found at 516.4 and 523.5 eV, respectively (Fig. 6(b)).
fter deconvolution with Gaussian functions, the V 2p region is
ecomposed into two contributions corresponding to the differ-
nt oxidation states of vanadium. Each contribution consists of a
oublet between the 2p3/2 and 2p1/2 peaks. The dominant doublet
omposed of two peaks located at 516.93 eV (V2p3/2) and 524.44 eV
V2p1/2) is assigned to V5+ [33–37]. The peaks of the minor doublet
omposed of two peaks located at 515.65 eV (V2p3/2) and 523.91 eV
V2p1/2), and assigned to V4+ [34–37].

Fig. 6(b) also shows the high resolution XPS spectra of the O 1s
egion for the vanadium conversion coating after 5 min Ar+ etching.
he O 1s region is composed of three peaks. The peak at 530.56 eV
s attributed to V–O. The second one at 531.06 eV is attributed to
H− existing as V–OH. The third one at 532.09 eV is attributed to
dsorbed water and C–OH, C O, C–O–C, and the last three ones are
ssociated with the contaminants. In summary, it is believed that
he vanadium coating mainly consists of vanadium and oxygen,
hich mainly exist as V5+, V4+ and its hydrates.

. Discussion

Vanadium conversion coating formation is essentially a sol–gel-
ike process. The formation of pentavalent vanadium oxides by
ondensation and polymerization has already been described quite
horoughly [38]. The ability to trigger the conversion coating forma-
ion depends on the interplay among the soluble vanadate ions, pH
f the bath and changes in the solution pH at the metal–solution

+
nterface. The predominant species in solution is VO2 when the
H is about 1.8, the species does not react to product condensed
anadium oxides [39]. When exposed to the EG plate surface with
he coating bath, activation occurs due to surface catalyzed proton
eduction such as dissolution of the oxide film by the low pH. For
Binding Energy/ eV 

Fig. 6. High resolution XPS spectra of the Zn2p (a), V2p and O1s (b) for the V-treated
EG plate.

this reason, the interfacial pH increases and triggers formation of
VO(OH)3 by hydrolysis of VO2

+.

VO2
+ + 2H2O → VO(OH)3 + H+ (1)

At pH values close to 2, coordination of VO(OH)3 changes from
tetrahedral to octahedral by a water addition reaction.

VO(OH)3 + 2H2O → VO(OH)3(OH2)2 (2)

This hydrate then polymerizes by forming V(V)–V(V) linkages
forming a so-called polymer backbone. In similar, V4+ gels may form
by a hydrolysis–condensation–polymerization process analogous
to those for V5+ gels. Simultaneously, vanadate binds via oxygen
ligands forming V(V)–V(IV) linkages, which are characteristic of
vanadium conversion coatings.

In this work, electrochemical polarization experiments demon-
strated that the vanadium conversion coatings were able to protect
EG plate against corrosion during exposure to 3.5% NaCl solu-
tion. The electrochemical results correlated well with the analytical
data, EIS results showed that the uniform film hindered the initi-
ation of the corrosion processes. On the other hand, polarization
curves of the V-treated sample showed the marked suppression of
anodic and cathodic processes and consequently improving corro-

sion resistance.

The above mechanism can be used to explain the improved cor-
rosion resistance of EG plates pre-treated with vanadate solution
during immersion in NaCl solutions. The protection mechanism
seems to be closely associated with the presence of vanadium
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. Conclusions

The vanadium conversion coating as chromate replacement
as prepared on EG plate by immersing in vanadate contain-

ng bath. According to potentio-dynamic measurement results,
n 3.5% NaCl solution at pH 6.8, the V-treated EG plate presents
he lowest icorr (1.98 × 10−6 A cm−2) as compared with the
ntreated EG plate (4.28 × 10−5 A cm−2) and the Cr-treated EG
late (2.39 × 10−6 A cm−2). Besides, the vanadium conversion coat-

ng significantly suppresses both the anodic reaction and cathodic
eaction of EG plate corrosion, especially the anodic one. Accord-
ng to EIS results, the V-treated EG plate provides the highest
ct (11,960 � cm2) as compared with the untreated EG plate
280.4 � cm2) and the Cr-treated EG plate (9087 � cm2), indicat-
ng that Corrosion resistance of V-treated EG plate is much better
han that of the untreated EG plate, and slightly better than that
f Cr-treated EG plate. The vanadium conversion coating is com-
osed of the closely packed particles. The coating mainly consists of
anadium and oxygen, which mainly exist V5+, V4+ and its hydrates.
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