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Abstract

In the present work, hot dip zinc coating incorporated with various composite was developed. The effect of ZnO and V2O5 in the galvanizing
characteristics of zinc coating was studied with a view to apply the coating for functional application. The pretreatment conditions and bath
compositions were fixed based on the available literatures and on the preliminary test results. Different electrochemical techniques were followed
to study the corrosion tolerance of the coating. The presence of ZnO had a beneficial influence on the protection span of the coating compared to
that of V2O5. The presence of composite reinforced inner layer influenced the alloying reaction between Fe and Zn. The surface topography of the
coating was also improved due to the metal oxide incorporation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Galvanization has long been extensively employed for
corrosion protection of steel structures exposed to various
environments. From the literature survey it is clear that the
galvanization process has undergone tremendous modification
since its origin. The process has gone through various
modifications in bath alloying, steel chemistry and in the post
treatment techniques. Alloying elements such as Al, Bi, Ni, Mg
etc. are commonly added as bath additives in the molten bath to
increase the fluidity and to control the zinc diffusion during
galvanization [1–3]. The formation of inter-metallic phases or
alloys during galvanization depends on the diffusion rate of zinc
into the substrate and the subsequent alloying reaction between
iron and zinc [4–6]. The bond strength between the substrate
and the coating mainly depends on the surface feature of the
metal substrate and on the galvanizing conditions.
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Various metal oxides such as ZnO, ZrO2 and TiO2 have
been used as bath additives to form oxide barrier galvanic
coating on steel substrates [7–9]. The presence of metallic
composites could influence the microstructure and layer-wise
morphology of the metallic coating [10,11]. Incorporation of
ZnO improves the wear and corrosion resistance characteristics
of the Ni–P alloy plate [12]. ZnO could act as an efficient
additive during metallic coating. V2O5 is an efficient bath
additive in the plating process as its composite nature could
significantly influence the plating process and the electro-
chemical behavior of the plate [13,14]. Though V2O5 is known
for inducing hot corrosion of metals such as nickel, zinc and
iron it can be an efficient additive for metallic coatings in
ambient temperatures [15,16].

In the present work, composite incorporated hot dip
coatings were developed through ZnO and V2O5 addition in
the galvanizing bath. The coatings were compared based on
their physico-chemical, surface morphological and electro-
chemical characteristics. The influence of such composite
addition in the zinc coatings and its influence on its subsequent
performance were studied and reported briefly here.
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Table 1
The comparison of physical properties of the galvanic coatings with and without
incorporation of ZnO or V2O5

Coating composition Adherence Hardness
(VHN)

Thickness
(μm)

Mean coating
weight (g/cm2)

Pure zinc coating Good 50 40 1.308
0.01% ZnO Fair 52 37 0.9716
0.1% ZnO Good 56 33 0.8306
0.01% V2O5 Fair 57 48 1.654
0.1% V2O5 Good 57 44 1.410
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2. Experimental methods

2.1. Optimization of the coating composition

Different concentrations of ZnO (99% pure, Product No.
40617, supplied by Sd. Fine Chemicals Ltd; India) and V2O5

(99% pure, Product No. 40565, supplied by Sd. Fine Chemicals
Ltd; India) were added into the molten zinc bath. High
concentration of ZnO and V2O5 caused segregation in the
molten bath, resulting in irregular coating structure. But very
low concentration of ZnO/V2O5 had not much effect on the
coating character. Based on available literature and preliminary
test results, 0.1 and 0.01% by weight of ZnO and V2O5 were
chosen to incorporate into the molten zinc bath for further
studies [11,12].

2.2. Galvanization process

Steel coupons of 5 cm×5 cm×0.1 cm cut size bearing the
composition — Carbon: 0.90%, Manganese: 0.340%, Phos-
phorous: 0.36%, Silicon: 0.0487% and Aluminium: 0.029%,
were abraded with different grades of emery paper to obtain a
fine and smooth surface. The steel substrate after degreasing in
15% NaOH solution was washed with water and then pickled
with 8% HCl solution. The steel coupons were thoroughly
washed with water and then fluxed with 30% NH4Cl solution
[17–19]. The galvanization bath consisted of molten pure zinc
incorporated with different concentrations of ZnO and V2O5

and kept at 450±10 °C [20,21]. The bath was continuously
stirred to maintain the homogeneity of the melt. The dipping
time was fixed to be 10–12 s [17]. The excess zinc on the
surface was removed by hot air blowing. The galvanization
process parameters were fixed based on available literature and
the results of preliminary studies.

2.3. Characterization techniques

The galvanised coupons were subjected to Vicker's hardness
test as per ASTM E 384-899 using a shimadzu HMV-2000
instrument. The test load was 50 gf for an indentation time of
12 s at 22.9 °C. To determine the adhesion of the coating, the
coupons were bent until the two ends became parallel and then
returned to their initial condition. The surface of the coupons
was examined visually using a magnifying lens to check cracks
and other defects. Thickness measurement of the zinc coating
was carried out as per ASTM standard A 525-93 [22,23]. The
galvanized coupons were subjected to weldability test as per
ASTM B 571-79. The zinc coating was etched with 5% HCl
solution for five minutes, washed thoroughly with water and
dried prior to characterization of the surface topographical
feature of the coating by SEM (Hitachi S-2400). Long-term
immersion studies were carried out to assess the potential decay
characteristics of the galvanized coupons under saline condi-
tions. Cleaned coupons having definite exposed area were
individually dipped into 5% NaCl solution kept in different
beakers. The change in electrode potential with respect to
saturated calomel electrode (SCE) was measured at regular
intervals continuously for 30 days. Self-corrosion rate was
determined based on the data of difference in weight of the
coupons and the time of each exposure. Salt spray test was
carried out as per ASTM B.117 standard for a period of 30 days
at 35 °C. The edges of the pre-weighed coupons were covered
with adhesive tapes before placing the coupons in the salt spray
chamber. The corroded coupons were washed with 10%
ammonium per sulphate ([NH4]2S2O8) solution at room
temperature, dried and weighed.

3. Results and discussion

3.1. Physico-chemical properties

The performance of the galvanic coating can be improved by
using metallic composites as bath additives. In the present work
ZnO and V2O5 were incorporated as bath additives. As already
mentioned, two different concentrations of ZnO and V2O5 were
added. The oxides got distributed easily in the molten zinc bath
as it had fine particle size and the zinc bath was thoroughly
agitated after each addition. In the presence of inert metallic
composites on the surface of the substrate, the diffusion of zinc
during galvanization is lowered. The physico-chemical proper-
ties of the zinc coatings incorporated with ZnO and V2O5 were
compared with those of the pure zinc coating (Table 1). The
hardness value, i.e., Vickers Hardness Number (VHN) of the
V2O5-incorporated coating was greater than pure zinc coating.
This could be due to the reinforcement of the metal oxides and
the composite nature of the coating. The adherence and
thickness of the ZnO-incorporated coating were found im-
proved compared to the pure zinc and V2O5-incorporated zinc
coating. To compare the adherence of the coating the steel
coupon were bent and was observed for any surface
irregularities. After bending, the surface did not have any
blemishes or peeling layers. This was in accordance with the
already reported evidences on ZnO-incorporated coating [12].
This envisaged the good alloying nature and the compact
structural character of the coatings. The observation of thinner
coating revealed more compact alloy layers as observed in the
case of zinc coating incorporated with ZnO. But in the case of
V2O5 incorporated zinc coating there was surface cracks with
peeling of outer layers after bend test. As the thickness of the
coating increases, it is likely to develop surface cracks during
bend tests. The peeling of outer layers after bend test in the case
of the V2O5-incorporated zinc coating might be due to the
segregation of the composite and the irregular Fe–Zn alloy



Fig. 1. The SEM micrographs of the coatings (A) incorporated with ZnO (B)
incorporated with V2O5 (C) pure zinc coating.

Fig. 2. The variation in OCP decay curves of the galvanized coupons during
long-term immersion test. Δ — 0.1% ZnO, ◊ — 0.01% ZnO, □ — pure zinc
coating, ■ — 0.01% V2O5, ▲ — 0.1%V2O5. Medium: stagnant 5% NaCl
solution, temperature: 35±2 °C.
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structure of the coating. In the presence of inert metallic
composites on the surface of the substrate, the diffusion of zinc
during galvanization is lowered. The diffusion of zinc during
galvanization was gradual for the ZnO-incorporated coating
compared to the pure zinc and V2O5-incorporated zinc coating.
This could influence the Zn–Fe alloying reaction in the
presence of ZnO during the galvanization process. Generally
thicker zinc coatings are prone to have surface cracks leading to
peeling off layers during bent test as in the case of V2O5

incorporated zinc coating.

3.2. Surface morphology

The surface morphology of the ZnO-incorporated galvanic
coating is shown in Fig. 1A. The surface consisted of well-
defined grains and had smooth surface feature compared to
conventional zinc coating. The incorporation of ZnO had
improved reinforcement nature causing formation of more
compact alloy layers. There was no segregation. The surface of
the V2O5-incorporated zinc coating (Fig. 1 B) consisted of
micro voids and there was segregation of the composite at
certain regions. Generally the ridged spangle surfaces are
populated with precipitates present in relatively large size
[24,25]. In the case of V2O5-incorporated coating, the grain size
differed where the luster of each spangle was also differed,
yielding the surface a non-uniform appearance. There were
small pits on the pure zinc coating (Fig. 1 C). This could be
attributed to the preferential dissolution of zinc from the outer
layer during the etching process. On consolidating the surface
morphological analysis, we could conclude that the incorpora-
tion of ZnO would result in more uniform coating structure with
compact inner alloy layers.

3.3. Electrochemical characterization

3.3.1. Testing in stagnant sodium chloride solution
After physico-chemical and morphological analyses, the

coated coupons were evaluated by various electrochemical
tests. All the coatings exhibited a stable and high negative Open
Circuit Potential (OCP) values (the equilibrium electrode
potential without any external electrochemical contact) during
the initial hours of exposure in 5% NaCl medium. This could be
ascribed that the top layer which consisted of pure zinc (η
phase) sacrificed itself protecting the inner alloy layers from
corrosion during the exposure. During the course of exposure,
the ZnO incorporated coating had an instantaneous protective
barrier layer minimizing the dissolution of zinc. As the
dissolution progressed the OCP of the coupons shifted to
more anodic regions (Fig. 2). The extent of potential shift was
lesser in the case of zinc coating containing 0.1% ZnO
compared to the pure zinc coating or the other containing
lesser concentration of ZnO. This could be attributed to the
formation of more compact and adherent protective layer of
ZnO along with the corrosion products. It was revealed that the
fine texture of the coating improved the corrosion resistance of
the coating. As reported elsewhere, the corrosion resistance as
well as the mechanical properties of composite incorporated



Fig. 3. The OCP decay curves of the galvanized coupons during salt spray test.
Δ— 0.1% ZnO, ◊— 0.01% ZnO,□— pure zinc coating, ■— 0.01% V2O5,

▲ — 0.1% V2O5. Medium: 5% NaCl solution, temperature: 35±2 °C.
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coatings could be substantially improved by incorporation of
Al2O3, TiO2, ZnO and FeO [12,25].

Although the oxides are inert, the surface of the coatings
form double layer of varying structure depending on the coating
structure. Thus the resultant potential also varies depending on
the coating structure. The potential also varies depending on the
structural changes in the double layer with time (e.g., OCP
data).

In the present work, the galvanic coating incorporated with
ZnO was found to have brighter surface than conventional zinc
coating. The surface characteristics of the coating also played an
important role during the course of exposure. In the case of the
pure zinc and the V2O5-incorporated coatings, there were lack
of compact alloying nature and the formation of soluble
corrosion products aggravated the condition that resulted in
anodic potential shift. Although the zinc coating incorporated
with various amounts of V2O5 exhibited a high negative
potential during initial days of the exposure, there was more
anodic shift during its long term exposure. The zinc coating
having V2O5 had rougher surface and the alloy layers were less
adherent. The presence of V2O5 did not influence the alloying
reaction and the coating growth during galvanization to the
extent of that ZnO had. The presence of V2O5 induced corrosion
and was largely unsuccessful owing to the transition semi
conductance of V2O5 [15,16]. Comparing the two oxide
incorporated coatings with that of the pure zinc coating the
one with ZnO incorporation was found to have more stable
potential during the stipulated exposure time. The nature of the
ZnO composite and its uniform distribution influenced the
coating structure. The influence of V2O5 on the coating
structure might be the probable reason for the change in the
double-layer structure that resulted in comparatively higher
polarization. The weight loss of the coupons (Table 1) recorded
at the end of each exposure also revealed the earlier inference
that ZnO-incorporated coating had better performance.

3.3.2. Testing in salt fog
Salt spray test was carried out as a simulated accelerated test

to examine the influence of humidity and aggressive ion (Cl−)
concentration on the galvanized coating. The test was carried
out in a salt spray fog chamber in 5% NaCl medium for 720 h.
During the salt spray fog test the signs of onset of corrosion
were observed with the white rust formation, (Table 2). White
Table 2
The visual observation of the galvanized coupons noted during salt spray test

Coating system Number of days of exposure ⁎Self corrosion
rate (g/cm2/h)

5 20 30

Pure zinc coating ⁎20% 42% 65% 18.9
0.01% ZnO 15% 25% 43% 17.9
0.1% ZnO 5% 15% 20% 10.8
0.01% V2O5 45% 68% 80% 26.3
0.1% V2O5 50% 79% 100% 31.6

⁎% white rust formation, weight loss during salt spray analysis.
rust was formed on the surface within 48 h of exposure in all
types of the coatings, but the area covered with white rust was
less on the ZnO-incorporated coating. The percentage of white
rust covered over the surface is referred in the table. The
incorporation of ZnO would have caused formation of a quasi-
stable passive layer that could minimize dissolution of zinc. In
the case of the pure zinc coating the corrosion product formed
were unstable and got easily washed off during the spray
process. After 20 days of exposure, appearance of red tinges
revealed the corrosion of underneath steel substrate. But in the
case of the ZnO-incorporated coating red rust was observed
after 26 days of exposure. This could be ascribed to the better
coating morphology and the bright surface feature of the coating
[12,26]. The bright surface performed well due to its low
surface energy and minimum segregation under aggressive
condition. The area covered with brown rust was lesser on the
ZnO-incorporated zinc coating compared to the V2O5-incorpo-
rated and pure zinc coating. The presence of ZnO in the under
layer could prevent the penetration of aggressive ions during
exposure of the coating in the salt fog. In the case of V2O5-
incorporated zinc coating the catalytic nature of V2O5 adversely
affected the dissolution of zinc during saline exposure.

In the case of the V2O5-incorporated zinc coating the
corrosion product did not get much ageing time to grow as
barrier and to protect the under layer from corrosion. During a
parallel set of salt spray analysis a provision was made to check
the potential decay of the coupons. Fig. 3 shows the potential
decay of the coating during the exposure. The ZnO-incorporat-
ed coating exhibited better performance in accordance with the
earlier observations of polarization analysis. In short the
corrosion resistance of the galvanic coating containing ZnO
exhibited better performance compared to the V2O5-containing
and the pure zinc coating during the salt fog test.

4. Conclusions

The physico-chemical properties of the composite-reinforced
zinc coating were found to be superior to that of conventional
zinc coating. The surface morphology and microstructure of the



1737S.M.A. Shibli et al. / Surface & Coatings Technology 202 (2008) 1733–1737
zinc coating were improved due to the incorporation of ZnO
that resulted in the formation of more compact inner alloy layers
with reduced thickness. Of the two types of the metal oxides
studied, viz ZnO and V2O5, the incorporation of ZnO had a
beneficial influence on the galvanic performance of the coating.
Although both the types of metal oxides had the role in
modifying the zinc coating structure, the presence of ZnO had
significant role in improving the inner alloy structure yielding
higher protection span.
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