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INTRODUCTION

Steel of different forms is an integral part of building and
construction industry due to its high strength, durability and
relative inexpensiveness compared to other more exotic
materials. However, the major drawback of steel is its natural
tendency to undergo corrosion in humid atmosphere. Corrosion
is the deterioration of materials by chemical interaction with
their environment. Steel has been a frequent choice of engin-
eering materials in today's economy for various construction/
manufacturing industries, its protection from corrosion needs
great importance. Hot-dip galvanization process offers a unique
combination of superior properties such as high strength, form-
ability, light weight, corrosion resistance, low cost and recycl-
ability. Hot-dip galvanized steels have been extensively used
in industrial fields such as automobiles, electrical home appli-
ances or construction due to their excellent corrosion resistance
characteristics [1]. The reason for the extensive use of hot-dip
galvanization is the two-fold protective nature of the coating.
As a barrier coating, it provides a tough, metallurgically bonded
zinc coating that completely covers the steel surface and protects
steel from corrosion. Additionally, the sacrificial action of zinc
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protects the steel even when damage or a minor discontinuity
occurs on its surface.

During hot-dip galvanization process, a metallurgical
reaction taking place between Fe and Zn, which resulted the
formation of a heterogeneous assembly of different phases
composed of mainly Fe and Zn [2]. After solidification, the
coating consists of an outer layer of 100 wt.% zinc (η layer)
and inner layers called alloy layers consisting of intermetallic
phases of iron and zinc such as zeta (ζ) layer (94 wt.% Zn-6
wt.% Fe), delta (δ) layer 90 wt.% Zn-10 wt.% Fe) and gamma
(γ) layer (75 wt.% Zn-25 wt.% Fe). The galvanic efficiency of
hot-dip zinc coating depends on the alloy formation of outer
layer and also the composition of inner alloy layers at the
coating substrate interface [3]. These intermetallic layers are
relatively harder than the underlying steel and provide excep-
tional protection against coating damage. The presence of metal
oxides in the inner layers can modify the Fe-Zn alloy phases
and also enhances the sacrificial action of zinc; thereby, the
metal underneath is protected. The use of nano ZnO, CeO2,
Al2O3, ZrO2, Fe2O3 and different mixed oxides were widely
used in hot-dip zinc coating [4-9]. These oxides have certain
special properties such as antibacterial property, photocatalysis,



wear resistance, plasticity, corrosion resistance, etc. which can be
well utilized for tuning hybrid zinc coating for precise applications.

The objective of the coating was designed in the view of
achieving excellent performance of composite coatings. The
present study focuses on the synthesis and characterization of
nano TiO2 and its effective incorporation into molten zinc bath
for developing high performance hot-dip zinc coatings. This
work explores the role of TiO2, an effective ceramic material
having non-toxicity and high stability and different inter-
metallic layers on corrosion protection efficacy of hot-dip zinc
coatings.

EXPERIMENTAL

Preparation and characterization of TiO2 composite:
The nano TiO2 prepared by the thermal decomposition of TiCl4.
Required amount of TiCl4 was dissolved in isopropanol having
definite concentration. In order to homogenize, mixture was
kept at room temperature for 4-5 h with constant stirring and
then evaporated to dryness in a china dish followed by heating
at 120 ºC for 1 h in an oven. The resulting powder was then
grinded using mortar and heated at 450 ºC in a controlled muffle
furnace for 1 h for the complete conversion of TiCl4 to their
corresponding oxide.

The crystallographic analysis of the composite was charac-
terized using Philips X' Pert MPD X-ray powder diffractometer
(CuKα radiation λ = 1.540 Å at a voltage of 40 kV and a current
of 30 mA in the 2θ range from 20 to 80º, at a scan rate of 2º
per minute at a step size of 0.02º). The optical properties were
analyzed using UV-visible diffused reflectance spectroscopy
(Shimadzu UV-2450 analyzer). The vibrational modes of TiO2

were studied using Shimadzu FTIR spectrometer in the mid
IR range from 350 to 4000 cm-1 with KBr pellets. The surface
morphological analysis and elemental composition of the comp-
osite was carried out using scanning electron microscope attached
with EDAX instrument [NOVA Nano SEM 450].

Development and characterization of TiO2 composite
incorporated hot-dip zinc coatings: Mild steel (with Bureau
of Indian Standard designation CR2 SPD; TATA Steel Ltd.)
coupons of 3.5 cm × 2.5 cm × 0.1 cm dimension having compo-
sition C-0.09, Mn-0.34, P-0.04, S- 0.01, Si-0.05, Al-0.03 and
Fe-99.44 (in wt.%) were polished with different grades of emery
paper. The coupons were subsequently degreased using 5 wt.%
NaOH, washed with distilled water and pickled in 8 wt.% HCl
at room temperature to ensure that the surface of the coupons
was free from any superficial oxide layer. Afterwards, the
coupons were fluxed with 30 wt.% NH4Cl solution and dried
at 120 ºC to avoid further oxidation of the surface and to enhance
the adhesion of molten zinc to mild steel surface. After fluxing,
the mild steel coupons were immersed into the molten Zn ingot
(Binani zinc corporation assay 99.99%) at 450 ± 10 ºC and
kept for a period of 10-15 s, slowly withdrawn from the bath
and the excess zinc was removed by hot air blowing [10]. The
process parameters were fixed based on our preliminary studies
performed under varying experimental conditions.

The crucible containing molten zinc along with different
compositions of the nanoparticles was used for the develop-
ment of TiO2 incorporated hot-dip zinc coatings. The required
quantity of TiO2 (0.1, 0.2 and 0.5 wt.%) was added into the

molten zinc bath and stirred well using a silicon carbide rod.
The developed coatings were named as Zn-0.1 TiO2, Zn-0.2
TiO2 and Zn-0.5 TiO2, respectively.

Electrochemical impedance studies and potentiodynamic
polarization behaviour of hot-dip galvanized coatings were
carried out using biologic science instruments, SP 200 (with
EC-Lab software version 10.38). The analysis was carried out
in 3.5 wt % NaCl as electrolyte, Ag/AgCl, satd. KCl, platinum
mesh and the coating having 1 cm2 exposed area were used as
reference, counter and working electrodes, respectively. EIS
studies were made over frequencies ranging from 2 MHz to
100 Hz versus OCP. Tafel polarization measurements were
measured at a scan rate of 50 mV/s within the range from -2.0
to 0.5 V versus OCP. The effective incorporation and crystalline
nature of TiO2 nanoparticles incorporated hot-dip zinc coatings
were analyzed using XRD. Morphological characteristics of
the coatings were analyzed using SEM. The elemental compo-
sition was obtained using EDAX.

Layer-wise characterization of TiO2 composite incor-
porated hot-dip zinc coating: Anodic dissolution of hot-dip
zinc coatings was carried out in 3.5 wt.% NaCl solution by
impressing anodic current densities of 10 mA/cm2 for 1 h.
Platinum mesh, SCE and hot-dip zinc coatings with unit exposed
area were used as the counter electrode, reference electrode
and working electrode, respectively. A Luggin probe-salt bridge
was used to minimize the ohmic resistance. During dissolution
the variation in potential with time was measured. Layer-wise
galvanic performance was measured by using potentiodynamic
polarization studies and electrochemical impedance spectro-
scopy (EIS).

RESULTS AND DISCUSSION

Phase and crystallinity of TiO2 composite: The crystallo-
graphic structure of as-prepared TiO2 composite had been conf-
irmed using XRD patterns. The XRD pattern of TiO2 composite
prepared by thermal decomposition method is shown in Fig.
1A. The sharp peaks at 2θ = 25.5º, 38.6º, 53.9º, 55.3º, 62.8º,
68.9º and 75.1º were clearly evident from the XRD pattern.
The peaks appeared at these 2θ values corresponds to the crystal
planes of (101), (004), (105), (211), (204), (116) and (215),
which indicated the formation of anatase TiO2 (JCPDS 21-1272
[11-14]. The above planes of TiO2 were assigned to tetragonal
anatase TiO2 [15,16]. It was clear from the XRD pattern that
most of the strong diffraction peaks observed were charact-
eristics of anatase TiO2, which revealed that the synthesized
composite was typical anatase titania with tetragonal crystal
structure. The sharp peaks and the absence of unidentified
peaks confirmed the crystallinity and high purity of the synthe-
sized TiO2 particles. From the X-ray diffraction results, the
crystallite size of synthesized TiO2 composite was calculated
from the width of the peaks using Scherrer′s equation [17].
The average crystallite size was found to be 25-40 nm.

Structure and bonding characteristics of TiO2 comp-
osite: The UV-visible absorption spectrum of as-prepared nano
TiO2 composite is shown in Fig. 1B. An absorption band around
385 nm was observed for the prepared TiO2 composite. This
may be attributed to the charge transfer between O2− and Ti4+

with respect to the excitation of electrons from valence band
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to conduction band [18]. The observed UV spectrum was in
good agreement with those reported by Hung et al. [19] for
nano TiO2. According to Yang et al. [15], the wide absorption
below 400 nm resulted from the band transition of TiO2 related
to its band energy of 3.2 eV. It has been reported that the absor-
ption bands of anatase TiO2 was located at about 383-400 nm
[20]. These results also evidenced that synthesized TiO2 com-
posite was in anatase phase.

 The FTIR spectrum of TiO2 composite was measured in
the range of 4000-400 cm-1 is presented in Fig. 1C. The strong
band in the range of 700-500 cm-1 was associated with the
characteristic modes of Ti-O stretching vibration of TiO2 comp-
osite [14]. The presence of weak bands at 436 and 700 cm-1

accounts for the Ti-O-Ti bending and stretching modes of
crystalline TiO2, respectively [21]. The absorption range
observed around 3400 and 1630 cm-1 could be related to the
stretching and bending modes of hydroxyl groups of molecular
water absorbed from atmosphere [14]. It has been reported in
the literature [22] that the broad band obtained at 3500-3420
cm-1 was attributed to the hydroxyl groups on different sites
and to the varying interactions between hydroxyl groups on
TiO2. The absence of bands in the range of 2900 cm-1 could be
attributed to the complete removal of organic solvents that
were used for the synthesis of TiO2.

Morphological and compositional analysis of TiO2

composite: The SEM images of nano TiO2 particles at different
magnifications are shown in Fig. 2A1 and 2A2. It was clear
that the particles were spherical in shape with small facets and
has narrow size distribution. The SEM images also revealed
that the crystallites were in nanometer size with uniform morp-
hology. The particles were of a regular shape and the bound-
aries between the particles were clearly visible from the images

(Fig. 2A1 and 2A2). Zhang et al. [23] reported that a good
dispersion of small particles could provide more reactive sites
for the reactants than agglomerated particle.

Fig. 2B shows the EDAX spectrum of as synthesized nano
TiO2 composite. The EDAX pattern indicated that titanium
and oxygen were the major elements in the composite. There
were no impurity peaks observed in the EDAX spectrum, which
confirmed that the synthesized composite was in pure form.

Electrochemical evaluation of the developed coatings

Long term stability of hot-dip zinc coatings: The long-
term stability of hot-dip zinc coatings in 3.5 wt.% NaCl solution
was studied by continuously monitoring the open circuit poten-
tial (OCP). The variation in OCP of pure and nano TiO2 incorp-
orated hot-dip zinc coatings was monitored as a function of
time after immersing in stagnant 3.5 wt.% NaCl solution for
30 days (Fig. 3A).

During initial days of exposure, all the coatings exhibited
a steady and high negative OCP values in the range of -1.05 to
-1.09 V. This was attributed to the sacrificial action of η phase
by protecting the Fe-Zn intermetallic layers from corrosion
during the course of exposure. As the time of exposure increases,
the dissolution rate increases and the OCP values of coatings
shifted to more anodic region. After 12 days of exposure, a
significant shift in potential was observed in the case of pure
zinc coating. But the composite incorporated coatings showed
a steady change and a significant potential shift was observed
only after 15 days. This was due to the fact that a protective
barrier layer formed as a result of composite incorporation
minimizes the dissolution of zinc in nano TiO2 incorporated
coatings during the course of exposure. During prolonged
exposure in the electrolyte, the pure zinc coating exhibited a
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drastic anodic shift in the range of -0.75 V to -0.80 V due to
the faster dissolution of zinc from Fe-Zn intermetallic layers.
The coatings incorporated with 0.2 wt.% nano TiO2 composite
exhibited least shift in their OCP values when compared with
0.1 wt.% and 0.5 wt.% nano TiO2 incorporated hot-dip zinc
coatings, revealing its best galvanic performance. This could
be ascribed to the formation of a compact structure and an
adherent protective layer as a result of optimum amount of
nano TiO2 incorporation. From the OCP analysis, it was under-
stood that the corrosion resistance of hot-dip zinc coatings
would be substantially improved by the incorporation of nano
TiO2 composite.

Electrochemical impedance analysis (EIS): The Nyquist
plots obtained for pure and nano TiO2 incorporated hot-dip zinc
coatings in 3.5 wt.% NaCl solution are shown in Fig. 3B. The
equivalent circuit used to fit the electrochemical impedance
analysis is shown in Fig. 3F. It consisted of two intra- equivalent
circuit which describes the diffusion-controlled process or
inhibition characteristics. In this equivalent circuit, Rs is the
solution resistance, Rc is the coating resistance, Rct is the charge
transfer resistance, Cc is the coating capacitance and Cdl is the

double layer capacitance. These impedance parameters are
compared in Table-1.

The impedance spectrum of pure zinc coating exhibited a
depressed semicircular portion, meanwhile a well-defined semi-
circle portion was observed in the case of nano TiO2 incor-
porated coating. These semicircles have been connected with
charge transfer resistance of the corrosion process and finite
thickness layer diffusion process [24]. From the Nyquist plots,
it was found that the diameter of the semi-circle was higher in
the case of nano TiO2 incorporated coating, which revealed its
high charge transfer resistance Rct. It was reported that the Rct

value is reciprocally proportional to corrosion rate. So, the
composite incorporated coating with high Rct value exhibited
lower corrosion rate. The pure zinc coating exhibited higher
corrosion rate due to its low Rct value. From the AC impedance
analysis, it was confirmed that pure zinc coating had undergone
severe corrosion. While a comparatively better performance
was exhibited by nano TiO2 incorporated coating. This revealed
the existence of an effective barrier layer on the surface of
composite incorporated coating. These results were found to
be in accordance with other electrochemical test results.
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TABLE-1 
COMPARISON OF ELECTROCHEMICAL IMPEDANCE PARAMETERS OF PURE ZINC AND DIFFERENT 

COMPOSITION OF TiO2 NANOPARTICLE INCORPORATED HOT-DIP ZINC COATINGS 

Coatings Rs (Ω cm2) Rc (Ω cm2) Cc (µF/cm2) Rct (Ω cm2) Cdl (µF/cm2) 

Pure zinc  10.59 18.30 3.8 × 10-6 27.39 2.8 × 10-6 
Zn + 0.1 wt.% TiO2 18.29 25.31 2.7 × 10-6 50.19 2.1 × 10-6 
Zn + 0.2 wt.% TiO2 45.83 58.39 0.85 × 10-6 180.72 0.91 × 10-6 
Zn + 0.5 wt.% TiO2 32.62 27.63 1.9× 10-6 110.52 1.3 × 10-6 
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The better performance of the optimized coating is also
evident from the Bode impedance and phase angle plots (Fig
3C and 3D). The highest impedance values at low frequencies
and higher phase angle values at high frequencies of 0.2 wt.%
TiO2 incorporated coating correspond to the formation of a
highly corrosion-resistant and compact coating.

Potentiodynamic polarization studies: The pure and nano
TiO2 incorporated hot-dip zinc coatings were subjected to linear
sweep voltammetric analysis and corresponding Tafel plots
are shown in Fig 3E. The electrochemical Tafel parameters such
as Ecorr, Icorr, Rp and corrosion rate of hot-dip zinc coatings are
shown in Table-2.

TABLE-2 
COMPARISON OF ELECTROCHEMICAL  

PARAMETERS OF TAFEL PLOTS OF PURE ZINC AND 
DIFFERENT COMPOSITION TiO2 NANOPARTICLE 

INCORPORATED HOT-DIP ZINC COATINGS 

Coatings 
Parameters 

Pure zinc Zinc + 0.1 
wt.% TiO2 

Zinc + 0.2 
wt.% TiO2 

Zinc + 0.5 
wt.% TiO2 

Ecorr (V) -1.36 -1.32 -0.97 -1.18 
icorr (µA/cm2) 1.62×10-6 0.91×10-6 0.08×10-6 0.35×10-6 

βa (mV/dec) 436.78 445.92 440.29 430.31 

βc (mV/dec) 324.12 367.27 379.26 315.72 

Rp (Ω cm2) 49.86  96.10 2949.07 225.93 

CR (mmpy) 3.58 2.71 0.93 1.75 
IE (%) – 43.83 95.06 78.40 

 
The corrosion potential value (Ecorr) of the optimized nano

TiO2 (0.2 wt.%) incorporated hot-dip zinc coating was found
to be significantly high (-0.96 V) as that of pure zinc coating
(-1.32 V). The acceleration of corrosion reaction and increase
in Ecorr value to more passive region was mainly due to the
presence of nano TiO2 in hot-dip zinc coating. A significantly
low corrosion current density value (Icorr) was exhibited by nano
TiO2 incorporated hot-dip zinc coating (0.08 × 10-6 µA/cm2)
when compared with pure zinc coating (1.62 × 10-6 µA/cm2).
The polarization resistance (Rp) is inversely proportional to
corrosion current density, which could be explained by the
following equation:

a c
p

a c corr

R
2.303( ) i

β β=
β + β

where βa and βc are anodic and cathodic slopes. The Rp values
of pure and nano TiO2 incorporated hot-dip zinc coatings were
calculated using the above equation. The optimized hot-dip
coating exhibited a high Rp value of 2949.07 Ωcm2 while it
was found to be 49.86 Ωcm2 in the case of pure zinc coating.
It was well known that the Rp value is reciprocally proportional
to corrosion rate. The corrosion rate values of hot-dip zinc
coatings displayed in Table-2, which revealed the enhanced
corrosion resistance of nano TiO2 incorporated coating. From
this study, it was concluded that the presence of 0.2 wt.% nano
TiO2 composite in the coating was the cause for the displace-
ment of cathodic branch towards lower current densities, highest
Rp value and highest Ecorr values of the coating. As a result of
this, the corrosion of hot-dip zinc coatings in aggressive environ-
ments could be suppressed effectively by adding 0.2 wt.% nano
TiO2 incorporation.

Effective incorporation of TiO2 composite: The XRD
patterns of pure and nano TiO2 incorporated hot-dip zinc
coatings in the 2θ range of 20-80º are shown in Fig. 4. In Fig.
4A, the strong peaks at 2θ = 43.7º, 54.9º and a weak peak at
71.2º are the characteristics of (101), (102) and (103) planes
of metallic zinc (JCPDS 87-713) [25]. Most of the diffraction
lines shown by diffractograms revealed the zinc hexagonal
structure. The composite incorporated hot-dip zinc coating
exhibited a similar diffraction pattern with diminished peaks,
but the preferential orientation of the zinc matrix has been
modified. Three additional peaks were observed in nano TiO2

incorporated hot-dip zinc coating at 2θ values between 30º
and 40º, indicating the presence of ZnO particles and anatase
TiO2 composite. The peaks at 2θ values 35.5º and 37.2º corres-
ponds to (002) and (101) planes of ZnO (JCPDS 36-1451)
and 38.7º corresponds to (004) plane of anatase TiO2 (JCPDS
21-1272). The peak intensity of zinc at (102) plane was drasti-
cally reduced in the composite incorporated coating and peak
at (103) plane was absent, indicating the effective incorporation
of nano TiO2 composite into the zinc matrix. The decreased
peak intensities of composite incorporated coating, when com-
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pared with pure zinc coating suggested that the growth of crystals
along this plane decreased due to the incorporation of TiO2.
The composite incorporated coating possessed peak width that
was slightly broader than pure zinc coating due to the grain
size reduction as a consequence of inert particle incorporation
[26]. The presence of intense peaks in the XRD patterns
indicated high crystallinity of the coatings. The EDAX analysis
was also performed to confirm the effective incorporation of
nano TiO2 into zinc matrix.

Evaluation of improved surface morphology: The SEM
images of pure and 0.2 wt.% nano TiO2 incorporated hot-dip
zinc coatings are shown in Fig. 5A1 & 5A2, respectively. The
SEM images revealed the presence of spangles with larger size
on the surface of nano TiO2 incorporated coating. The micro-
graphs of nano TiO2 incorporated coating showed uniform
grain size and the particles were uniformly distributed through-
out the surface of the coating. The homogeneous defect free
surface of nano TiO2 incorporated zinc coating with well-defined
grains was clear from the SEM images. The non-porous behaviour
of optimum amount of composite incorporated coating may
be due to the distribution of nano TiO2 particles over the pores
of zinc coating layers [27]. From the SEM images, it was
concluded that nano TiO2 incorporated hot-dip zinc coating
had uniform coating structure with compact alloy layers.

Confirmation for the effective incorporation of TiO2

composite: The effective incorporation of nano TiO2 into zinc
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Fig. 5. SEM images and EDAX spectrum of (A1) & (B1) pure zinc and (A2) & (B2) TiO2 incorporated hot-dip zinc coatings, respectively

coating was confirmed on the basis of elemental composition
of the hot-dip zinc coatings. The elemental composition of pure
and nano TiO2 incorporated hot-dip zinc coatings was examined
based on EDAX spectra and are represented in Fig. 5B1 & 5B2.
The elemental distribution corresponds to Fig. 5B1 indicated
that zinc and oxygen were the major elements in the case of
pure zinc coating. But in the case of composite incorporated
coating, the peaks correspond to zinc, titanium and oxygen
was evident from the EDAX spectrum (Fig. 5B2). The percentage
composition of oxygen was found to be higher in the case of
nano TiO2 incorporated zinc coating. The presence of peak
corresponds to titanium element when compared with pure
zinc coating indicated the effective incorporation of nano TiO2

into zinc matrix. These results were in good agreement with
XRD results, which confirmed the effective incorporation of
nano TiO2 composite into hot-dip zinc coating. The presence
of titanium and increment in the percentage composition of
oxygen in the EDAX spectrum also revealed the role of TiO2

composite for the structural modification of outer layer of pure
zinc coating.

Enrichment of different intermetallic layers

Identification of dissolution of different phases: The
hot-dip zinc coatings were subjected to anodic dissolution in
3.5 wt.% NaCl solution by applying a current density of 10
mA/cm2 for 1 h. Variation of potential of different layers with
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respect to extent of dissolution was monitored and shown in
Fig. 6. The more negative potential during the early stage of
anodic dissolution indicated the presence of outermost pure
zinc layer. This layer dissolved out easily due to the sacrificial
nature of zinc top layer leading to exposure of inner alloy layers.
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In case of the pure zinc coating, the inter metallic layers
dissolved out completely within 24 min of anodic dissolution
compared with 0.2 wt.% nano TiO2 incorporated coating, where
the complete dissolution took place within 28 min only. This
revealed the better galvanic performance of composite incorp-
orated coating. In Fig. 6, each plateau represents each inter
metallic layers, where the potential remains constant. The
exposed layer consists of more iron content having more positive
potential and optimum zinc content having more negative
potential. The slower dissolution of Fe-Zn intermetallic layers
could be attributed to the better diffusion of zinc and the com-
posite in to mild steel substrate during hot-dip galvanization,
which resulted in the formation of compact alloy layers.

Electrochemical evaluation of different Fe-Zn intermetallic
layers

Electrochemical impedance analysis: Electrochemical
impedance spectroscopic analysis of different intermetallic
layers after anodic dissolution at different time periods was
carried out to get a clear idea about the electrochemical charact-
eristics, corresponding Nyquist plots are shown in Fig. 7A.
The equivalent circuit used to fit the electrochemical imped-
ance analysis is shown in Fig. 7E and the electrochemical impe-
dance parameters are shown in Table-3.

From the Nyquist plots, the diameter of semi-circle was
higher in the case of ETA layer and having high charge transfer
resistance and polarization resistance, revealed the ETA layer
with high Rp value exhibited lower corrosion rate. From this
study, it is concluded that the nano TiO2 incorporated coating
showed better galvanic performance than pure zinc coating
and also ETA layer having the electrochemical stability and
galvanic performance than other Fe- Zn intermetallic layers.
This was due to the inhibiting action of nano TiO2 concen-
tration, which is high in the eta layer than other layers, which
leads to enhanced corrosion resistance.

Bode impedance and phase angle plots of different inter-
metallic layers after anodic dissolution are shown in Fig. 7B
and 7C, respectively. High impedance and phase angle values
revealed the enhanced corrosion prevention characteristics of
η layer.

Potentiodynamic polarization studies: Tafel polarization
behaviour of different intermetallic layers after anodic disso-
lution at different time periods is shown in Fig. 7D. The electro-
chemical Tafel parameters such as corrosion potential, corrosion
current density, anodic slope, cathodic slope and polarization
resistance of galvannealed coatings are given in Table-4. The
η phase exhibits comparatively lower corrosion current density
(0.08 × 10-6 µA/cm2) and corrosion rate (0.93 mmpy) than other
intermetallic layers. The reduction in corrosion current density
revealed anti-corrosion characteristics of the η phase. The
effective incorporation of TiO2 into the coating reduces active
sites favourable for corrosion and makes the coating more
compact and corrosion resistant. High corrosion prevention
characteristics of η phase were due to the high percentage comp-
osition of TiO2. Role of Fe-Zn intermetallic alloy layer has to
be taken into the consideration while describing the long-term
performance of galvanized steel.

TABLE-4 
TAFEL PARAMETERS OBTAINED FOR TiO2 NANOPARTICLE 

INCORPORATED HOT-DIP ZINC COATING AT EACH  
STAGE OF ANODIC DISSOLUTION AT 10 mA/cm2 

Coatings 
Parameters Before 

dissolution 
After 0.50 h 
dissolution 

After 0.75 h 
dissolution 

Ecorr (V) -0.97 -1.08 -1.17 
icorr (µA/cm2) 0.08 × 10-6 0.11 × 10-6 0.20 × 10-6 
βa (mV/dec) 440.29 380.45 342.92 
βc (mV/dec) 379.26 310.19 299.31 
Rp (Ω cm2) 2949.07 927.45 346.98 
CR (mmpy) 0.93 1.28 1.85 

Conclusion

Anatase TiO2 incorporated hot-dip zinc coatings with
defect free nanostructured surface morphology was developed

TABLE-3 
IMPEDANCE PARAMETERS OF EQUIVALENT CIRCUITS OF DIFFERENT INTERMETALLIC LAYERS OF  

TiO2 NANOPARTICLE INCORPORATED HOT-DIP ZINC COATING AT EACH STAGE OF ANODIC  
DISSOLUTION AT 10 mA/cm2, OBTAINED AFTER Z FITTING OF NYQUIST PLOTS 

Coatings Rs (Ω cm2) Rc (Ω cm2) Cc (µF/cm2) Rct (Ω cm2) Cdl (µF/cm2) 

Before dissolution 45.83 58.39 0.85 × 10-6 180.72 0.91 × 10-6 
After 0.50 h dissolution 28.49 32.65 1.48 × 10-6 83.10 1.85 × 10-6 
After 0.75 h dissolution 17.49 27.12 1.83 × 10-6 5.81 2.41 × 10-6 
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successfully for the corrosion protection of steel. The improved
surface morphology of nano TiO2 incorporated hot-dip zinc
coatings leads to enhancement in galvanic performance and
corrosion resistant properties of hot-dip zinc coatings under
aggressive conditions. The developed coatings exhibited low
corrosion current density and high polarization resistance com-

160

140

120

100

80

60

40

20

0

2.7

2.4

2.1

1.8

1.5

1.2

0.9

-70

-60

-50

-40

-30

-20

-10

0

a

a

a

b

b

b

c

c

c

–I
m

Z
" 

(
 c

m
)

Ω
2

lo
g 

|Z
| (

 c
m

)
Ω

2

P
ha

se
 Z

 (
°)

0  40 80 120 160 200 240 280 320

ReZ' (  cm )Ω 2

(A) (B)

(C)

1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

log f (Hz)

log f (Hz)

1

0

-1

-2

-3

-4

-5

lo
g 

I (
A

/c
m

)2

-1.8 -1.5 -1.2 -0.9 -0.6 -0.3 0

Ewe (V)

(E)

Rs

Cc

Rc

Cdl

Rct
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pared with pure zinc coating, attributed to the enhanced corrosion
resistance of nano TiO2 incorporated hot-dip zinc coatings.
The layer-wise dissolution characteristics of the coatings revealed
the compact inner alloy structure and stability of Fe-Zn inter-
metallic layers.
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