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a b s t r a c t

Composition modulated multilayer alloy (CMMA) coating of Zn–Fe was developed galvanostatically on
mild steel through single bath technique (SBT), using thiamine hydrochloride as additive. Electrode-
posits with different coating matrices were developed, using square current pulses. Potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) methods were used to assess the cor-
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rosion performance of the coatings. The cyclic cathode current densities (CCCDs) and number of layers
were optimized, for highest corrosion resistance. Experimental results showed that CMMA Zn–Fe coating,
developed at 2.0–4.0 A/dm2, having 300 layers is ∼30 times higher corrosion resistant than correspond-
ing monolithic alloy of same thickness. The corrosion resistance increased with number of layers up to
a certain number of layers; and then decreased. The better corrosion resistance was attributed to the
dielectric barrier at the interface, evidenced by dielectric spectroscopy. The formation of multilayer and

s ana
EM corrosion mechanism wa

. Introduction

Corrosion is a destructive phenomenon which affects almost
ll metals and alloys. Iron is most widely used metal for many
ndustrial applications, on which serious corrosion problems were
ncountered. Electroplating is one of the cheapest approaches to
ombat it. In this regard, the development of Zn–M (where M = Ni,
o, Fe and less commonly Mn) alloy coatings is the most vol-
me consuming, due to its commercial interest (Short et al., 1984;
oventi and Fratesi, 2000; Fei and Wilcox, 2005; Heydarzadeh Sohi
nd Jalali, 2003; Panagopoulos et al., 2005). Amongst them, Zn–Ni
lloy has been studied extensively and put into practical use in the
ass production of steel sheets for automobile bodies, and also for

mall components such as nuts and bolts (Wilcox and Gabe, 1993;
oventi and Fratesi, 2000).

Despite the fact that the development of Zn–Ni alloy coatings
as produced a larger improvement in the corrosion resistance
han pure zinc coatings, further development for getting even bet-
er protective properties is of distinct commercial interest (Fei
t al., 2006). Possibly, a relatively new electrodeposition coating

echnique called, composition modulated multilayer alloy (CMMA)
oating is a possible route to enhance the efficacy of simple mono-
ithic Zn–Ni alloy coatings (Gabe, 1994). CMMA coatings consist of
large number of thin alternate layers of metals/alloys, and each

∗ Corresponding author. Tel.: +91 0824 2474046x3201; fax: +91 0824 2474033.
E-mail address: achegde@rediffmail.com (A. Chitharanjan Hegde).

924-0136/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2011.03.010
lyzed using scanning electron microscopy (SEM).
© 2011 Elsevier B.V. All rights reserved.

layer plays its own distinctive role in achieving preferred perfor-
mances. Further, these multilayer coatings have attracted attention
in the field of engineering, because such structures have a consider-
able number of practical applications, and fundamental interesting
properties (Leisner et al., 1996; Strafford and Subramanian, 1995;
Garcia et al., 2003).

There are different approaches for producing CMMA coatings,
viz. physical vapor deposition (PVD), chemical vapor deposition
(CVD) methods (Dobrzanski et al., 2007), and electrodeposition
method. Electrolytically such alloys can be obtained, by either a sin-
gle bath technique (SBT), where deposition takes place in a plating
solution, containing ions of the alloy components or a double-bath
technique (DBT), where deposition is carried out from separate
plating baths by manual/automated transfer of the substrate from
one bath to another. Recently, electrolytic methods have been
employed for fabricating multilayers, because of its low cost and
ease of operation. A large number of researchers have investigated
the development and characterization of binary multilayer system.
Kalantary et al. (1998) obtained Zn–Ni CMMA coatings with an
average thickness of 8 �m by electrodepositing alternate layers of
zinc and nickel from zinc sulphate electrolyte and nickel sulphate
electrolyte. Chawa et al. (1998) reported the corrosion resistance
of Zn–Ni CMMA coatings, deposited from zinc sulphate and nickel

sulfamate baths, and was found to be better than zinc or nickel
monolithic coatings, of similar thickness. Electrodeposited Zn–Fe
alloys have found considerable use as sacrificial coatings for ferrous
metal surfaces. To this end, Liao et al. (1998a, 1998b, 1998c) applied
both SBT and DBT for deposition of Zn/Zn–Fe and Zn–Fe coatings.

dx.doi.org/10.1016/j.jmatprotec.2011.03.010
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:achegde@rediffmail.com
dx.doi.org/10.1016/j.jmatprotec.2011.03.010
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irilova and Ivanov (1998) obtained CMA coatings of Zn–Co by
eans of both the SBT and the DBT. The coatings obtained from
single bath dissolved at more positive potentials, as compared
ith pure Zn coatings, but much more negative than the dissolu-

ion potentials of pure Co coatings. As the number of layers was
ncreased, regardless of their thickness and sequence, the dissolu-
ion potentials were shifted in the positive direction. The corrosion
otentials of the CMMAs deposited from a single bath were signifi-
antly more positive than those deposited from a dual bath. Further,
irilova and Ivanov (1999) studied the corrosion behavior of Zn–Co
MMA coatings, using corrosion potential measurement and the
eutral salt spray (NSS) method. The best corrosion resistance was

ound for multilayer consisting of four layers, each 3.0 �m thick,
eposited both from a dual bath and from a single bath. No red rust
ppeared on the surface of CMMAs with an outer layer of Zn, Co or
n–1% Co, even after 1584 h in a salt spray corrosion test.

The experimental results, pertaining to corrosion behavior of
MMA coatings, reported by above workers are based on either
nodic dissolution potentials or Ecorr values without determin-
ng corrosion rates. In this direction, Thangaraj et al. (2008) have
ecently studied the corrosion behavior CMMA Zn–Fe alloy through
BT, using glycine as additive. The corrosion rates were calculated
rom Tafel’s extrapolation method, supported by EIS study. It was
eported that CMMA Zn–Fe coating, with 600 layers is ∼45 times
etter corrosion resistant than corresponding monolithic alloy of
ame thickness. The present work is concerned with development
nd optimization of Zn–Fe alloy bath, using thiamine hydrochloride
THC) as additive. The coating configuration has been optimized
or highest corrosion resistance. The corrosion performance of

onolayer and multilayer coatings developed using, respectively;
irect current (DC) and square current pulses, from same bath for
ame time was compared and discussed. The methods employed
or optimization, and effect of layer thickness (or number of lay-
rs) on deposit characters were discussed. Factors responsible for
ncreased corrosion rates at higher layer thickness were analyzed,
nd results were discussed.

. Experimental

The plating solutions were freshly prepared from distilled water
sing analytical grade reagents. Electroplating was carried out on
ild steel plates, at pH, 3.5 ± 0.05 and temperature, 30 ± 2 ◦C. The

olished mild steel plates (0.063% C, 0.23% Mn, 0.03% S, 0.011%
, 99.6% Fe) with an exposed surface area of 7.5 cm2 served as
cathode. The anode was pure Zn with the same exposed area.
rectangular PVC cell containing 250 cm3 electrolyte was used.

epositions were carried out at constant condition of stirring with-
ut purging, to maintain a steady-state of mass transport.

All coatings, viz. monolithic and CMMA were accomplished
sing DC power analyzer, having output speeds of up to 160
icroseconds per step voltage/current change (N6705A, Agilent

echnologies) for 10 min (∼15 �m thickness), for comparison pur-
ose. While the thickness of the coating was estimated by Faraday’s

aw, it was verified by measurements, using a digital thickness
eter (Coatmeasure model M & C). The composition of the coatings
as determined colorimetrically using standard method (Vogel,

951). The hardness of the deposited alloys was measured using
computer-controlled micro-hardness tester (CLEMEX, Model:
MT-X7). All electrochemical studies were made using Poten-

iostat/Galvanostat (VersaSTAT3, Princeton Applied Research) in a

hree-electrode configuration cell using Ag/AgCl/KClsat as reference
lectrode. The 5% NaCl solution was used as corrosion medium.
otentiodynamic polarization study was carried out in a poten-
ial ramp of ±250 mV around open circuit potential (OCP), at scan
ate of 1 mV s−1. EIS study was made using AC signal of 10 mV, at
Fig. 1. Schematic representation of resulting monolayer and multilayer Zn–Fe alloy
due to direct current (A) and square current pulses (B), respectively.

frequency range, from 100 kHz to 10 mHz. The formation of mul-
tilayers and corrosion mechanism were examined using scanning
electron microscopy (SEM, Model JSM-6380 LA from JEOL, Japan).

3. Results and discussion

3.1. Development of monolithic Zn–Fe alloy coating

The optimization of a stable zinc chloride bath was carried out
by standard Hull cell method (Nasser Kanani, 2006). Deposition
was carried out at different current densities using electrolytic bath
(optimized) consisting of 10 g/L ZnO, 10 g/L FeCl2·4H2O, 200 g/L
NH4Cl, 20 g/L boric acid, 10 g/L citric acid (C6H8O7·H2O) and 3 g/L
THC (C12H17N4OSCl·HCl). The effects of current density (c.d.) on
wt.% Fe, deposit thickness, Vickers hardness, corrosion rate and
appearance of the coatings are reported in Table 1.

The Zn–Fe alloy deposited at 3.0 A/dm2, represented
as (Zn–Fe)3.0, was found to be more corrosion resistant
(25.08 × 10−2 mm y−1), compared to all at other current den-
sities, as shown in Table 1. Hence 3.0 A/dm2 has been taken as
optimal c.d. for monolithic Zn–Fe alloy deposition. Further, it
was observed that, both thickness and hardness of the deposit
increased with c.d., due to significant effect of cathodic current
density on physico-mechanical properties of the coatings. High
wt.% Fe observed at low c.d. (at 1.0 A/dm2) may be due to tendency
of the bath to follow normal codeposition (against anomalous
codeposition), as a characteristic of Zn–Fe group metal alloys.

3.2. Development of Zn–Fe CMMA coatings

CMMA coatings, having layers of different compositions were
developed using square current pulses of two different current den-
sity, by setting the power source conveniently i.e. sharp change in
current density brings a sharp change in composition. The power
pattern generated for monolithic and CMMA coating systems is
shown schematically in Fig. 1.

In the present study, the multilayered deposition is carried out
from single bath containing Zn2+ and Fe2+ ions by galvanodynamic
cycling of the cathode current density between two pre-set values.
These multilayer coatings are hereafter represented as (Zn–Fe)1/2/n,
where (Zn–Fe) represents alloy of Zn and Fe, and 1 and 2 represent,
respectively the low and high cathode current density, which are
set to cycle in between, and ‘n’ represents the total number of layers
formed during total deposition time (10 min).

3.3. Optimization of CCCDs
In the case of alloys of Zn–M (where M = Ni, Co and Fe), it is well
known that, even a small change in the concentration of the alloy-
ing element may result in significant change in properties, due to
change in the phase structure. In electrodeposition of CMMA Zn–Ni
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Table 1
Corrosion data and deposit characters of Zn–Fe alloy coatings under different conditions of c.d.

C.d. (A/dm2) Wt.% Fe Thickness (�m) Vickers hardness V100 Ecorr (V) vs. Ag,AgCl/KClsat icorr (�A/cm2) CR (10−2 mm y−1) Nature of the deposit

1.0 8.0 6.5 135 −1.012 32.26 40.77 Blackish
2.0 2.23 7.0 153 −1.017 21.87 31.9 Bright
3.0 2.88 11.3 158 −1.013 16.90 25.08 Bright
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were used. But polarization resistance, RP increased as the number
of layers increased. But, in case of deposit with 600 layers (magni-
fied image shown in inset), the radius of the semi-circle decreased
substantially; indicating its poor corrosion resistance, as shown in
Fig. 3.
4.0 3.50 12.5 165 −0.993
5.0 4.60 15.0 181 −1.121
6.0 5.30 17.0 195 −1.189
7.0 5.0 17.6 205 −1.022

oating by potentiostatic method, reported by Prabhu Ganeshan
t al. (2007), it was found that Ni content varied as a function of
arying potential. It was concluded that at higher potentials �-
hase corresponding to (6 0 0) planes were preferentially deposited
hile lower potentials lead to the deposition of other crystal planes

f �-phases (2 2 2), (3 3 0) and (4 4 4). With this incentive, it has been
ttempted to bring modulation in Zn–Fe coatings, using square
urrent pulses.

By precise control of cathode current densities (CCCDs), the
oatings with layers, having different compositions and, conse-
uently, different corrosion behaviors were developed. Table 2
emonstrates the effect of the CCCDs on corrosion behavior of
MMA coatings. In order to increase the corrosion resistance,
MMA coatings having 10 layers (arbitrarily chosen) were devel-
ped at different sets of CCCDs. Amongst the various sets tried, the
ess corrosion rate was measured in the coatings produced, at dif-
erence of 2.0 and 4.0 A/dm2 as shown in Table 2. These coatings
ere found to be bright and uniform. These sets of CCCDs have

een selected for studying the effect of layering, as described in the
ollowing subsection.

.4. Optimization of number of layers

The physico-mechanical properties, including corrosion resis-
ances of CMMA coatings may often be increased substantially by
ncreasing the number of layers (usually up to an optimal limit),

ithout sacrificing the demarcation between each layers. There-
ore, 2.0/4.0 A/dm2 and 2.0/6.0 A/dm2 were selected for layering.
n–Fe CMMA coatings having 10, 20, 60, 120, 300 and 600 lay-
rs were developed and their corrosion rates were measured by
afel’s extrapolation method. It was observed that the corrosion
ates were decreased as the number of layers increased up to 300
ayers only, and then increased, in both sets of CCCDs as shown in
able 3.

However, at 2.0/4.0 A/dm2, corrosion rate reached saturation
beyond which no decrease of corrosion rate with layering was
bserved) value at 300 layers with minimum corrosion rate
0.81 × 10−2 mm y−1 relative to 25.08 × 10−2 mm y−1 of mono-
ithic). Though there is substantial decrease of corrosion rate (CR)
t 2.0/6.0 A/dm2, as shown in Table 3, but the results pertaining to
.0/4.0 A/dm2 are more encouraging, due to less CR. However, an
ffort of increasing the corrosion resistance further, by increasing
umber of layers (i.e. 600 layers) in each set of CCCDs has resulted

n increase of CR, as shown in Table 3.
The increase of CR at high degree of layering (like 600 layers) is

ttributed to less relaxation time for redistribution of ions (Zn2+ and
e2+) in the diffusion layer, during plating or due to higher proba-
ility of defects being present in the layers (Nasser Kanani, 2006).
s the number of layers increased, the time for the deposition of
ach layer, say (Zn–Fe)1 is small (as the total time for deposition

emains same). At high degree of layering, there is no sufficient
ime for metal ions to relax (against diffusion under given c.d.) and
o get deposit on cathode, with modulation in composition.

As a result, at high degree of layering modulation in compo-
ition is not likely to take place. In other words, CMMA deposit
18.36 27.24 Bright
19.74 29.29 Bright
23.30 34.56 Bright
24.60 36.50 Semi bright

is tending to become monolithic. Therefore (Zn–Fe)2.0/4.0/300 has
been proposed as the optimal configuration of CMMA coating, with
individual layer thickness ∼50 nm; for peak performance against
corrosion.

3.5. Corrosion study

3.5.1. Potentiodynamic polarization method
Potentiodynamic polarization curves of CMMA (Zn–Fe)2.0/4.0

coating system with different number of layers are shown in Fig. 2.
Tafel’s extrapolation on such curves resulted in determination of
the corrosion potential, corrosion current density and CR, as listed
in Table 3. A progressive decrease of corrosion current, icorr and
hence, the CR was observed up to 300 layers, after which CR started
increasing drastically.

3.5.2. Electrochemical impedance spectroscopy (EIS) study
EIS, also referred to as AC impedance spectroscopy is a suit-

able technique to gain valuable information about the interface
(between substrate and medium); responsible for improved cor-
rosion resistance, on the basis of electrical double layer (EDL)
capacitance (Craig, 1991). Information about the interaction of
coating with corrosion medium was obtained from Nyquist plots
(Yuan et al., 2010). It was observed that in (Zn–Fe)2.0/4.0 coating sys-
tems, the radius of the semi-circle increased with number of layers,
up to 300 layers as shown in Fig. 3.

It may be noted that the solution resistance Rs is nearly identi-
cal in all cases, as the same bath chemistry and cell configuration
Fig. 2. Potentiodynamic polarization curves of CMMA (Zn–Fe)2.0/4.0 coatings having
different number of layers.
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Table 2
Corrosion rates of CMMA Zn–Fe coatings at different sets of CCCDs (with 10 layers each).

CMMA Zn–Fe coatings developed at difference of 2.0 A/dm2 between CCCDs

CCCDs (A/dm2) Ecorr (V) vs. Ag,AgCl/KClsat icorr (�A/cm2) CR (10−2 mm y−1)

(Zn–Fe)2.0/4.0/10 −1.182 11.944 17.72

CMMA Zn–Fe coatings developed at difference of 4.0 A/dm2 between CCCDs

CCCDs (A/dm2) Ecorr (V) vs. Ag,AgCl/KClsat icorr (�A/cm2) CR (10−2 mm y−1)

(Zn–Fe)2.0/6.0/10 −1.177 13.214 19.605

Table 3
Decrease of corrosion rate with increase in number of layers of CMMA (Zn–Fe) coating system.

Coating configuration No. of Layers Ecorr (V) vs. Ag,AgCl/KClsat icorr (�A/cm2) CR (10−2 mm y−1)

Effect of number of layers at 2.0–4.0 A/dm2

(Zn–Fe)2.0/4.0 10 −1.182 11.944 17.72
(Zn–Fe)2.0/4.0 20 −1.177 10.129 15.02
(Zn–Fe)2.0/4.0 60 −1.169 8.602 12.76
(Zn–Fe)2.0/4.0 120 −1.159 2.418 3.58
(Zn–Fe)2.0/4.0 300 −1.162 1.148 0.81
(Zn–Fe)2.0/4.0 600 −1.174 19.53 28.97
Effect of number of layers at 2.0–6.0 A/dm2

(Zn–Fe)2.0/6.0 10 −1.177 13.214 19.65
(Zn–Fe)2.0/6.0 20 −1.167 5.302 16.86
(Zn–Fe)2.0/6.0 60 −1.167 5.120 7.86
(Zn–Fe)2.0/6.0 120 −1.162 3.565 5.29

3
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(Zn–Fe)2.0/6.0 300 −1.154
(Zn–Fe)2.0/6.0 600 −1.176

.6. Dielectric study of CMMA coating

EIS data points can also be used to study the dielectric proper-
ies of materials, and the technique is called dielectric spectroscopy
Gellings and Bouwmeester, 1997). It is based on the interaction of
n external field with the electric dipole moment of the sample,
ften expressed by permittivity. This technique measures the rela-
ive dielectric constant, εr of a system over a range of frequencies,

nd the frequency response of the system, including the energy
torage and dissipation properties can be identified. The surface
harge density D, or quantity of charge per unit area of capacitor
late (C/m2), is proportional to the electric field, and in the pres-

ig. 3. Electrochemical impedance response of CMMA (Zn–Fe)2.0/4.0 coating systems
easured at frequency range of 100 kHz to 10 mHz, and perturbing voltage of 10 mV

high frequency range is shown in inset).
1.251 1.85
23.11 34.29

ence of dielectric it is reduced due to polarization (William, 2000).
The capacitance C may expressed as,

C = kε0A

d
= εrA

d
(1)

where k is dielectric constant of the medium, ε0 is permittivity
of vacuum, A is surface area of parallel plates and d is the spac-
ing distance. When coating having definite dielectrics is placed
between charged plates having electric field E, the polarization of
the medium produces an electric field opposing the field of the
charges on the plate. The relative dielectric constant is a char-
acteristic of space between plates, and is a way to characterize
the reduction of electric field due to polarization, represented as
Epolarizatioin. Then the effective electric field, Eeffective is given by
relation,

Eeffective = E − Epolarization = �

kε0
= �

εr
(2)

Here � is the surface charge density; or quantity of charge per unit
area of capacitor plate (C/m2). Then decrease of effective electric
field between the plates will increase the capacitance of the par-
allel plate structure. Therefore dielectric must be a good electric
insulator to minimize any DC leakage current through a capacitor
(Conway, 1999). The variation of εr vs. frequency (from 10 mHz to
100 kHz) for different coating systems is shown Fig. 4.

It may be observed that at high frequency limit, εr is inde-
pendent of number of layers. It is due to the fact that, at high
frequencies, there is no charging of the capacitor and the capaci-
tance is effectively like that of an open circuit (vacuum). Therefore,
εr is almost same for all coatings, irrespective of the number of
layers. At low frequency side, the frequency response of the capac-

itor was found to dependent on εr, as shown in Fig. 4. This is due
to the fact that, at low frequency, AC becomes equivalent to DC,
and is more responsive to εr. Hence, the decrease of εr with num-
ber of layers indicates, that the polarizing ability of the electrical
double layer (EDL) capacitor decreases with layering (Ravinder and
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ig. 4. Frequency response of relative dielectric constant of CMMA (Zn–Fe)2.0/4.0

oatings having different number of layers.

atha, 1999). Therefore less εr of CMMA (Zn–Fe)2.0/4.0/300 compared
o other coating systems, indicates that coating behaves as good
ielectric barrier for passage of current through the capacitor, caus-

ng the less corrosion.

.7. Comparison between monolithic and CMMA coatings

A substantial change in corrosion rate was observed when
oatings is changed from monolithic to multilayer type, and is sup-
orted by the corrosion data, reported in Table 4.

It may be observed that both icorr and Ecorr value of
MMA coating has decreased considerably compared to that
f monolithic alloy. It was found that corrosion protection
f coatings with (Zn–Fe)2.0/4.0/300 configuration is ∼30 times
etter (0.81 × 10−2 mm y−1) than monolithic (Zn–Fe)3.0 alloy
25.08 × 10−2 mm y−1) alloy, obtained from same bath during same

ime.

Potentiodynamic polarization behaviors of both monolithic and
MMA coatings (both under optimal conditions) are shown in Fig. 5.
elative response for EIS study of monolithic (Zn–Fe)3.0 and CMMA

ig. 5. Comparison of potentiodynamic polarization curves for monolithic
Zn–Fe)3.0 and CMMA (Zn–Fe)2.0/4.0/300 coating systems of same thickness.
Fig. 6. Comparison of electrochemical impedance response of monolithic (Zn–Fe)3.0

and CMMA (Zn–Fe)2.0/4.0/300 coatings of same thickness.

(Zn–Fe)2.0/4.0/300 coating system is shown in Fig. 6. The less polar-
ization resistance RP (shown in inset) corresponding to (Zn–Fe)3.0
attests its less corrosion resistance compared to CMMA coating of
same thickness.

3.8. SEM study

Surface morphology of (Zn–Fe)2.0/4.0/20 coating without cor-
rosion marked as 7(A) displayed a uniform and crack-free
morphology. Cross-sectional view of CMMA (Zn–Fe)2.0/4.0/20 (for
better distinction) is shown in Fig. 7(B). The poor contrast may be
due to marginal difference in chemical composition of layers.

Formation of layers was again confirmed, by acid test. CMMA
(Zn–Fe)2.0/4.0/10 coating system was treated with a drop of 2 N HCl
for 30 s, and then washed and dried. The inspection of the treated
surface under SEM confirmed the formation of layers as shown
in Fig. 7(C). To understand the reason for the improved corrosion
resistance, the CMMA coatings were examined under SEM after cor-
rosion test. The coatings having (Zn–Fe)2.0/4.0/4 configuration was
subjected to anodic polarization at +250 mV vs. OCP in 5% NaCl
solution. The corroded specimen was washed with distilled water
and examined. Formation of four layers, corresponding to CMMA
(Zn–Fe)2.0/4.0/4 was confirmed, as shown in Fig. 7(D). The possibil-
ity of high corrosion prevention is due to fact that, the failures like
pores, crevices or columnar structure occurring in case of the single
layer put down in the deposition process may be neutralized by the
successively deposited coating layers and thus the corrosion agents
path is longer or blocked (Dobrzanski et al., 2005).

That is why with multilayer coating the corrosive agent needs
more time to penetrate through coating defects into the substrate
material, than in case of monolayer coating. In other words, the
corrosive agent path is extended or blocked. Zn–Fe alloy layer, with
less wt.% Fe beneath the high wt.% Fe top layer dissolves through
the pores and micro-cracks existing in the CMMA coatings existing
during corrosion (Fei et al., 2006). As a whole, the protection efficacy
of CMMA (Zn–Fe)2.0/4.0/300 coatings may be explained by the barrier
effect of Zn–Fe layer, with high wt.% Fe (3.50) and the sacrificial
effect of Zn–Fe layer, with less wt.% Fe (2.23). A small change in wt.%

noble metal in the alloys layer is good enough to bring large change
in the phase structure of the alloys and thereby their properties
(Prabhu Ganeshan et al., 2007).
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Table 4
Comparison of corrosion rates of monolithic (Zn–Fe)3.0 and CMMA (Zn–Fe)3.0/4.0/300 coating systems of same thickness.

Coating configuration Ecorr (V) vs. Ag,AgCl/KClsat icorr (�A/cm2) CR (10−2 mm y−1)

(Zn–Fe)3.0 (monolithic) −1.013 16.90 25.08
CMMA (Zn–Fe)2.0/4.0/300 −1.162 1.148 0.81

F 2.0/4.0/2

( .

4

b
a

a

b

d

e

A

t
S

ig. 7. SEM images of CMMA (Zn–Fe) coatings. (A) Surface morphology of (Zn–Fe)
Zn–Fe)2.0/4.0/10 coating after acid test, (D) CMMA (Zn–Fe)2.0/4.0/4 after corrosion test

. Conclusions

A stable electrolytic bath has been proposed for deposition of
right and uniform coating of Zn–Fe alloy on mild steel using THC,
s brightener.

) Under optimal condition, the corrosion resistance of CMMA
Zn–Fe coatings was found to be about 30 times higher than
corresponding monolithic coating of same thickness.

) The thickness of individual layers of CMMA coatings, plays
important role in imparting better corrosion protection. The cor-
rosion rate decreased with number of layers only up to certain
(optimal) number layers, and then increased.

c) The increase of corrosion rate at high degree of layering was
attributed to less relaxation time for redistribution of metal ions
(Zn2+ and Fe2+ ions) in the diffusion layer, during plating. In
other words, at higher layer thickness, the multilayer coating
is tending to become monolithic.

) The protection efficacy of the CMMA coatings is related to the
defects and failures occurring in a single layer in the deposi-
tion process may be neutralized or masked, by the successively
deposited layers. Therefore, the corrosive agent path is extended
or blocked.

) The dielectric spectroscopy study revealed that the high corro-
sion resistance of CMMA (Zn–Fe)2/4/300 is due to barrier effect of
coatings, with distinct dielectric properties.
cknowledgement
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