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Abstract. The present work deals with the galvanostatic fabrication of Ni–Fe nanostructured composition-modulated
multilayer alloy (CMMA) coatings on steel panel from the newly optimized acid-sulphate bath solution. The recurring
cathode current density combination (RCCC) and the number of layers have been optimized for enhanced performance
of the coatings against corrosion. Corrosion behaviour of the nanostructured multilayered coatings was evaluated by Tafel
extrapolation and electrochemical impedance spectroscopy (EIS) methods in 3.5% NaCl solution. Under optimal conditions,
the CMMA coatings developed were more corrosion-resistant than the monolithic alloy coatings obtained from the same
bath. Least corrosion rate (CR) was witnessed at 300 layers, above which saturation of corrosion resistance at a high
temperature was found, which is attributed to a shorter relaxation time for redistribution of metal ions during multilayer
deposition. Hardness and roughness of the coatings were evaluated using Vickers hardness test and atomic force microscope,
respectively. Phase structure of the coatings was discussed using X-ray diffraction technique. The cross-sectional view of
the coatings was characterized by scanning electron microscope. CR analysis and the surface morphology of the optimized
coatings exposed to high temperature revealed the better performance of CMMA coatings at the elevated temperatures
compared to the monolithic coatings.
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1. Introduction
The electrodeposited Ni–Fe alloys as sacrificial coatings are
studied widely for its excellent corrosion protection action on
steel substrates. Nanostructured Ni–Fe alloy coatings on mild
steel are the prevalent method for its high magnetic permeability. Ni–Fe alloys due to their distinctive nature and a wide
range of unique properties have gained considerable attention
for their practical applicability in modern industries, such as in
rocketry, computers, space technology, etc. [1,2]. The early
researchers have reported that development of Ni–Fe alloy
coatings has enhanced the corrosion resistance to a greater
extent when compared to pure nickel coating, further innovative methods for the development of even better protective
coatings than the monolayer coatings are of distinct scientific
and industrial interest [1–5].
It was known that the compositionally modulated multilayer coatings (CMMA) like Ni–Fe, Ni–Zn, Ni–Co, Ni–P
has the superior corrosion protection ability in comparison to monolayer alloy coatings of the same [6–10]. The
CMMA coatings can be obtained by various electrochemical deposition methods. These methods can be broadly
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classified as electrodeposition by (1) dual bath technique
(DBT) [11,12], (2) single bath technique (SBT) either by
potentiostatically or galvanostatically [1–5,13] and (3) single bath by pulse plating technique [14,15]. However, DBT
has its own drawbacks even though pure metals or alloys
can be deposited by this method. It is laborious and there
is fear of bath solution loss during the transfer of substrates
within the baths. Development of CMMA coatings by pulse
technique was not preferable due to the complexity in achieving the modulation in composition and thickness variation
[16–18]. Whereas in SBT by galvanostatic method, high
deposition rate of the coatings with modulation in the composition can be accomplished in lesser time compared to
DBT.
The excellent corrosion resistance observed from CMMA
coatings was due to the improved barrier effect with the
increase in the number of layers [19,20]. The Zn–Fe CMMA
coatings developed by Venkatakrishna and Chitharanjan
Hegde [21] and Yogesha and Chitharanjan Hegde [22] have
reported that they have better corrosion resistance than its
monolayer coating of same thickness. It is reported that
in the CMMA coatings, with the increase in number of
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layers with its corresponding decrease in thickness of each
layer, enhances the wear resistance and hardness of the
coatings, which contribute to its corrosion resistance
ability [23]. The attempts on the study of multilayer Ni–P
alloy coatings shows that the improvement in the corrosion
resistance of the multilayer coatings was attributed to the
greater number of interfaces formed by the layers of varying
compositions and phase structures [24]. The corrosion rate
(CR) also depends on the surface morphology and roughness of the coatings [13]. A wide range of investigations was
carried out for the fabrication of Ni–Fe alloy coatings with
various patterns of switching current densities with the development of an optimized deposition bath [25]. This approach
is usually by variation of one variable at a time, since it is a
multivariable system. However, there are no reported studies
on the corrosion resistance performance of CMMA coatings
at elevated temperature and very few XRD analysis of the
CMMA coatings are reported. Our present work deals with
the development of optimized bath for the fabrication of Ni–
Fe CMMA coatings and the effects of layering on the CR,
surface morphology, phase structure, roughness and hardness
of the deposits. An attempt was made to study the corrosion
resistance ability of the developed Ni–Fe CMMA coatings
exposed to elevated temperatures.

2. Materials and methods
2.1 Coating deposition
An acid sulphate bath of Ni–Fe alloy with metal salts like
nickel sulphate (NiSO4 ·7H2 O), ferrous sulphate (FeSO4 ·7
H2 O), boric acid as a buffer and sodium dodecyl sulphate
(SDS) as an additive, was prepared in distilled water, and all
the chemicals used were of laboratory grade. By the proper
addition of either HCl or NaHCO3 , the bath solution was
maintained at pH 3 using micro pH meter (HI 2211). All
the electrodepositions were carried out at room temperature
(RT).
Monolithic and CMMA Ni–Fe coatings were developed
on mild steel (MS) surface with an exposed area of 7.5 cm2
from the bath taken in 250 cm3 PVC cell. Anode and cathode are kept parallel to each other during electrodeposition.
MS panels were mechanically polished to obtain a smooth
surface and then, cleaned electrochemically before electroplating. During the electrochemical cleaning process, the MS
plates were immersed in electrochemical bath consisting of
sodium hydroxide 35 g l−1 , sodium carbonate 25 g l−1 , SDS
1 g l−1 and the electric current was given to the bath for
2 min cathodically and 1 min anodically. All the coatings
were carried out on a surface area of 2.5 × 3 cm2 of the cathode. Pure nickel plate with surface area as that of cathode
was used as an anode. All the monolayer and CMMA coatings were carried out using power source N6705B, Keysight
Technologies for 10 min and then, air dried.
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2.2 Characterization of coatings
2.2a Surface morphology and composition: Surface morphology of the developed monolithic and CMMA Ni–Fe
alloy coatings and the multilayer formation was analysed
by scanning electron microscopy (SEM), ZEISS model.
The cross-sectional view of the coatings obtained by SEM
confirms the formation of multilayers. The percentage compositions of the Ni and Fe in the developed coatings were
evaluated by area analysis through SEM-coupled energy dispersive X-ray spectroscopy (EDX).
2.2b Recurring cathode current density combination
(RCCC) analysis by corrosion resistance: The combination
of current density (CD) for the development of CMMA coatings were studied by considering the individual composition
of Ni and Fe in the monolayer coatings obtained by EDX.
CMMA coatings were fabricated with 2.0 and 3.0 A dm−2
differences among the range of CD’s. CMMA coatings of
10 layers each were developed for various CD combinations
and their corrosion performances were taken as the criteria for further layering. The corrosion behaviour of Ni–Fe
CMMA electrodeposits was evaluated in 3.5% NaCl solution
by electrochemical impedance spectroscopy (EIS) and Tafel
extrapolation method. The electrochemical studies were performed using CHI 608D electrochemical workstation (CH
Instruments, Austin, USA) in a three-electrode configuration cell keeping open to air at RT. The developed coatings
with exposed 1 cm2 surface area was used as working electrode. Ag/AgCl electrode and platinum electrode are used as
a reference electrode and counter electrode, respectively. The
reproducible outcomes of all electrochemical measurements
performed are discussed.
2.2c Roughness and hardness measurement: Surface roughness of the coatings was evaluated in terms of average
roughness (Ra ). Ra is the parameter used for the analysis of
surface roughness and is defined as average deviation of surface from the mean line within the evaluation limit. Ra of the
developed coatings was obtained by atomic force microscope
(AFM, Bruker). The hardness of the developed Ni–Fe alloy
coatings was evaluated by Vickers microhardness test using
50 mN load.
2.2d Structural studies: Phase structure, texture coefficient and grain size characterization of the Ni–Fe CMMA
coatings were obtained by XRD analysis using Rigaku X-ray
diffractometer with CuKά radiation (λ = 1.5418 Å) as the
X-ray source. The 2θ value ranged from 40 to 90◦ and the
scan rate was 0.02◦ s−1 . The average crystallite grain size of
the coatings was calculated by Scherrer’s equation [26]:
D = kλ/β cos θ.
Here, D indicates crystallite size in nanometres, k a
dimensionless constant with value of 0.94, λ indicates the
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incident XRD wavelength (1.5418 Å), θ the peak position and
β full peak width at the half-maximum intensity (FWHM).
2.2e High temperature studies: The monolithic and
CMMA Ni–Fe alloy coatings exhibiting least CR was chosen
for its corrosion performance analysis at elevated temperature. These optimized coatings were exposed to 200, 300 and
400◦ C for the duration of 2 h and its CR was determined.
The surface morphology of the coatings exposed to elevated
temperature obtained from SEM was analysed.

3. Results and discussion
3.1 Effect of CD and composition of Ni–Fe alloy on
fabrication of layers
A stable sulphate bath for Ni–Fe alloy electrodeposition was
optimized along with the operating parameters, which are
given in table 1. A crisp, bright and sound monolithic coating
was obtained at optimized 4 A dm−2 using SDS as an additive.
XRD study of monolithic coatings showed that the preferred
orientation at lower CDs was FCC (200) and above 4 A dm−2
FCC (220). This indicated the dominating Ni content in the
coatings with increase in CD. Moreover, the study on the corrosion properties of monolithic Ni–Fe alloy coatings revealed
its best corrosion resistance at 4 A dm−2 , the corresponding
corrosion data are given in table 2. This result was further
supported by the surface morphology and the roughness
analysis of the coatings.
Table 1. Optimized bath composition and
parameters.
Bath components

Composition (g l−1 )

NiSO4 ·7H2 O
FeSO4 ·7H2 O
H3 BO3
SDS

100
4
30
0.8

Figure 1 compares the surface morphology of monolithic
and multilayer Ni–Fe coatings. As noted, Ni–Fe alloy is

Corrosion parameters and composition analysis of Ni–Fe monolithic coatings.

Cathode CD
(A dm−2 )
1.0
2.0
3.0
4.0
5.0
6.0

The compositional analysis of monolithic coatings was
carried out by using EDX, prior to the deposition of CMMA
coatings and the wt% of Ni and Fe in the coatings are given in
table 2. The wt% of Ni varies from 72.60 to 94.64, whereas Fe
varies from 27.40 to 5.35 over 1–6 A dm−2 . As observed, wt%
of Ni exhibited increasing trend with the increase in CD, since
the higher CD provides more scope for the reductive circumstances providing more activation energy for the deposition.
This results in kinetically controlled electrodeposition rather
than diffusion-controlled electrodeposition. Since wt% of Ni
is in higher concentration among the coatings, and its deposition rate is affected by CD, which is a kinetic parameter.
Hence, with the increase in CD, Ni has enhanced contribution in the electron transfer and thus, its wt% increases in the
electrodeposits with equivalent decrease in wt% of Fe [27]. It
is worth to notice that at no applied CD, wt% of Ni and Fe in
the deposits reaches its composition in the bath, indicating the
occurrence of anomalous behaviour of Ni and Fe codeposition [28,29]. It was also acknowledged that the increase in Ni
content in the coatings improves its corrosion resistance [30].
Therefore, the coating composition and CD would deliver
adverse effect on the CR of the deposited multilayer coatings.
To obtain highly corrosion-resistant multilayer coatings, the
RCCC should be optimized. The Ni–Fe alloys were electrodeposited at various combinations of CDs to obtain CMMA
coatings of 10 layers each. Their corrosion properties were
evaluated by electrochemical analysis and the corresponding
data are given in table 3.
CMMA coatings with alternate layers of Ni–Fe alloys
with different compositions are represented conveniently as:
(Ni−Fe)1.0/2.0/n (where 1.0 and 2.0 indicate the RCCC and
n indicates the number of layers). From table 3, least CR
(0.2381 mm y−1 ) was obtained for (Ni−Fe)2.0/4.0/10 CMMA
coatings and it has to be noted that their CR was reduced
more than individual monolithic coatings. Moreover, there is
considerable difference in composition of Ni and Fe at 2 and
4 A dm−2 . Therefore, (Ni−Fe)2.0/4.0/n was selected for further layering.
3.2 Surface morphology, roughness of coatings and
cross-section of multilayers

Electrodeposition parameters
CD
4 A dm−2
pH
3.0
Temperature
300 K

Table 2.
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Wt% of Ni

Wt% of Fe

−E corr (V vs. SCE)

i corr (μA cm−2 )

βa (V dec−1 )

βc (V dec−1 )

CR (mm y−1 )

72.60
82.70
92.45
92.97
93.22
94.64

27.40
17.30
7.55
7.03
6.78
5.36

0.4882
0.4825
0.4942
0.6318
0.519
0.4889

74.59
45.88
36.45
13.70
19.55
46.83

8.735
9.102
9.429
8.991
10.322
9.429

4.684
5.966
5.534
5.222
6.865
5.039

0.8321
0.5118
0.4066
0.1528
0.2181
0.5224
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Corrosion data of various RCCCs.
i corr (μA cm−2 )

CR (mm y−1 )

CMMA coatings with 2.0 A dm−2 difference
0.319
(Ni−Fe)1.0/3.0/10
0.475
(Ni−Fe)2.0/4.0/10
0.332
(Ni−Fe)3.0/5.0/10
0.324
(Ni−Fe)4.0/6.0/10

331.1
38.13
104.6
170.0

0.2931
0.2381
0.2832
0.3893

CMMA coatings with 3.0 A dm−2 difference
0.274
(Ni−Fe)1.0/4.0/10
0.340
(Ni−Fe)2.0/5.0/10
0.196
(Ni−Fe)3.0/6.0/10

215.3
156.6
98.53

0.2918
0.4318
1.148

Coating configuration

−E corr (V vs. SCE)

deposited as uniform spherical grains [2]. In the
monolithic Ni–Fe alloy coatings, coarse surface morphology
was observed, whereas in CMMA coatings, finer morphology with smaller grain size was observed. The introduction
of layers in the coatings has improved its surface morphology.
The average roughness of Ni–Fe alloy monolithic coatings at
2 and 4 A dm−2 and CMMA coatings for (Ni−Fe)2.0/4.0/40 ,
(Ni−Fe)2.0/4.0/300 and (Ni−Fe)2.0/4.0/600 were evaluated by
AFM in a total thickness of 5 μm. Figure 2 demonstrates
2D and 3D images of CMMA coatings (Ni−Fe)2.0/4.0/40 ,
(Ni−Fe)2.0/4.0/300 and (Ni−Fe)2.0/4.0/600 and figure 3 compares their Ra values. It should be noticed that the roughness
of the coatings decreases drastically from the monolayers to
multilayers. Moreover, it was also witnessed that the roughness of the multilayer coatings decreases with increase in the
degree of layering up to 300 layers. In the CMMA coatings, during the nucleation of yuythe layers, the defects of
the previous layers will be the new nucleation sites for the
next layer. This provides more nucleation sites and thus,
the morphology of the coatings gets finer, resulting in the
lower roughness of the coatings [13,31]. With increase in
the number of layers, the growth time provided to the grains
in each layer decreases resulting in the finer morphology of
the coatings [13]. This is an additional contribution to the
reduced surface roughness of the CMMA coatings. However,
at 600 layers, the roughness of the coatings was increased.
At higher degrees of layering, the deposition time given
to each layer during the electrodeposition would be insufficient, leading to the inter-diffusion of layers. Thus, the
coating properties approach the properties of monolithic
coatings resulting in further increase in crystallite grain
size.
Figure 4 confirms the formation of Ni–Fe alloy layers deposited at 2 and 4 A dm−2 in CMMA coatings.
Unlike monolithic coatings, Ni–Fe CMMA coatings have
greater interfacial surface area due to layering. Therefore, the
nanostructured CMMA coatings exhibit excellent mechanical strength, hardness and anticorrosion properties [19]. Each
composition in the CMMA coatings has its own kind of failures like crevices, pores, columnar structures; hence, each
layer has a different way of undergoing corrosion as seen in
figure 4c [31,32].

3.3 Structural studies by XRD
Figures 5 and 6 show the XRD patterns of the electrodeposited Ni–Fe CMMA coatings with various number of layers
and monolithic coatings at 2 and 4 A dm−2 , respectively.
The XRD patterns agree with the formation of intermetallic awaruite Ni3 Fe cubic crystal system. The multilayers
and monolayers comprise of both FCC and BCC crystalline
phases. From figure 5, the highest reflection peak of Ni–Fe
CMMA coatings corresponding to FCC(111) is the preferential orientation. The weak peak intensities were observed
for FCC(220), BCC(200), BCC(211) and FCC(200). Whereas
in monolithic coatings, the peak intensity of FCC(220) was
more pronounced than FCC(111). The intensity of BCC(200)
was comparatively more in monolayer coatings indicating the
slightly higher Fe content in monolayers [33]. It was noticed
that BCC(110) was present in CMMA coatings up to 300
layers and was absent in monolayer coatings. Above 300 layers, BCC(110) was not observed in CMMA coatings and all
the peak positions correspond to the signals of monolayer
coatings indicating the approach of coating behaviour from
multilayers to monolayers. The highest intensity of FCC(111)
in the multilayer coatings indicate the decrease in grain size
and finer surface morphology [34].
Crystallite grain size was calculated using Scherrer’s equation, their variations with the number of layers were demonstrated in figure 7. In the multilayer coatings, the crystallite
grain size decreased with the increase in number of layers. The
partial grain refinement due to increase in degree of layering
is attributed to the less relaxation time given to the deposition
of Ni2+ and Fe2+ ions at the diffusion layer [1,19]. The consequence of this was the enhanced nucleation rate with limited
crystallite growth rate. Whereas above 300 layers, the crystallite grain size was found to further increase. The insufficient
deposition time given to the metal ions during the extreme
degrees of layering consequence in the inter-diffusion of layers and its behaviour approaches the monolayer coatings [35].
3.4 Hardness measurements
Variations in the microhardness of Ni–Fe CMMA coatings
comprising number of layers are shown in figure 8. It was
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Figure 1. SEM images presenting the surface morphology of optimized Ni–Fe monolithic coating at 4 A dm−2 and CMMA coatings at 300 layers.

noticed that the microhardness of the deposits increases up
to 300 layers. This was due to the decrease in the interfacial space between the layers at higher degrees of layering
[36]. The enhancement of microhardness with the increasing
layers was due to the barrier effect of the interfaces. This
was similar to the strengthening effect of grain boundaries in
the monolithic coatings [13]. Above 300 layers, the microhardness of the multilayers was decreased, this is due to the
fact that at higher degrees of layering, the thickness of the
layers and the interfacial space between them decreases and
reaches to the negligible value. Due to this, inter-diffusion

of layers occurs and the contribution of layers on the
hardness of the coatings decreases [13]. Another point to be
noted is the insufficient relaxation time given to the redistribution of metal ions in layers during electrodeposition. At
higher degrees of layering, the deposition time given for any
current density is minimum and hence, the metal ions fail
to relax completely under new current density. Because of
this, the composition modulation in layers does not perfectly
takes place. Therefore, coating behaviour will tend towards
monolayer rather than multilayer and so is its characteristics
[32,37].
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Figure 2. (a, c and e) represent the 2D images of Ni–Fe CMMA coatings with 40, 300 and 600 layers,
respectively, and (b, d and f) represent the 3D images of Ni–Fe CMMA coatings with 40, 300 and 600
layers, respectively.
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3.5 Effects of degree of layering on corrosion resistance

Figure 3. Comparison of average roughness of Ni–Fe alloy coatings.

Corrosion behaviour of the (Ni−Fe)2.0/4.0/n was obtained by
potentiodynamic polarization curves shown in figure 9 and
their corresponding corrosion data were given in table 4. As
the number of layers increased, CR decreased and was least
at 300 layers (0.0437 mm y−1 ). This result is in-line with
the advanced research on the CR of CMMA coatings, which
leads to the fact of decreasing CR with the layering [25].
The appreciable decrease in CR with the layering was due to
the formation of multilayers with uniform sublayers, which
reduce the large stress in the coatings. The interfaces of the
multilayers block the crack propagation path [38]. Furthermore, the failures witnessed in the monolithic coatings like
pores, crevices and the direct penetration of corrosive medium
to the substrate was resolved successively in the compositional modulated multilayered coatings, where the paths of
the corrosion agents were longer or blocked by the layers

Figure 4. SEM images Ni–Fe CMMA coatings showing (a) formation of 10 layers, (b) formation of 100 layers and
(c) top surface view of the CMMA coatings after corrosion test.
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Figure 7. Variations in crystallite grain size with the increasing
number of layers in Ni–Fe CMMA coatings.

Figure 5. XRD signals for Ni–Fe CMMA coatings.

Figure 8. Variation of microhardness of Ni–Fe CMMA coatings
with the increasing number of layers.
Figure 6. XRD signals for Ni–Fe monolithic coatings.

present [39]. From table 4, the corrosion current density i corr
of (Ni−Fe)2.0/4.0/n coatings decreased significantly with the
increase in number of layers and was least (i corr = 3.926 μA
cm−2 ) at 300 layers. This trend was due to the enhanced barrier properties imparted by the layers on the coatings [39].
Furthermore, above 300 layers, the CR was increased. With
the increase in number of layers, the relaxation time given for
the deposition of metal ions Ni2+ and Fe2+ at diffusion layer
to settle at its given CD decreases. Consequently, there will be
failure in the development of proper demarcation between the

layers formed. Hence, above 300 layers, the compositionally
modulated deposition may fail to occur, resulting in the formation of coatings similar to monolithic coatings. Since the
monolithic coatings has higher CR compared to the layered
coatings above 300 layers, the CR increases [25].
The corrosion performance of Ni–Fe CMMA coatings
was also evaluated by EIS. The experimental results of the
deposited coatings are illustrated by Nyquist plot given in
figure 10. The EIS results obtained were fit to the electrical
equivalent circuit given in figure 11 for further analysis, where
Rs , Rct and Rc represent solution resistance, charge transfer resistance and coating resistance, respectively. Whereas,
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Figure 9. Potentiodynamic polarization curves of Ni–Fe CMMA coatings.

Table 4.

Corrosion data of coatings with different layers.

Coating configuration
(Fe–Ni)2
(Fe–Ni)4

−E corr (V vs. SCE)
0.4403
0.4150

CMMA coatings deposited at 2−4 A dm−2
(Fe–Ni)2.0/4.0/10
0.555
0.516
(Fe–Ni)2.0/4.0/40
0.640
(Fe–Ni)2.0/4.0/100
0.639
(Fe–Ni)2.0/4.0/150
0.658
(Fe–Ni)2.0/4.0/300
0.617
(Fe–Ni)2.0/4.0/600

constant phase elements (CPE) Y01 and Y02 represent oxide
layer capacitance and capacitance of the space charge layer,
respectively. The electrochemical activities of the oxide layer
and also the coating and solution interface were represented
by two parallel RQ circuit combinations. The capacitance of
the double layer (Cdl ) was replaced by CPE [40]
Z CPE (ω) = Y0−1 ( jω)−1 .

i corr (μA cm−2 )
287.8
91.9
23.47
19.70
10.19
6.306
3.926
9.27

CR (mm y−1 )
0.5118
0.1528
0.2381
0.2196
0.1135
0.0703
0.0437
0.1033

Here Y0 is a constant, ω the angular frequency, j = an
imaginary unit and n the exponential index.
When n = 1, CPE represents an ideal capacitor; n = 0,
CPE acts as a pure resistor; n = −1, CPE represents an ideal
inductor.
From the results given in table 5, the increase in charge
transfer resistance, Rct between the metal and the medium
was witnessed with the increase in degree of layering.
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Figure 10. Nyquist plots for Ni–Fe CMMA coatings.

reaches the substrate. Hence, the availability of the layers
between the surface and the substrate extends or blocks the
path of the corrosive agent (figure 4c), resulting in the decrease
in CR of CMMA coatings [25,39].

Figure 11. Equivalent circuit fit for the EIS analysis.

3.6 High temperature studies of Ni–Fe monolithic and
CMMA coatings

This indicated that the higher degree of layering offers
good corrosion performance of the coating. Rct (1962  cm2 )
was highest for 300 layers and begin to decrease on further increase in layers. This observation corresponds to the
increase in CR > 300 layers. Moreover, the oxide layer resistance, Rc was maximum (509  cm2 ) at 300 layers, which
also indicates the good corrosion resistance of the coatings at
300 layers. From the corrosion analysis of the Ni–Fe CMMA
coatings, it was concluded that the introduction of layers in
the place of monolayer enhances the corrosion resistance of
the coatings. Any corrosive agent would attack the top most
layer resulting in its corrosion by direct exposure. The layers
underneath are protected till the complete breakdown of the
top most layer. The process follows till the last layer and then,

The optimized Ni–Fe monolithic (4 A dm−2 ) and CMMA
coatings ((Fe–Ni)2.0/4.0/300 ) were exposed to elevated temperature and the corrosion behaviour of the heat-treated
coatings were analysed by potentiodynamic polarization
technique. The corresponding Tafel curves were shown in
figures 12 and 13. The electrochemical parameters like corrosion potential (E corr ), i corr , cathodic Tafel slope (βc ) and
anodic Tafel slope (βa ) were listed in tables 6 and 7. The corrosion behaviour of the coatings at RT and heat-treated coatings
indicated that the corrosion resistance of both monolithic and
CMMA Ni–Fe coatings was more at RT. It is worth to note
that the CR of CMMA coatings at elevated temperatures was
lower than the monolithic coatings at the same temperature.
Therefore, we can say that the CMMA coatings can preferably
take over the application of monolithic coatings at elevated
temperatures.
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732.1
0.2604
1.424
2.632
423.0
30.85

Rct ( cm2 )

850.6
982.3
1168
1188
1962
1535
12.15
64.87
4.839
5.841
509
7.424
0.8
0.8
0.73
0.72
0.95
0.74

Rs ( cm2 )

6.682
0.01
1.9
0.02382
6.5
0.116

No. of layers

10
40
100
150
300
600

557.4
556.0
323.2
554.6
455.5
270.2

Rc ( cm2 )

25.5
2.25
116.5
57.3
74.44
14.21

Figure 12. Tafel plots of Ni–Fe coatings at 4 A dm−2 at elevated
temperatures.

n

L, H cm2 , ×10−10

Q-Y02 ,
Ohm−1 cm−2
S−n , ×10−6
Q-Y01 ,
Ohm−1 cm−2
S−n , ×10−6

EIS results obtained from the equivalent circuit.
Table 5.
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0.8
0.77
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1
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Figure 13. Tafel plots of (Ni−Fe)2.0/4.0/300 at elevated temperatures.

Electrochemical impedance spectra for optimized Ni–Fe
monolithic and CMMA coatings at RT and elevated temperatures were presented by Nyquist plots in figures 14 and 15,
respectively. An equivalent circuit model proposed to fit and
analyse EIS data is shown in figures 16 and 17. EIS results
derived from the equivalent circuit is given in tables 8 and 9.
Rs can be an indication of the concentration of the products
of the passive film near the electrode surface. Rs decreases
with the rise in temperature in both monolithic and multilayer coatings. Rct of both monolithic and CMMA coatings
was decreased with the increase in temperature. But, Rct of
CMMA coatings was greater than the monolithic coating indicating the good corrosion resistance of the former than the
latter. Table 9 shows the increase in Cdl and decrease in Rpore
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200
300
400

−E corr (V vs. SCE)

i corr (μA cm−2 )

βa (V dec−1 )

βc (V dec−1 )

CR (mm y−1 )

0.552
0.594
0.568

20.34
25.40
32.54

6.7
4.89
4.764

9.845
11.815
15.78

0.2267
0.2832
0.3629

Corrosion data of optimized (Ni−Fe)2.0/4.0/300 coatings at elevated temperature.

Temperature (◦ C)
200
300
400
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Corrosion data of optimized monolithic Ni–Fe coatings at 4 A dm−2 at elevated temperature.

Temperature (◦ C)

Table 7.
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−E corr (V vs. SCE)

i corr (μA cm−2 )

βa (V dec−1 )

βc (V dec−1 )

CR (mm y−1 )

0.503
0.542
0.451

8.168
10.05
16.16

8.251
6.356
8.836

8.834
11.739
7.456

0.0910
0.1120
0.1802

Figure 14. Nyquist plot for Ni–Fe coatings at 4 A dm−2 at elevated temperatures.

of the multilayer coatings at elevated temperatures. The rise
in temperature promotes increase in the porosity and consequently, in increased capacitance.

SEM images given in figures 18 and 19 illustrate the effect
of temperature on the surface morphology of coatings. In
figures 18b and 19b, the cracks on the surface of the

Bull. Mater. Sci.
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Figure 15. Nyquist plot for (Ni−Fe)2.0/4.0/300 at elevated temperatures.

Figure 16. Equivalent circuit for Ni–Fe coatings at 4 A dm−2 at
elevated temperatures.

coatings at elevated temperature were witnessed. The cracks
appeared on the surface of monolithic coatings make the
direct pathway for the attack of the corrosive medium on
the substrate, and CR increases as a consequence of this.
Whereas in CMMA coating, the cracks observed on the
surface were less compared to the monolithic coatings.

Figure 17. Equivalent circuit for (Ni−Fe)2.0/4.0/300 at elevated
temperatures.

As a result of layering, barrier protection of each layer
blocks the penetration of corrosive media into the substrate.
Hence, the multilayer has good performance towards corrosion resistance at elevated temperature than the monolithic
coatings.

131
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Table 8.

200
300
400

Rs ( cm2 )

Q-Y01 ,
Ohm−1 cm−2
S−n , ×10−6

n

Rc ( cm2 )

L, H cm2 , ×10−6

10.95
5.827
4.25

385.4
2418
4148

0.74
0.86
0.47

377.6
236
89.77

63.9
1.54 × 10−8
0.157 × 10−8

Rct ( cm2 )

Q-Y02 ,
Ohm−1 cm−2
S−n , ×10−6

n

1027
522
222

302.0
43320
1176

0.73
0.47
0.91

Impedance results for higher temperature studies of optimized Ni–Fe CMMA coatings of 300 layers.

Temperature (◦ C)
200
300
400

(2020) 43:131

Impedance results for higher temperature studies of optimized Ni–Fe monolithic coatings at 4 A dm−2 .

Temperature (◦ C)

Table 9.
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Rs ( cm2 )

Q-Y01 ,
Ohm−1 cm−2
S−n , ×10−6

n

Rpore ( cm2 )

L , H cm2 , ×10−6

Rct ( cm2 )

Capacitance (μF)

8.152
3.055
0.01

382.3
606
4332

0.8
0.8
0.41

18.83
6.321
6.222

407.4 × 10−10
7.781 × 10−10
12.32 × 10−10

1419
865.2
285

7.05
33.65
39.9

Figure 18. SEM images representing the optimized Ni–Fe monolithic coatings at 4 A dm−2 (a) at RT and (b) after exposure to
elevated temperature (400◦ C).

Figure 19. SEM images representing the optimized Ni–Fe CMMA
coatings consisting of 300 layers (a) at RT and (b) after exposure to
high temperature (400◦ C).
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4. Conclusion
The efforts made in the corrosion protection improvement
of nanostructured monolithic Ni–Fe coatings by CMMA Ni–
Fe coatings, and their behaviour at elevated temperature has
resulted in the following conclusions:
• Compositional modulated multilayer Ni–Fe coatings
can be obtained by modulating the CD deposition and
the deposition time of each layers.
• Corrosion resistance of CMMA Ni–Fe coatings was
more than the monolithic coatings deposited from the
same optimized bath.
• The enhanced corrosion protection ability of the
CMMA coatings was due to the increase in interfacial
surface area due to the presence of alternating layers
with different alloy compositions. The attack of
corrosion medium to the substrate was stopped or
slowed down by the number of layers present between
them.
• Among the Ni–Fe CMMA coatings, CR was least at
300 layers (0.0437 mm y−1 ), this result was supported
by the coating surface morphology, roughness, microhardness and structural analysis.
• At higher degrees of layering, the insufficient deposition time given to each distinct layer results in the
inter-diffusion of layers. Hence, >300 layers, the CR
was again increased.
• The corrosion studies of the coatings exposed to elevated temperature revealed that the optimized Ni–Fe
CMMA coatings show good corrosion resistance than
the corresponding monolithic coatings.
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