
Improved corrosion and wear protection performance of St12 
steel by Ni-Cr-Al oxide coating

Hurieh Mohammadzadeha,*, Robabeh Jafarib, Artin Azargoonc

a* Associate professor, Department of Materials Science and Engineering, Faculty of Engineering, Urmia 
University, Urmia, Iran.

b Assistant professor, Department of Materials Science and Engineering, Faculty of Engineering, Urmia 
University, Urmia, Iran.

c Bachelor Graduated, Department of Materials Science and Engineering, Faculty of Engineering, Urmia 
University, Urmia, Iran.

Recieved: 19 November 2024;    Accepted: 8 June 2025

*Corresponding author, E-mail: h.mohamadzadeh@urmia.ac.ir

ABSTRAC T

Journal of Ultrafine Grained and Nanostructured Materials
https://jufgnsm.ut.ac.ir
Vol. 58, No.1, June 2025, pp. 108-119
Print ISSN: 2423-6845     Online ISSN: 2423-6837
DOI: 10.22059/jufgnsm.2025.01.11

1. Introduction
The accelerated growth of the flexible and 

sustainable materials industry has led to the 
development of new materials and composite 
structures. The concept of nanomaterials and 
nanocomposites in materials has evolved to 
increase the quality of products and their 
durability. Nowadays, nanocomposites are widely 
developed and used in various industries, such as 
aerospace, electronics, micro- and nanomechanics, 

and biomaterials [1,2]. The surface of materials in 
various industrial applications is exposed to various 
mechanical, physical and chemical attacks and 
damages. Accordingly, metal oxide nanocomposites 
could protect the surface when applied as coatings 
on the material surface [3,4].

Among various metal oxides, nickel and 
chromium oxide nanoparticles exhibit some 
outstanding electrochromic, mechanical and 
physical properties, such as wear resistance, 

Metal oxides have a wide industrial application and are an important component of engineered nanocomposites that 
can improve the surface properties of metals by applying them to a variety of substrates through coating methods. In 
the present study, the Ni-Cr nano-oxide (NiO/NiCr2O4) was synthesized by co-precipitation to increase the durability of 
St12 carbon steel in harsh environments against corrosive and abrasive materials. Subsequently, the surface of St12 
carbon steel sheets was coated by electrophoretic deposition (EPD) at 110V-3min. The properties of the synthesized 
nanocomposite and coatings were investigated by XRD, FTIR, FESEM and optical microscope (OM). The results showed 
that NiO and NiCr2O4 form nanoscale deposits with a crystallite size of 28.8nm and an average particle size of 60-80nm. 
The wear and corrosion behavior of the St12 substrate and coatings was investigated using ball-on-disk wear, EIS and 
polarization tests. XRD analysis of the coating materials after sintering revealed Ni, NiCr2O4 and phases of NiAl2O4 
and Al formed during sintering as a result of Al addition. The results showed that the Ni-Cr oxide nanocomposite 
was successfully deposited on the St12 surface by EPD. The average coating thickness was measured to be 10.76 
µm. The improvement in wear behavior was determined by measuring 1.8 and 2.1 mg mass of worn material for the 
coated sample and substrate, respectively. According to the Tafel analysis, the corrosion current density (icorr) was 10.3 
and 140.3 µA.cm−2 for the prepared coating and substrate, respectively, showing the considerable evolution of the 
corrosion behavior of bare steel by adding coatings up to 13 times. The electrochemical impedance spectroscopy (EIS) 
data were used to evaluate the corrosion mechanism and simulate the corresponding electrical equilibrium circuit. 
The charge transfer resistance (Rct) was 7934.6 and 134.49 Ω for the coated sample and the bare St12 substrate, 
respectively.
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corrosion resistance, high durability in various 
environmental and operating conditions [4,5]. Due 
to the high electrochemical resistance of Ni and Cr 
oxides, they are excellent candidates for coatings 
applied to susceptible materials under corrosive 
conditions [6]. In addition, the possible reaction 
between NiO and Cr2O3 under the desired thermal 
conditions can produce NiCr2O4, a spinel with 
antibacterial and lubricating properties [7]. This 
spinel, NiO and Cr2O3 have very good stability at 
high temperatures [8]. Metal oxide nanocomposites 
can be produced by various methods, including 
combustion methods [9], mechanical alloying [10], 
microwave [11], chemical co-precipitation [12], 
high energy ball-milling [13]. However, chemical 
coprecipitation is a simple and inexpensive method 
commonly used by researchers to produce oxide 
nanocomposites with excellent purity and very fine 
particle size [14].

Singh et al. applied [15] Ni/Al₂O₃ and Ni/
Cr₂O₃ nanocomposite coatings to carbon steel 
pipes used in high-voltage transmission lines 
to improve the resistance to erosive wear. The 
results showed that the Ni/Cr₂O₃ coating offered 
superior performance compared to its Ni/
Al₂O₃ counterpart. Wang et al. [16] presented 
in their study that a Ni-WC-Co nanocomposite 
coating applied to the surface of stainless steel by 
electrophoretic deposition significantly improved 
the wear behavior and hardness of the substrate. 
Abdel Halim et al. discussed that Sn-NiO-ZnO 
nanocomposite coating was applied on steel 
carbon to improve the corrosion behavior of steel 
[17]. Ryu et al [18] coated the steel substrate with 
GO nanosheets using EPD. They reported that 
the coated steel surface exhibited significantly 
better corrosion resistance compared to bare steel. 
Heidari et al. [19] investigated the deposition 
of nano-SiC nickel composite coatings on St12 
steel using the electrodeposition method. Their 
results showed that these coatings significantly 
improve wear resistance, corrosion resistance 
and surface hardness compared to pure nickel 
coatings. These improvements offer significant 
benefits for industrial applications, particularly 
in improving the performance of St12 steel. Such 
nanocomposite coatings can be deposited on 
carbon steels by various methods, including sol-
gel [20], CVD [21], PVD [22], electro-plating [23], 
pyrolysis spray [24] and electrophoretic deposition 
[25]. Electrophoretic deposition (EPD) is a coating 
method for depositing various types of metallic 
and non-metallic materials (especially for coatings 
of ceramics and composites) in powder form 
and is therefore often used as a versatile, popular 
and cost–effective approach. In EPD, the coating 
materials in charged powder form are suspended 
in the electrolyte and form a stable suspension 

that migrates due to the strong electric field and 
deposits on the oppositely charged electrode [26]. 

In this study, the Ni-Cr spinel oxide was 
synthesized using the co-precipitation method, 
followed by the deposition of the Ni-Cr spinel 
and alumina nanocomposite coating on St12 steel 
sheets using the electrophoretic deposition (EPD) 
technique. The mechanical, morphological and 
corrosive properties of the coated and uncoated 
St12 steel were comprehensively evaluated. This 
work highlights the effective application of the 
EPD process to produce an effective coating. 
Furthermore, a chemical interaction during the 
sintering process between the Al additive and NiO 
led to the formation of NiAl₂O₄, which contributed 
to the improved performance of the coating 
alongside the NiCr2O4 phase. The nanocomposite 
coating showed significant improvements in both 
corrosion resistance and mechanical properties, 
demonstrating its potential for advanced protection 
applications.

2. Experimental
The Ni-Cr spinel oxide-based nanocomposite 

with 50wt% NiO-50wt% Cr2O3 was synthesized 
from nickel and Chromium salts of NiSO4.6H2O 
and Cr2Na2O7.2H2O (Merc, Germany, purity ≥ 
99%) through co-precipitation approach [4]. The 
appropriate amounts of nickel and chromium 
salts were determined to achieve a 50% NiO - 50% 
Cr₂O₃ stoichiometry after synthesis. Then, the salts’ 
each were dissolved separately in 100 ml distilled 
water using stirrer. After completely liquidation 
of salts, they were added to a beaker and stirred 
until a uniform solution was achieved, the pH 
value was observed 3.8 after solutions uniformity. 
By heating the solution temperature was set at 78 
°C then the pH mixture gradually increased to 10 
by adding dropwise NH3 solution. Then stirring 
process at 78 °C continued until pH decreased 
to 7 (for 5 hours). After a while, the precipitation 
of the material appeared, sediments collected 
from solution through filter paper washed several 
times by distilled water and ethanol. Now filters 
were used in each washing stage. Eventually the 
produced material was dried at the oven 80 °C for 
2 hours. Then, it was calcined at 720 °C for 1 hour 
(Figure 1).

Al nano powder (Sigma-Aldrich, USA, 99.9%, 
<100nm), 1-Butanol organic solvent (C4H10O, 
Merck, Germany, purity ≥ 99.5%) and iodine (I2, 
Merck, Germany, 99.9%) were employed for EPD. 
The substrates were St12 sheets of 3×3 mm2. The 
substrate sheets were sandblasted at 6 bar. The 
substrates were cleaned by remaining in alkaline 
solution (NaOH 10%) at 60 °C for 15 min, then 
bare samples were washed with acetone (C3H6O, 
Merck, Germany, purity ≥ 99%) in the ultrasonic 
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bath for 15 min followed by distilled water.
The zeta potential data collected showed that 

the iodine concentration of 0.6 g/L had the highest 
value of 40.1 mV, compared to 0.4 and 0.8 g/L, 
which were 27.6 and 23.4, respectively. Therefore, 
0.6 g/L was chosen as an appropriate amount 
of dispersant. The dispersant in the amount of 
0.6 g/L iodine was prepared and added to the 
organic solvent butanol and stirred for 1 hour. 
Then 6 g/L Ni-Cr oxide nanopowder was added 
to the solution. After 2 hours of mixing, 0.6 g/L 
nano-Al powder was mixed with the solution as 
a dispersant and then stirred for 24 hours. Finally, 
the suspension bath was dispersed for 5 minutes 
using an ultrasonic vibration probe (Figure 1).

Ni-Cr oxide nanocomposite was coated on 
St12 substrates by direct current (DC) cathodic 
EPD process. St12 plates were used as anodic and 
cathodic electrodes that were placed in the coating 
electrolyte bath parallel to each other at a distance 
of 1 cm. The coating voltage and the coating time 
were set to 110 V and 3 minutes respectively. After 
the coating process, the samples were oven-dried 
at 110 °C for 2 hours and then sintered at 750 °C 
for 2 hours (in the Ar-Flow atmosphere, 99.999 %).

Zeta potential analysis (SZ-100, HORIBA, Ltd., 
Japan) was conducted to determine the appropriate 
amount of iodine dispersant used in the suspension 
preparation.

The morphology and the thickness of the 
coating was evaluated by an optical microscope 

(OM, Optika B-383Pli, Italy) and a field emission 
scanning electron microscope (FE-SEM TESCAN 
MIRA3, Czech Republic). 

The chemical properties of the synthesized 
powder were investigated by Fourier transform 
infrared spectroscopy (FTIR, Thermo-AVATAR, 
USA, wavenumber 400–4000 cm−1) and X-ray 
diffraction analysis (XRD Philips PW1730, 
Netherlands) with Cu Kα radiation (λ = 1.540598 
Å). The 2θ range for the analysis was 10°-80°, with 
a step size of 0.05° and a measurement time of 1 
second per step. The device was operated at 40 kV 
and 30 mA. A Vickers microhardness tester (HV-
1000Z, PACE Technologies, USA, and a load of 1 
g, 15 s long) was used to determine the hardness of 
the coating and the bare substrate. The average of 
the results of 15 indentations was reported as the 
microhardness of the samples.

The coefficient of friction and wear properties 
of the Ni-Cr oxide nanocomposite coatings were 
evaluated by the ball-on-disk test according to the 
ASTM G99 standard at ambient conditions. A steel 
ball (52100 AISI, 55-60 HRC, main diameter = 6 
mm, tip diameter = 3 mm) rotated on the samples 
under a normal load of 6 N at ambient temperature. 
The rotation speed and total sliding distance were 
200 rpm and 120 m respectively.

Electrochemical polarization (Galvanostatic 
device, OrigaFlex 01A, OrigaLys ElectroChem 
SAS, France) and electrochemical impedance 
spectroscopy (EIS, at a frequency of 10mHz-

Fig. 1- Schematic illustration of nano-composite and the electrolyte preparation.
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100kHz, using a sinusoidal voltage with an 
amplitude of 10 mV) were used to study the 
corrosion behavior of the substrate and coating in 
the 3.5% NaCl standard solution in the working 
environment. The speed of voltage scanning was 
1 mV/s in the range of -1 to 1.5 V. The working, 
counter and reference electrodes were respectively 
the substrate/coated sample, platinum and calomel. 
Before analysis, the coated sample and the substrate 
were equilibrated in the electrolyte for 1 hour, 
and the open circuit potential was measured after 
20 minutes. After polarization and EIS analysis, 
the corrosion data were evaluated using Tafel 
extrapolation and Zview software.

3. Results and Discussion 
3.1. Ni/Cr nano-oxide composite 

The results of the XRD pattern and the FTIR 

spectrum of the calcined Ni/Cr nanooxide 
powder are shown in Figure 2. Figure 2a shows 
the presence of NiO (JCPDS card number 04-
0835) and spinel NiCr2O4 (JCPDS card number 
89-6615) in the synthesized product. According 
to the literature, calcination of Ni/Cr nanooxide 
at 700 °C yields a stable NiCr2O4 spinel with 
cubic structure and main plane indices (211), 
(220), (224) and (113) [33]. The crystallite size 
was calculated to be 28.8 nm (Equation 1 [30]), 
], Debay-Scherrer; D, κ, β, λ, and θ are the 
crystallite size, constant number, most abundant 
(0.94), full width at half maximum (FWHM), 
wavelength, and X-ray diffraction angle for high-
intensity Braggs peaks, respectively.
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Fig. 2- a) XRD pattern and b) FTIR spectrum of the synthesized nanocomposite of Ni-Cr oxide after drying and calcination.
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Figure 2b shows the chemical composition of 
the elements involved and their chemical bonds. 
The peak at wavenumber 3431 cm-1 refers to the 
O-H stretching vibrational bond [31]. The peaks 
at 1575 and 1417 cm-1 show the bonding of water 
molecules (H2O) with bending vibration [32]. In 
addition, the occurrence at 925 cm-1 shows the 
stretching vibration of Ni-Cr metal-metal bonding 
[33]. The stretching vibrations of Cr-O and Ni-O 
in the interstitial sites of the cubic crystal appear 
at 493 and 612 cm-1 [34]. These results confirm the 
formation of the NiO and NiCr2O4 nanocomposite 
after calcination of the co-precipitated powder.

Figure 3a and b present the FESEM images of 
the co-precipitated Ni/Cr nano-oxide composite 
powder after calcination to study the morphology 
and size of the particles. FESEM images of nano 
powders presents that the particles are spherical 
with nano size. Some agglomerates (Figure 3b; 
with average size of 1.2 µm) are formed due to 
the intrinsic attraction between nano-particles. 
According to Figure 3a, the particle size is among 
60-80 nm. 

3.2. Ni-Cr oxide nanocomposite coatings
3.2.1. Morphology of coating

Ni/Cr nano-oxide/nano-Al particles were 
deposited on the St12 substrate using EPD. Figure 
4a and b show the optical microscope (OM) images 
of the applied coating and the corresponding 
cross-section. According to Figure 4a, the coating 
covered the surface evenly. However, some narrow 
cracks and porosities were observed on the coating, 
which may form during the drying step due to 
the removal of volatiles from the coating material. 
In Figure 4b, the cross-section of the coating has 
an average value of 10.76 µm, which results from 
almost 15 measurements at different locations on 
the coating. The XRD pattern of the coating from 
the sintered coated sample is shown in Figure 4c, 
which shows Ni (JCPDS 96-901-3004), Al (JCPDS 

00-004-0787), NiCr2O4 (JCPDS 00-023-0432) and 
NiAl2O4 (JCPDS 00-010-0339). The NiCr2O4 spinel 
with a cubic crystal structure is a stable phase that 
remained in the coating after sintering. However, 
the formation of ceramic NiAl2O4 and metallic 
Ni phases by the Al addition has occurred after 
sintering by the chemical reaction of Equation 
2 [35]. The O2 molecules trapped between the 
coating material during deposition must have 
contributed to this reaction as sintering took place 
in a neutral gas stream. The accessible surface of the 
NiO particles can serve as a source of O2 through a 
diffusion mechanism.

Figure 5 shows the FESEM images of the 
coating surface after sintering. Figure 5a and b 
show the morphology of the coating surface in two 
magnifications. Figure 5 c and d show the FESEM 
image and the corresponding element map of the 
coating, which shows a uniform distribution of the 
elements (Cr, O and Ni). The colors red, green, blue 
and yellow represent Cr, Al, O and Ni, respectively. 
There are local concentrations of Al. Such Al 
aggregations could occur during sintering at 750°C 
due to the melting of Al and its accumulation due 
to the increased capillary force between the large 
surface areas between the nanoparticles of the 
coating. In Figure 5b, the particles that make up 
the coating consist of spherical and quasi-spherical 
particles with a relatively uniform size distribution, 
similar to the original Ni/Cr nano-oxide powder 
(Figure 3a). The EPD coating method does not form 
a smooth coating due to the influential parameters 
such as the generated electric field, particle size 
and their tendency to sediment in suspension. 
These are characteristics of the electrochemical 
coating process that do not ensure compaction 
of the sedimented material on the surface during 
deposition, which leads to the formation of 
porosities in the coating structure (Figure 5a).
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Fig. 3- FESEM, images of the synthesized nanocomposite after drying and calcination.
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Fig. 4- Optical microscope (OM) images of coated sample form a) surface and b) cross section and c) XRD pattern of the coating 
after sintering.
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3.2.2. Wear and microhardness of coating and 
substrate

The mechanical properties of the St12 substrate 
and the coated sample were evaluated by ball-
on-disk wear and the Vickers microhardness 
test at room temperature. The results of the wear 
analysis are shown in Figures 5a to d. The worn 
mass is defined by the weight loss caused by the 
perpendicular force on the moving surface over the 
distance traveled [36]. 

Figure 6a and b are OM images of the worn 
surface. The average values of the width of the 
worn track were measured to be 167.4 and 93.9 
µm for the St12 substrate and the coated sample, 
respectively. This shows that the sliding ball abraded 
the surface less on the coated sample than on the 
bare substrate. Figure 6c shows that the friction 
coefficient curve for the coated sample is lower 
than that of the bare substrate. This indicates which 
both the wear and the coefficient of friction were 
improved, which can be attributed to the presence 
of a laminate-structured NiO/NiCr2O4 spinel-
based oxide nanocomposite with self-lubricating 
properties that prevented excessive degradation 
of the coating. The values of mass loss and friction 
coefficient during the 120 m sliding of the grinding 
ball over the bare substrate and the coating 

samples are shown in Figure 6d. The worn mass 
and coefficient of friction decreased by 15 % and 
13 %, respectively, which can be attributed to the 
additional plasticity of the NiCr2O4 nanocomposite 
layer structure in the coating [37-39]. The lower 
coefficient of friction shows that the grinding ball 
can be moved more easily on the coating than on the 
bare substrate. The nanocomposite coating based 
on Ni-NiCr2O4/Ni-Al spinel oxide significantly 
improved the wear resistance of the St12 surface. 
The hard ceramic NiCr2O4 and NiAl2O4 phases are 
the reinforcing materials in the applied coating. The 
Vickers microhardness of the substrate and coating 
was measured at a minimum of 15 points and the 
average values were calculated to be 107.3 and 
204.1 Hv respectively. This confirms the significant 
improvement in surface hardness due to the porous 
coating created. The improved hardness is due to 
the presence of tough spinel with unique structures 
(NiCr2O4, NiAl2O4), which led to an improvement 
in the wear properties of the coated sample.

3.2.3. The corrosion behavior
In order to evaluate the behavior of the samples 

in the corrosive environment, potentiostatic 
polarization analysis was performed in a 3.5 % 
NaCl solution for the bare St12 sheets and the 
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Fig. 5- FESEM images and the elemental maps of the coating; Yellow, green, purple and red collors are for Cr, O, Al 
and Ni, respectively.
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samples coated with a Ni-NiCr2O4/Ni-Al spinel 
oxide-based nanocomposite from a stabilized 
state of the open circuit potential of the electrode. 
Figure 7a shows the Tafel curves of the samples as 
a function of potential and current density. Using 
the Tafel extrapolation method, the corrosion 
parameters such as the corrosion potential and 
current density can be determined, which are 
shown in Table 1. Note that the values βa and βc 
were calculated from the slopes of the anodic and 
cathodic branches of the Tafel curves. Relevant 
possible reactions at the interfaces between coating 
and solution that may take place during corrosion 
analysis were mentioned in the same order as below 
[4] by reactions 3, 4 and 5.
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The collected information from Tafel chart of 
the coated and uncoated sample clearly shows 
that the precipitated nanocomposite coating 
improves the corrosion behavior of the substrate 
by acting as an appropriate barrier against the 
corrosive environment. This may be due to the 
complex trajectories created by the nanoparticles 

(connected and unconnected porosities created 
during the deposition process in suspension as 
well as during drying), which cause the electrolyte 
to deviate from the direct path and disperse in 
the coating. Compared to bare steel, the ceramic 
nanocomposites are less susceptible to interaction 
with the surrounding atmosphere, which is also 
reflected in the development of the corrosion 
properties, which are described by the corrosion 
potential on the vertical axis of the Tafel plot 
(Ecorr). The more positive (Ecorr), the better the 
corrosion resistance [40]. The thickness of the 
coating is another influential factor that protects 
the steel surface. An increase in coating thickness 
means that the corrosive agents have a longer path 
to breakthrough, which reduces the corrosion rate. 
In agreement with the results of Tafel and EIS, 
10.76 µm was sufficient to achieve useful corrosion 
resistance.

The results of EIS analysis can provide more 
details about the electrochemical interactions 
between samples and corrosive substances. The 
alternating current in the chemical cell containing 
the samples as electrodes provides the frequency 
and impedance (the imaginary and real impedance) 
to extract the Nyquist , bode-phase angle and 
impedance modulus plots [41], which are shown in 
Figure 7b to d for the bare St12 substrate and the 
coated sample, respectively. 
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50µm 50µm 

Fig. 5- Wear results of the St12 substrate and the coated material; a) OM image of the worn St12 substrate, b) OM image of the Worn 
coated sample, c) the friction coefficient curve verse wear distance and d) the values of worn mass and friction coefficient.
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Fig. 7- a) The polarization curves of bare and coated, EIS curves of the coated samples, b) Nyquist plot; c) bode-impedance modulus, 
d) bode-phase angle plot of the bare and coated sample.

The semicircles in the Nyquist plot in Figure 
7b show the interfaces between the electrolyte 
and the sample. The total value of the diameters of 
the semicircles is the resistance of the material to 
corrosion [42]. Although the number of semicircles 
in the Nyquist diagram is 2 for both the substrate 
and the coated sample, the bare substrate showed a 
reversed tail (induction loop). The induction loop 
at low frequencies shows the penetration of the 
electrolyte into the surface and its reaction with the 
substrate, indicating the sensitivity of the sample 
to pitting [43]. In the Nyquist diagrams of the 
coated sample and the bare St12, two capacitance 

semicircles can be seen, which are related to the 
interfaces between the electrolyte coating/corrosion 
product layer and the electrolyte substrate. 
Figure 7c shows the modulus plot of the body 
impedance of the uncoated substrate (St12) and the 
sample coated with the Ni-NiCr2O4/Ni-Al spinel 
nanocomposite. The value of the impedance at low 
frequencies represents the corrosion resistance in 
the electrolyte. The coated sample has the highest 
impedance at low frequencies (the diameter of 
the semicircle) and therefore has better corrosion 
resistance. The node-phase-angle diagrams in 
Figure 7d show some peaks due to the capacitance 

Table 1- The corrosion parameters for bare and coated sample achieved from the Tafel polarization analysis
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and resistance performance of the electrochemical 
elements simulated in the corresponding electrical 
equivalent circuit [44].

The EIS data can be quantified with the electrical 
data by describing them with a suitable electrical 
equivalent circuit. This was done for the present 
study using the ZView software and is shown in 
Figure 8a and b (for the bare St12 and the coated 
sample, respectively). The corresponding electrical 
data of the circuit elements are given in Table 2. Rs, 
Rc, Rp, Rct and RL are impedance values, while 
the resistance elements represent the electrolyte 
resistance, the pore resistance in the coating, the 
resistance of the iron oxide layer (passive layer) 
on the substrate, the charge transfer resistance and 
the resistance of the induction loop. The higher 
the value of Rc+Rp+Rct, the better the corrosion 
resistance.

In Figure 8a and b, the capacitors are represented 
by CPE, including CPEc, CPEp and CPEdl for the 
interfaces between coating and electrolyte, coating 
and passive layer, and passive layer and substrate. 
Due to the surface roughness of the samples, the 
capacitors are not ideal (constant phase element). 

The capacitors form loops in the Nyquist diagram 
by forming loops with a semicircular shape [42]. 
Another electric element is the inductance L, 
which was observed in the equilibrium circuit of 
the bare substrate St12.

Figure 8c shows a schematic configuration of 
the coated sample in the corrosive environment 
based on the EIS results and the associated 
electrical equivalent circuit. The interactions 
between the corrosive substances in the 
electrolyte and the sample are shown in the figure 
as an electrical equivalent circuit diagram. In 
addition, the microcracks in the coating material 
which penetrate deep enough into the substrate 
allow the electrolyte to reach the substrate and 
cause the metal substrate to interact and corrode 
with the O, OH and Cl ions of the electrolyte. 
The corresponding electrical equivalent circuit 
diagram is shown at the interface between the 
substrate and the coating (white circle). Due to the 
good protective effect of the coating, the corrosion 
activity at the interface between substrate and 
coating was low (Rct was 73.89 compared to 7533 
Ω for the bare St12). 
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Fig. 8- Equivalent electrical circuits for a) the bare St12 substrate and b) the coated sample and c) the 
schematic configuration of the coated sample in the electrolyte.
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Table 2- The fitting parameters obtained from simulating the EIS data in the attributed electrical equivalent circuits
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