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A B S T R A C T

Nickel coatings are widely used for corrosion and wear resistance, often undergoing post-treatment to enhance 
performance. Depending on their final application, Ni-coated steel may be subjected to mechanical forming 
processes to produce cylindrical can shapes, commonly used as battery cases or food storage containers where 
corrosion resistance is critical. Before mechanical forming, a key thermomechanical process called temper rolling 
is applied to improve coating adhesion, reduce residual stress, and minimize surface defects. This study sys
tematically investigates the corrosion mechanisms of Ni-electroplated steel after annealing and temper rolling, 
demonstrating that both processes enhance localized corrosion resistance by modifying microstructure, surface 
morphology, and surface oxide evolution. These treatments promote passivity by increasing NiO content relative 
to Ni(OH)2, significantly improving charge transfer resistance. Additionally, iron diffusion from the steel sub
strate generates an electrical surface potential gradient within the coating, affecting nobility variations across 
different regions. Post-corrosion analysis of temper-rolled samples reveals that corrosion initiation occurs at 
submicron grains, where structural gaps facilitate substrate exposure, underscoring the role of processing routes 
in enhancing coating durability.

1. Introduction

Metallic coatings play a crucial role in both practical applications 
and technological advancements, serving as essential functional or 
protective surface treatments in our daily lives [1,2]. Corrosion-resistant 
coatings are effective in preventing unwanted corrosion of various ma
terials [3–6]. Nickel coatings are commonly used to create protective 
coatings in various applications, offering strong mechanical properties, 
thermal stability and corrosion resistance to the underlying steel [7–12].

Electrodeposition, also known as electroplating, has been widely 
used in industry due to its versatility and cost-effectiveness. This process 
results in nano/submicro-crystalline microstructures within the depos
ited coating [13,14]. Electroplating enables control over the micro
structure by adjusting deposition parameters such as solution pH, bath 
temperature, and applied current density or even application of different 
electrodeposition methods [15–18]. For instance, different deposition 
current densities can influence the surface morphology and roughness 
[19] and modify the grain orientation and texture of the microstructure 

[17]. In nanocrystalline coatings, grain boundaries constitute a signifi
cant portion of the material’s volume.

The corrosion performance of the Ni coatings is also influenced by 
the microstructural changes. Recent studies have highlighted the 
enhanced pitting resistance of nickel electroplated coatings with high- 
density nanoscale twins when exposed to NaCl solutions of varying 
concentrations (0.02–0.10 M) [20]. Additionally, Meng et al., showed 
that coatings with a 50 nm grain size demonstrate superior corrosion 
resistance compared to those with 10 nm grains in a buffer solution 
containing 0.02 M NaCl (pH 8.4), likely attributed to the presence of 
larger nanoscale twins [21]. Nanocrystalline Ni coatings exhibit 
improved corrosion resistance, as they form a more continuous passive 
layer in NaOH [22] and NaCl [23] solutions due to their higher grain 
boundary density compared to microcrystalline Ni coatings [24]. It has 
been reported that the breakdown potential of nanocrystalline Ni coat
ings improves with a mixed surface morphology of pyramids and blocks 
compared to a spherical morphology in NaCl solution [25]. Some find
ings suggest that the increase in (111) orientation plane in 
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nanocrystalline pure nickel enhances corrosion resistance, regardless of 
grain size [26].

However, defects such as pinholes in electroplated Ni coatings can 
compromise their durability and corrosion resistance [27]. Modification 
methods can enhance coating performance, but their effects vary with 
the coating type. For instance, ultrasonic impact treatment improves the 
corrosion resistance of CrMnFeCoNi high-entropy alloy coatings [28], 
but increases corrosion susceptibility in 30 %WC-Ni coatings [29]. 
Likewise, temperature field-assisted laser cladding reduces galvanic 
corrosion in CrMnFeCoNi coatings [30].

It is important to note that various efforts have been made to improve 
the performance of these coatings through modifications. It has been 
well established that modified coatings containing embedded particles, 
such as Mo [31], Co [32], and P [33], exhibit excellent corrosion 
resistance. Moreover, multilayer coatings have demonstrated superior 
corrosion resistance compared to single-layer coatings. For instance, Ni/ 
Ni multilayers can prevent the formation of through-thickness pinholes, 
thereby enhancing their protective performance in NaCl solution [27]. 
Similarly, Cr/Ni multilayers with Ni as the top coating exhibit better 
corrosion resistance in 0.1 M H2SO4 solution than individual Cr or Ni 
coatings [34]. Other investigations focused on the characterization and 
corrosion behaviour of the electrodeposited nickel alloys as the coating 
of interest. It has been reported that the surface morphology and 
microstructure of Ni–Co alloys vary with cobalt content. The Ni–20 % Co 
alloy exhibits superior corrosion resistance in a NaCl solution compared 
to other Ni–Co alloys, as well as pure cobalt and nickel coatings [35].

In addition to these modifications, processing treatments like 
annealing and rolling are commonly used to enhance microstructure, 
mechanical properties, and corrosion resistance. In the case of Ni coat
ings, the influence of annealing treatment on microstructure and 
corrosion behaviour has been investigated extensively [34–43]. On the 
contrary, some research has been conducted on the temper rolling 
process of steels [36–39]; however, none has focused explicitly on Ni- 
coated steel.

Annealing at adequate temperatures can modify the phase compo
sition, crystallite size, and residual stresses of electrodeposited coatings, 
leading to microstructural changes that improve properties like hard
ness, wear resistance, and corrosion resistance [40–42]. Annealing has 
been reported to influence the crystallite texture in nickel coatings 
[43,44]. For example, in situ TEM annealing of a thick (5 mm) Ni 
electrodeposited coating (200–600 ◦C for 20 min) revealed a surface 
texture change from 〈110〉 to 〈100〉 and 〈111〉 [45]. These low surface 
energy planes can improve surface oxidation resistance [46]. Improve
ments in properties after annealing may result not only from changes in 
crystallite size or phase composition but also from the evolution of grain 
boundaries during annealing [44,47]. Randle et al. [48] studied 
annealing twins in 99.5 % pure nickel, annealed in air at 825–1050 ◦C 
for 6 h, and found that the Σ3 fraction stabilized, indicating twinning 
occurs independently of grain growth. Meng et al. [49] found that 
annealing nanocrystalline Ni coatings at 200 ◦C for 10 min produced a 
higher twin density, while annealing at 400 ◦C promoted greater grain 
growth but reduced twin density. Corrosion tests in a buffer solution 
with 0.02 mol/L NaCl revealed that coatings annealed at 200 ◦C 
exhibited better corrosion resistance, highlighting the greater influence 
of twin density over grain size. Following annealing, temper rolling is 
applied to refine mechanical properties further. This process is essential 
for industrial applications, as it enhances the hardness and ductility of 
the coated steel, ensuring that it can withstand forming and deep- 
drawing operations. Temper rolling also helps to eliminate any 
remaining surface defects, improving the overall coating quality 
required for battery can production.

It is worth noting that the corrosion behavior of alloyed Ni coatings 
after annealing has been a primary focus of many researchers. Research 
has shown that annealing Ni-26 wt% Mo alloy coatings improves 
corrosion performance in 0.5 M NaCl solution, attributed to the 
increased NiO oxide layer thickness at 400 ◦C and 600 ◦C after 1 h [50]. 

Similarly, annealing Ni-Mo alloy coatings at 200 ◦C, 400 ◦C, and 600 ◦C 
for 25 min demonstrated that the highest corrosion resistance in 10 wt% 
NaOH solution occurs at 600 ◦C [42].

As mentioned, most research has focused on improving the electro
plated coating characteristics by adding alloying elements or layers to 
the coating. However, these methods are not usually economical or easy 
to apply, which makes them unfavourable for industrial production. 
Furthermore, less attention has been devoted to applying important 
processing methods, such as annealing or temper rolling. Very few 
studies have systematically investigated the chemical stability and 
corrosion performance of Ni-coated steel can batteries [51,52]. Despite 
their critical role in battery can manufacturing, the precise influence of 
annealing and temper rolling on the microstructural evolution and 
corrosion resistance of Ni coatings remains inadequately elucidated.

The present research investigates the changes in the microstructure 
in a Ni coating deposited on a low-carbon steel substrate throughout the 
processing route, from electroplating to temper-rolling. To achieve this, 
multiple characterization techniques were utilized, including scanning 
electron microscopy and energy dispersive spectroscopy (SEM/EDS), 
Electron Backscatter Diffraction (EBSD), Glow Discharge Optical Emis
sion Spectroscopy (GDOES), and Electron Probe Micro-Analyzer (EPMA) 
for microstructure and surface morphology analysis, atomic force mi
croscopy and scanning kelvin probe force microscopy (AFM/SKPFM) for 
topography and electronic surface potential assessments, and X-ray 
photoelectron spectroscopy (XPS) for analyzing oxide formation on the 
nickel surface. Furthermore, this work examines how these micro
structural changes influence corrosion behaviour, focusing on the effects 
of the annealing process and subsequent temper-rolling. The corrosion 
performance of the Ni-coating was studied by using multi- 
electrochemical analyses, which included open-circuit potential 
(OCP), potentiodynamic polarization, and Electrochemical Impedance 
Spectroscopy (EIS) measurements during a short immersion time of 30 
min in 0.1 M NaCl solution.

2. Experimental procedure

2.1. Materials

Samples of nickel-coated steel sheets produced by Tata Steel Europe 
company were utilized in this investigation. The substrate for the nickel 
coating was a cold-rolled, low-carbon steel sheet. Three types of nickel- 
coated samples were analyzed, representing different stages of produc
tion: electroplated, annealed, and temper-rolled. The electroplated 
samples were produced by electrodepositing nickel onto the surface of 
cold-rolled steel sheets, which continuously pass through a Watts nickel 
bath commercialized by Tata Steel Europe. Table 1 presents the chem
ical composition of the steel substrate. The steel substrate has a thickness 
of 0.6 mm, while the coating is 4 µm thick. The annealed samples were 
obtained by subjecting the electroplated sheets to a batch annealing 
process (T = 550 ◦C and time = 35 h). In contrast, the temper-rolled 
samples were produced by further temper-rolling the annealed sheets. 
The surface roughness (Ra) achieved by temper rolling is adjusted to fall 
within the range of 0.2 to 0.3 µm [53].

2.2. Microstructural characterization

During sample preparation, samples were cut to 2 × 2 cm for 
microstructural and electrochemical examinations. Samples of 1 × 1 cm 
were prepared for XPS analysis. The surfaces were ultrasonically cleaned 
with acetone and isopropanol. Visual inspection under a microscope was 

Table 1 
Chemical composition of low carbon steel substrate.

Element C Mn Al Cr N Fe

Weight percent 0.04 0.20 0.045 0.04 0.003 Balanced
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conducted to eliminate specimens with scratches or stains.
For cross-sectional evaluation, the samples were mounted in a 

conductive resin and their surface were prepared using SiC abrasive 
papers with grit sizes of 800, 1200, 2000, and 4000, followed by me
chanical wet polishing to 1 µm with diamond paste. In order to observe 
Ni coating cross-section microstructure, specimens were etched in a 
solution containing 50 % of HNO3 and 50 % of CH3COOH.

For the evaluation of surface morphology and cross-section micro
structure, scanning electron microscopy (SEM) was employed and their 
compositions were determined using energy dispersive spectroscopy 
(EDS) analysis (Zeiss Gemini 450 FEG-SEM). For high-resolution images, 
an acceleration voltage of 1.5 kV was used, and for EDS surface map
pings, a voltage of 15 kV was applied. To assess the Ni coating texture 
and grains on the surface, the samples were measured after a short step 
polishing of the surface with colloidal silica (OPS) using a scanning 
electron microscope (Zeiss Ultra plus FEG-SEM) equipped with an 
Electron Backscatter Diffraction (EBSD) device (Oxford Instruments 
Symmetry S2 EBSD detector system). The acceleration voltage of 20 kV 
was used, and the EBSD scans were evaluated with Aztec Crystal 3.1 
software (Oxford Instruments). Glow Discharge Optical Emission Spec
troscopy (GDOES) and Electron Probe Microanalysis (EPMA) were 
employed to evaluate the diffusion profile and elemental distribution of 
the samples, respectively. The EPMA measurements were performed 
using a JEOL JXA 8900R microprobe with an electron beam energy of 
10 keV and a beam current of 50nA, employing wavelength-dispersive 
spectrometry (WDS).

2.3. Topography and electronic surface potential analyses

Atomic force microscopy (AFM) and scanning Kelvin probe force 
microscopy (SKPFM) maps were conducted to assess the effects of 
annealing and mechanical treatment on the topography and surface 
potential of various nickel electrodeposited coatings. The AFM/SKPFM 
measurements were performed using a Dimension Edge device equipped 
with an n-type doped silicon pyramid single crystal tip coated with PtIr5 
(SCM-Pit probe). Surface potential maps were captured using the dual- 
scan mode. During the first scan, surface topography was recorded in 
tapping mode. Subsequently, the tip was lifted to 50 nm for the second 
scan, during which the surface potential signal was measured while 
following the topography contour obtained in the initial scan. These 
measurements were conducted in ambient air at 22 ◦C with a relative 
humidity of approximately 40 %. The maps had a pixel resolution of 512 
× 512, a zero-bias voltage, and a scan frequency of 0.3 Hz. An AC 
voltage with an amplitude of 6 V was applied to the tip during the scans.

2.4. X-ray Photoelectron Spectroscopy (XPS)

The oxides on the surface of the nickel coatings were analyzed using 
an X-ray Photoelectron Spectroscopy (XPS) PHI-TFA spectrometer 
(Physical Electronics Inc.), equipped with an aluminum (Al) non- 
monochromatic Kα X-ray source (hν = 1486.7 eV). The X-ray source 
operated at a power setting of 200 W with an accelerating electron 
voltage of 13.5 kV. XPS measurements were conducted under a vacuum 
of 9–10 mbar. The pass energy during the full survey measurement was 
set to 89.45 eV, while high-resolution measurements were performed 
with a pass energy of 71.55 eV. Spectra were collected at a take-off angle 
of 45◦ with a 400 µm beam diameter. XPS probed the sample surface to a 
depth of 3–5 nm.

2.5. Electrochemical analyses

Samples of 2 × 2 cm were cleaned with acetone. Copper tape was 
applied to the back of the specimens to serve as an electrical contact, and 
then anti-corrosion tape was applied to the surface to isolate the spec
imen and copper tape from the solution, ensuring an exposed area of 
0.785 cm2 (circular section). Electrochemical measurements were 

performed using a BioLogic VSP-300 potentiostat. A three–electrode cell 
configuration consisting of the sample as working electrode, a platinum 
counter electrode, and a saturated Ag/AgCl/KClsat reference electrode 
was used for the experiments. All electrochemical tests were carried out 
on an aerated 0.1 M NaCl solution at room temperature (T = 18–22 ◦C), 
and pH 6.

Previous to potentiodynamic polarization and EIS measurements, 
specimens were immersed in the test solution and the Open-Circuit 
Potential (OCP) was monitored until stabilization (30 min). Potentio
dynamic polarization tests were carried out using a potential scan rate of 
0.167 mV/s according to the standards [54,55]. The initial potential was 
set at − 0.1 V relative to the Open Circuit Potential (OCP). Ten specimens 
were tested for each of the electroplated, annealed, and temper-rolled 
samples. Electrochemical Impedance Spectroscopy (EIS) measure
ments were conducted starting from a frequency of 100 kHz down to 10 
mHz, using an AC sine wave with a 10 mV amplitude. All the fittings 
were done by Zview(Tm) 4 software. Each measurement was repeated ten 
times for each sample.

3. Results and discussions

3.1. Characterization of surface coating morphology and microstructure

Fig. 1(a–c) shows the electroplated, annealed, and temper-rolled 
surface morphology. The deposited nickel forms patterns resembling 
valleys and hills, with the taller nickel grains on the hills. It follows the 
roughness pattern of the steel substrate. The temper rolling process 
generates a distinct surface pattern where the rolling action squeezes 
most grains while the rest remain unaffected. The resultant patterns 
from the rolling procedure vary depending on the roughness of the roll. 
In essence, if a shinier surface is desired, the roughness of the roll would 
be adjusted to facilitate more grains being compressed during temper 
rolling [53,56]. Nevertheless, these unaffected grains may exhibit var
iations in height compared to the adjacent compressed regions. This 
discrepancy could stem from fluctuations in the roughness of the roll, 
resulting in inconsistent contact with all grains, or from variations in the 
size and position of the grains themselves, which may reside within 
valleys or atop hills.

Fig. 1(d–f) illustrates the EDS elemental maps of Ni from the surface 
of all samples. They confirmed that the surfaces are entirely covered by 
Ni at the same coating thickness. However, small amounts of Fe are 
detected for all samples in a way that for the electroplated sample is 
about 2 wt% and for the annealed and temper-rolled is about 5 wt%, 
respectively. It should be noted that the detection of Fe may not be 
directly related to the result of the diffusion of iron from the substrate. It 
can originate from the steel substrate due to the high accelerating 
voltage (15 kV) that leads to extracting data from a greater depth. Fig. 1
(g-i) evaluates the surface at a higher magnification. The grain size 
varies across the sample, ranging from nano to submicron-sized nickel 
grains (Fig. 1(g)). As evident, annealing leads to grain growth and a 
significant reduction in the number of nano-sized grains (Fig. 1(h)). This 
can be attributed to the growth process where small grains merge to 
form larger ones. In the temper-rolled sample, the unrolled grains keep 
their size and shape from annealing. The rolled parts lose their grain 
structure but exhibit non-uniform surfaces due to roll-induced rough
ness and voids, such as cracks resulting from grain breakage during 
rolling (Fig. 1(i)).

Fig. 2 (a-f) shows the results of the EBSD analysis of all three samples. 
Analysis of the surface texture (Fig. 2 (a-c)) shows that, despite the in
crease in grain size after annealing, no preferred orientation is evident 
on the surfaces of any of the samples. Table 2 presents the texture ori
entations identified on the surfaces, indicating the percentage of each 
crystallographic plane, including (100), (110), (220), and (111), present 
on the surfaces. The percentage of the (100) plane decreases from 23.5 
% in the electroplated sample to 16 % in the annealed sample, while it 
remains close to the 21 % observed in the temper-rolled sample. 
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Fig. 1. Top-view low magnification, surface elemental map, and high magnification SEM images of different coated samples, including (a,d,g) electroplated, (b,e,h) 
annealed, (c,f,i) temper-rolled.

Fig. 2. EBSD analysis from surface textures of (a) electroplated, (b) annealed, (c) temper-rolled samples, and grain size distributions of (d) electroplated, (e) 
annealed, (f) temper-rolled samples.
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Conversely, the percentage of the (111) plane increases as the sample 
progresses from electroplated to temper-rolled, following the order: 
Electroplated < Annealed < Temper-rolled. Both the (110) and (220) 
planes belong to the same family, with the (220) planes being a higher- 
order reflection of the (110) planes. Thus, it can be stated that the 
combined percentage of both planes is highest for the annealed sample 
and remains within the same range for the electroplated and temper- 
rolled samples. The annealing process enhances the presence of (110) 
and (220) planes, whereas the temper-rolling process increases the 
proportion of (111) and (100) planes.

The EBSD assessment of grain size changes revealed that the elec
troplated surface has a nano/submicron grain structure (Fig. 2(d)) in a 
way that about 99 % of the grains are below 1 µm. The total number of 
grains counted is 41504, from which around 18,500 are below 100 nm. 
After annealing and temper-rolling, the number and distribution of 
grains change significantly. Specifically, the grain count decreases to 
1313 in the annealed samples and 1095 in the temper-rolled samples, a 
substantial reduction compared to the electroplated sample. The grain 
sizes range from submicron (0.178 µm) to a maximum of 5 µm, with the 
majority falling between 1 and 4 µm in the annealed samples (Fig. 2(e)) 
and between 1 and 6 µm in the temper-rolled samples (Fig. 2(f)).

This is also evident in the grain boundary maps in Supplementary 
Section (Fig. S1(a–c)), which show the locations and sizes of low-angle 
grain boundaries (LAGB, with misorientations of 5-15◦), high-angle 
grain boundaries (HAGB, with misorientations of 15–57.5◦), and coin
cident site lattice boundaries (CSL, with misorientations greater than 
57.5◦). CSL refers to the Σ (Sigma) coincidence site lattice, where Σ 
represents the reciprocal density of coinciding atomic sites. The results 
indicate that when the electroplated sample undergoes annealing, the 
percentage of LAGB and HAGB boundaries decreases, while the CSL 
boundaries increase by up to 6.5 % (Table 3). In contrast, both HAGB 
and LAGB boundaries increase for the temper-rolled sample, and the CSL 
boundaries decrease by 13.6 % compared to the annealed sample 
(Table 3). As reported in Table 4, the number of twinned grains is 
significantly higher in the electroplated samples compared to the 
annealed and temper-rolled samples. However, the area fraction of 
twinned grains is higher in the annealed samples than in the electro
plated and temper-rolled samples, which have similar area fractions.

The relationship between grain boundary proportion and corrosion 
resistance can be explained by grain boundary energy theory and the 
nature of different boundary types. Grain boundaries have lower atom 
coordination and higher electron activity, leading to easier electron 
transfer and species adsorption. This increased reactivity, along with 
more nucleation sites, can cause an increase in the rates of charge 
transfer [57].

For nickel, it is known that the amount of Σ3-bounderies shows a 
direct correlation with the corrosion resistance. Grain boundaries with 
low Σ values have ordered structures and lower energy, making them 
more stable. In contrast, high-angle random boundaries are disordered 

and have higher energy. Low-energy boundaries tend to be more resis
tant to grain boundary-related phenomena, while high-energy bound
aries are more active and susceptible due to their structure-dependent 
properties [58].

In the electroplated samples, twinning primarily consists of nano
twins, whereas in the annealed and temper-rolled specimens, the twin
ned grains transition to submicron and micron sizes. It has been reported 
that nanotwins can form a cohesive passive film and enhance corrosion 
resistance when their density is higher than that of submicron/micron- 
scale twins [23,59,60]. Annealing twins quickly form during heat 
treatment due to their significantly lower boundary energy compared to 
random high-angle boundaries. The likelihood of twin formation in
creases with smaller initial grain sizes, making this process an effective 
mechanism for reducing overall grain boundary energy during grain 
growth [44,47].

The results (Table 4 and Fig. S1(a–c)) suggest that, although 
annealing twins are fewer in number compared to those in the electro
plated sample, their size has increased, resulting in a larger surface area 
occupation. In the case of temper-rolling, the process appears to alter the 
grain boundary arrangement, resulting in an increase in LAGB (Σ1) and 
a decrease in the percentage of CSL (Σ3) boundaries. These changes may 
be linked to variations in roll roughness and fluctuations in the size and 
position of grains, as observed in the surface analysis (Fig. 1(c)), which 
lead to inconsistent contact between the roll and the surface. Never
theless, this overall increase in grain size results in a reduction of the 
grain boundary network, which, based on previous research, lowers the 
grain boundary energy [61] and is beneficial to the formation of dense 
and smooth passive film [60].

3.2. Chemical composition distribution through the coating thickness

Fig. 3 (a-c) shows SEM micrographs of the cross-sections of the 
electroplated, annealed, and temper-rolled samples after etching. The 
etching of the electroplated sample revealed its typical columnar 
structure, which is characteristic of nickel electroplated coatings. After 
annealing, the structure changes as an intermediate layer is formed at 
the interface between the steel substrate and the Ni coating. This layer 
forms as a result of Fe diffusion from the substrate into the Ni coating 
during annealing, leading to the formation of a FeNi layer. This effect is 
most pronounced in the temper-rolled sample, where the FeNi layer 
appears along the steel-Ni interface (Fig. 3(c)). This layer, approxi
mately one micrometre thick, conforms to the substrate’s roughness. 
The temper-rolled sample’s outer surface is notably more uniform than 
the others because of the rolling process, which enhances surface 
flatness.

Fig. 3(d–f) presents the EBSD cross-sectional analysis merged with 
the EDS elemental map distribution of different samples. A distinct 
interface is observed between the Ni electroplated coating and the steel 
substrate, with no detectable diffusion (Fig. 3(d)). However, in the 
annealed and temper-rolled samples (Fig. 3(e, f)), a diffusion gradient of 
Fe towards the Ni coating is evident, as also observed in Fig. 3(b, c). 
Furthermore, EBSD analysis reveals a white line, signifying the interface 
boundary between regions of high and low iron diffusion (indicated by 
the white arrows).

The diffusion of Fe into the Ni coating is confirmed by EDS mea
surements taken from different points in the cross-section (Fig. 4). The 
results indicate that as the analysis progresses from the outer layer of the 
coating towards the substrate (points 1 to 3), the Ni concentration de
creases while the Fe concentration increases. At point 3, the Fe 

Table 2 
Surface texture orientation for different processes.

Texture orientation Electroplated Annealed Temper-rolled

(100) 23.5 % 16.0 % 20.7 %
(111) 16.0 % 18.4 % 25.1 %
(110) 14.0 % 22.0 % 16.1 %
(220) 23.0 % 24.6 % 18.0 %

Table 3 
Grain boundary distribution of different samples.

Grain boundary type Electroplated Annealed Temper-rolled

LAGB (%) 4.07 1.73 7.59
HAGB (%) 55.2 51.2 58.8
CSL (%) 40.7 47.1 33.6

Table 4 
Surface twinned grains count and area fraction after different processes.

Twin grain characteristics Electroplated Annealed Temper-rolled

Twinned Grains Count 14,625 350 256
Twinned Grain Area Fraction 85.98 93.47 86.54
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concentration peaks at approximately 71 at%, whereas at point 4, 
located on the steel substrate, only Fe is detected, with trace amounts of 
Ni below 1 at%, likely due to signal overlap from the electron beam. No 
nickel diffusion into the steel substrate is observed.

GDOES analysis (Fig. 5) was performed to obtain a quantitative 
analysis of element distribution across the coating thickness. The results 
of the electroplated sample show no Fe-Ni diffusion; instead, a sharp Ni 

drop at the interface (Fig. 5(a)), likely due to substrate roughness 
affecting the final micrometer of the coating. In contrast, the annealed 
and temper-rolled samples, Fig. 5 (b, c), exhibit a distinct pattern: the 
initial micrometer of the coating primarily consists of pure Ni, followed 
by a gradual decrease in Ni content as the amount of Fe in the coating 
increases toward the steel substrate. This increase is such that at 3 µm, 
the concentration of Fe and Ni becomes equal (50 wt%), and by 4 µm, 
the Fe concentration rises to approximately 90 wt%, forming the FeNi 
layer illustrated in Fig. 3(c). Apart from Fe and Ni, traces of carbon are 
also found in the samples. In the electroplated sample (Fig. 5(a)), the 
carbon concentration in the steel substrate is approximately 0.03–0.04 
wt%, aligning with the low carbon steel range reported in Table 1. 
Following annealing, the carbon concentration increases to a range of 
0.1 to 0.2 wt%, predominantly accumulating at the interface between 
the steel and coating (Fig. 5(b, c)). In both the Ni coating and the steel 
substrate, carbon is notably present near this interface (from 3.5 to 4.5 
µm). EPMA cross-sectional images of the temper-rolled sample in Sup
plementary Section (Fig. S2 (a–c)) further support the GDOES findings 
on the diffusion gradient and carbon presence. The increase in carbon 
concentration is attributed to annealing at 500–1000 ◦C, which re
crystallizes the cold-rolled steel and allows carbon to migrate and 
accumulate at the steel/Ni coating interface [62].

3.3. Electronic surface potential distribution through the coating thickness

Cross-sectional SKPFM maps of the Ni-coated film/steel system were 
conducted to better visualize the impact of both thermal annealing and 
mechanical (temper-roll) treatments on the electronic properties of the 
Ni-electroplated coating. This analysis of the Ni/steel interface reveals 
the morphology and surface potential variations resulting from the 
distribution of the chemical composition across the cross-section. It 
provides insight into the intrinsic nobility of individual regions or layers 

Fig. 3. SEM image from the etched cross-section of (a) electroplated, (b) annealed, (c) temper-rolled samples, EBSD cross-sectional analysis merged with EDS 
elemental map distribution of (d) electroplated, (e) annealed, (f) temper-rolled samples.

Fig. 4. Elemental distribution corresponding to the selected points of EDS 
analysis in Fig. 3c.
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Fig. 5. GDOES profiles from (a) electroplated, (b) annealed, and (c) temper-rolled samples.

Fig. 6. The cross-sectional AFM topography and SKPFM potential maps topography, and line profile of all (a, b, c) electroplated, (d, e, f) annealed, and (g, h, i) 
temper-rolled samples.
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based on their work function [63,64]. Fig. 6 presents the cross-sectional 
AFM topography and corresponding SKPFM surface potential maps of all 
electroplated, annealed, and temper-rolled samples. The line profiles are 
also considered to measure the potential variations in different regions 
of the samples. The topographical maps in Fig. 6 (a, d, g) display the 
polished surface of the samples. The coating and steel interface are not 
visible except in the tamper-rolled sample (Fig. 6(g)), where they are 
slightly discernible. However, the corresponding surface potential signal 
reveals two distinct regions in the electroplated sample: Ni and steel 
(Fig. 6(b)). In contrast, the annealed (Fig. 6 (e)) and temper-rolled 
(Fig. 6 (h)) samples exhibit four distinguished regions, including Ni, 
diffused region II, diffused region I, and steel (Fe is in balance). Diffused 
regions I and II refer to areas with different Fe distributions: Region I is 
highly enriched with iron near the steel-Ni coating interface, while Re
gion II has lower Fe diffusion. In a basic Ni/steel (Fe) system or elec
troplated sample, the Ni region exhibits a higher surface potential than 
the steel substrate, and the difference is about 58 mV (Fig. 6 (c)). 
However, in annealed and temper-rolled samples, the distribution of 
surface potential changes, following the order: Ni > diffused region II >
steel > diffused region I. This is indicated in line profiles, Fig. 6 (f, i), 
where a reduction in potential can be recognized for the diffused region I 
compared to the steel potential (about 20 to 40 mV for the annealed and 
20–25 mV for the temper-rolled samples). The annealing and temper- 
rolling processes alter the potentials of the steel substrate and nickel 
coating. This is likely due to the microstructural evolution of cold-rolled 
steel to recrystallized grains and Ni grain growth resulting from 
annealing. This is according to the observations by other researchers 
who show thermo-mechanical processes that cause microstructural 
changes in surface potential distribution [65,66]. The other point is that 
annealing and the subsequent temper-rolling lead to an increase in the 
potential difference between the Ni coating and the steel. This increase is 
approximately 70 mV and 85 mV for annealing and temper rolling, 
respectively. This confirms the increase in Ni nobility compared to the 
steel substrate, resulting from the aforementioned operations.

The electrical surface potential of a conductive sample is influenced 

by differences in work function (WF) between the sample and the AFM 
tip [67,68]. Chemical and physical alterations of metallic surfaces due to 
environmental exposure, such as oxidation, changes in roughness and 
morphology, can substantially influence the work function and local 
surface potential [69]. In diffused regions I and II, the varying surface 
potential compared to steel reflects changes in local work function 
caused by Fe distribution. The surface potential variations in regions I 
and II, as measured by SKPFM, align with SEM/EDS and GDOES results, 
which show Fe concentration decreasing from 70 wt% in region I (point 
3 of Fig. 4) to about 50 wt% in region II (point 2 of Fig. 4). EPMA and 
GDOES also reveal a heterogeneous carbon signal in region I, near the 
steel interface, due to residual carbon during Fe diffusion. This accounts 
for the lowest surface potential observed in Region I, which is primarily 
attributed to carbon presence and heterogeneities induced by the 
alloying of the less noble element (Fe). This alloying process reduces the 
overall work function by altering the electronic structure and surface 
composition [70]. This region, therefore, has the highest energy and 
lowest nobility. As Fe diffuses into the Ni coating, diffused region II 
shows a lower surface potential than Ni (Fig. 6(f, i)). Surface potential 
line profiles (Fig. 6(f, i)) demonstrate that temper-rolling, compared to 
annealing, results in a more uniform surface potential distribution across 
regions I, II, and the Ni coating.

3.4. Surface oxide analysis using XPS

X-ray Photoelectron Spectroscopy (XPS) was employed to analyze 
the composition of passive layers. Electroplated, annealed, and temper- 
rolled samples were immersed in a 0.1 M NaCl solution for 30 min before 
XPS analysis. This immersion time and solution were consistent with the 
pre-conditioning used in electrochemical tests. Fig. 7(a, c, e) presents the 
high-resolution XPS spectra of Ni 2p, showing the chemical states for 
each sample. Notably, the high-resolution spectra of Fe were also eval
uated, but no trace of Fe was detected. The Ni 2p3/2 spectra for all 
samples reveal three peaks at 852.65 eV, 854.30 eV, and 856.74 eV, 
corresponding to Ni, NiO, and Ni(OH)2, respectively. The position and 

Fig. 7. High-resolution XPS spectra of Ni 2p and O 1 s for (a,b) electroplated, (c,d) annealed, (e,f) temper-rolled after 30 min of immersion in 0.1 M NaCl solution.
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shape of the Ni 2p spectral feature are consistent with the data reported 
in the literature [71,72]. In the O 1 s spectra (Fig. 7(b, d, e)), peaks at 
529.37 eV, 532.17 eV, and 535.07 eV correspond to O2-, OH-, and H2O, 
respectively. The temper-rolled sample shows a larger O2- peak area, 
indicating increased NiO formation compared to electroplated and 
annealed samples.

XPS evaluations confirm that the passive film consists of NiO and Ni 
(OH)2. However, the proportion of oxide and hydroxide varies with the 
treatment applied to the samples. Prior studies indicated that Ni(OH)2 
forms the outer layer, while NiO forms the inner layer in contact with 
the Ni coating [73,74]. The Ni 2p3/2 spectra (Fig. 7(a, c, e)) reveal a 
trend: moving from the electroplated to the annealed and temper-rolled 
samples, the metallic Ni peak area decreases while the NiO peak area 
increases. Area ratios derived from high-resolution XPS data (Fig. 8) 
provide further insights. In the electroplated sample, the area ratios of 
Ni, NiO, and Ni(OH)2 are approximately equal at 33 % each. However, 
Ni content decreases in the annealed and temper-rolled samples while 
nickel oxide increases significantly. The nickel oxide content in the 
temper-rolled sample reaches 68.5 %, compared to 65 % in the annealed 
sample. A similar pattern is observed with nickel hydroxide, where the 
temper-rolled sample contains 12.5 % versus 8 % in the annealed sam
ple. These area ratios indicate that the share of NiO increases after 
annealing and temper-rolling compared to the electroplated sample.

Although NiO is the dominant phase contributing to the corrosion 
resistance of passive films on nickel, Ni(OH)2 also plays a crucial and 
complementary role. NiO forms the inner, more compact barrier layer 
directly in contact with the metal substrate. In contrast, Ni(OH)2 typi
cally forms the outer layer through a dissolution–precipitation process at 
lower anodic potentials. This outer hydroxide layer acts as an initial 
barrier, slowing ionic exchange and mitigating environmental attack 
[75,76]. Surface-enhanced Raman spectroscopy has confirmed that Ni 
(OH)2 forms before NiO and persists even at more anodic potentials, 
indicating its chemical stability across a wide electrochemical range 
[76]. However, Ni(OH)2 is usually poorly crystalline and hydrated, 
which contributes to its high porosity. Despite this, the hydroxide layer 
enhances the passivation mechanism by adsorbing water and hydroxide 
ions, potentially improving the film’s self-healing capability [77,78].

In the current study, XPS data show that the Ni(OH)2 content de
creases from the electroplated to the annealed samples, suggesting that 
annealing promotes NiO formation while reducing Ni(OH)2. In contrast, 
the Ni(OH)2 content increases to 12.5 % in the temper-rolled samples, 
which correlates with improved corrosion resistance. Therefore, while 
NiO serves as the principal protective phase, Ni(OH)2 contributes to 
enhancing the overall integrity and stability of the passive film, partic
ularly under localized corrosion conditions.

3.5. Corrosion behavior assessment of the of nickel coating

As illustrated in Fig. 9(a), the OCP potentials for annealed and 
temper-rolled samples are more positive than the electroplated ones, 
which shows that the electroplated samples are less noble compared to 
the others. Although the OCP of the temper-rolled sample is more pos
itive than that of the annealed sample, their potential can be pretty 
close. As can be seen, the potential quickly reaches stability for the 
temper-rolled and annealed samples. In contrast, the potential of the 
electroplated sample continues to change and has not yet stabilized.

A similar trend is evident in the potentiodynamic polarization curves 
(Fig. 9(b)), where the corrosion potential of the electroplated sample is 
more negative (approximately − 150 mV vs. Ag/AgCl/KClsat.) compared 
to the annealed and temper-rolled samples, which are around − 50 mV. 
The potentiodynamic polarization measurements revealed a passive 
region and breakdown potential for all samples, indicating susceptibility 
to localized corrosion. The values of Ecorr, Eb, icorr, and ipass extracted 
from the curves are presented in Table 5. Fig. 9(c) illustrates an 
increasing trend in the breakdown potential (Eb) from electroplated 
samples to temper-rolled samples, with the electroplated samples having 
the lowest Eb values and the temper-rolled samples having the highest. 
As shown in Fig. 9(d, e), the electroplated samples exhibit a shift to
wards higher current densities for both corrosion current and passive 
current densities compared to the annealed and temper-rolled polari
zation curves. The results show that the electroplated samples require 
higher current densities to achieve passivity, indicating that the 
annealed and temper-rolled samples have better passivation 
capabilities.

Fig. 8. Comparison among the area ratios derived from high-resolution XPS data for different samples.
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After the potentiodynamic test, the evaluation of the exposed sur
faces revealed variations in the number of localized corrosion sites 
present on the surfaces of the three sample types. Fig. 10(a–c) depicts 
representative stereographic images from the surfaces of the electro
plated, annealed, and temper-rolled after the test. As observed, a dark 
area formed around each pit, indicating the accumulation of corrosion 
products arranged in the direction of gravity, as the specimens were 
positioned vertically in the test medium. Visual examination revealed 
pitting as the type of localized corrosion, with the number of corrosion 
sites being 53 ± 14, 21 ± 6, and 12 ± 6 for electroplated, annealed, and 
temper-rolled samples, respectively. The microstructure of the electro
plated samples, which comprise nickel nano/submicron grains, seems 
more prone to localized corrosion.

Fig. 10(d) shows a backscattered image of a temper-rolled sample 
surface after the potentiodynamic test. The squeezed and granular areas 
are easily distinguishable. However, due to the large pit size, it’s difficult 
to determine if the initiation sites are in the granular or squeezed areas. 
Some dark points or regions along the pit, highlighted in Fig. 10(d), 
indicate tiny grain parts situated between squeezed areas. Elemental 
maps in Fig. 10(e) and (f) reveal Fe in these dark areas, confirming 
preferential corrosion sites.

To further investigate vulnerable sites, several temper-rolled samples 
underwent potentiodynamic polarization measurements, which were 
stopped just before a sharp increase in current density and pit growth (≈
400 mV). Fig. 10(g) shows a corrosion initiation site in the granular area 
of the specimen. The magnified image in Fig. 10(h) reveals a pore- 

shaped defect on the surface that, under polarization, extends deeper 
and propagates like a crack among surrounding grains. These findings 
suggest that granular sites are likely preferential sites for corrosion 
onset.

Fig. 11(a–c) shows the EIS results for the three sample types, 
measured separately from potentiodynamic polarization test after 30 
min of immersion in 0.1 M NaCl. EIS assesses the Ni coating’s barrier 
properties and corrosion resistance, complementing potentiodynamic 
polarization results in evaluating electrochemical behavior. The Nyquist 
plots in Fig. 11(a), show different semicircle diameters following the 
order: Electroplated < Annealed < Temper-rolled, indicating that 
temper-rolled samples have the highest charge transfer resistance (po
larization resistance) and superior corrosion resistance. Fig. 11(b) and 
(c) compare the Bode phase and amplitude diagrams for each sample. 
The amplitude graphs reveal that capacitance onset occurs at higher 
frequencies for the annealed and temper-rolled samples than for the 
electroplated sample. The phase angle diagrams also show a broader bell 
curve for the annealed and temper-rolled samples, indicating enhanced 
charge transfer resistance. This is consistent with the XPS results, which 
show an increased area ratio of NiO in annealed and temper-rolled 
samples. Fig. 11(d) reports the average polarization resistance values 
at 0.01 Hz from the amplitude diagrams for electroplated, annealed, and 
temper-rolled samples, confirming the superior performance of the 
annealed and temper-rolled samples.

An equivalent electrical circuit can aid in analyzing the character
istics of the passive layer based on its capacitive and resistive behavior 
[79,80]. Various parameters, such as film capacitance, charge transfer 
resistance, and solution resistance, can be derived from a fitted circuit. 
Due to the presence of heterogeneities, the capacitance is an imperfect 
capacitor and is modelled as a constant phase element (CPE). The 
equivalent circuit model consists of Rs, Rct, and CPEct, which represent 
the solution resistance, charge transfer resistance at the Ni metal/oxide 
interface, and a constant phase element of the Ni metal/oxide interface, 
respectively. The electrical impedance of a CPE can be calculated ac
cording to Eq. (1) [81,82]. 

Fig. 9. Comparison among (a) OCP, (b) polarization curves, (c) breakdown potentials, (d) corrosion current densities, and (e) passivity current densities of different 
samples after 30 min immersion in 0.1 M NaCl solution and pH 6.

Table 5 
Values of Eb, Ecorr, icorr, and ipass extracted from the potentiodynamic polariza
tion curves of electroplated, annealed, and temper-rolled samples.

Specimen Eb (mV) Ecorr (mV) icorr (µA.cm− 2) ipass (A.cm− 2)

Electroplated 178 ± 41 − 101.6 ± 11 0.05 ± 0.01 5.4 × 10-7

Annealed 230 ± 42 –33.7 ± 27 0.04 ± 0.01 2.1 × 10-7

Temper-rolled 332 ± 44 –32.2 ± 16 0.03 ± 0.01 1.6 × 10-8
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ZCPE =
1

Q(ωi)n (1) 

where (Q) is a constant with the units of F cm− 2 s(n− 1), (ω) is the angular 
frequency, (i) is the imaginary component, and (n) is the exponent of Q 
that is between − 1 ≤ 0 ≤ 1 where − 1 is pure inductance, 0 is pure 
resistance, and 1 is pure capacitance. Table 6 presents the fitted pa
rameters extracted from the equivalent circuit of Fig. 11(a).

In the selected circuit, the time constant reflects the physicochemical 
interaction between the Ni metal/oxide and the electrolyte, where 
charge transfer resistance originates from both the Ni metal and oxide 
layers. This resistance is approximately 261, 773, and 1053 kΩ⋅cm2 for 
electroplated, annealed, and temper-rolled samples, respectively (elec
troplated < annealed < temper-rolled). Variations in charge transfer at 
the interface are closely linked to the properties of surface passive films 
[83]. Furthermore, the CPEct values of the three sample types decrease 
as one moves from electroplated to temper-rolled samples. Generally, 
the capacitive behavior may be linked to the double layer at the oxide 
film/metal surface [84], where a lower CPE value indicates a smoother 
and more protective passive film on the surface of the samples [85]. This 
aligns with the XPS results in Fig. 8, where the area ratio of oxide film 
increases from electroplated to annealed, and then to temper-rolled 
coatings. This shift reduces CPEct and increases Rct (Table 6).

3.6. Corrosion mechanism of different treated nickel coatings

The surface evaluation revealed changes in the morphology of Ni- 
electroplated steel after annealing and temper-rolling. Surface features 
such as texture, grain size, and grain boundaries can influence the 

coating’s final performance by altering the microstructure during pro
cessing [86–88]. Grain boundaries have a significant impact on material 
properties, including corrosion resistance, creep, solute segregation, and 
deformation behavior. Many studies on the grain boundaries of mate
rials attribute improvements in the aforementioned properties to a 
higher proportion of low-Σ coincidence site lattice (CSL) boundaries 
[89–94]. The material’s processing history, including heat treatment 
and deformation, can impact the occurrence of these sites [94]. Among 
these Σ boundaries, low-angle (Σ1) boundaries and Σ3 coincidence 
boundaries have much lower relative boundary energies compared to 
random general boundaries [58]. Σ3 boundaries are associated with 
twinning, and their quantity is directly linked to improved corrosion 
resistance [87,95]. It is well known that FCC metals like nickel, which 
have low stacking fault energies, tend to develop a high density of twins 
during fabrication processes and subsequent annealing [61,87]. It is 
important to note that nearly all of the CSL boundaries measured in this 
research were Σ3 boundaries, so the percentage of CSL can effectively be 
considered as the percentage of Σ3 boundaries. This caused the twinned 
grains to occupy a larger surface area, resulting in a more stable passive 
layer. Surface and cross-sectional evaluations of annealed and temper- 
rolled samples revealed that the outer 1 µm of the Ni coating is free of 
Fe or its oxides, remaining pure. This indicates that the outer part of the 
coating, in contact with the corrosive solution, retains a higher work 
function (nobility) compared to the inner regions. Fe diffusion lowers 
the work function in the inner regions, making them more susceptible to 
corrosion. These areas promote pit propagation after passivity break
down and facilitate pit initiation.

Nanograins and twins indeed improve the passive layer quality of the 
electroplated sample. Still, at the same time, the passive layer is weak 

Fig. 10. Examples of stereographic images from the surfaces of the (a) electroplated, (b) annealed, and (c) temper-rolled after potentiodynamic test (after 30 min 
immersion in 0.1 M NaCl solution), (d) backscattered image of a temper-rolled sample surface along with EDS of (e) Ni map, (f) Fe map after the test, (g) corrosion 
initiation site on the surface of temper-rolled samples, and (h) the same image with higher magnification.
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and full of high-energy areas (grain boundaries) that can facilitate the 
diffusion of aggressive ions (i.e., chloride) to the surface of the Ni 
coating. This is due to numerous grain boundaries formed during the 
nucleation and growth of a crystalline passive film, which can serve as 
preferential nanostructural defects, leading to passivity breakdown and 
the initiation of localized corrosion [96]. In the annealed sample, the 
passive layer integrity significantly improved due to the less defective 
nickel coating and the increased area fraction of submicron twinned 
grains (low-energy grains), which resulted in a higher NiO content and 
enhanced charge transfer resistance (Rct). In the temper-rolled samples, 
both Ni(OH)2 and NiO levels are higher compared to the annealed 
sample, resulting in a greater proportion of oxide/hydroxide in the 
passive layer. Under these conditions, the charge transfer resistance at 
the oxide/Ni coating interface is significantly high, indicating superior 
performance and quality of NiO compared to the annealed and elec
troplated samples. This improvement can be attributed to the combined 

effect of the high-density submicron twins and low-energy planes, such 
as (111) and (100), in the surface microstructure of the temper-rolled 
sample, which collectively enhances the protective performance of the 
passive layer. The (111) planes typically exhibit lower surface energy 
than other planes, such as (110), making them more stable and less 
reactive. This reduced reactivity decreases the likelihood of rapid 
oxidation [46]. The stability of the (111) planes is linked to their atomic 
arrangement, with packing density following the order: (111) > (100) >
(110). In other words, higher packing density corresponds to lower 
surface energy [97,98]. This means that the surface structure of the 
metallic coating plays a crucial role in determining the performance of 
the passive film [99]. Fig. 12 presents a schematic overview of the 
passivity and corrosion performance for the three types of samples 
analyzed in this study. The surface microstructure determines the 
characteristics of the passive layer. In contrast, the cross-sectional 
microstructure influences the progression of dissolution after the 
breakdown of the passive film and the growth of pitting. Localized 
corrosion preferentially initiates in granular areas where pores are more 
likely to exist. Typically, these pores form during the electroplating 
process [100]. Annealing helps eliminate pores and defects, reducing 
vulnerable sites for localized corrosion. The microstructure is further 
refined by temper rolling, which compresses Ni grains and decreases the 
specific surface area exposed to the environment.

4. Conclusions

The microstructural features and corrosion behavior of the nickel 
coating at three consecutive stages of the process, from electroplating to 

Fig. 11. The fitted results of EIS for the three sample types, (a) Nyquist and equivalent circuit, (b) bode phase, (c) bode amplitude (after 30 min immersion in 0.1 M 
NaCl solution), and (d) comparison among Rp (at 0.01 Hz) of electroplated, annealed, and temper-rolled samples.

Table 6 
Fitted parameters extracted from the equivalent circuit for three sample types.

Specimen Rs (Ω. 
cm2)

CPENi/oxide 

interface (µF 
cm− 2 s(n− 1))

n1 RNi/oxide 

interface (kΩ. 
cm2)

Chi- 
squared

Electroplated 40.1 ±
0.4

29.8 ± 0.4 0.94 ±
0.003

261.5 ± 10 0.001

Annealed 40.02 
± 0.4

18.1 ± 0.2 0.91 ±
0.002

772.9 ± 24 0.0008

Temper- 
rolled

37.89 
± 0.4

15.5 ± 0.2 0.89 ±
0.002

1053.1 ±
58

0.002
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temper-rolling, are systematically evaluated. To achieve this, a variety 
of characterization techniques were employed, including SEM/EDS, 
EBSD, EPMA, GDOES, AFM/SKPFM, and XPS analysis. For corrosion 
evaluations, potentiodynamic polarization and EIS tests were performed 
during a 30-minute immersion in a 0.1 M NaCl solution. The key find
ings are summarized as follows: 

• Annealing and temper-rolling processes coarsened the nano/submi
cron microstructure of electroplated samples into a submicron/ 
micron structure. While fewer twinned grains were observed, they 
grew larger, covering more surface area.

• Annealing induces iron diffusion from the substrate into the Ni 
coating, forming an iron-rich zone near the steel substrate while 
leaving only the outermost ~1 µm layer as pure nickel.

• The cross-sectional surface potential analysis revealed distinct re
gions in the treated coated samples, including a Ni-rich region, 
diffused region II, and a diffused region I (iron-rich), as well as steel 
in both annealed and temper-rolled samples. In annealed and 
temper-rolled samples, the order of the surface potential was Ni >
diffused region II > steel > diffused region I. Fe diffusion into the 
coating reduced the nickel surface potential in FeNi zones (I and II), 
diminishing their intrinsic nobility. Zone I, with heterogeneities near 
the interface and carbon presence, exhibited the lowest surface 
potential.

• Potentiodynamic polarization and EIS analyses confirmed that 
annealing and temper-rolling processes enhance resistance to local
ized corrosion. The corrosion observed occurs as pitting, initiated at 
granular areas where the presence of pores provides pathways for the 
solution to reach the steel substrate.

• All samples formed a passive film consisting of NiO and Ni(OH)2. In 
annealed and temper-rolled samples, increased NiO content and 
fewer coating defects enhanced passive layer resistance, which was 
further strengthened in temper-rolled samples by low-energy planes.
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