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Abstract: The notorious corrosion resistance of carbon steel significantly limits its scope
of application. In this study, a strategy involving electrodeposited nickel followed by
annealing was proposed to improve the corrosion resistance of materials. The effects
of annealing on the microstructure of nickel-plated steel were investigated by scanning
electron microscopy (SEM) and energy-dispersive spectrometry (EDS). The results reveal
annealing induces Fe-Ni alloy layer formation at the plating–substrate interface, with
thicknesses ranging from 2.2 µm to 4.8 µm as the temperature increases from 650 ◦C to
800 ◦C and the duration extends from 1 min to 5 min. Additionally, a diffusion kinetics
model based on Fick’s second law was established to describe the diffusion process of nickel
atoms in the iron matrix. The diffusion coefficients of nickel atoms were determined to be in
the range of 4.4 × 10−16 m2·s−1 to 1.26 × 10−15 m2·s−1 under the tested conditions. This
model provides a theoretical framework for optimizing annealing treatments to enhance
the performance of nickel-coated carbon steel components.

Keywords: carbon steel; electrodeposited; corrosion resistance; diffusion kinetics; annealing

1. Introduction
Carbon steel, serving as a principal structural material, is extensively utilized in

various industries such as mechanical engineering, automotive, and construction, due to
its superior mechanical properties, cost-effectiveness, and accessibility [1,2]. However, the
corrosion resistance in extreme environments, such as moisture, strong acids and alkalis,
has significantly constrained the applications of carbon steel in extreme environments [3–5].
Nickel exhibits superior corrosion resistance in a variety of media, including organic acids,
neutral salts, and alkaline solutions. Applying a nickel film to the surface of carbon steel
components can significantly enhance their corrosion resistance [6,7].

Electro and Electroless plating techniques can swiftly deposit nickel or its alloy thin
films onto the surfaces of components [8–10]. In contrast, electroplating offers the advan-
tages of relatively simple equipment and lower costs, while electroless plating is more
suitable for components with complex geometries [11,12]. For components that undergo
plastic deformation or intense friction subsequent to coating, the nickel film deposited
on the surface is susceptible to defects such as detachment or crazing [13]. For instance,
the casing of the large cylindrical lithium-ion battery, which has attracted much attention
in recent years, is usually manufactured by a process involving pre-plating with nickel
followed by forming. During the drawing forming, the intense friction between the nickel
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films and the stamping die, coupled with the plastic deformation of the sheet, is likely
to result in the aforementioned defects. These defects give rise to a degradation in the
performance of lithium-ion batteries and may even induce safety incidents.

Heat treatment is a critical process in the manufacturing and engineering industries,
particularly for enhancing the mechanical properties of metal materials such as carbon
steel [14], titanium alloys [15], and aluminum alloys [16]. For instance, solid solution
treatment of aluminum alloys can enhance the ductility of the material [17,18], while the
quenching treatment of steel can significantly increase the hardness of the material [19,20].
Among various heat treatment methods, annealing stands out as a highly effective strat-
egy for improving the bond between a nickel film and an iron substrate, as well as for
enhancing the ductility of the material. The benefits of annealing can be attributed to two
primary reasons.

Firstly, the high temperatures reached during the annealing process facilitate the
mutual diffusion of nickel and iron atoms. This atomic intermingling leads to the formation
of a nickel–iron alloy layer at the interface between the two materials. The formation of
this alloy layer is crucial as it enhances the adhesion between the nickel film and the iron
substrate, creating a stronger bond that can withstand greater mechanical stress. This alloy
layer also contributes to the overall strength and durability of the material, making it more
resistant to wear and tear [21,22].

Secondly, annealing promotes grain growth within the nickel-plated layer. The high
temperature provides the energy necessary for the grains to grow larger, which in turn re-
duces the intergranular stress. Smaller grains can create regions of high stress concentration,
which can lead to premature failure of the material. By reducing the intergranular stress,
the material becomes more ductile, allowing it to deform under stress without breaking.
This increased ductility is particularly important for applications where the material is
subjected to repeated stress or strain, as it can significantly extend the service life of the
component. Previous efforts have predominantly concentrated on the latter aspect [23,24].
However, the mechanism of element diffusion after annealing is still unclear and requires
further research.

In light of these considerations, the present study aims to delve into the diffusion
phenomena at the iron–nickel interface during the annealing process. The investigation
will be conducted through a combination of microstructural characterization and the
development of mathematical models to predict and describe the diffusion behavior. Using
theoretical deduction and experimental observation to confirm each other, the diffusion
law of iron and nickel under different treatment processes is effectively revealed. This
approach will not only shed light on the fundamental mechanisms governing the diffusion
process but also provide insights into optimizing the annealing treatment for enhanced
performance of nickel-coated carbon steel components.

2. Experimental Details
2.1. Materials and Treatment Process

The substrate material for the present work was taken from the steel sheets with
0.8 mm thickness, which was provided by the China Baowu Steel Group (Shanghai, China).
The chemical composition of steel sheets is listed in Table 1. The nickel film coating on the
substrate material was prepared by the electrodeposition method. Prior to electrodeposition,
the steel sheets underwent the following surface preparation steps: degreasing, cleaning,
and drying. The degreasing solution consists of a mixture with a concentration of 20 g/L
NaOH, 30 g/L Na2CO3, and 30 g/L sodium phosphate Na3PO4. The solution was heated
to 65 ◦C using a thermostatic water bath and maintained at this temperature for 10 min.
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The cleaning process was conducted with water at a temperature of 75 ◦C in an ultrasonic
cleaner for 3 min to remove residual chemicals. The samples were dried at 60 ◦C for 10 min.

Table 1. Chemical composition of the substrate steel sheets.

Composition C Si Mn P S Al Fe

wt.% 0.082 0.011 0.215 0.0131 0.0079 0.076 Bal.

The electro-deposition of steel sheets were carried out in a solution containing 200 g/L
Ni(SO3NH2)2, 45 g/L NiCl2), and 40 g/L H3BO3. The temperature for electro-deposition
was maintained at 55 ◦C, utilizing high-temperature steam heating, as depicted in Figure 1.
During the electro-deposition process, the solution’s pH was approximately maintained at
3.5 with a current density of 3 A/dm2. The duration of the electro-deposition was about
2 min, which was carried by direct current (DC) power. Throughout the electroplating
process, the steel plate served as the cathode, while pure nickel acted as the anode. To
achieve differential nickel electro-deposition thickness on both sides of the substrate, a
masking technique was employed on the thinner side. This method involves the strategic
placement of a shielding object to selectively restrict the deposition process on the desired
surface area.
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Figure 1. Schematic diagram of pre-plating nickel and annealing process for steel strips.

To explore the effects of heating temperature and duration on the diffusion pattern
of elements at the iron–nickel interface, the samples were subjected to a heat treatment
process in a furnace after electro-deposition. During the experiment, the heating furnace
is first heated to the annealing temperature. Then, the sample is quickly placed into the
furnace and kept at that temperature for a certain period of time. After that, it is taken out
and allowed to cool in the ambient air. The annealing temperatures were set at 650 ◦C,
700 ◦C, 750 ◦C, and 800 ◦C with corresponding annealing durations of 1 min, 3 min, and
5 min for each temperature. In the subsequent analysis, the electro-deposition samples that
have not undergone heat treatment were designated as the reference specimens and were
named Non-T samples.
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2.2. Properties Test and Microstructure Observation

For structural components, the mechanical properties of materials are of paramount im-
portance. While enhancing the corrosion resistance of materials, their mechanical properties
should not be overlooked. Uniaxial tensile tests are conducted to measure the mechanical
properties of the samples following various heat treatment processes. Figure 2 shows the
schematic diagram of the uniaxial tensile test specimen dimensions. The experimental
apparatus used for uniaxial tensile tests was the CMT5205-5305 electronic universal testing
machine, which was manufactured by MTS Systems Corporation, located in Eden Prairie,
MN, USA. During the tensile process, the strain rate of the test specimen was 5 × 10−2· s−1.
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Figure 2. Schematic diagram of the geometry and dimensions of the uniaxial tensile test specimen
(Unit: cm).

In order to investigate the corrosion resistance of the materials, neutral salt spray
tests were conducted. Within the salt spray test chamber, a 5% NaCl solution is atomized
onto the surface of the test specimens, which are typically suspended on specialized racks.
The pH of the solution is maintained between 6.8 and 7.2, and the temperature is kept at
approximately 30 ◦C. After an 8 h exposure period, the specimens are left to rest for 12 h,
following which they are removed from the chamber to observe the corrosion conditions
on their surfaces.

To observe the diffusion behavior of elements at the iron–nickel interface under
different heat treatment processes, a scanning electron microscope (SEM) produced by Zeiss
(Oberkochen, Germany), equipped with an Energy Dispersive Spectrometry (EDS) analysis
instrument, was utilized for characterization analysis. Prior to testing, the specimens were
ground and polished to a mirror-like finish, then etched using a solution consisting of
HNO3 and C2H5OH (volume ratio: HNO3: C2H5OH = 1:19). Finally, they were cleaned
with anhydrous ethanol.

3. Results
3.1. Mechanical Properties

Due to the brief duration of the heat treatment, which has a minor impact on the
mechanical properties of the material, specimens subjected to 5 min heat treatment at
various temperatures were selected for analysis in this study. The engineering stress–strain
curves of specimens in different heat treatment conditions were shown in Figure 3a. From
the figure, it can be observed that the Non-T specimen exhibits the highest yield strength,
reaching approximately around 165 MPa, while its elongation rate is the poorest, being
approximately 37%. However, the diversity in tensile strength of the specimens under
different conditions is not significant.
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The yield strength and elongation rate for each condition of the specimens were tested
five times, and their standard deviation fluctuations were represented using error bars. The
statistical results are displayed in Figure 3b. As the heat treatment temperature increases,
the strength of the specimens gradually decreases, while the elongation rate gradually
increases. The reason for this phenomenon may be that heating eliminates the internal stress
in the material, resulting in a reduction in the pile-up of dislocations within the material.
This results in less resistance to dislocation movement during uniaxial tension, which in turn
lowers the yield strength. Additionally, it also delays the initiation of cracks and the fracture
of the specimens. The reduction in yield strength and increase in elongation rate indicate
improved ductility and formability, which are desirable characteristics for manufacturing
processes that require shaping and bending of materials without breaking [25,26], such as
the fabrication of battery casings.

Figure 4 provides a comprehensive comparative analysis of the salt spray test results
for specimens with and without heat treatment. The results reveal significant differences in
the corrosion behavior of the specimens under examination. For the untreated specimens,
the presence of noticeable rust stains on both the 3 µm and 6 µm coated surfaces after
the salt spray test is a clear indication of their susceptibility to corrosion. Specifically, the
3 µm surface exhibited a more severe degree of corrosion compared to the 6 µm surface.
This observation suggests that while an increase in coating thickness does provide some
level of enhanced corrosion resistance, the difference in corrosion severity between the two
coating thicknesses is not as pronounced as one might expect. This could imply that more
effective strategies are necessary to be proposed for enhancing the corrosion resistance of
the materials.

In contrast, the specimens that underwent heat treatment at 700 ◦C for 3 min demon-
strate remarkable corrosion resistance. Virtually no signs of corrosion are observed on either
the 3 µm or 6 µm coated surfaces. This finding is highly significant, as it indicates that the
heat treatment process induces a diffusion layer that significantly enhances the corrosion
resistance of the material’s surface. The absence of corrosion on both surfaces, regardless
of coating thickness, suggests that the heat treatment has a more profound and uniform
effect on corrosion resistance than the coating thickness alone. This highlights the potential
benefits of incorporating heat treatment as a post-processing step in the manufacturing of
materials intended for corrosive environments. The results also imply that further investi-



Metals 2025, 15, 211 6 of 14

gation into the microstructural changes induced by heat treatment could provide valuable
insights into the mechanisms underlying the enhanced corrosion resistance observed.
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3.2. Microstructure Evolutions

Figure 5(a1) and Figure 5(b1), respectively, display the morphology of the Non-T
specimen’s two sides observed by a SEM using backscattered electron imaging. It can
be observed that a nickel film is adhered to the surface of the steel substrate, with the
thicknesses on the two sides approximately being 6 µm and 3 µm, respectively. The reason
the nickel layer is bulging in the image is due to its better corrosion resistance in the etching
solution mentioned above. In contrast, the steel substrate, being corroded, has a reduced
height. This differential corrosion results in the nickel layer appearing more elevated
relative to the steel substrate.

In the morphology image, the iron–nickel alloy layer is not discernible, hence an
energy-dispersive spectroscopy line scanning method was employed to analyze the distri-
bution of elements. Figure 5(a2) and Figure 5(b2) exhibit energy spectrum line scanning
results corresponding to the yellow line positions in Figure 5(a1) and Figure 5(b1), respec-
tively. In the figures, the red line represents the distribution of iron elements, while the
green line indicates the distribution of nickel elements. It can be observed from these
figures that the changes in both lines at the iron–nickel interface are very abrupt, indicating
that there is minimal formation of an alloy layer.

For comparison, the specimen heat-treated at 650 ◦C for 3 min were analyzed in
the same method, as shown in Figure 6. It can be observed that the uncorroded nickel
plating on both sides of the specimen is thicker than that of the Non-T specimen, reaching
approximately 8 µm and 4.5 µm, respectively. This is primarily due to the formation of
an iron–nickel alloy at the interface, which is also resistant to corrosion during the etched
process. The alloy formation at the interface can lead to a thicker appearance of the nickel
layer because the diffusion of iron into the nickel layer during heat treatment can increase
the overall thickness of the nickel-containing layer at the surface.
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Additionally, the backscattered electron images obtained from the scanning electron
microscope reveal a transition layer between the steel substrate and the nickel coating,
which appears darker than the nickel layer, indicating a higher atomic number contrast.
These layers, approximately 1.3 µm thick, are iron–nickel alloy layers, with iron being the
dominant element. The total thickness of the iron–nickel alloy layers can be determined
from the energy-dispersive spectroscopy line scan images, and it is approximately 2.6 µm
on both sides.

To systematically study the interdiffusion behavior of iron and nickel elements under
different heat treatment processes, the thickness of the iron–nickel alloy layer formed after
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treatments at the temperature of 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C for durations of 1 min,
3 min, and 5 min was roughly measured, as shown in Figure 7. Due to the near-identical
thickness of the diffusion layers on both sides of the specimen, only the measurement
data from one side is presented here. Higher temperatures or longer durations are not
considered because they may lead to the phenomenon known as “iron leakage”. That is,
the iron diffuses to the outside of the nickel film and comes into direct contact with the
working environment, which may cause a decrease in corrosion resistance.
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Figure 7. Distribution of Fe and Ni elements in the thickness direction after different heat treatment
processes: EDS line scanning results for (a1) 650 ◦C/ 1 min; (a2) 650 ◦C/3 min; (a3) 650 ◦C/ 5 min;
(b1) 700 ◦C/ 1 min; (b2) 700 ◦C/3 min; (b3) 700 ◦C/ 5 min; (c1) 750 ◦C/ 1 min; (c2) 750 ◦C/3 min;
(c3) 750 ◦C/ 5 min; (d1) 800 ◦C/ 1 min; (d2) 800 ◦C/3 min; (d3) 800 ◦C/5 min.

For an intuitive analysis, the thickness of the iron–nickel diffusion layer after different
heat treatment processes was statistically summarized and is shown in Figure 8. From
these figures, it can be observed that when the heat treatment temperature is constant,
the thickness of the iron–nickel alloy layer gradually increases with the extension of the
treatment time; similarly, when the treatment time is constant, the thickness of the alloy
layer also gradually increases with the rise in heat treatment temperature. The main
reason for this phenomenon is that the combination of higher temperature and longer time
provides more energy and opportunities for atoms to overcome potential barriers and move
into new positions, resulting in a thicker diffusion layer.
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4. Discussion
4.1. Physical Model for Annealing Diffusion at the Iron–Nickel Interface

Through experimentation, the state of the formation of an iron–nickel alloy layer under
specific conditions has been obtained. The underlying mechanism needs to be elucidated by
establishing a mathematical model, which can also predict the outcomes of experiments that
have not yet been conducted. As shown in Figure 9, a physical model has been constructed
to depict the diffusion of nickel during the annealing process of electro-deposition of steel
sheets. In the established Cartesian coordinate system, the x-axis represents the spatial
distance, with x = 0 denoting the interface between nickel and iron (hereinafter referred to
as the center plane). A positive x value indicates the iron matrix, while a negative x value
indicates the nickel coating. Considering the thickness of the iron matrix is significantly
greater than that of the nickel coating, and the diffusion of nickel during the annealing
process cannot penetrate the entire iron matrix, it is assumed that the iron matrix represents
a semi-infinite space. The thickness of the nickel coating is set to δ.
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Figure 9. Schematic diagram of the physical model for annealing diffusion at the iron–nickel interface.

In the Cartesian coordinate system, the y-axis represents the concentration of nickel
atoms. At the initial stage of diffusion, i.e., at t = 0, it is assumed that the concentration of
nickel atoms in the iron matrix is zero, while the concentration in the nickel coating is C0,
with C0 = 100%. After a period of time, when t > 0, nickel elements diffuse into the iron
matrix, and the concentration of nickel atoms is depicted by the red dashed line in Figure 9.
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4.2. Mathematical Model for Annealing Diffusion at the Iron–Nickel Interface

Based on the aforementioned physical model, a mathematical model can be established to
describe the diffusion of nickel atoms at the iron–nickel interface during the annealing process.
The concentration gradient of the nickel atoms in the nickel coating varies with time during
this process. Therefore, Fick’s second law is employed to analyze the diffusion behavior of
nickel atoms. The diffusion equation for Ni atoms in the x-direction is given [27,28]:

∂C
∂t

= D
∂2C
∂x2 (1)

where C is the concentration of Ni atoms at position x and time t. D is the diffusion
coefficient for Ni atoms in the material, which is a material-specific constant that quantifies
the mobility of Ni atoms within the matrix. t represents the diffusion time, which is the
period over which the diffusion process occurs.

By solving the differential Equation (1), The calculated expression for the concentration
of Ni atoms C is as follows,

C(x, t) =
A√

t
exp(− x2

4Dt
) (2)

where A represents an undetermined coefficient. According to the initial conditions, i.e.,
at t = 0, the concentration of nickel atoms within the range −δ < x < 0 is C = C0, while the
concentration of nickel atoms in the iron matrix where x > 0 is zero. When t > 0, nickel atoms
begin to diffuse into the iron substrate. During this diffusion process, the conservation of
nickel atoms must be maintained. This principle is known as mass conservation and is
a fundamental requirement in the diffusion process. It implies that the total amount of
nickel in the system remains constant, even though its distribution changes over time due
to diffusion.

As depicted in Figure 8, an infinitesimal thickness unit dγ within the Ni coating is
extracted and denotes the total mass of nickel atoms within this region as M. After the
annealing treatment for a time t, the total number of nickel atoms remains constant after
diffusion due to the conservation of mass. This can be expressed as:

M = C0dγ =
∫ +∞

−δ
C(x)dx (3)

If it is assumed that x2·(4Dt)−1 = β2, the total mass of nickel atoms M can be given as:

M = 2A
√

D
∫ +∞

−δ
exp(−β2)dβ = C0dγ (4)

where
∫ +∞

0 exp(−β2)dβ =
√

π,
∫ 0
−δ exp(−β2)dβ =

√
π

2
er f (δ), the erf (z) function is the

error function. By solving Equation (4), the value of coefficient A is obtained as follows:

A =
C0dγ√

πD[1 + er f (δ)]
(5)

Assuming there is a point P in the iron matrix at a distance x from the iron–nickel
interface, and the distance between this point and the infinitesimal thickness unit with dγ

is γ. The concentration at point P due to the diffusion from the infinitesimal thickness unit
can be expressed as:

C(x, t) =
C0dγ√

πDt[1 + er f (δ)]
exp(− γ2

4Dt
) (6)
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Thus, the diffusion from the coating can be regarded as the superposition of diffusion
results from an infinite number of infinitesimal diffusion sources. After the annealing
treatment for a duration of t, the total concentration at point P can be represented as:

C(x, t) =
C0√

πDt[1 + er f (δ)]

∫ x+δ

x
exp(− γ2

4Dt
)dγ (7)

As indicated by Figure 8, the range of values for γ is from x to x + δ. By solving
Equation (7), we can obtain the following result:

C(x, t) =
C0

[1 + er f (δ)]

[
er f

(
x + δ

2
√

Dt

)
− er f

(
x

2
√

Dt

)]
(8)

In this study, the relevant parameters are as follows. C0 is 1, δ is six micrometers, and
D is a variable that changes with temperature and concentration [29].

4.3. Mathematical Model Solving and Results Analysis

To solve Equation (8) and fit the calculated results with experimental measurements,
the average diffusion coefficient of nickel atoms at different temperatures was determined.
Taking the example of annealing at 750 ◦C for one minute, Figure 10a presents the fitting
curve between the test results and the calculated results. In the figure, the black solid
line represents the experimental measurement results, while the red solid line represents
the calculated results. It can be observed that the two curves exhibit a high degree of
congruence, particularly near the center plane. By employing the same method to suc-
cessively fit the experimental results after different annealing treatments, the diffusion
coefficients corresponding to each condition can be obtained as follows. At a temperature
of 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C, the average diffusion coefficient D are approximately
4.4 × 10−16 m2·s−1, 6.7 × 10−16 m2·s−1, 7.9 × 10−16 m2·s−1 and 1.26 × 10−15 m2·s−1,
respectively.
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Figure 10. Nickel atom concentration distribution curve simulation calculation: (a) Comparison of
experimental and computational results for nickel distribution concentrations after one minute of
annealing at 750 ◦C; (b) Nickel concentration distribution curves after annealing treatments at 800 ◦C
for various durations.

It is evident that within the scope of this experiment, as the temperature increases,
the diffusion coefficient of nickel atoms gradually increases. This trend is consistent with
the fundamental principles of diffusion, which state that higher temperatures provide
greater kinetic energy to atoms, leading to more frequent and energetic jumps that facilitate
the diffusion process. Additionally, the diffusion coefficients of nickel atoms obtained in
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this experiment, ranging from 4.4 × 10−16 m2·s−1 to 1.26 × 10−15 m2·s−1 at temperatures
between 650 ◦C and 800 ◦C, are basically in agreement with those reported in the literature,
such as the values of 1.28 × 10−16 m2·s−1 to 8.48 × 10−14 m2·s−1 at 650 ◦C to 850 ◦C
observed by Sun et al. [30,31].

In addition, the relationship between the diffusion coefficient of iron–nickel and
temperature follows the Arrhenius equation, as shown below: D = D0exp(−∆H/kT) [28],
where D0 is the pre-exponential factor. k and are Boltzmann’s constant and the absolute
temperature, respectively. ∆H is the activation enthalpy, which can be determined by
plotting lnD versus, 1/T applying the least-squares method for linear fitting. Calculating
from the slope of the fitted line, the activation enthalpy ∆H is about 268.3 kJ/mol.

Figure 10b illustrates the calculated concentration distribution curve of nickel after
annealing treatment at 800 ◦C. It can be observed that as the processing time increases, the
slope of the curve near the center plane decreases, which implies that the thickness of the
formed Fe-Ni alloy layer gradually increases. Additionally, the concentration of the nickel
atoms at x = 0 is 0.5 for all curves, indicating that the center position of the Fe-Ni alloy layer
formed by diffusion is fixed. The curves are approximately symmetric about the center at
(0, 0.5), from which it can be inferred that the thickness of the Fe-Ni alloy layer is at most
twice that of the electroplated nickel layer before “iron leakage”.

To further analyze the diffusion process of nickel atoms during annealing, the increase
in nickel atom concentration at different positions after various annealing durations is
compared, as shown in Figure 11. Figure 11a illustrates the variation in nickel atom
concentration after annealing treatments at different temperatures for five minutes. It can
be observed that there is no change in nickel concentration at the center plane position
(x = 0), while in the region where x > 0, the change in nickel atom concentration is positive,
indicating an increase in nickel atom concentration in this area after the annealing treatment.
In the region where x < 0, the change in nickel atom concentration is negative, indicating a
decrease in nickel atom concentration in this area following the annealing treatment.
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Figure 11. Calculation of the variation in nickel atom concentration during the annealing pro-
cess: (a) Variation in nickel atom concentration after annealing at different temperatures for 5 min;
(b) The relationship between the change in nickel concentration and annealing time and position
after annealing at 800 ◦C.

The peak in the change of nickel atom concentration increases with the rise in treatment
temperature, reaching a maximum value of up to 0.26 when the annealing temperature is
800 ◦C. The peak in the variation of nickel atom concentration shifts away from the central
position with the increase in treatment temperature. Figure 11b illustrates the pattern of
nickel atom diffusion as a function of time at various positions during annealing at 800 ◦C.
In the figure, the green surface indicates an increase in nickel atom concentration, while
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the red surface indicates a decrease in nickel atom concentration. It could be observed that
there is a net movement of nickel atoms from the region x < 0 to the region x > 0, leading to
an increase in concentration in the latter and a corresponding decrease in the former. In
addition, as the annealing time increases, the diffusion of nickel atoms gradually increases.

5. Conclusions
In this study, the iron–nickel interface diffusion behavior of electroplated nickel steel

during annealing were investigated by microstructural characterization and mathematical
modeling. The major conclusions are summarized as follows:

(1) Compared to mere electrodeposited nickel, the subsequent brief annealing treat-
ment can further enhance the corrosion resistance of carbon steel. Meanwhile, annealing
treatment slightly reduces the yield strength of materials while enhancing its ductility.

(2) Through annealing treatment, an iron–nickel alloy layer can be formed in electro-
plated nickel steel, with the thickness of the alloy layer increasing with higher annealing
temperatures and extended durations. Consequently, a desired alloy layer can be achieved
by controlling the annealing process parameters.

(3) Solving the kinetic model of nickel diffusion reveals that the diffusion coefficient
increases with the increase in annealing temperature. The nickel concentration at the center
plane remains constant at 0.5, and the maximum thickness of the formed iron–nickel alloy
layer, without “iron leakage”, is up to twice that of the electroplated nickel layer.
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