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Abstract: Research on improving the corrosion resistance of carbon steel has become a hot topic in
the iron and steel field in recent years. Copper plating on the surface of carbon steel is considered
an effective means to improve its corrosion resistance, but the copper-plated carbon steel material
prepared by this method has the problems of poor abrasion resistance, easy delamination of copper
layer and similar issues, which affect the service performance of the copper-plated carbon steel
material. To solve this problem, a new type of material whose surface is copper and the copper
element is gradually diffused into carbon steel was developed by a plating-diffusion method, which is
defined as a copper-carbon steel gradient material. Carbon steel with a copper plated surface and the
Cu-Fe/carbon steel gradient material with 80% Cu content on the surface were prepared by the same
method. The cross-sectional microstructure and composition of different samples were analysed, and
the corrosion behaviors of samples in 3.5% NaCl solution were studied by the linear polarization
curve method and electrochemical impedance spectroscopy. The cross-sectional microstructure result
shows that the diffusion of copper in carbon is mainly carried out along its grain boundary, and the
diffusion of copper will inhibit the growth of grains during heat treatment. As shown in the results
of corrosion behaviors, there is no pitting corrosion in the corrosion process of all samples, as well
as the stable passive film. All samples showed active dissolution. Compared with carbon steel, the
corrosion potential of the Cu/carbon steel gradient material becomes more positive from −600 mV to
−362 mV, the corrosion current density decreases from 53.0 µA/cm2 to 30.6 µA/cm2 and the radius
of electrochemical impedance spectroscopy enlarges while the corrosion resistance is improved, and
the corrosion resistance is mainly obtained by its surface copper layer. The corrosion resistance of
Cu-Fe/carbon steel gradient material is lower than that of Cu/carbon steel gradient material, while it
is still better than carbon steel, and it shows a clear passivation trend during corrosion. Therefore, the
copper/carbon steel gradient material can significantly improve the corrosion resistance of carbon
steel. Even after the surface copper layer is destroyed, the gradient material can protect the matrix
and improve the service life of the material.

Keywords: Cu; carbon steel; gradient material; electrochemical; corrosion; Cu/carbon steel composite

1. Introduction

Carbon steel has become the most widely used steel in the fields of construction and
transportation because of its low cost, simple production process and excellent plasticity,
toughness and processability. However, carbon steel is easily corroded and invalidated,
which greatly restricts its application in a wider range of fields and brings a lot of economic
losses. Therefore, research on improving the corrosion resistance of carbon steel has become
a hot topic in the iron and steel field in recent years [1–3]. As a non-ferrous metal element,
copper has an obvious effect on improving the corrosion resistance of steel [4–6]. The
American Society for Testing and Materials (ASTM) has proved that adding 0.04% copper
to steel can significantly reduce the corrosion rate of steel in the atmosphere. Therefore,
the research and development of weathering steel containing copper has been paid more
and more attention in recent years. In the 1930s, U.S. Steel took the lead in developing
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Corten-steel [7], a low alloy weathering steel containing copper, which has 4–8 times better
atmospheric corrosion resistance than ordinary carbon steel. Since the 1960s, Corten-steel
has been directly used in construction, transportation and other fields without painting. At
the same time, in order to reduce the economic loss caused by corrosion failure of carbon
steel, different types of weathering steel containing copper have been developed, such as
WR50A of the United Kingdom, SPA-H of Japan, 09CuPTi of China and so on [8,9]. At
present, the production method of weathering steel containing copper is still to add a certain
amount of copper or copper alloy in the smelting process, and use the corresponding heat
treatment process to promote the precipitation of copper in the steel and obtain weathering
steel. On the one hand, this method has a strict production process, and it is easy to cause
copper brittleness by improper treatment. On the other hand, as a functional material, the
corrosion resistance of weathering steel is mainly reflected by the corrosion resistance of its
surface, and the corrosion resistance of weathering steel is weakly affected by the presence
or absence of copper in its interior. Therefore, the addition of copper in the smelting
process will result in the waste of copper resources and increase the production cost of
weathering steel, which also limits the development and application of weathering steel in
various fields.

The preparation of copper-plated carbon steel material on the surface of carbon steel by
electroplate, hot dipping, mechanical alloying and similar methods can effectively improve
the corrosion resistance of carbon steel, simplify the production process, and reduce the
consumption of copper raw materials, but the copper-plated carbon steel material prepared
by these methods has the problems of poor abrasion resistance, easy delamination of
copper layer and similar issues, which affect the service performance of the copper-plated
carbon steel material. If the copper-coated carbon steel is treated by diffusion annealing,
the copper atoms can be diffused into the carbon steel to form a copper-containing gradient
layer by thermal diffusion, and a new type of copper/carbon steel gradient material with a
pure copper surface and a copper concentration decreasing with the increase of depth in the
carbon steel can be prepared. The copper layer is only prepared on the surface of the carbon
steel to improve the corrosion resistance of carbon steel, which not only greatly saves the
consumption of copper raw materials, but also realizes the metallurgical combination of
copper and carbon stee, and improves the bond strength between copper layer and carbon
steel matrix. Because the electroplated copper surface is often worn or corroded during use,
the internal gradient diffusion layer is exposed to the surface. Therefore, it is important to
study the corrosion resistance difference between the pure copper layer, gradient diffusion
layer and carbon steel to predict the use effect of this gradient composite.

At present, there are few reports about the morphology and corrosion resistance of
these kinds of gradient materials. Based on this, a layer of copper was deposited on the
surface of carbon steel by an electroplating method and then annealed at high temperature
to make the copper atoms diffuse into the carbon steel to form a copper-containing gradient
layer, and the copper/carbon steel gradient material was prepared. Based on the previous
work, the corrosion behavior of the graded materials in 3.5% NaCl solution was investigated
by potentiodynamic polarization curve and electrochemical impedance spectroscopy (EIS),
and the effect of copper diffusion on the corrosion resistance of carbon steel was discussed.

2. Materials and Experiment Methods
2.1. Meterials

The experiment substrate is carbon steel, its chemical composition is: C0.15, S0.02,
Si0.10, P0.02, Mn1.20, and the balance is Fe. We define it as Fe in this article. According to
the test requirements, the machined carbon steel size is 20 mm × 20 mm × 3 mm. For the
electrodeposition solution, 30 g/L CuSO4 + 147 g/L Na3C6H5O7·2H2O + C4H4KNaO6·4H2O
+ 20 g/L NaHCO3 + 8 g/L KHNO3 were selected. The surface of the selected carbon steel
was treated by polishing, alkali cleaning, acid cleaning and activation. Under the conditions
of bath temperature 70 ◦C, current density 5A/dm2 and bath pH value 11, copper was
electrodeposited on the surface of the selected carbon steel with copper plate as anode and
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carbon steel as cathode for 30 min. The sample after electrodeposition was Cu/Fe. The
Cu/Fe was cleaned by ethanol and placed into a tube annealing furnace with high-purity
argon gas. After heating to 1050 ◦C at a rate of 5 ◦C /min, the Cu/Fe was put into the
furnace at constant temperature for 120 min and then pushed out of the furnace. The Cu/Fe
was rapidly cooled to room temperature in flowing argon gas to obtain a copper/carbon
steel gradient material, defined as Cu-Fe. The 80%Cu-Fe with surface copper content of
80% was prepared by grinding and polishing the surface of the Cu-Fe and destroying the
surface copper layer. The Fe, Cu/Fe, Cu-Fe and 80%Cu-Fe were used as test samples,
the process and characteristic of different materials was shown in Table 1. The surfaces
were polished, wiped with ethanol, cleaned with distilled water, and dried. Except for the
reserved working face (10 mm × 10 mm), other surfaces were sealed with epoxy resin and
curing agent with a mass ratio of 4:1.

Table 1. Process and characteristic of different materials.

Name of the Sample Process Surface Copper
Content/%

Thickness of the Diffusion
Layer/µm

Fe - 0 0
Cu/Fe plating 100 0
Cu-Fe plating + diffusion annealing 100 16

80%Cu-Fe grinding and polishing the surface of the
copper/carbon steel gradient material 80 15

2.2. Experiment Procedure

An Axiovert 200 Zeiss microscope and FEI Quanta 650 FEG field emission scanning
electron microscope (SEM, FEI Company, Hillsboro, OR, USA) equipped with an energy
dispersive spectrometer (EDS, FEI Company, Hillsboro, OR, USA) were used to analyse the
cross-sectional microstructure and composition of Cu-Fe prepared by the electrodeposition-
diffusion method. The polarization curves and electrochemical impedance spectroscopy
(EIS) were measured by an IM6ex electrochemical workstation (Zahner Kronach, Germany).
A three-electrode system was used. The working electrode was the sample to be tested, the
reference electrode was the saturated calomel electrode (SCE) and the auxiliary electrode
was the platinum electrode. The corrosion solution was saturated NaCl solution with
mass fraction of 3.5%. The three-electrode system scheme of experiment apparatus is
shown in Figure 1. The electrochemical corrosion test was carried out at room temperature.
The working electrode was soaked in 3.5% NaCl solution for 30 min before the test, and
electrochemical measurement was performed after the open circuit potential was stabilized.
Potentiodynamic polarization curves were obtained in the range of −1.0~0.2 V (relative
to SCE) at a scanning rate of 5 mV/s. The electrochemical impedance spectroscopy (EIS)
was performed at open circuit potential. The amplitude of the sinusoidal wave was 5 mV
and the frequency range was 0.01 Hz~100 kHz. AC impedance spectra were analysed by
ZSimDemo software.
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Figure 1. Three Electrode System Scheme of Experiment Apparatus.

3. Results
3.1. Effect of Copper Diffusion on Microstructure of Carbon Steel

Figure 2 is a cross-sectional microstructure of Cu-Fe prepared by high-temperature
annealing of a Cu/Fe sample. Among them, the black spots in the plating layer are
corrosion pits. As can be seen from Figure 1, after diffusion annealing at 1050 ◦C, copper
atoms on that surface of the carbon steel diffuse into the interior of the matrix, and copper
is distributed more at the grain boundary of the carbon steel, indicating that the diffusion
process of copper in the carbon steel is not a uniform diffusion, but proceeds along the
grain boundary at first, and diffuses from the grain boundary to the interior of the grain
(Figure 3). At that same time, after high-temperature diffusion annealing treatment, the
grain size of carbon steel is obviously grow, but the grain size of copper diffusion region is
obviously smaller than that of carbon steel, which shows that the diffusion of copper atoms
restrains the grain growth behavior of carbon steel during high-temperature annealing, and
plays the role of grain refinement, and the nearer the copper coating is, the more obvious
the grain refinement is.

Figure 2. Microstructure of Cu−Fe (a) Carbon steel and diffusion layer and (b) Diffusion layer.



Crystals 2021, 11, 1091 5 of 12

Figure 3. SEM image and EDS line scanning of grain boundary of Cu−Fe (a) Longitudinal analysis and (b) Lateral analysis.

The variation of copper content along the depth of the sample is analyed by glow
discharge spectrometer. The results are shown Figure 4. As shown in Figure 4, after the
diffusion annealing treatment at high temperature, the copper atoms in the coating and
the iron atoms in the carbon steel substrate interdiffuse, the copper and iron elements are
obviously distributed in a gradient and the concentration of the copper elements decreases
from the coating to the carbon steel interior, thereby realizing the metallurgical bonding
between the coating and the carbon steel substrate.

Figure 4. The content distribution of Cu in Cu−Fe after annealing diffusion treatment at 1050 ◦C.

3.2. Polarization Curve

Figure 5 shows the polarization curves of Fe, Cu/Fe, Cu-Fe and 80%Cu-Fe in 3.5%
NaCl solution. Corrosion potential Ecorr, corrosion current density Icorr and cathode and
anode Tafel slope βc and βa of different materials were obtained by Tafel extrapolation,
and the results are shown in Table 2. Icorr is an important parameter to evaluate the
corrosion reaction kinetics. It is usually proportional to the corrosion rate of the material in
the corrosion medium [10,11]. The smaller Icorr is, the lower the corrosion reaction rate is
and the stronger the corrosion resistance of the material is. As seen in Figure 5, Fe, Cu/Fe,
80%Cu-Fe and Cu-Fe have similar polarization behavior, that is, with the increase of applied
potential, the corrosion current density increases, the dissolution rate of the material is
higher than the passivation rate, the anodic polarization curves of the samples show active
dissolution in the electrochemical corrosion process and no passivation reaction occurs on
the surface of the samples to form a stable passivation film. At the same time, in the process
of increasing corrosion potential, there is no passivation effect in the polarization process of
different materials, which indicates that there is no serious pitting corrosion phenomenon
in the electrochemical corrosion process, and all of them show the characteristics of uniform
corrosion [12]. As can also be seen from Figure 5 and Table 2, the corrosion behavior of
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the Cu-Fe is similar to that of the Cu/Fe in 3.5% NaCl solution, the polarization curves
almost coincide, and Ecorr (329 mV, 333 mV), Icorr (29.0 µA/cm2, 30.6 µA/cm2) are very
close, which indicate that the corrosion resistance of Cu-Fe is similar to that of Cu/Fe
prepared by electroplating method, that is, the corrosion resistance of the Cu-Fe prepared
by the electrodeposition-diffusion method is mainly obtain through a surface pure copper
layer. However, the corrosion potential and corrosion current density of 80%Cu-Fe with
are between Fe and Cu-Fe, and very close to Cu/Fe material, and much different from
carbon steel, which indicates that even if the copper layer on the gradient material surface
is destroyed, the gradient material can still resist corrosion.

Figure 5. Polarization curves of carbon steel and Cu−Fe alloy in 3.5% NaCl solution.

Table 2. Fitting result of polarization curves for carbon steel and Cu−Fe alloy in 3.5% NaCl solution.

Sample Ecorr/mV(SCE) Icorr/(µA/cm2) βc/(mV/dec) βa/(mV/dec)

Fe −600 53.0 301 261
Cu/Fe −357 29.0 333 252
Cu-Fe −362 30.6 329 240

80%Cu-Fe −389 49.0 455 500

In addition, the anodic polarization curves are usually used to characterize the rate
of potential forward movement and the tendency of passivation on the surface of the
specimen during the electrochemical corrosion process. The smaller the Tafel slope of the
anodic polarization curve, the flatter the curve, the lower the polarization degree of the
material in the corrosion process, the higher the surface activity of the sample and the
weaker the passivation tendency. As seen in Figure 5 and Table 2, compared with the
anodic polarization curves of carbon steel, Cu/Fe and Cu-Fe, the Tafel slope of the anodic
polarization curves of Cu-Fe/carbon steel gradient materials with copper content of 80% is
higher, which indicates that the surface activity of 80%Cu-Fe is lower in the range of test
potential, and there is an obvious passivation trend although no stable passivation film
is formed. However, the Fe, Cu/Fe and Cu-Fe were always activated, and the corrosion
process was a continuous dissolution process without a passivation trend.

3.3. EIS

Figure 6 shows the electrochemical impedance spectra of Fe, Cu/Fe, 80%Cu-Fe and
Cu-Fe in 3.5% NaCl solution. As can be seen from Figure 6, the electrochemical impedance
curves of different materials are arc-shaped, capacitive resistance arcs are generated in the
high-frequency region and no inductive resistance arcs are generated in the low-frequency
region, and the corrosion process of different materials is a single time constant [13,14],
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which indicates that no serious pitting corrosion occurs in the electrochemical corrosion
process, and the control process of charge transfer is an electrochemical reaction [15,16].
In electrochemical impedance spectroscopy (EIS), the radius of capacitive resistance arc
indicates the resistance of the material in charge-discharge and charge transfer process. The
larger the diameter of capacitive resistance arc is, the larger the resistance of charge transfer
is in active solution process, the more difficult the electrochemical reaction is and the
stronger the corrosion resistance of the material is. As seen in Figure 6, Cu/Fe and Cu-Fe
have similar capacitive arc diameters, and their corrosion resistance in 3.5% NaCl solution is
increased, their corrosion rate is decreased and their corrosion resistance is greatly enhanced
compared with that of carbon steel. These results show that the corrosion behavior of Cu/Fe
and Cu-Fe prepared by electrodeposition and high-temperature diffusion reaction is similar
in the process of electrochemical corrosion and dissolution, and the corrosion resistance
of Cu/Fe is much higher than that of Fe in 3.5% NaCl solution. In the electrochemical
impedance spectroscopy (EIS) of 80%Cu-Fe, the diameter of capacitive arc is between Fe
and Cu-Fe, which indicates that the corrosion resistance of Cu-Fe decreases after the surface
copper layer is destroyed, but it is still better than carbon steel.

Figure 6. EIS of carbon steel and Cu-Fe alloy in 3.5% NaCl solution.

In order to study the kinetic parameters and electrochemical properties of Fe, Cu/Fe,
80%Cu-Fe and Cu-Fe in 3.5% NaCl solution, the electrochemical impedance spectra of the
materials were fitted by ZSimDemo software. The fitting results and equivalent fitting
circuits are shown in Figure 7, where Rs is the equivalent resistance of the etching solution,
Q is the constant phase angle component of the charge transfer between the electrode
and the etching solution interface, the magnitude of which is related to the dielectric
properties of the etching product layer, determined by the constant phase coefficient Y and
the dispersion coefficient n, Ca and Ra are the reaction capacitance and resistance of the
charge at the etching interface, and the higher the Ra value, the more difficult the reaction
between the etching ion and metal is; Rt is the charge transfer resistance [17], which is the
characteristic parameter of corrosion rate. The higher the Rt value, the more difficult the
corrosion of metal surface and the lower the corrosion rate of material [17–19]. Rp is the
polarization resistance, and the value of Rp is the sum of Ra and Rt. The higher the Rp
value, the stronger the corrosion resistance of the material is. The fitting parameters of
electrochemical impedance spectra of different materials in 3.5% NaCl solution at open
circuit potential are shown in Table 3. As can be seen from Table 3, the carbon steel has the
lowest Rt, Ra and Rp values, indicating that the carbon steel has the highest corrosion rate
in 3.5% NaCl solution and is prone to corrosion failure. After the Cu/Fe was prepared by
electrodeposition, the Rt and Ra increased to 974 and 258 Ω·cm2, respectively, and the Rp
increased to 1232 Ω·cm2. The results showed that the copper layer on the surface of the
carbon steel improved the corrosion resistance of the material in 3.5% NaCl solution and
slowed down the corrosion rate. As can also be seen from Table 3, after high-temperature
heat treatment of that Cu/Fe sample, the fitting parameter values of the electrochemical
impedance spectra of the prepared Cu-Fe are close to those of the Cu/Fe, and have similar
corrosion behavior and corrosion resistance, indicating that the corrosion resistance of the
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Cu-Fe is mainly obtained based on the surface pure copper layer. When the copper layer
on the surface is destroyed to form a copper-iron alloy/carbon steel gradient material with
a surface copper content of 80%, the Rt, Ra and Rp values of the materials decreased to
163, 186 and 349 Ω·cm2, respectively, and its size is between that fit value of carbon steel
and copper-iron alloy/carbon steel gradient material. The results show that the corrosion
resistance of the 80%Cu-Fe with a damaged copper layer decreases in 3.5% NaCl solution,
but the corrosion rate of the 80%Cu-Fe is still lower than that of the original carbon steel
material, and the corrosion resistance of the 80%Cu-Fe is stronger than that of the Fe, which
is consistent with the results of the polarization curves.

Figure 7. EIS plots and fitting results of different materials in 3.5% NaCl solution (a) Fel, (b) 80%Cu-Fe
(c) Cu/Fe (d)Cu-Fe.

Table 3. Fitting result of EIS for carbon steel and Cu-Fe alloy in 3.5% NaCl solution.

Sample Rs/Ω·cm2 Rt/Ω·cm2 Ca/F·cm2 Ra/Ω·cm2 Rp/Ω·cm2

Fe 69 84 8.27 × 10−3 182 266
Cu/Fe 129 1539 9.48 × 10−3 203 1742
Cu-Fe 121 974 4.21 × 10−3 258 1232

80%Cu-Fe 103 163 2.23 × 10−3 186 349

3.4. Surface Morphology of Materials after Polarization

Figure 8 is SEM of the surface morphology of Fe, 80%Cu-Fe, Cu/Fe and Cu-Fe after
polarization test in 3.5% NaCl solution, respectively. As seen in Figure 8, The surface
of different materials was corroded to varying degrees in the process of electrochemical
corrosion. Among them, the surface corrosion of Fe after polarization is more serious,
and slight pitting corrosion occurs locally. The surface corrosion of 80%Cu-Fe, Cu/Fe and
Cu-Fe after polarization is much lower than that of Fe, and the corrosion products on the
surface of the material are uniformly distributed without pitting corrosion.
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Figure 8. SEM images of carbon steel and Cu-Fe alloy after potentiodynamic polarization in 3.5%
NaCl solution, (a) Fe (b) 80%Cu-Fe (c) Cu/Fe, (d) Cu-Fe.

Table 4 shows the surface composition analysis of different materials after polarization
tests in 3.5% NaCl solution. As shown in Table 4, compared to Fe, the content of oxygen in
the corrosion zone of Cu/Fe and Cu-Fe with pure copper on the surface is decreased. At the
same time, the composition of the corrosion product on the surface of the two materials after
polarization reaction is close to each other, which indicates that the corrosion resistance
of the Cu/Fe and the Cu-Fe is similar to that of the Fe, and the corrosion product (Fe2O3,
Cu2O) generated in the electrochemical corrosion process is reduced, the corrosion degree
is reduced and the corrosion resistance is clearly enhanced. The content of oxygen in the
corrosion zone of 80%Cu-Fe containing 80% copper is between carbon steel and Cu/Fe
and Cu-Fe, which indicates that the corrosion resistance of Cu/Fe gradient material in 3.5%
NaCl solution is still better than that of carbon steel, which is consistent with the results of
polarization curve and AC impedance spectroscopy.

Table 4. Surface composition analysis of different materials after potentiodynamic polarization in
3.5% NaCl solution.

Sample Mass Fraction/%
O/% Cu/% Fe/%

Fe 11.27 0 88.73
Cu/Fe 2.94 97.06 0
Cu-Fe 3.06 96.94 0

80%Cu-Fe 6.97 75.87 17.16

4. Discussion

The corrosion potential Ecorr (−600 mV(SCE)) and charge transfer resistance Rt (84 Ω·cm2)
of carbon steel are the lowest and its corrosion current density Icorr (53.0 µA/cm2) is the
highest, and the surface corrosion degree of carbon steel is high, so slight pitting corrosion
occurs; that is, the carbon steel is easily corroded in 3.5% NaCl solution. This is because
Cl− in the corrosion solution is a corrosive ion, because of its small ion radius, it is easy
to accumulate and adsorb on the surface of carbon steel grain boundaries, defects and
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other places, thus destroying the surface film, making the metal constantly exposed and in
contact with the corrosion solution corrosion reaction, and inducing the corrosion behavior
of carbon steel [20,21]. As shown in Tables 2 and 3, the corrosion potential (−357 mV),
charge transfer resistance (974 Ω·cm2) and corrosion current density (29.0 µA/cm2) of the
material increase, and the corrosion resistance of the Cu/Fe is obviously enhance after the
Cu/Fe is prepare by electroplating a layer of copper on the surface of the carbon steel by
the electrodeposition treatment. This is due to the fact that the surface of carbon steel after
copper plating is composed of a pure copper layer, while the metal copper has stable ther-
modynamic properties and higher standard electrode potential. The corrosion rate is lower
and the corrosion resistance is stronger in 3.5% NaCl solution, and the contact between
carbon steel and corrosion medium is hindered, so the corrosion resistance of carbon steel
material is enhanced. However, it is difficult to prepare Cu/Fe by electroplating in order
to enhance the corrosion resistance of carbon steel. On the one hand, the metallurgical
combination of copper coating and carbon steel is not realized in the electroplating process,
resulting in low adhesion between the copper coating and substrate, and a coating that is
easy to abrade off in the process of use. On the other hand, as can be seen from Figure 4
and Table 2, the corrosion potential of the copper layer is more positive than that of the
carbon steel substrate, and the copper layer is a typical cathode coating layer. As soon as
the copper layer is partially destroyed, exposing the carbon steel substrate, in corrosive
environment, because of negative electrode potential, the carbon steel substrate becomes
anode and the copper coating as cathode will form a large cathode and small anode on the
surface of the material. At this time, the copper coating is not only insufficient to effectively
hinder the corrosion reaction, but also causes more serious local corrosion of the exposed
part of carbon steel.

When the Cu/Fe is annealed at 1050 ◦C, the copper-coated layer will diffuse into the
carbon steel due to the high temperature to form the copper/carbon steel gradient material
with a pure copper surface and a copper concentration decreasing from surface to interior.
As can be seen from a Cu-Fe binary alloy phase diagram [22], Cu and Fe are a binary alloy,
infinitely soluble in liquid state and finitely soluble in solid state. The solid solubility of
copper atoms in Fe is less than 5% at the experimental heat treatment temperature (1050 ◦C),
and a segregation phase is for in the carbon steel when the concentration of copper atoms
in the diffusion layer exceeds its solid solubility. In the diffusion process, the segregation
phase occupies the dislocation, vacancy and other defects in the Fe atom in the carbon
steel. As can be seen from Figure 2, after high-temperature annealing at 1050 ◦C, copper
atoms on the surface of the Cu/Fe diffuse into the carbon steel, and copper segregation
phases gather at the inner grain boundaries of the carbon steel and play a pinning role on
the grain boundaries of the carbon steel, inhibiting the growth of the carbon steel grains
during high-temperature annealing and refining the grains. As the surface is compose
of copper, the corrosion behavior of the Cu-Fe is similar to that of the Cu/Fe, and the
corrosion resistance of the Fe substrate is greatly enhance by the action of pure copper on
the surface. At that same time, the corrosion resistance of the 80%Cu-Fe with 80% copper
content is lower than that of the Cu-Fe, but still better than that of the original carbon steel.
When the surface of the Cu-Fe is damaged by polishing and destroy the copper layer by
polishing, the corrosion resistance of the 80%Cu-Fe is also lower than that of the original
carbon steel. On the one hand, copper atoms diffuse into the carbon steel, and copper
segregation phases which exceed the solid solubility accumulate at the grain boundaries
and defects of the carbon steel, thus inhibiting the adsorption and accumulation of erosive
Cl− on the surface of the carbon steel and the corrosion reaction. On the other hand, copper
precipitates on the surface of carbon steel, as a result, the polarization curves show that
the Tafel slope of 80%Cu-Fe anodes is higher, and there is no stable passivation film on the
surface of the anodes during corrosion, but there is an obvious tendency of passivation.
The results show that, in the Cu-Fe, the copper plating layer is metallurgically combined
with the carbon steel, which enhances the wear resistance of the copper plating layer. At
the same time, the diffusion of copper atoms and the segregation and precipitation of
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copper atoms in carbon steel can avoid the aggravation of severe local corrosion after the
local destruction of the copper layer on the surface of the material, and further enhance the
continuous corrosion resistance of carbon steel in a corrosive environment.

5. Conclusions

1. As for the Cu-Fe, during the electrodeposition-diffusion process, the copper coating
on the surface of carbon steel will diffuse mainly along the grain boundary to the
inside of carbon steel, and the diffusion of copper will restrain the grain growth of
carbon steel during high-temperature heat treatment.

2. The corrosion current density (30.6 µA/cm2) of Cu-Fe prepared by the electrodeposition-
diffusion process is smaller than that of carbon steel (53.0 µA/cm2), meaning that
the corrosion rate of Cu-Fe is lower. The polarization resistance (1742 Ω·cm2) of the
Cu-Fe is obviously higher than that of the carbon steel (266 Ω·cm2), indicating that
the corrosion resistance of the Cu-Fe is stronger than that of the carbon steel material.
The corrosion resistance of the Cu-Fe is mainly obtained through a pure copper layer
on the surface of the Cu-Fe.

If the copper layer on the surface of Cu-Fe is destroyed, 80%Cu-Fe is obtained. The
corrosion resistance of the 80%Cu-Fe is lower than that of the Cu-Fe, but it is still better than
that of the Fe, and the corrosion resistance of the 80%Cu-Fe shows an obvious passivation
tendency in the corrosion process, indicating that even if the copper layer on the Cu-Fe
surface is destroyed, the gradient material can still resist corrosion.
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