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Abstract: Cr/low-carbon steel surface composites were prepared by aqueous solution co-deposition
and high-temperature solid-state diffusion technology, and the macro rule of the solid-state diffusion
of chromium on the surface of low-carbon steel was analyzed. The molecular dynamics (MD) method
was used to simulate and calculate the diffusion process of the Cr/Fe interface, and the macro and
micro diffusion mechanisms were analyzed. The results show that the diffusion of the chromium
in iron is the combined action of the temperature, crystal structure and lattice distortion, and the
diffusion coefficients of chromium in «-Fe and y-Fe have little difference. The vacancy diffusion
mechanism of the first adjacent transition is the main diffusion mode. In practice, chromium atoms
diffuse along the grain boundaries of the low-carbon steel matrix and provide pinning at the grain
boundaries to prevent grain growth. The simulation law is in good agreement with the experimental
law. The variation law of the average diffusion coefficient of chromium atoms with temperature
is obtained. The diffusion rate of chromium in the bce crystal structure is obviously higher than
that in the fcc crystal structure. In the same crystal structure, the diffusion coefficient of chromium
increases with the increase in temperature. However, in the lattice transition temperature region, the
diffusion coefficient of chromium gradually decreases with the increase in temperature until the end
of the transformation.

Keywords: molecular dynamics; diffusion kinetics; diffusion mechanisms; high-temperature solid-state
diffusion; Cr/low-carbon steel surface composites

1. Introduction

Low-carbon steel is widely used in engineering equipment, building components,
containers, boxes, furnaces and agricultural machinery because of its low cost, good
welding performance and mechanical performance. However, the low corrosion resistance,
wear resistance and high temperature strength limit its application in various fields. It
is reported that the scrap metal equipment and materials caused by corrosion account
for 20%~40% of the steel annual output around the world each year [1,2]. In practical
application, corrosion and wear mostly occur on the surfaces of materials [3]. Therefore,
the question of how to improve the surface corrosion resistance and wear resistance of
low-carbon steel remains an important research topic for steel workers.

Chromium has been widely used in metallurgy, refractory and chemical industries
because of its hard quality, wear resistance, high temperature resistance and corrosion
resistance. Many scholars have prepared metallurgically bonded metal surface compos-
ites on the surface of steel by means of chromization [4,5]. While maintaining the ex-
cellent properties of low-carbon steel such as high toughness, weldability and impact
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resistance, the corrosion resistance and wear resistance of the material are improved. Shix-
ian Zhang et al. [6] prepared a Cr coating on low-carbon steel by electrochemical deposition
in a NaCl-KCl-NaF-Cr, O3 molten salt system. The results of the AC impedance method
show that the corrosion resistance of the Cr-coated low-carbon steel is much higher than
that of low-carbon steel. Hang Yin et al. [7] prepared NiCrMo-WC coatings with different
WC content on the surface of Q235 substrate by plasma cladding technology. The result
shows that the highest average hardness of the 20 WC coating is around 3.25 times that
of the Q235 substrate, and the corrosion rate of the 15 WC coating is only 3.7% of that
of Q235 steel. Kexing Guo et al. [8] prepared a new type of high-chromium cast iron by
surface chromizing. The result shows that the surface hardness of HCCI increases from
64.53 £ 0.50 HRC to 66.58 &= 0.50 HRC. However, few researchers have conducted in-depth
research on the macro and micro diffusion laws and mechanisms of chromium on the
surface of low-carbon steel. Understanding the macro and micro diffusion laws and mecha-
nisms of chromium on the surface of low-carbon steel can help to control the diffusion rate,
optimize the microstructure, reduce the blindness of the preparation process and provide a
basis for subsequent material performance improvement. Therefore, this study intends to
study these laws and mechanisms.

Solid-state diffusion has an important relationship with the process of material per-
formance optimization, surface alloying, casting homogenization, cold deformation metal
recovery and recrystallization. However, it is difficult to explain the microscopic diffusion
mechanism through experimental methods. Simulation of the solid-state diffusion mecha-
nism by molecular dynamics (MD) can reduce the workload and have important guiding
significance for the actual process. Huirong Li et al. [9] analyzed the diffusion behavior
of Cu in Fe at different temperatures by MD simulation. The results show that when the
temperature is in the phase transition zone, the main restrictive link for the diffusion of
Cu in Fe is the phase transition process of Fe; additionally, when the temperature is higher,
the main restrictive link for the diffusion of Cu in Fe is the activity of the atom. Ole Martin
Lovvik et al. [10] calculated the diffusivity of Zn in Zn3 ¢Sbs, Zn3 §Sb3 and Zn3 4Sbs based
on density functional theory, and confirmed that the rapid diffusion of Zn can lead to Zn
precipitates and subsequently nanovoids. Hailong Yao et al. [11] investigated the collision
processes of solid-state nano-sized ceramic particles by MD simulation. The simulation
results demonstrate that the bonding formation of nano-sized TiO, particles can be at-
tributed to the atomic displacement and lattice distortion in the localized impact region
of particle boundaries. Zhaopeng Hao et al. [12] simulated the cutting process of a nickel-
based superalloy cut by silicon carbide with the MD method. The results show that the
main diffusion mechanism of Ni, Cr and Fe atoms in cutting tools is grain boundary (GB)
diffusion. Sabrina Sicolo et al. [13] calculated the diffusion coefficients and the activation
barrier for diffusion by creating a structural model that accurately accounts for the partial
occupancies and by performing molecular dynamics simulations. The results show that
LigPS,l is in fact a superionic conductor, with much higher conductivity than reported so
far.

In this study, chromium /low-carbon steel surface composites were prepared by aque-
ous solution co-deposition and high-temperature solid diffusion technology, and the macro
rule of chromium diffusion in low-carbon steel was studied. The diffusion process of
the Cr/Fe interface was simulated by LAMMPS molecular dynamics software, and the
macro diffusion law and micro diffusion mechanism under the condition of an infinite
one-dimensional diffusion model were analyzed. It provides theoretical and practical data
support for the preparation of chromium/low-carbon steel surface composites.

2. Experiment and Modeling

In this study, a Cr/low-carbon steel diffusion couple was prepared by electrodeposit-
ing a certain thickness of chromium on the cathode surface of low-carbon steel in an
aqueous solution. Then, the chromium /low-carbon steel surface composite was prepared
by high-temperature solid diffusion to cause chromium to diffuse to the interior of the
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low-carbon steel matrix. At the same time, the ideal semi-infinite Cr/Fe diffusion coupling
model was simulated by LAMMPS software in the same solid state as the experiment.

2.1. Experiment
2.1.1. Preparation of Cr/Low-Carbon Steel Diffusion Couple

The composition of electrodeposited experimental reagents in aqueous solutions is
shown in Table 1. CrCl; (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) is
used as a chromium source, and sodium citrate is used as a complexing agent [14]. KBr
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) is used to inhibit the production
of Cr®* and increase the brightness of the coating, NH4Cl is used to prevent the production
of chlorine, KCl (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) is used to
improve the dispersion ability and reduce power consumption [15], and boric acid is used
to stabilize the pH value of the electrolyte. Two groups of reagents were weighed. One
group was composed of chromium chloride and sodium citrate; the other group was
composed of ammonium chloride, potassium chloride, boric acid and potassium bromide.
These two groups of reagents were, respectively, added to two beakers, and dissolved fully
with 50 mL deionized water. After stirring evenly, the solution was kept still for 12 h, and
then mixed into a beaker. Finally, hydrochloric acid was added to adjust the pH value
to 2.5.

Table 1. Electrodeposition reagents of experiment in aqueous solution.

Chemicals CrCl3 C¢HsNaz;O7 KC1 H3BO3 KBr NH,4Cl1
purity /% >99.5 >99.0 >99.5 >99.5 >99.5 >99.5
concentration/g-L~! 90 40 15 30 10 20

The low-carbon steel was selected as ISO HR2 (0s195) steel (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), and its composition was w¢ = 0.20%, wyn = 0.24%,
wp = 0.03%, wg = 0.02%, wg; = 0.11% and wge = 99.40%. Low-carbon steel sheets were used
as the cathode, with dimensions of 20 mm x 20 mm X 3 mm. The low-carbon steel sheets
were polished with grain sizes from 320 to 2000 mesh, respectively, washed with 5% NaOH
solution by ultrasonic immersion to remove oil stains, washed with 5% dilute hydrochloric
acid for 5 s to remove the oxide film and finally washed with absolute ethanol. A graphite
plate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was used as the anode,
with dimensions of 50 mm x 100 mm x 5 mm. The anode plate was polished with a grain
size of 320 mesh, and washed with 5% dilute hydrochloric acid to remove the oxide.

A beaker with a rotor and electrolyte was placed into a constant-temperature water pot,
and the deposition experiment was carried out after the electrolyte reached the specified
temperature. The schematic diagram of the electrodeposition experiment is shown in
Figure 1, and the experimental parameters are shown in Table 2.

Electroplating power supply

+_

Constant Temperature

h__Water-bathing

—— Ancde
Electroplating bath

Cathode

Magnetic stirrer

Figure 1. Schematic diagram of electrodeposition experimental equipment in aqueous solution.
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Table 2. Parameters of electrodeposition process in aqueous solution.

Current Stirrin;

Bidirectional Pulse Current Density/mA-cm2 Temperature/K pH Value Time/min Speed/r-min-1
1000 ms,
iforward/ibackward =61, 150 303 2.5 20 20

torward / thackward = 3:1

2.1.2. High-Temperature Solid Diffusion

Three temperature points were selected in the body-centered cubic structure temper-
ature range (973 K, 1073 K and 1173 K) and face-centered cubic structure temperature
range (1273 K, 1323 K and 1373 K) for the 180 min high-temperature solid-state diffusion
experiments separately. The annealing experimental apparatus is shown in Figure 2 (Derun
(Shanghai) Electric Furnace Co., Ltd., Shanghai, China). The sample was placed at the cold
end of the tubular furnace inlet. Before diffusion annealing, the tubular furnace was filled
with argon and kept at 1 atmospheric pressure. Argon gas with a flow rate of 100 mL-min~!
was continuously introduced for atmosphere protection. When the furnace temperature
reached the preset temperature, the sample was pushed to the constant-temperature belt of
the furnace for insulation. After heat preservation, the sample was pushed to the cold end
of the tubular furnace outlet and removed after cooling.
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Figure 2. Diagram of diffusion annealing system. 1—High-purity Ar gas; 2—Argon purifier;
3—Flowmeter; 4—Control power supply; 5—Atmosphere tube furnace; 6—Water; 7—Vacuum pump.

2.1.3. Analysis and Detection

The metallographic structure of a section of the sample was analyzed with an Ax-
iovert 200 Mat Zeiss metallographic microscope (ZEISS, Jena, Germany). The surface,
cross-sectional morphology and element distribution of the sample were detected using a
Zeiss Ultrab5 field emission scanning electron microscope (ZEISS, Jena, Germany), and the
element compositions of the micro region were determined by its attached energy spectrom-
eter. The phase composition of the cathode surface was detected with a D/MAX2500PC
X-ray diffractometer (Rigaku, Tokyo, Japan). The content of chromium and nickel in the sur-
face composites of low-carbon steel along the diffusion layer was detected with a GDA750
glow discharge spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, Germany).

2.2. Modeling

The molecular dynamics simulation process was consistent with the experimental
conditions. Different lattice constants will affect the interface matching, and different
supercells need to be set to meet the interface lattice matching requirements of the two. It
was assumed that the simulation model was an ideal semi-infinite Cr/Fe diffusion coupling
model, and the high-temperature solid diffusion process was simulated at atmospheric
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pressure in the temperature range of body-centered cubic (<1185 K) and face-centered
cubic (1185~1667 K), respectively. In the low-temperature region, the lattice constants
of iron and chromium were 2.8664 A and 2.8846 A, respectively. The iron supercell was
(15 x 15 x 15) and the chromium supercell was (15 x 15 x 15), so that the matching degree
was consistent. The model assumed that the lower half was single-crystal iron, the upper
half was single-crystal chromium, and the contact surface was an ideal (100) plane. There
were 13,500 atoms in the final model, including 6750 chromium atoms and 6750 iron
atoms, as shown in Figure 3a. In the high-temperature region, the lattice constants of
iron and chromium were 3.591 A and 2.8846 A, respectively. The iron supercell was
(12 x 12 x 12) and the chromium supercell was (15 x 15 x 15), so that the matching degree
was consistent. The model assumed that the lower half was single-crystal iron, the upper
half was single-crystal chromium, and the contact surface was an ideal (100) plane. There
were 13,662 atoms in the final model, including 6750 chromium atoms and 6192 iron atoms,
as shown in Figure 3c.
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Figure 3. Fe-Cr interface and relaxation model (a,b) Fe is BCC lattice; (c,d) Fe is FCC lattice). (a,b) Body-
centered cubic lattice of iron; (c¢,d) face-centered cubic lattice of iron.

Gaussian random distribution was selected for the initial velocities of atoms in the
model, and periodic boundary conditions were selected in the x, y and z axis directions.
Five layers of atoms at the bottom of the iron and the top of the chromium were, respectively,
fixed to meet the requirement of a semi-infinite width interface. The motion of iron and
chromium atoms in the z axis direction was simulated. The simulation process selected
the nose temperature control method and NPT ensemble. The potential function was the
Fe-Cr-Ni improved EAM atomic potential function published by Zhou [16], which was
also suitable for the simulation of ferrite and austenite and was confirmed to be in good
agreement with the experimental data. The running time step was 2 femtoseconds (fs). The
simulation process firstly was relaxed for 10 picoseconds (ps) at room temperature to allow
the model to reach equilibrium, as shown in Figure 3b,d. Then, the relaxation model was
keptat 973 K, 1073 K, 1173 K, 1273 K, 1323 K and 1373 K for 130 ps, respectively.

3. Results and Discussion
3.1. Experimental Study on Solid Diffusion Kinetics of Cr/Low-Carbon Steel
3.1.1. High-Temperature Solid Diffusion Sample

Figure 4 shows the surface scanning electron microscope photograph, energy spectrum
and surface scanning results of the Cr/low-carbon steel diffusion couple obtained by
electrodeposition. The coating on the substrate surface is evenly distributed. This is because
a bidirectional pulse power supply is used in the electrodeposition process. The forward
electrification process promotes the reduction reaction and deposition on the cathode, while
the reverse electrification causes a small amount of dissolution of the cathode, reducing
the concentration polarization of the solution near the cathode surface, which renders the
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cathode surface smooth. It can be seen that the substrate surface has been completely
covered with a certain thickness of the chromium deposition layer dominated by the (110)
crystal plane.
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Figure 4. Surface detection results of chromium/low-carbon steel diffusion couple prepared by
aqueous solution electrodeposition (150 mA-cm~2, 20 min, 303 K, pH =2.5). (a) SEM image; (b) EDS
image; (c¢) XRD image.

Figure 5 shows the section metallography of the Cr/low-carbon steel diffusion couple
before and after 1073 K solid-state diffusion annealing for 180 min. It can be seen from
Figure 5a that a deposition layer of approximately 30 um thickness is attached to the surface
of the low-carbon steel substrate, and has good corrosion resistance. After high-temperature
solid-state diffusion annealing, the surface composite with a certain thickness of gradient
layer is prepared, as shown in Figure 5b. The cross-section of the sample is basically
divided into three parts: the outermost layer is the chromium layer with good corrosion
resistance, the middle is the gradient layer after diffusion, and the inner is the low-carbon
steel matrix. There are some small cracks in the sample deposit. This is because the process
of electrodeposition of chromium from the aqueous solution is accompanied by a large
degree of hydrogen evolution reaction [17], and the bubbles generated on the cathode
surface are not discharged in time, resulting in a relatively loose chromium deposition
layer. The loose structures are rearranged to form microcracks after high-temperature
solid diffusion. The gradient layer gradually corrodes from the outside to the inside,
indicating that chromium and low-carbon steel have mutual diffusion. The grain size
near the matrix of the low-carbon steel is much smaller than that of the matrix. This may
be because chromium carbide is formed by the rich carbon at the grain boundary and
chromium is diffused along the grain boundary, which limits the grain growth during
diffusion annealing.

3.1.2. Distribution of Elements after Solid Diffusion

The diffusion process of chromium atoms on the surface of low-carbon steel is non-
uniform. In this study, the composition of different depths in a certain area of the sample
surface was averaged by a glow discharge spectrometer to express the general rule of
chromium diffusion on the low-carbon steel surface. Figure 6 shows the glow discharge
spectrometry (GDOES) profiles of each element along the depth direction of the sample
after high-temperature solid-state diffusion. It can be seen that the content of chromium
decreases with the increase in depth, and the element content of Fe increases with the
increase in depth. In the same holding time, the thickness of the diffusion layer increases
with the increase in annealing temperature. This indicates that increasing the temperature
can improve the diffusion and migration ability of chromium atoms.
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(b)
Figure 5. Section metallography of chromium/low-carbon steel diffusion couple before and after
solid-state diffusion annealing (4% nitric alcohol solution,20~25 s). (a) Before solid diffusion annealing;

(b) after solid diffusion annealing.
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Figure 6. Distribution of elements in sample after diffusion at different temperatures.

3.1.3. Diffusion Law of Chromium on the Surface of Low-Carbon Steel

The diffusion process of the Cr/low-carbon steel diffusion couple conforms to
the full infinite one-dimensional diffusion model. Therefore, Fick’s second law [18]
and Den Broeder’s method [19] were used to calculate the diffusion coefficients of
chromium at different volume concentrations on the surface of low-carbon steel at the
same temperature. According to the element percentage content curve of chromium,
nine groups of percentage content and corresponding depths were obtained by taking
the highest point of chromium content as the zero point and taking points in the range
of 10%-90% in steps of 10%. The fitting equation C¢, = f(x) for chromium diffusion at
different temperatures was obtained by converting the percentage content of chromium
into the volume concentration and performing Boltzmann function fitting. According

to Dc; = ( 1 {(1 —vE) ff; (Cj; — Cp, )dx + y¢ fxtoo (Cp, — Cg)dx}, Matlab software

2t( 9B

ox )x*

was used to calculate the mathematical expressions of (dCg/0x) ., f f; (CCE —Cp, ) dx and
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J. ;00 (C B, — Cc ) dx of the fitting equation of chromium atom diffusion on the surface of

low-carbon steel at different temperatures. Finally, the diffusion coefficients of chromium
atoms at different volume concentrations were calculated. Figure 7 shows the variation in
the calculated diffusion coefficient of chromium atoms with the concentration at different
temperatures. It can be seen from that the diffusion coefficient of chromium atoms increases
with the increase in chromium content at the same temperature. Moreover, at the same
concentration, the diffusion coefficient of chromium atoms increases first and then decreases
in the range of 973-1173 K, and gradually increases in the range of 1173-1373 K.

25x107"
—a— 973 K
—e— 1073 K
L 20x1072k —4— 1173 K
S —v— 1273 K
= —+—1323K
Ig 15x 10" 1373K
g L
[}
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>
£
[a)
50x107"
0.0

Content / wt.%

Figure 7. Relationship between diffusion coefficient of Cr and section depth and concentration after
solid diffusion annealing at different temperatures.

The average diffusion coefficient of chromium is obtained by averaging the fitting
curve of the diffusion coefficient in the range of the measured volume concentration, as
shown in Table 3.

Table 3. Average diffusion coefficients of Cr after 180 min solid diffusion at different temperatures.

Average Diffusion

Temperature/K Fitting Curve D¢, = f(C) R Coefficient/m2-s—1
973 D=849 x 1077 x 2 -159 x 10715 x C+230 x 10~ 4 0.98471 213 x 10713
1073 D=271x10"16x (2 -144 x 107 ¥ x C+214 x 10713 0.94105 353 x 10713
1173 D=211x10"Y x C2+472 x 10716 x C —3.11 x 10°15 0.99432 1.73 x 10713
1273 D=220x10"16x (2 -762x10"15 x C+1.89 x 10713 0.96803 262 x 10713
1323 D=338x10716 x C?2 —1.75x107 4 x C+2.52 x 10713 0.93133 348 x 10713
1373 D=156 x 10716 x C2 — 7.19x10716 x C+1.26 x 10~ 4 0.95676 403 x 10713

3.1.4. Diffusion Law of Chromium Atoms on the Surface of Low-Carbon Steel

Atoms are affected by many factors in the diffusion process, including the temperature,
crystal defects, grain size, diffusion mode, crystal structure, solid solution type, concen-
tration and properties of diffusion components, third element, etc. In the macro scope,
concentration and temperature are the main influencing factors. At the same time, the
allotropic transformation also has a greater impact on atomic diffusion. Figure 8 shows
the fitting rule of the average diffusion coefficient of chromium atoms on the surface of
low-carbon steel calculated at different temperatures. It is mainly divided into three stages.
The first stage is the low-temperature region (<1000 K), and the average diffusion coefficient
of chromium atoms increases with the increase in temperature. In this stage, the lattice
structure of the low-carbon steel matrix is body-centered cubic, and it is relatively easy
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for chromium to diffuse on the low-carbon steel surface. The second stage is the crystal
structure transition region (1000-1173 K), and the average diffusion coefficient of chromium
atoms decreases with the increase in temperature. According to the iron-carbon phase
diagram, the low-carbon steel with a carbon content of 0.10 wt.% begins to transform from
ferrite to austenite at 1000 K, and it ends at approximately 1173 K. The appearance of
austenite increases the difficulty of diffusion of chromium atoms and reduces the average
diffusion coefficient. The third stage is the high-temperature region (>1173 K), and the aver-
age diffusion coefficient of chromium atoms also increases with the increase in temperature.
In this stage, the lattice structure of the low-carbon steel matrix is face-centered cubic, and it
is relatively difficult for chromium to diffuse on the low-carbon steel surface. However, the
increase in temperature will increase the thermal activation energy of chromium atoms and
increase the diffusion probability. Therefore, the average diffusion coefficient will gradually
increase with the increase in temperature in the same crystal structure range.

55x 107"
D=—3.07 X107 2T*+ 1.47 x 107 "*T°* — 2.63 x10™"°*T?+2.07 x 10~ "*T
5.0 x 1073 —6.11 x107"
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3~ . - - . w
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Figure 8. Average diffusion coefficient of Cr in low-carbon steel at different temperatures.

The general variation rule of the chromium diffusion coefficient and temperature
was obtained by data fitting. It can be used to calculate the change law of the chromium
diffusion coefficient and temperature without considering the change in crystal structure.
The Cr diffusion coefficients in ferroalloy calculated by K. Huang and B. Million et al. are
in the same order of magnitude as our calculation results, which confirms the accuracy of
our calculation results [20,21]. However, due to the different compositions of the materials
studied, there are certain differences in the numerical values. In addition, K. Huang only
calculated the diffusion coefficient in the bec crystal structure, and B. Million et al. only
calculated the diffusion coefficient in the fcc crystal structure. However, we have obtained
the diffusion law of Cr on the surface of low-carbon steel in the whole crystal transition
temperature range. This is more representative and applicable for the formulation of the
optimal preparation process of chromium/low-carbon steel surface composites.

Dey = —3.07 x 107274 +1.47 x 1071873 — 2,63 x 1071572 +2.07 x 10~ 12T
—6.11 x 10710 M

3.2. Molecular Dynamics Simulation of Cr/Fe Solid Diffusion

The experimental diffusion results of the chromium /low-carbon steel couple only
express the macro diffusion rule of chromium on the surface of low-carbon steel, and they
cannot explain the micro mechanism of chromium diffusion on the surface of low-carbon
steel and the specific factors affecting the chromium diffusion. It needs further analysis
and verification in combination with molecular dynamics simulation. Therefore, in the
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molecular dynamics simulation, we further studied the influence of lattice distortion and
crystal structure transformation on the diffusion, the radial distribution function and the
atomic diffusion path in the simulation process.

3.2.1. Basic Characteristics of Cr/Fe Solid Diffusion

Figure 9 shows the atomic model of iron-chromium solid diffusion after 130 ps heat
preservation at different temperatures. Table 4 shows the diffusion statistics of chromium
in iron at different temperatures. It can be seen that the number and depth of iron and
chromium atom diffusion are greatly affected by the temperature and crystal structure. In
the body-centered cubic structure temperature range, iron and chromium atoms have obvi-
ous interdiffusion, and the number and depth of interdiffusion atoms gradually increase
with the increase in temperature. In the face-centered cubic structure temperature range,
the interdiffusion is also obvious, but the system is more disordered.
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Figure 9. Atomic model of iron-chromium solid diffusion after 130 ps heat preservation at different
temperatures.

Table 4. Diffusion statistics of chromium in iron at different temperatures.

973 K 1073 K 1173 K 1273 K 1323 K 1373 K
Number of diffusion atomic layers 4 5 6 4 5 6
Number of diffusion atoms 41 113 202 138 215 337

3.2.2. Theoretical Diffusion Coefficient of Cr/Fe Solid Diffusion

The molecular dynamics of z axis data in the Fe/Cr system were screened layer by
layer, and the simulated relationship between the atom concentration and diffusion depth at
different temperatures is shown in Figure 10. It can be seen that interdiffusion occurs at the
interface of the diffusion couple, and the thickness of the diffusion layer gradually increases
with the increase in temperature in the «-Fe and y-Fe temperature range, respectively. This
indicates that more atoms participate in the diffusion process.

According to Einstein’s equation, the atomic diffusion coefficient can be calculated
by the atomic mean square displacement (MSD) in the diffusion process [22]. In the
interface diffusion simulation, the diffusion process of atoms in the direction perpendicular
to the interface was investigated, so the dimension was chosen to be 1. Therefore, the
diffusion coefficient of the atom is 1/2 of the slope of the MSD-t curve in the mean square
displacement diagram. Table 5 shows the fitted straight line and diffusion coefficient of the
mean square displacement graph at different temperatures.
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Figure 10. The relationship between iron, chromium concentration and depth at different tempera-
tures simulated by molecular dynamics.

Table 5. Mean square displacement and diffusion coefficient of chromium in iron at different temperatures.

Fitting Straight Line of Mean Square

Diffusion Coefficient

Temperature/K Displacement/y = f(x) R /m?.s-1
973 ¥ =2.62461 x 10~°x + 0.10792 0.98471 1.31 x 107V
1073 ¥ =6.69082 x 10~%x + 0.12054 0.98581 3.35 x 10716
1173 y = 0.00666x + 0.17534 0.99112 3.33 x 10715
1273 y=0.00217x + 0.13266 0.9587 1.09 x 10~1°
1323 y = 0.00285x + 0.14594 0.97363 1.43 x 1071°
1373 y = 0.00587x + 0.17041 0.98233 294 x 10715

Figure 11 shows the molecular dynamics simulation results of the mean square dis-

placement and diffusion coefficient of chromium atoms at different temperatures. It can be
seen that the simulation results coincide well with the experimental results. However, the
o- Fe and - Fe coexisting phase does not exist in simulation process, so it is impossible to

connect the two curves of the chromium diffusion coefficient.
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Figure 11. MSDs of chromium atom and the relationship between diffusion coefficient and tempera-
ture simulated by molecular dynamics. (a) MSD—Time; (b) Diffusion coefficient—Temperature.

On one hand, the diffusion coefficient of chromium increases with the increase in
temperature in the temperature range of the body-centered cubic lattice and face-centered
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cubic lattice. However, the diffusion coefficient decreases rapidly near 1173 K. This is due
to the transformation from a bec lattice to an fcc lattice in the iron matrix. The chromium
atoms need more energy to jump over the energy barrier and diffuse.

On the other hand, considering that the lattice constants of Cr, x-Fe, y-Fe are different,
it is inevitable that the established supercell model will have different matching degrees
and form an incoherent interface. The atoms need to be rearranged in the system so
as to minimize the energy. Figure 12 shows the model of a small system superlattice
after complete relaxation. It can be seen that the bond length of y-Fe-Cr varies from
2.139 to 2.889 A, which is much larger than the a-Fe-Cr bond length of 2.501 to 2.871 A.
This indicates that the lattice distortion of the y-Fe-Cr interface model system is larger.
The higher free energy of the system is favorable for chromium atoms to jump over the
potential barrier and form vacancies. This can promote the migration of chromium atoms
and improve the diffusion coefficient. Therefore, the diffusion of the chromium in iron is
the combined action of the temperature, crystal structure and lattice distortion, and the
diffusion coefficients of chromium in x-Fe and y-Fe have little difference.

. RO
AT AR i 4
o-Fe

(b)

Figure 12. Atomic model of iron and chromium in small supercell system after relaxation. (a) Cr and
«-Fe; (b) Cr and (3-Fe.

3.2.3. Diffusion Mechanism of Chromium Atom

Figure 13 shows the radial distribution function at the Fe/Cr diffusion couple interface
after 130 ps simulated diffusion. It can be seen that with the increase in temperature, the
radial distribution function of atoms in the diffusion layer appears obviously flattened and
broadened. The characteristics of short-range order and long-range disorder indicate that
the structure of the diffusion layer presents a chaotic state during the diffusion bonding
process, and the diffusion process of Fe and Cr shows the trend of amorphization in the
o-Fe and y-Fe regions. Since there is no concept of gaps and vacancies in the amorphous
phase, the atomic diffusion mechanism can only be studied from the boundary region of
the diffusion interface [23,24].

The simulation results of the Fe/Cr diffusion couples at 1073 K and 1273 K were
selected to study the mechanism of atomic diffusion. The entirety of the simulation results
have a total of three million steps, and the atomic coordinates are output every 5000 steps.
In total, 600 coordinate data can be obtained. In the simulation results, the chromium
atoms diffused into the iron were selected as the target for backtracking. The hopping
mode and hopping frequency were counted, and the diffusion mechanism in the diffusion
process was studied. Figure 14 shows the trajectories of chromium atoms determined after
backtracking in the 1073 K and 1273 K simulation systems, respectively. It can be seen that
the hopping range of chromium atoms is relatively wide, and the degree of hopping in
single-crystal iron is greater in the x-Fe temperature range (1073 K). This is mainly because
the density of the body-centered cubic lattice structure is low, and chromium atoms can
relatively easily jump. Meanwhile, most of the trajectories of chromium atoms are only in
single-crystal chromium in the y-Fe temperature range (1373 K).
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Figure 14. Diffusion path of chromium atoms in simulation process at different temperatures.

(a) 1073 K; (b) 1273 K.

Table 6 shows the transition modes and frequencies of chromium atoms at different
temperatures between 0 and 6 nanoseconds (ns). It can be seen that the vacancy diffusion
mechanism of chromium atoms in iron is mainly the first-neighbor transition in the x-Fe
and y-Fe temperature range. The probability of the first-neighbor transition occurring in
the y-Fe temperature range is higher. When chromium atoms diffuse in an ideal Fe/Cr
diffusion couple, there is no large energy fluctuation between the iron atoms in the sys-
tem. Chromium atoms can only diffuse across the smallest energy barrier by the vacancy
mechanism of the first-neighbor transition.
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Table 6. Transition mode and frequency of chromium atoms in 0~6 ns.
Temperature/K Transition Mechanism Frequency Percentage/%

First-neighbor transition 18 78.26

1073 Second-neighbor transition 4 12.39

Gap transition 1 435

First-neighbor transition 13 86.67

1373 Second-neighbor transition 2 13.33
Gap transition 0 0
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4. Conclusions

1.  The Cr/low-carbon steel diffusion couple was successfully prepared by the hydro-
electrodeposition method. The surface composite with a certain thickness of diffusion
gradient layer was formed after high-temperature solid-state diffusion. Chromium
atoms diffused along the grain boundaries of the low-carbon steel matrix and played
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of chromium. The diffusion rate of chromium in the body-centered cubic crystal
structure was significantly higher than that in the face-centered cubic crystal structure.
However, the diffusion coefficient of chromium increased gradually with the increase
in temperature in the same crystal structure system. The general law between the
average diffusion coefficient and the temperature of chromium atoms on the surface
of low-carbon steel is D¢, = —3.07 x 1072274 + 1.47 x 1071873 — 2.63 x 1071572 + 2.07
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3.  Under ideal conditions, the diffusion of chromium atoms on the surface of an iron
substrate simulated by molecular dynamics was consistent with the experimental
results. Due to the combined effect of the temperature, crystal structure transformation
and lattice distortion, the diffusion coefficient of chromium in the «-Fe and y-Fe
temperature range was not significantly different. The vacancy diffusion mechanism
of the first-nearest-neighbor transition was the main diffusion mechanism.
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