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Abstract: The use of low-carbon unalloyed steel with minimal silicon content is widespread in struc-
tural steel and automotive applications due to its ease of manipulation. The mechanical properties of
this steel can be significantly enhanced through severe plastic deformation (SPD) techniques. Our
study focuses on the practical benefits of the dual rolling equal channel extrusion (DRECE) method,
which strengthens the steel and has implications for material hardness and the thickness of subse-
quently applied hot-dip zinc galvanizing. Furthermore, the steel’s corrosion potential and current are
investigated as a function of material hardness and thickness. The findings show a 20% increase in
hardness HV 30 after the first run through the forming machine, with an additional 10% increase after
the second run. Subsequent galvanizing leads to a further 1–12% increase in HV 30 value. Notably,
the DRECE hardening demonstrates no statistically significant effect on the corrosion potential and
current; however, the impact of galvanizing is as anticipated.

Keywords: severe plastic deformation; DRECE method; hot dip galvanizing; Zn coating; GDOES;
optical microscopy; corrosion; Tafel plot

1. Introduction

DC03 steel is a traditional steel that is appreciated for its ductility characteristics. With
its low carbon content, it offers increased elasticity and is easier to shape, bend, weld, and
cut. This makes it an ideal option for creating structural components and intricate forms.
DC03 steel is commonly utilized in the production of metal furniture, automotive body
parts, a variety of industrial components, and electronic equipment.

The DRECE (dual rolling equal channel extrusion) method is part of the SPD (severe
plastic deformation) process utilized to enhance the mechanical properties of metals and
produce ultrafine-grained (UFG) materials. Through the SPD process, grain sizes of 20 to
200 nm can be achieved [1]. The resulting grain size can be influenced by adjusting the
forming parameters (for example, by increasing the deformation pressure or reducing the
material temperature during forming) [2]. Additionally, the chemical composition of the
material formed significantly influences the resulting grain size [3].

The DRECE forming process involves intensive plastic deformation of the material.
The prototype device, located at the Department of Mechanical Technology, Faculty of
Mechanical Engineering, VŠB-Technical University of Ostrava, is based on the DCAP
method [4–6] (see Figure 1). Figure 1b shows the deformation zone rotated by 180◦ in the
“z” axis (vertical direction) compared to Figure 1a. In 2024, a patent was granted for a new
design of a shaping device intended for industrial use.
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angles Φ = 113°. The angle at which the forming tool is set in the deformation zone is the 
most critical factor in determining the efficiency of the forming process, as it enables high 
deformation intensity and the reshaping of the material [6]. 

Additional important considerations include the radii R1 and R2 (Figure 1b). Their 
values are influenced by the characteristics of the strip material. The objective is to achieve 
shear deformation for grain refinement while ensuring that stress concentrations do not 
exceed the material’s tolerance. In terms of stress distribution, the magnitude of the shear 
stress must surpass the magnitude of the bending stress during the application of the 
DRECE method. 

In reference [9], the authors describe the effect of increasing the feed rate of the steel 
strip from 10 mm/s to 100 mm/s, which significantly increased the efficiency of the form-
ing process. Structural analysis on TEM demonstrated a reduction in the mean grain size 
of the steel strip. 

In [10], the authors describe the modernization of the pressing equipment. The de-
formation zone angle was reduced from 113° to 108°. The mechanical properties after the 
first pass through the welding machine were increased by 60% for the yield strength Re 
and by 40% for the ultimate strength Rm. Similar values were also achieved for steel strip 
DC01 [9]. 

Hot-dip zinc galvanizing is widely recognized as a highly effective method for safe-
guarding steel against corrosion [11,12]. This technique facilitates the creation of premium 
coatings, thereby offering long-term corrosion protection [13] at a reasonable operating 
cost [14,15]. These coatings serve as a barrier on the steel surface, providing protection 
against corrosion. Steel corrosion refers to the degradation of metal caused by electro-
chemical or chemical reactions in a corrosive environment [16]. 

The process of hot-dip galvanizing steel involves creating an alloy coating of hot-dip 
zinc on the steel surface. This process involves a series of metallurgical reactions, 

Figure 1. Schematics of the DRECE forming method (adapted from [7]): (a) schematics of the
equipment and extrusion principle; and (b) schematics of the deformation zone.

The main parts of the device are two pressure cylinders, which allow the regula-
tion of the pressure force, and one feed (drive) cylinder. The cylinders are driven by
an electric motor with a NORD gearbox via a vane clutch. The belt feed speed range is
v = 1–12 mm/s, and the pressure of the rollers can be adjusted in the following range: front
roller: p1 = 15–20 MPa, rear roller: p2 = 5–10 MPa, and the motor power input is 0.236 kW.

A piece of sheet metal is fed into the processing area and is pushed through the
forming tool by the feed roller, working in tandem with the pressure rollers, without
altering the cross-section. The structure can be significantly refined by subjecting the
material to multiple plastic deformations in this manner [8]. In reference [7], the authors
analyze the impact of severe plastic deformation (SPD) on the quality of DC03 steel at
forming tool angles Φ = 113◦. The angle at which the forming tool is set in the deformation
zone is the most critical factor in determining the efficiency of the forming process, as it
enables high deformation intensity and the reshaping of the material [6].

Additional important considerations include the radii R1 and R2 (Figure 1b). Their
values are influenced by the characteristics of the strip material. The objective is to achieve
shear deformation for grain refinement while ensuring that stress concentrations do not
exceed the material’s tolerance. In terms of stress distribution, the magnitude of the shear
stress must surpass the magnitude of the bending stress during the application of the
DRECE method.

In reference [9], the authors describe the effect of increasing the feed rate of the steel
strip from 10 mm/s to 100 mm/s, which significantly increased the efficiency of the forming
process. Structural analysis on TEM demonstrated a reduction in the mean grain size of the
steel strip.

In [10], the authors describe the modernization of the pressing equipment. The
deformation zone angle was reduced from 113◦ to 108◦. The mechanical properties after
the first pass through the welding machine were increased by 60% for the yield strength Re
and by 40% for the ultimate strength Rm. Similar values were also achieved for steel strip
DC01 [9].

Hot-dip zinc galvanizing is widely recognized as a highly effective method for safe-
guarding steel against corrosion [11,12]. This technique facilitates the creation of premium
coatings, thereby offering long-term corrosion protection [13] at a reasonable operating
cost [14,15]. These coatings serve as a barrier on the steel surface, providing protection
against corrosion. Steel corrosion refers to the degradation of metal caused by electrochem-
ical or chemical reactions in a corrosive environment [16].

The process of hot-dip galvanizing steel involves creating an alloy coating of hot-dip
zinc on the steel surface. This process involves a series of metallurgical reactions, diffusion,
and thermodynamic changes. Standardization for the hot-dip galvanizing of steel parts
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can be found in EN ISO 1461 [17] and EN ISO 14713-2 [18]. The quality of the galvanized
surface is primarily influenced by the chemical composition. The low silicon content
plays a crucial role [19,20], as illustrated by the Sandelin diagram (refer to Figure 2). With
regard to the impact of the silicon content on the hot-dip galvanizing process, steels can
be categorized based on their silicon content levels as follows [21]: steels with low silicon
content (<0.03 wt.% Si); steels falling within the so-called “Sandelin region” with a silicon
content in the range of 0.03–0.12 wt.%; steels in the “Sebisty region” with silicon content
around (~0.15–0.25 wt.%); and steels with a high silicon content (>0.28 wt.%). Steels with a
high silicon content are not recommended for use in the hot-dip galvanizing process due
to the resulting thick and brittle coatings, low mechanical resistance, and susceptibility to
delamination.
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Figure 2. Sandelin diagram.

Depending on the chemical composition of the steel, the temperature of the galvaniz-
ing bath, the composition of the bath, the dwell time in the bath, the surface quality and
wall thickness of the galvanized material, and the method and rate of cooling, a coating
composed of different Fe-Zn intermetallic compounds is formed [22]. These compounds
form layers with different grain compositions, morphologies, thicknesses, and mechan-
ical properties [23]. The uppermost layer contains nearly pure zinc, referred to as the
η-phase [24]. Beneath this are the monoclinic ζ-phase crystals [25–27], followed by a consis-
tent layer of closely arranged hexagonal δ-phase crystals [27–30]. The bottommost is a thin
layer of Γ-phase [31–33].

In the literature [9,10], there is a description of the impact of DRECE forming on the
enhancement of steel hardness. However, there is a lack of information regarding the hot-
dip galvanizing surface treatment of such a hardened material. This study seeks to address
this gap by examining the properties of hardened steel subjected to hot-dip galvanizing.

2. Materials and Methods

For this research, DC03, a low-carbon, low-silicon steel, was selected after applying the
DRECE method. The standard for identifying DC03 steel is 1.0347. The low silicon content
is crucial for enabling hot-dip galvanizing. The chemical composition of this steel, deter-
mined by the BULK GDOES method using a Spectruma Analytik GMBH (Hof, Germany)
glow discharge optical emission spectrometer (GDOES) under 700 V and 35 mA excitation
conditions [34,35], is presented in Table 1. The elements marked with an asterisk are deter-
mined through elemental analysis using an Eltra (Haan, Germany) CS 2000 combustion
analyzer [36,37].
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Table 1. Chemical composition of DC03 steel.

C* Mn Si P S* Cr Ni Mo Cu

wt%
0.0406 0.170 0.007 0.013 0.0140 0.028 0.037 0.002 0.061

Ti Co B Pb V W Al Nb

wt%
<0.001 0.006 0.0004 <0.001 0.001 <0.001 0.034 <0.001

The specimens, which consist of strips of sheet metal measuring 58 mm in width, 2 mm
in thickness, and 2000 mm in length, undergo extrusion using the DRECE experimental
apparatus (refer to Figure 3). The process parameters are configured at the lower limits of
the ranges as mentioned above.
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Figure 3. Shaping device. Test progress (photo by author).

The specimens, each approximately 1 m in length, were then subjected to a standard
galvanizing process at a hot-dip galvanizing plant. This involves a series of steps, including
degreasing, rinsing, pickling with dilute hydrochloric acid, rinsing, immersion in flux,
drying, and, finally, immersion in molten zinc, as shown in Figure 4.

Table 2 lists the samples with DRECE and surface treatment. In addition, Figure 5
displays a photograph of the surfaces of all the samples. It is worth noting that the
samples without the surface treatment exhibit grooves left by the forming tool, which could
potentially impact the mechanical properties of the material being evaluated. Conversely,
the galvanizing process results in the formation of a uniform, compact, smooth layer.
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Table 2. Description of samples with DRECE and surface treatment.

Without Surface Treatment Hot-Dip Galvanized

0 DC03 Z0 DC03
1 DC03, 1× DRECE Z1 DC03, 1× DRECE
2 DC03, 2× DRECE Z2 DC03, 2× DRECE

2R DC03, 2× DRECE
with rotation Z2R DC03, 2× DRECE

with rotation

In the provided description, it can be seen that the microscopic steel images (Figure 6)
of samples 0 and 2, denoted as samples in their original state (marked 0) and after two
passes through the shaping device (marked 2), with and without the surface treatment
(marked Z0 and Z2), correspond to specific structural characteristics. The samples were
analyzed in longitudinal and transverse sections, embedded in resin, ground, and polished.
The etching was conducted with a Nital 4% reagent. Microstructure observation and zinc
layer thickness measurements (see Section 3.1) were performed with an Olympus (Tokyo,
Japan) IX70 optical microscope at 200× magnification. The results were analyzed using
Image Pro Micro G software (ver. 10).

Upon examination, it was determined that the microstructure of the initial state sample
(sample 0) was ferritic, featuring an average grain size of 30 µm, corresponding to a grain
size number G = 7 according to standard ISO 643:2021-04 [38]. At this stage, the grains
exhibit distinct boundaries. Following zinc galvanizing, the disappearance of certain
grain boundaries was noted (sample Z0). A similar microstructure was also observed in
sample 2 subsequent to the double passage by the DRECE method. Furthermore, after the
zinc galvanizing of the reshaped part, the etchability of the grain boundaries was once
again reduced (sample Z2). Notably, the etchability of the microstructure appeared to
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deteriorate due to the increased dislocation density and the corrosion protection effect of
the zinc coating.
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Hardness measurements were performed using the Vickers hardness test according to
standard ISO 6507-1:2023 [39]. The measurements were carried out using an EMCO-Test
(Kuchl, Austria) DuraScan G5 micro-hardness tester.

The polarization analysis of the steel samples was conducted using the Tafel extrapola-
tion method with a Metrohm Autolab (Utrecht, The Netherlands) PGSTAT302 potentiostat
in the standard three-electrode configuration. In this setup, the steel sample functions as
the working electrode, an argent chloride (Ag/AgCl) electrode acquired from 2THETA
(CR) serves as the reference electrode, and a platinum wire serves as the counter electrode.
All experiments were conducted at ambient temperature (25 ◦C) in 0.1 M HCl, 0.1 M
H2SO4, and 5% NaCl electrolytes, with chemicals procured from MACH CHEMICALS Ltd.
(Ostrava, Czechia); the solutions were diluted using deionized water. The steel samples
were immersed in the electrolyte to a depth of 1 cm, and precise adjustment of the im-
mersion was achieved using a micrometer screw. The solutions were purged by nitrogen
gas (Messer, Ostrava, Czechia) for 30 min prior to each electrochemical test. The potential
was measured at a rate of 2 mV·s−1 over a potential range of −1.5 V to 1.0 V. At low
polarization rates, the measured currents and voltages convey information about the cor-
rosion process occurring at the interface of the material and electrolyte. In contrast, at
high polarization rates, the measured current not only reflects the current value during
the corrosion process, but also encompasses the charge of the surface capacitor. Therefore,
if the scan rate is not sufficiently low, the current density will exceed that which arises
from the corrosion reactions [40]. Although a potential scan rate of 2 mV·s−1 was applied,
no distortions into the potentiodynamic polarization curves were observed, as has been
previously reported [41,42]. No distortions to determine the corrosion current density
were observed.
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3. Results and Discussion
3.1. Thickness of the Zinc Layer

The accompanying images display the zinc coating on the base material without
DRECE hardening. In Figure 7a, the macroscopic view of the zinc coating on the steel
specimen is presented in both the longitudinal (L) and transverse (T) directions. The images
depict an impressively even distribution of the zinc coating. Subsequently, Figure 7b illus-
trates measurements of the zinc coating thickness on samples prepared in both directions.
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Optical microscopy.

A suitable alternative to optical microscopy for determining the thickness of zinc
coatings on planar samples with smooth surfaces is the profile GDOES (Glow Discharge
Optical Emission Spectroscopy) analysis. The analysis was performed under the following
excitation conditions: 1000 V and 15 mA [43] directly from the surface of the Z0 sample
(galvanized sample without DRECE hardening (Figure 8)), 20 mm from the edge of the
sample, without sample preparation (cutting, resin potting, polishing, etching). Due
to surface heterogeneities, performing GDOES analysis of the galvanized specimens is
impossible after DRECE forming.



Metals 2024, 14, 993 9 of 16

Metals 2024, 14, x FOR PEER REVIEW 9 of 17 
 

 

 L T 

(a) 

  

(b) 

  
Figure 7. Zn coating on sample Z0 (a); and measurement of Zn coating thickness on sample Z0 (b). 
Optical microscopy. 

 
Figure 8. Zn coating thickness measurement on sample Z0, profile GDOES analysis. Figure 8. Zn coating thickness measurement on sample Z0, profile GDOES analysis.

The profile curves of zinc and other elements agreed with the results of optical mi-
croscopy, revealing a zinc coating thickness of around 80 µm. The measured concentrations
also matched those obtained from BULK GDOES analysis (Table 1). It is worth noting that
the values extracted from the record must be divided by the number indicated in brackets
in the legend of the profile record. The concentrations of certain elements are so low that if
the y-axis scale remained unchanged, they would be undetectable and indistinguishable
from one another.

Figure 9 displays the Zn coating on the steel after DRECE hardening. Additionally,
Table 3 illustrates the average layer thicknesses. According to the findings, DRECE harden-
ing results in a minor reduction in the thickness of the subsequent hot-dipped Zn coating.
Nevertheless, this reduction is not considered statistically significant.

Table 3. Average thicknesses of Zn coatings/µm.

Sample Label Thickness of Zn Coating/µm
L T

Z0 80.9 ± 3.1 84.3 ± 3.5
Z1 78.9 ± 3.9 83.6 ± 5.2
Z2 72.5 ± 3.8 71.2 ± 5.3

Z2R 70.7 ± 3.5 75.4 ± 3.8

The coating microstructure corresponds to the requirements for the quality of the
hot-dip galvanizing surface treatment. All intermetallic phases, i.e., η, ζ, δ and Γ phases,
were identified in the microstructure of the zinc coating. Figure 9b shows the delamination
of the zinc coating.
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Figure 9. Measurement of Zn coating thickness on sample Z1 (a); Z2 (b); and Z2R (c). Optical
microscopy, magnification 200×.

3.2. HV 5 Hardness

The HV 5 hardness of all examined samples was assessed to evaluate the SPD’s
efficiency. Hardness measurements were made on metallographic sections at the center of
the plate thickness. As depicted in Figure 10, the chart illustrates an 18% increase in the
base material’s hardness after a single pass through the forming machine, followed by an
additional 12% increase after a second pass. Subsequent galvanization resulted in a further
augmentation of HV 5 by 1–10%.
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3.3. Electrochemical Testing

For the electrochemical testing of corrosion behavior, the Tafel extrapolation method
is a suitable technique and provides significant time savings compared to the classical
immersion method based on mass loss determination. This technique allows for the
extrapolation of information relating to corrosion current density (icorr), corrosion potential
(Ecorr), anodic (βa) and the cathodic (βc) polarization curve slope and corrosion rate. The
measurements are conducted using the linear sweep voltammetry technique, recording
current density at varying applied potentials. Subsequently, the recorded data are converted
to a logarithm of the current density versus voltage, facilitating the extrapolation process.

In the provided study, Figures 11–13 exhibit the Tafel plots illustrating the behavior of
the prepared steel samples in various electrolytes, specifically, 0.1 M HCl, 0.1 M H2SO4,
and 5% NaCl. In addition, Figure 14 shows repeated measurements of sample 0 in 0.1 M
HCl, including Tafel extrapolation. The corrosion potential values for the untreated and
DRECE-treated steel samples are relatively consistent, averaging around −0.40 V and
−0.41 V when exposed to the corrosive influence of hydrochloric acid and sulfuric acid,
respectively. However, a noteworthy shift to −1.07 V was noted for the samples exposed to
5% NaCl. Furthermore, samples subjected to hot-dip galvanizing displayed a noticeable
leftward shift in the corrosion potentials compared to the ungalvanized samples, indicating
the formation of a protective zinc coating.
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Additionally, significant variations in the corrosion current and corrosion rate are
observed based on the treatment method and the specific electrolytic medium used. Notably,
galvanized steels exhibit markedly lower values for these parameters, underscoring the
enhanced corrosion resistance associated with this treatment method.

The data presented in Table 4 illustrate the Tafel extrapolation results for the steel
samples tested in three different media. The findings indicate a significant enhancement
of corrosion resistance for the hot-dip galvanized steels, as evidenced by the computed
corrosion rates. It is noteworthy that the slopes of the anodic polarization curves (βa) are
generally steeper than those of the cathodic polarization curves (βc), suggesting that the
electrochemical polarization of the samples is predominantly governed by anodic processes,
with the anodic reaction being more dominant than the cathodic reaction. However, it is
important to note that exceptions were observed for samples tested in 5% NaCl. In addition,
the polarization resistance values were significantly higher in the samples that underwent
hot-dip galvanizing, attributed to the development of a protective layer on the surface.
However, it is worth noting that exceptions were observed for samples tested in 5% NaCl.
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Table 4. Parameters of Tafel extrapolation for tested samples in different electrolytes.

0 1 2 2R Z0 Z1 Z2 Z2R

0.1 M HCl

Ecorr (V) −0.404 ±
0.0471

−0.394 ±
0.0305

−0.404 ±
0.0316

−0.404 ±
0.0522

−0.641 ±
0.0312

−0.663 ±
0.0311

−0.649 ±
0.0304

−0.642 ±
0.0369

icorr (mA·cm−2)
0.369 ±
0.0300

0.350 ±
0.0315

0.422 ±
0.0311

0.447 ±
0.0314

0.127 ±
0.0374

0.125 ±
0.0309

0.122 ±
0.0301

0.128 ±
0.0319

βa (V·decade−1) 0.315 0.333 0.326 0.315 0.291 0.310 0.277 0.259
βc (V·decade−1) −0.192 −0.197 −0.196 −0.190 −0.225 −0.248 −0.219 −0.215

Corrosion rate (mm·year−1) 4.376 4.143 4.999 5.300 1.504 1.478 1.449 1.515
Polarization resistance (Ω) 2318 2348 1972 1922 6638 6240 7154 7153

0.1 M H2SO4

Ecorr (V) −0.409 ±
0.0570

−0.405 ±
0.0500

−0.411 ±
0.0420

−0.409 ±
0.0549

−0.610 ±
0.0403

−0.614 ±
0.0523

−0.675 ±
0.0439

−0.672 ±
0.0452

icorr (mA·cm−2)
0.403 ±
0.0451

0.374 ±
0.0410

0.394 ±
0.0437

0.441 ±
0.0400

0.117 ±
0.0461

0.121 ±
0.0427

0.132 ±
0.0517

0.130 ±
0.0423

βa (V·decade−1) 0.316 0.303 0.321 0.308 0.368 0.384 0.296 0.302
βc (V·decade−1) −0.199 −0.188 −0.193 −0.187 −0.323 −0.317 −0.248 −0.244

Corrosion rate (mm·year−1) 4.774 4.437 4.673 5.225 1.384 1.428 1.559 1.539
Polarization resistance (Ω) 2093 2360 2141 1991 5378 5141 6063 6132

5% NaCl

Ecorr (V) −1.052 ±
0.0327

−1.049 ±
0.0310

−1.070 ±
0.0596

−1.062 ±
0.0321

−1.304 ±
0.0524

−1.364 ±
0.0375

−1.366 ±
0.0300

−1.364 ±
0.0356

icorr (mA·cm−2)
0.018 ±
0.0331

0.017 ±
0.0302

0.019 ±
0.0422

0.011 ±
0.0343

0.004 ±
0.0380

0.004 ±
0.0302

0.004 ±
0.0304

0.004 ±
0.0409

βa (V·decade−1) 3.764 3.674 4.119 4.363 7.535 31.218 14.500 11.622
βc (V·decade−1) −4.237 −4.862 −4.894 −5.549 −8.728 −6.952 −24.901 −22.506

Corrosion rate (mm·year−1) 0.211 0.201 0.230 0.125 0.048 0.049 0.046 0.049
Polarization resistance (Ω) 3044 3004 2488 4170 6602 2737 2850 3085

4. Conclusions

This research delves into the impact of DRECE treatment on the subsequent formation
of zinc coating through hot-dip galvanizing. The primary focus was to evaluate the
influence of the introduced changes on the resulting corrosion resistance, which was
analyzed electrochemically using the Tafel extrapolation method. The findings can be
summarized as follows:

• The DRECE method showcases its potential to enhance the hardness of the non-alloy
structural steel under examination;
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• It is established that applying the DRECE method does not diminish the thickness of
the zinc coating of the steel specimens;

• Tafel extrapolation confirmed that the DRECE method has no effect on the corrosion
resistance of the tested steel specimens;

• According to Tafel extrapolation, the impact of the DRECE method on corrosion
resistance is negligible. Conversely, the hot-dip galvanizing of steel significantly
enhances its corrosion resistance, which was demonstrated by a 3–4 fold reduction in
the corrosion rate and a drop in the corrosion potential value;

• The influence of the electrolyte used is minimal in the case of the 0.1 M HCl and
H2SO4 solution. However, when a 5% NaCl solution is employed, the corrosion rate
experienced a significant decrease.

The DRECE method is a valuable tool that refines steel by increasing its yield strength
and tensile strength in addition to its hardness while reducing its elongation. To the best of
our knowledge, the coupling of the DRECE method with hot-dip galvanizing has not yet
been published. This combination not only introduces the aforementioned properties but
also improves the corrosion resistance of the treated steel. The potential applications of this
method are vast, from the construction to the automotive industries, thereby significantly
expanding its potential impact.
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