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Abstract: In the process of heat treatment of 8620 low alloy steel, the heating rate is a critical
parameter that must be carefully controlled to achieve the desired combination of microstructural
features, mechanical properties, and corrosion resistance while simultaneously ensuring process
efficiency and cost-effectiveness. This study investigates, for the first time, the microstructural
evolution and electrochemical properties of 8620 steel under identical quenching and tempering
heat treatment routes with slow-rate (SR) and fast-rate (FR) heating rates. Microstructural analysis
revealed martensitic phases for SR, while FR exhibited a dual-phase microstructure containing ferrite.
Upon tempering, for both samples, the martensite transformed into tempered martensite, with
tempered (Temp) FR exhibiting around 50% smaller ferrite grains. Mechanical testing indicated that
SR had 17% higher hardness than FR, although hardness decreased after tempering by 22% (SR) and
17% (FR). All electrochemical tests indicated that the as-quenched SR exhibited significantly superior
corrosion resistance than FR. For instance, the polarization resistance of SR was 440 Ω higher than
that of the FR samples. Tempering resulted in a considerable decrease in corrosion resistance for
Temp SR, whereas Temp FR improved. Electrochemical characterization revealed Temp FR displayed
close-to-ideal capacitive behavior and low double-layer capacitance, indicating enhanced overall
corrosion resistance.
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1. Introduction

Attempts to improve the performance and durability of industrial materials have led
to extensive studies into the intricate relationship between microstructural development
and corrosion resistance [1,2]. As a result of heat treatment, steels have significantly altered
microstructures, affecting their morphology and mechanical properties, such as hardness,
strength, toughness, and ductility [3]. Aside from its versatility and cost-effectiveness,
8620 steel is a top choice for many industries, including automotive, aerospace, machinery,
and manufacturing. A number of applications require gears, shafts, axles, and crankshafts
to be made out of this steel, making it an essential component [4]. Through heat treatments,
its mechanical qualities can be adjusted to suit application needs [5].

In terms of strength, toughness, and corrosion resistance, 8620 steel has a well-rounded
set of properties. A low-carbon and nickel-chromium alloy provides strength and tough-
ness, as well as resistance to corrosion. Machining 8620 steel is also highly efficient, enabling
the production of intricate parts with tight tolerances [6]. Compared to high-alloyed steel,
8620 steel is a more cost-effective alternative, providing a cost-effective solution for applica-
tions requiring a balance between cost and performance [7]. Its unique properties enable
manufacturers to customize its mechanical properties through processes such as quenching
and tempering [8]. A heat treatment process includes three main steps, namely heating,
soaking, and cooling. The material is first heated to a desired temperature, held at this
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temperature to ensure uniform heat distribution, and then cooled to room temperature
or a specified temperature. By controlling the heating rate, manufacturers can tailor the
microstructure to achieve the desired combination of mechanical properties, ensuring that
the steel meets the specific requirements of the intended application [9]. The heating rate
affects the microstructure of the steel, which influences its mechanical properties as well as
the resistance to corrosion [10,11]. Optimizing the heating rate allows manufacturers to
create a microstructure that enhances the corrosion resistance of steel, thereby extending
its durability and lifespan [11–13], and can reduce costs [14], i.e., reduction in material,
processing, and maintenance costs. Further, improvements in corrosion resistance are in
line with sustainability initiatives in a variety of industries.

Among the many ways in which the mechanical properties of 8620 steel can be im-
proved are through quenching and tempering [15]. In this process, high temperatures are
rapidly cooled to create a hardened microstructure that is highly wear-resistant and hard.
Tempering is then applied to enhance toughness and ductility while maintaining adequate
hardness [16]. When low-alloyed steels are tempered after quenching, they exhibit signifi-
cant improvements in both their microstructure and corrosion resistance [17]. Tempering
transforms martensite (a hard, brittle phase formed during quenching) into a mixture of
ferrite, tempered martensite, and possibly other microstructural constituents based on the
tempering temperature [18]. By undergoing this transformation, its hardness and strength
are reduced while its toughness and ductility are enhanced, making it more suitable for cer-
tain applications. The tempering process can also improve corrosion resistance by relieving
residual stresses and promoting the formation of a more stable passive oxide layer on the
surface, which acts as a barrier to corrosion [16]. It is important to remember, however, that
the specific effect of tempering on microstructure and corrosion resistance depends on a
few factors, such as tempering temperature, tempering time, and alloy composition, which
requires careful monitoring and optimization of the tempering process in order to achieve
desired material properties [19,20]. Accordingly, it was found in another study that when
tempering is done within the temperature range of 200 ◦C to 700 ◦C, 8620 steel results in
reduced hardness and the best corrosion resistance at around 500 ◦C [17].

NaCl is a highly corrosive agent commonly found in marine and chemical processing
facilities, as well as oil and gas production facilities [21]. It is essential to understand how
8620 steel performs under these conditions because metal components exposed to saltwater
may experience rapid corrosion. In NaCl solutions, chloride ions promote the formation
of aggressive corrosion products, such as iron chloride compounds, which accelerate
corrosion [22]. It is possible for this to cause localized corrosion phenomena, such as
pitting and crevice corrosion, which can severely compromise the structural integrity of
metallic components.

As a result of optimizing the heating rate during heat treatment, energy can be saved,
and production costs can also be reduced. In order to improve the overall efficiency of the
production process, manufacturers can carefully control the heating parameters in order to
minimize the time and energy required to heat the steel to the desired temperature [19].
The result is not only a reduction in energy consumption but also savings in operating
costs and increased competitiveness in the manufacturing process [23]. Controlling this
process not only reduces the release of significant amounts of heat during fossil fuel
burning but also has positive environmental implications, such as diminishing emissions
and minimizing the overall environmental impact of steel production. Energy-efficient
processes are also responsible for reducing greenhouse gas emissions and contributing
to sustainable manufacturing practices, which are in line with global efforts to mitigate
climate change and preserve natural resources [24].

This study introduces a novel investigation into the microstructural evolution and
corrosion resistance of 8620 low-carbon alloy steel subjected to two distinct heating rates
during the heat treatment process. While previous research has extensively examined the
effects of heat treatment on steel microstructures, the specific influence of varying heating
rates on the microstructure and corrosion resistance of 8620 steel has not been properly



Corros. Mater. Degrad. 2024, 5 372

explored. This study uniquely addresses this gap by comparing the microstructures and
electrochemical behaviors of cold-rolled wrought 8620 steel under slow and fast heating
rates. The findings provide valuable insights into how the heating rate can be optimized to
enhance the material’s performance, making this research a noteworthy contribution to the
field of metallurgical engineering and materials science.

2. Materials and Methods
2.1. Sample Preparation

This study examined a cold-rolled, wrought 8620 low-carbon alloy steel acquired from
Alro Steel company in Clare, Michigan, MI, USA; whose composition is described in detail
in Table 1. To prepare specimens, a rod of 8620 steel was turned into a coin-shaped sample
clone with a thickness of about 5 mm and a diameter of 25 mm using a lathe machine.

Table 1. Compositions of 8620 low alloy steel elements used in this study (wt%).

Element Cr Ni Mn Mo Si C S P Fe

Wrought 8620 0.4 0.4 0.7 0.15 0.15 0.18 0.04 0.035 Bal.

2.2. Heat Treatment

The samples were heated up to an annealing temperature of 850 ◦C ± 8 ◦C under two
different heating rates in THERMOLYNE 2000 furnace model FC2025P (Thermo Fisher
Scientific Inc., Pittsburgh, PA, USA). The first heating rate was carried out according to the
standard warming-up rate of the furnace; that is, the specimens were placed in the furnace,
and then the furnace was turned on. Approximately 35 min were required to reach 850 ◦C;
the heating rate was approximately 0.4 ◦C/s (0.3928 ◦C/s), which is called the slow rate
(SR) heating rate. Subsequently, after achieving 850 ◦C, a second sample was added to
the furnace, resulting in a faster heating of the sample, also known as fast rate (FR). As
a result of opening and closing the furnace’s closure in order to add another sample, the
temperature in the chamber temporarily decreased, and it took 14 s for the temperature to
stabilize at 850 ◦C. Consequently, the FR was approximately 59 ◦C/s (58.92 ◦C/s). A 40 min
soaking time was established for both SR and FR samples in the furnace at an isotherm
temperature of 850 ◦C. After the soaking step, both samples were immediately quenched
in DI water (Deionized water) at 25 ◦C. For tempering heat treatment, both samples were
placed in the furnace and slowly heated to 500◦ C with the heating rate of 0.5 ◦C/s (this
stage takes roughly 15 min to reach 500 ◦C) and soaked for 20 min, followed by a moderate
cooling process in the air outside of the furnace. Figure 1 demonstrates a diagram of heat
treatment for heat-treated samples based on time and temperature.

2.3. Material Characterization

The samples were mechanically sanded from 120 to 1200 grit, cleaned with ethanol,
and then air dried at room temperature. The specimen surfaces were further mirror polished
using a polishing cloth with 3 µm to 1 µm diamond suspension and etched with a 2% Nital
solution (ES Laboratory, Glendora, CA, USA) for the purpose of revealing their grain
boundaries. Through trial and error, the best etching time was determined to be between
4 and 7 s per sample, with specimens with lower ferrites requiring a longer etching time
than those containing martensitic phases. Microstructural analyses were performed using
the Hitachi S-3400-II (Hitachi High-Tech Corporation, Tokyo, Japan) Scanning Electron
Microscope (SEM). The Cascade Microtech M150 (FormFactor, Livermore, CA, USA) Optical
Microscope (OM) was used to examine the quality of the etching process. Quantification of
phases, grain sizes, and phase distribution was achieved using point calculation and image
binarization techniques with the Windows version of ImageJ/Fiji v2.15, an open-source
image processing application.
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Figure 1. Heat treatment cycles: The process began with varying heating rates (0.4 ◦C/s for slow and
59 ◦C/s for fast), followed by identical annealing and quenching in DI water. After electrochemical
testing and SEM micrography, both the slow- and fast-rate samples underwent tempering under
identical conditions.

2.4. Hardness Test

The hardness measurements were conducted using a LECO RT-120A (LECO Corpora-
tion, St. Joseph, MI, USA) testing system with a Rockwell C (ASTM E18) indenter using
a 150 kgf load and a 10 s dwell time. The microhardness of the sample was measured at
six points, each separated by at least 25 µm, starting at 25 µm from the sample edge. Prior
to evaluating each 8620 specimen, the hardness tester machine had been calibrated with a
standard sample block to ensure accuracy.

2.5. Electrochemical Test

The electrochemical measurements were conducted in a solution of 3.5% NaCl serving
as the electrolyte medium, utilizing analytical grade chemicals and high-purity Milli-Q
water. During electrochemical testing, a Gamry Reference 1000E (Gamry Instruments,
Warminster, PA, USA) potentiostat was utilized with three electrodes, with 8620 steel
samples as the working electrode, platinum coils as the counter electrode, and saturated
calomel electrodes as the reference electrode. After polishing, the samples were cleaned in
an ultrasonic bath with distilled water, then rinsed with acetone and ethanol, and rinsed
again with distilled water before drying in the air. Prior to each test, the Open-circuit
Potential (OCP) was measured for at least 30 min in advance so that the system could
stabilize. As part of the Potentiodynamic Polarization test (PDP), the potential was swept
between −0.5 V vs. OCP and +1.5 V vs. OCP at a scan rate of 1 mV/s versus the reference
electrode. During the electrochemical impedance spectroscopy (EIS) measurements, a 5 mV
sinusoidal potential modulation was applied to OCP at 10 data points per decade, with a
frequency range of 50 kHz to 10 mHz.

It should be noted that in all the electrochemical tests, the exposed surface area of the
working electrode was 1 cm2. The repeatability of the results was ensured by performing
every test at least three times (n = 3).

3. Results and Discussion
3.1. Microstructure and Phase Morphology

In Figure 2, various magnifications of SEM micrography are selected. To consider a
more detailed look, more magnification depictions were employed for the heat-treated
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samples. Figure 2a illustrates the microstructure of the as-received low alloy steel 8620
that has not been heat-treated. Figure 3 presents optical microscopy images that illustrate
the phase morphologies and grain size variations, aiding in the distinction between the
different phases. Figures 2a and 3a show the microstructure comprising ferrite (darker
gray in SEM) and pearlite (lighter gray in SEM). The ferrite phase in the optical microscope
(OM) results are depicted as the light pale area. These findings are consistent with previous
studies, confirming the presence of these phases in cold-rolled 8620 steel [25–27]. In
Figures 2 and 3, the differentiation between martensite and pearlite is made based on
their distinct morphologies, as observed in the SEM images. Martensite is recognized
by its needle-like structure, whereas pearlite is characterized by its layered appearance.
Nonetheless, it is acknowledged that these features can be difficult to distinguish using only
SEM. Subsequent studies will seek to include EBSD analysis for a clear crystallographic
determination of the phases identified.
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Figure 2. SEM micrograph of 8620 No-HT samples: (a) as-received cold rolled with ferrite (F) and
pearlite (P) microstructure; after quenching, the FR sample showed a dual-phase structure with
martensite (M) and ferrite (b,d); and SR with full martensite (c,e). Surfaces observed in (f,h) are of the
Temp FR after tempering, resulting in a dual-phase fine ferritic morphology surrounded by tempered
martensite (TM) in contrast with the uniform tempered martensite structure of Temp SR (g,i).
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Figure 3. Optical microscopy images of 8620 No-HT samples: (a) as-received cold-rolled sample
showing a ferrite (F) and pearlite (P) microstructure; (b) after quenching, the fast-rate (FR) sample
exhibits a dual-phase structure with martensite (M) as the darker area and ferrite as the brighter area;
(c) the slow-rate (SR) sample is fully martensitic. (d) After tempering, the FR sample displays a fine
ferritic morphology surrounded by tempered martensite (TM), in contrast to the uniform tempered
martensite structure observed in the tempered SR sample (e).

Figure 2b,d are the SEM results of FR, whereas Figure 2c,e represent the SR samples
of the as-quenched step of heat treatment. The figures of the as-quenched step are in 50
and 10 µm magnification, respectively. While the SR sample consists almost entirely of
martensite (approximately 100%), the FR sample has a dual-phase microstructure with
44.6% martensite and 55.4% ferrite. The average grain size of the ferrite phase in the FR
sample is 22 µm. During full recrystallization in SR, the existing ferrite and pearlite phases
are expected to completely transform into austenite at approximately 850 ◦C during the
soaking process. Subsequent quenching in deionized water leads to the transformation
of 100% austenite into 100% martensite, which is precisely what was observed in the
SR sample. The presence of the martensite phase following the quenching process of
8620 wrought steel has been consistently reported in previous studies [5,27]. In FR, ferrite
and martensite morphology may well be caused by the effect of a faster heating rate on
the start of recrystallization because an increase in heating rate retards recrystallization
and increases the temperature of complete recrystallization [13,28]. During the transition
from ferrite to austenite in the intercritical range, a faster heating rate may push the Ac1
(the temperature at which austenite begins to form during the heating cycle) to higher
temperatures than a more gradual heating rate [28]. The heating rate can strongly affect the
kinetics of the transformation from ferrite to austenite during the intercritical range [29].
Therefore, if the first stage of the heat treatment is conducted at a faster rate, a considerable
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amount of ferrite will remain after even 40 min of soaking time, followed by quenching to
room temperature. Figures 2d,e, and 3c also offer detailed insights into the formation of
martensite structures. These figures illustrate a lath morphology with sharp, needle-like
shapes arranged in a random acicular pattern (Figure 2e marked as Aq1). This structure,
observed in Figures 2e and 3c, is uniformly formed from prior–austenite and corresponds
to the SR sample [16]. This formation, characterized by sharp, needle-like lath morphology
(Figure 2e marked as Aq1) and a random acicular pattern, aligns with the high hardness
observed in the samples and the quenching process applied. These structural features are
consistent with the formation of fresh martensite, a phase known for its high hardness due
to its unique crystal structure. The rapid cooling during quenching prevents the formation
of other softer phases like pearlite or ferrite from austenite, leading to the formation
of martensite’s distinctive microstructure. The observed morphology, combined with
the increased hardness, supports the conclusion that the material underwent a complete
transformation of austenite to martensite, as expected under the conditions of quenching
and high thermal gradients. In contrast, in Figure 2d, along with Figure 3b, the ferritic
matrix appears to be not completely dissolved during soaking and persists after quenching
among the prior–austenite grain boundaries, which transforms into the martensite phase,
resulting in a dual-phase morphology. The dual-phase microstructure of 8620 steel, typically
comprising ferrite and martensite, strikes an optimal balance between strength and ductility.
The ferrite phase provides a soft, ductile matrix, while the martensite phase enhances
hardness and tensile strength [5]. This is reflected in the observed hardness differences,
where the FR sample, containing both ferrite and martensite, exhibits lower hardness
compared to the SR sample, which consists entirely of martensite.

The SEM images in Figure 2f–i depict the results of the tempering process at a magnifi-
cation of 20 and 5 µm. Figures 2f,g and 3d,e clearly exhibit tempered martensitic features
that are uniform for Temp SR (Figures 2g and 3e) and along with some ferrite for Temp FR
(Figures 2f and 3d). However, the Temp SR in Figure 2g,i and also Figure 3e, contained a
fully tempered martensite, and the Temp FR in Figures 2f,h and 3d are observed to be a
dual-phase of some fine ferrite within a tempered martensite matrix. The researchers also
observed that higher heating rates resulted in a more uniform distribution of BCC blocks
than lower heating rates, resulting in an approximately 8 µm reduction in the maximum
length of BCC blocks [9,19]. Furthermore, after tempering, the proportion of ferrite grains
decreased from 55.4%, with an average grain size of 22 µm, to 27.7%, accompanied by
a reduction in average grain size to 10.5 µm. The tempered martensite in the Temp FR
sample exhibited less needle-like lath and a rougher morphology in more semi-spheroids
round edge structures (in Figure 2i marked as Aq2). These changes are consistent with
the observed decrease in hardness from the FR samples to the Temp FR samples after
tempering.

Comparatively, Figures 2g,i and 3e present a fine-tempered martensitic structure
resulting from the previous quenched sample, which was fully martensite (Figure 2c,e). As
a result of the higher heating rate, the average grain size of ferrite decreased by almost half.
This indicates that the nucleation was more efficient at the beginning of recrystallization
and subsequently culminated with smaller nucleation, especially for the ferrite phase
formed after tempering (Temp FR) [19].

After quenching, the ferrite–pearlite structure became fully martensite under the
implication of slow-rate heat treatment (SR), and after tempering, it became tempered
martensite with lower hardness. For the fast rate, the dual-phase (martensitic and ferritic)
structure was left with smaller ferritic grains distributed among tempered martensitic
morphology at the end of the quenching process.

3.2. Mechanical Characterization

As an illustration of the hardness alteration, Figure 4 shows the average hardness
of samples without heat treatment of 14.33 ± 1.07 (No-HT) and as-quenched fast and
slow heating rates (FR, SR) of 36.88 ± 1.11 and 44.77 ± 1.72, respectively. Lastly, fast and



Corros. Mater. Degrad. 2024, 5 377

slow heating rates after tempering (Temp FR, Temp SR) of 30.37 ± 0.40 and 33.65 ± 1.19.
Both SR and FR samples had significant increases in hardness after heat treatment at
various heating rates, whereas the SR sample showed a notably greater increase than the
FR sample. A decrease in hardness is evident in Figure 4 following the application of
tempering heat treatment.
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Figure 4. Hardness test table of different samples for 8620 low alloy steel. The heat treatment resulted
in an increase in hardness, and the hardness of the as-quenched samples (FR and SR) was greater
than that after tempering (Temp FR and Temp SR).

It is noteworthy that despite the overall variation in hardness before and after tem-
pering, this phenomenon shows a relatively larger change in hardness for SR to Temp SR
with 11.12 HRC than for the other heating rate of 3.23 HRC due to the transformation of
the martensite phase into a soft phase. As compared to the as-quenched, the difference
between the hardness of Temp FR and Temp SR was lower. It is possible that the decrease
in hardness and brittleness may be due to the transmutation of the fresh martensite phase,
which has a higher hardness, into the tempered martensite, which has a lower hardness and
a higher toughness during tempering [8]. Although the SR (Figure 2c,e) contains primarily
martensite and a higher hardness average, the FR (Figure 2c,d) has a less hardness with a
lower average due to the presence of ferrite. The increased hardness observed in SR sam-
ples post-quenching, coupled with the high martensite content, highlights the effectiveness
of the heat treatment in enhancing mechanical properties. However, the observed drop in
hardness after tempering underscores the trade-off between hardness and ductility, which
is crucial for optimizing material performance.

3.3. Corrosion Behavior of 8620 Steel Specimens
3.3.1. Open-Circuit Potential

Figure 5 presents the OCP results of the No-HT and heat-treated specimens of 8620 low
alloy steel in 3.5% NaCl electrolyte at room temperature. The curves of all the tested
specimens moved gradually toward more negative values, as shown in Figure 5, with
increasing exposure time to the electrochemical solution. This indicates that passive films
that are formed in the open air are destroyed by electrochemical solutions applied to
electrode surfaces.
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Figure 5. Open-circuit potential of No-HT and the samples heat-treated with the slow and fast heating
rate after and before tempering at 500◦ C for 20 min.

The voltages of the OCP process for the SR and Temp FR were the same at the start,
and both Temp SR and Temp FR had the same starting voltage. In response to an increase
in immersion time, the negative tendency of corrosion potential (Ecorr) gradually increases,
finally reaching a quasi-steady state after 1500 s. The variation of Ecorr was negligible
after becoming steady, with the exception of SR, which had a less negative voltage of
−0.595 VSCE. The Ecorr values of No-HT, FR, and Temp FR were about −0.632 VSCE,
whereas that of the Temp SR specimen was about −0.644 VSCE. As a result, the as-quenched
SR specimen has the superior voltage due to the most positive value (−0.595 VSCE). In
contrast, after applying the tempering heat treatment, this value experienced a large change
of −0.049 VSCE compared to FR and Temp FR, which largely maintained the same voltage
after and before tempering.

3.3.2. Potentiodynamic Polarization

As shown in Figure 6, PDP scans, including cathodic branches, anodic branches, and
corrosion current density, icorr, were used to examine the process of cathodic hydrogen
evolution and anodic dissolution of tested specimens. The anodic and cathodic branches of
the polarization curves were not symmetrical. Regardless of whether the specimens had
been heat-treated or not, all specimens showed similar passivation behaviors in the anodic
branches. The difference was made by a slight shift to the left side (toward lower current
density) after applying heat treatment. The heat-treated specimens were tested under
electrochemical examination at two step points (right after quenching and after tempering).

The electrochemical parameters that were extracted from PDP curves are presented in
Table 2 using the Gamry Echem Analyst 2 software (version 7.10). Moreover, polarization
resistance (RP), corrosion potential (Ecorr), corrosion current density (icorr), and Tafel anodic
and cathodic slopes (βA and βC) are also listed for all samples. Table 2 presents RP values
derived from the Stern–Geary equation [25,30] with a constant coefficient of 2.303 provided
in Equation (1).

RP =
βAβC

2.303(βA + βC)icorr
(1)
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Table 2. Data obtained from Tafel extrapolation of PDP scans (n = 3).

Samples Ecorr
(mV)

icorr
(µA/cm2)

βA
(mV/Decade)

βC
(mV/Decade)

RP
(Ω·cm2)

Corrosion Rate
(mpy)

No-HT −872.3 ± 24.9 12.15 ± 0.95 805.1 ± 79.4 246.8 ± 36.0 6.72 ± 0.75 5.55 ± 0.43
SR −851.3 ± 14.2 6.36 ± 0.53 760.3 ± 58.9 196.9 ± 15.9 9.51 ± 1.12 2.91 ± 0.23
FR −870.9 ± 7.3 9.91 ± 0.44 1035 ± 99.7 214.6 ± 38.6 7.72 ± 0.78 4.53 ± 0.20

Temp SR −935.5 ± 18.1 5.39 ± 0.95 552.4 ± 33.2 127.1 ± 10.6 8.52 ± 1.87 2.91 ± 0.69
Temp FR −839.2 ± 2.6 3.97 ± 0.46 511.4 ± 13.1 162.1 ± 08.1 13.51 ± 1.05 1.81 ± 0.21

The electrochemical values of the corrosion current density (icorr) and corrosion poten-
tial (Ecorr) were evaluated with polarization curves using Tafel extrapolation. The No-HT
with the lowest RP of 6.726 ± 0.75 Ω·m2 and the highest corrosion rate of 5.55 ± 0.43 mpy
(milli per year) illustrates the weakest corrosion resistance behavior. At the as-quenched
step, SR showed a significant improvement than FR in corrosion resistance factors. Com-
pared to the as-quenched FR, the tempered fast heating rate sample (Temp FR) indicated a
decrease in corrosion tendency. This trend was the exact opposite of the SR and Temp SR,
meaning that the Temp SR was more prone to corrosion than the SR. Among the heat-treated
samples, the most effective corrosion resistance with a corrosion rate of 1.81 ± 0.21 mpy
and the highest RP of 13.51 ± 1.05 Ω·cm2 belonged to Temp FR.

The results in Table 2 displayed that corrosion tendency and corrosion rate declined
with performing tempering for samples treated under a rapid rate of heating up, while it
had a negative effect on corrosion resistance (RP) of the samples treated under a glacially
slow rate of heating.

These corrosion results are consistent with the SEM micrography, as discussed in
Section 3.1. The ferrite–pearlite phase in No-HT of the cold-rolled sample shown in
Figure 2a exhibits a higher corrosion rate and a lower RP, which indicates weaker corrosion
resistance than the fresh martensite structure of SR (see Figure 2c,e). This phenomenon
could be derived from the observation that martensite morphology may be resistant to
aqueous corrosion due to its uniform corrosion behavior [31,32]. No-HT, which had a lower
cooling rate during the production process, had a higher corrosion tendency in general [16].
On the other hand, it is possible that the greater resistance to corrosion of the uniformly
fresh martensite phase of SR, compared to the ferrite–pearlite phase of No-HT, might be
attributed to the higher cooling rate of the as-quenched samples. The high cooling rate
(in the case of SR) can lead to a lower depth of corrosion attack than the microstructure
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of the ferrite–pearlite (No-HT) produced with a lower cooling rate [33]. With the fact that
the 8620 low alloy steel contains chromium (see Table 1), in the situation that obtained a
complete austenitizing of SR the chromium segregation may incorporate a passive layer,
which is called chromium release. At the as-quenched step, it is possible that the improved
passive behavior is due to the chromium that is available to form a chrome-rich passive
layer over single-phase fresh martensite [34].

In FR, the galvanic effect between the ferrite (anode) and the fresh martensite (cathode),
which contains a high density of lattice defects, is likely to result in accelerated corrosion
of the ferrite [35], resulting in a higher corrosion rate of FR than SR. While comparing the
responses of FR and Temp FR, studies have found that the fresh martensite, which was
the dominant phase in FR, had up to approximately two folds less mV than tempered
martensite, and the higher Volta potential value generally indicates a higher electrochemical
nobility [36–38]. In consideration of the heterogeneity of electrochemical nature, these two
types of martensite may reveal different responses during the Temp FR and FR corrosion
process. In contrast to martensitic morphology, tempered martensite itself shows galvanic
corrosion [33,39].

It is reported that tempering around 500 ◦C (considered a moderate tempering)
provides a reduction in misorientation, grain coarsening, less acicularity, and higher
spheroidization [33] (see Figure 2f,h). It should also be noted that tempered marten-
sitic structures have a different micro-galvanic property when they are in the single phase
(Temp SR) as opposed to the dual phase (Temp FR). An investigation of the effect of marten-
site content in dual-phase steels [40] found that a higher martensite content accelerates
corrosion processes in NaCl solutions [34]. Thus, the martensite in the dual-phase samples
(FR) shifted to tempered martensite (Temp FR) after tempering, resulting in a decrease in
martensite through the tempering process. These mechanisms may eventually result in
an improved corrosion rate at Temp FR (see Table 2). This would come from the changed
tempered martensite morphology arrangement. The explanation is supposedly based on
the presence of different phases and the dual-phase structure of Temp FR with tempered
martensite and ferrite (see Figure 2f,h), which have different electrochemical potentials
than martensite (SR) and ferrite-martensite (FR) [41–44].

Electrochemical results suggested that the tempered martensite had a behavior dis-
tinctive from martensite, specifically when morphology was transmuted to ferrite and
tempered martensite (Temp FR). This combination of tempered martensite and ferrite in
Temp FR provides an enhanced balance between βA and βC, which corresponds to higher
impedance as measured by RP factor (see Table 2).

3.3.3. Electrochemical Impedance Spectroscopy

Figure 7a–c depicts Nyquist plots, Bode impedance plots, and Bode phase plots ob-
tained from electrochemical impedance spectroscopy (EIS) conducted at room temperature
using an aqueous solution of 3.5% NaCl over a frequency range of 10 mHz to 100 kHz.
Figure 7a shows that Nyquist plots exhibit depressed semicircles in their impedance spectra.
Through extrapolation of these semicircles toward the low-frequency region, i.e., the inter-
section of the fitted curves with the Zreal axis, the overall system resistance was determined.
As the radius of a semicircle increases, corrosion resistance generally increases [45]. Observ-
ing the Nyquist plots, the semicircle radius for SR samples is the largest. However, after
tempering, it became even smaller than that of Temp FR and FR samples. In comparison
to the FR sample, the Temp FR sample, which is characterized as dual-phase steel with
tempered martensite and fine-grain ferrite, demonstrates a significant improvement in
corrosion rate and Rp.
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In Figure 7b, the Bode impedance magnitude plot represents the logarithm of impedance
magnitude (|Z|) as a function of frequency. There is a correlation between high impedances
and resistance to mass transport or charge transfer. Depending on the nature of the peak,
it might represent a relaxation process or frequency resonance, while plateaus and slopes
might indicate diffusional or capacitive behavior. It is evident that SR has the highest
magnitude at the low frequency (10 mHz), which is consistent with all other EIS results
graphs. Despite its low magnitude at 10 mHz, the Temp FR exhibits a higher peak than FR
at around 0.1 Hz, which, after fitting with the CPE model (which will be discussed in more
detail in the following paragraphs), indicates a higher polarization resistance and lower Y0
(see Table 3).

Table 3. The parameters were determined by fitting the CPE model to the EIS spectrum (n = 3).

Samples Polarization Resistance
(Ω)

Y0
(µS-sα cm−2)

α

(0 < α < 1)
Cdl

(F × 104)
Goodness of Fit

(10−2)

No-HT 945.2 ± 157.6 522 ± 54 0.839 ± 0.015 3.055 2.61 ± 1.6
SR 1377.2 ± 59.8 497 ± 59 0.822 ± 0.007 5.003 0.33 ± 0.01
FR 931.1 ± 171.6 479 ± 81 0.801 ± 0.020 7.589 2.46 ± 1.61

Temp SR 989.8 ± 165.4 285 ± 54 0.837 ± 0.012 6.601 1.05 ± 0.96
Temp FR 1234.0 ± 158.2 273 ± 8 0.870 ± 0.028 3.600 1.34 ± 0.98

The phase angles (see Figure 7c) of all 8620 steel samples started in the range of −5
to +5 degrees, while the tempered samples had a positive phase angle at 1 mHz. Further,
the Temp FR and Temp SR samples at moderate frequencies (1 Hz to 100 Hz) exhibited a
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significant shift to a more negative phase angle. In other words, the double passive layer
between the electrolyte and the surface of the system exhibited a resistive behavior at
the higher frequencies. Almost the same capacitive behavior was observed at moderate
frequencies. In spite of this, the capacitive behavior differed from that of an ideal capacitor
(ZPhase = −90), which can be attributed to differences in surface heterogeneities [46]. As
a side argument, it may well be another evidence of the positive effect of tempering on
materials in the 8620 steel group.

However, the other as-quenched samples approached about −60 degrees and main-
tained this peak over a smaller window of frequencies. The Temp FR sample (highest
RP) showed the most negative phase angle (−70) and kept more negative values over a
larger range of intermediate frequencies (1 Hz to 1 kHz). It is probable that the variation
in phase angle between tempered and as-quenched 8620 exists because of the change
from martensitic form to tempered form, which has unique electrochemical properties.
Moreover, because of the uneven distribution of charge across the electric double layer, the
non-homogeneity of phases, and the roughness of the surface, a phase angle shifts greater
than −90 was observed instead of pure capacitance with ZPhase of −90 [46]. This problem
can be resolved by fitting the graphs with a Constant Phase Element (CPE) model to obtain
a more sensitive judgment of the double-layer capacitive behavior. Figure 7d shows the
corresponding circuit to the CPE model.

In Figure 7c, the phase angles of all samples, except for SR, which inclined to negative
again, were near zero degrees at a high frequency (10 kHz and more). This implies
that the impedance at a high frequency can be represented by resistance. As frequency
decreases, phase angles also decrease, indicating that the electric double layer undergoes a
capacitive response.

Table 3 presents data obtained from Gamry Echem Analyst2 software version 7.10.
The process of fitting electrochemical impedance spectroscopy (EIS) data with the CPE
model involves determining the parameters of the CPE element within an equivalent
circuit representation of the electrochemical system (see Figure 7d). It is common to use a
CPE model to account for non-ideal behavior at electrode-electrolyte interfaces, such as
surface roughness, heterogeneity, or distributions of capacitance in double layers. Unlike
ideal capacitors, which exhibit a constant capacitance over all frequencies, CPE elements
introduce a frequency-dependent phase angle (α) parameter, representing a deviation from
the ideal capacitance. It is the objective of the fitting process to determine the values of
Y0 and α that are most appropriate for describing the experimental impedance data. Y0
with the unit Siemens raised to the power of α. Siemens (S) is the SI unit of conductance,
which is equivalent to inverse ohms (Ω−1), and to the power of α reflects the non-ideal
capacitive behavior at the electrode-electrolyte interface. Y0 is the admittance at a frequency
of 0 Hz (ω = 0). This is typically done using nonlinear regression techniques to minimize
the difference between the experimental impedance and the impedance predicted by
the CPE model across a range of frequencies. Where α is the deviation from the ideal
capacitive behavior of value 0 < α < 1. Generally, a pure capacitor has a value between
0.93 and 1, while an impure capacitor has a value of less than 0.93, and j =

√
−1 refers

to the imaginary component of the impedance, which is representative of the angular
frequency [47]. Equation (2) describes the impedance (ZCPE is the equivalent impedance of
a simple capacitor) in the CPE model.

ZCPE = Y0/(jω)α (2)

Based on the CPE model and the EIS spectra, Table 3 provides quantitative values
for each element. These parameters collectively capture the electrochemical response and
interfacial characteristics that influence corrosion behavior. Through fitting procedures,
it is possible to determine the polarization resistance (RP) from experimental data at low
frequencies (where capacitive behavior dominates). By considering polarization resistance
(RP), Y0, and α in the analysis, a more comprehensive understanding of the corrosion
resistance can be addressed. In the case of a circuit containing a CPE (see Figure 7d),
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the double-layer capacitance (Cdl) can be calculated using the following expression in
Equation (3), composed of CPE parameters Y0, α and corporation of the average polariza-
tion resistance of samples [48,49].

Cdl = Y0
−1/α RP

(1−α)/α (3)

Nevertheless, it is important to note that the highest polarization resistance was
observed for SR, measuring 1377.2 ± 59.8 Ω, approximately 440 Ω greater than that of
the FR samples and 147 Ω higher than Temp FR. Interestingly, Temp FR exhibited a
greater α, which means it has closer to the ideal capacitive behavior compared to SR. In
electrochemical systems, a higher Cdl may suggest that the passive film or oxide layer on
the metal surface is less protective or stable [22]. As a result, increased ionic transport
in chloride-containing environments and enhanced corrosion activity can occur at the
electrode-electrolyte interface, promoting localized corrosion phenomena. On the other
hand, the lowest Cdl value was recorded for the No-HT sample, and Temp FR (See Table 3)
recorded the lowest Cdl value among the other heat-treated samples. The results of PDP
(see Table 2) and EIS may indicate an increased corrosion resistance at Temp FR compared
to that of SR.

4. Conclusions

The study investigated the impact of heating rate on the microstructural changes,
mechanical characteristics, and electrochemical responses of cold-rolled wrought 8620 low-
carbon alloy steel, with a particular emphasis on the results of electrochemical tests. The
investigation revealed important differences in microstructure and mechanical properties
between samples subjected to slow and fast heating rates after quenching and tempering
heat treatment.

• The formation of martensite significantly increased the hardness, with SR samples
showing a hardness 8 HRC higher compared to FR. This was consistent with the higher
martensite phase fraction observed, confirming the impact of phase transformation on
mechanical properties.

• Following the tempering process, the hardness decreased from 44.77 to 33.65 HRC
for SR and from 36.88 to 30.37 HRC for FR. It may be inferred that moderate temper-
ing yields nearly identical effects on both martensite and the dual-phase of ferrite
and martensite.

• Due to the presence of almost 100% martensitic phases, the corrosion rate for SR
was reported to be nearly half that of No-HT. However, following tempering, the
EIS results indicated that polarization resistance decreased by almost 380 Ω for the
Temp SR, while Temp FR improved. Compared with the FR samples, the Temp FR
samples had a 300 Ω gain in polarization resistance and a twofold reduction in Cdl.
This phenomenon is likely demonstrated by the increase in martensite to tempered
martensite, from 44.6% in SR to 72.3% in Temp SR, which figuratively enhances the
overall corrosion response.

• The tempering heat treatment on Temp FR suggested a noble effect on corrosion
characteristics. The Temp FR also had a superior corrosion rate, RP, and Cdl to the
as-quenched SR.

Intriguingly, utilizing a fast heating rate to produce dual-phase 8620 steel presents
significant advantages over traditional methods. This approach, which bypasses complex
and extended thermal cycles, enables a more efficient transformation process. It results
in the creation of a dual-phase structure composed of martensite and ferrite in a reduced
time frame. Therefore, a fast heating rate is a more effective and streamlined method for
achieving dual-phase characteristics in 8620 steel than conventional techniques.

Future research could explore optimum heating rate parameters with respect to their
effects on microstructure and corrosion characteristics. In addition, it could investigate
advanced surface modification techniques under the ideal heating rate to further enhance
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low alloy steel corrosion resistance. Furthermore, in studies with a high focus on mi-
crostructures, a detailed dilatometric measurement can be prepared to determine the effect
of heating rates on the kinetics of phase transformation.
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