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Abstract: In this study, mechanical and electrochemical performance of borided additively man-
ufactured (AM) and wrought 8620 low alloy steel were investigated and compared to their bare
counterparts. The microstructure of borided 8620 exhibited the presence of FeB and Fe2B phases
with a saw tooth morphology. Both AM and wrought samples with boride layers showed a simi-
lar performance in hardness, wear, potentiodynamic polarization (PD), electrochemical impedance
spectroscopy (EIS), and linear polarization resistance (LPR) experiments. However, borided steels
exhibited about an 8-fold increase in Vickers hardness and about a 6-fold enhancement in wear
resistance compared to bare ones. Electrochemical experiments of borided specimens (both AM
and wrought) in 0.1 M Na2S2O3 + 1 M NH4Cl solution revealed a 3–6-fold lower corrosion current
density, about a 6-fold higher charge transfer resistance, and about a 6-fold lower double-layer
capacitance, demonstrating an improved corrosion resistance compared to their bare counterparts.
Post-corrosion surface analysis revealed the presence of thick sulfide and oxide layers on the bare
steels, whereas dispersed corrosion particles were observed on the borided samples. The enhanced
wear and electrochemical performance of the borided steels were attributed to the hard FeB/Fe2B
layers and the reduced amount of adsorbed sulfur on their surface.
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1. Introduction

Wear and corrosion are the two major causes of material degradation and failure in
many industrial applications. For example, automotive components, such as gear, camshaft,
crankshaft, piston pin, etc., suffer from wear-induced material loss due to cyclic nature
of their loading [1–4]. In addition, intricate parts in the oil and gas industries, such as
valve seat, pump impeller, and plunger of sucker rod pumps, are susceptible to wear
and corrosion due to the presence of CO2, H2S, and other corrosive media [5,6]. Material
degradation has also been reported in pulp and paper industries, where the presence of H2S
gas generated from thiosulfate causes uniform, pitting, fatigue, and stress corrosion [7,8].
Chloride ion (Cl−), particularly in the form of NH4Cl, is also a potentially hazardous
corrosive element for oil refinery equipment and pipelines [9].

To address material degradation and wear, chemical vapor deposition (CVD), physical
vapor deposition (PVD), thermochemical treatment, plasma spraying, plasma oxidizing,
and sol–gel method are some of the surface treatment technologies that are being commonly
used to create exceptionally hard, wear-resistant, and corrosion-resistant surfaces [10–12].
Hot-dip galvanizing, a surface-coating method, is the most extensively used corrosion pre-
vention technique for steel due to its simplicity. However, in terms of energy consumption
and harsh chemical usage, this practice is particularly harmful to the environment. Apart
from these fabrication issues, galvanized steel does not offer a significant improvement in
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wear performance and may result in lower hardness [13–15]. In this regard, boriding, a
thermochemical process, can be used on steel to simultaneously produce better wear and
fracture- and corrosion-resistant components [16]. Boriding process can be classified into
three broad groups based on the physical state of the boriding agent: gaseous boriding,
liquid boriding, and solid pack and paste boriding [13,17,18]. However, only the pack and
paste boriding procedures have gained widespread applications due to their ease of use,
whereas the other techniques are less commonly used due to toxicity concerns [19,20]. In
paste boriding, boron atoms diffuse into the substrate from surrounding boron-rich paste,
creating a hard and wear- and corrosion-resistant layer. A borided surface has a hardness
of 1300 to 2300 HV, which is higher than that of hard chromium coatings or hardened tool
steels [21]. Another noteworthy characteristic of the borided surface is that it shows an
excellent wear resistance up to 650 ◦C and retains its hardness even after a further heat
treatment up to 1000 ◦C [21–23].

Alloying elements affect the diffusivity of boron in steel, resulting in an alteration
in the thickness of the borided layer. Carbon, molybdenum, and tungsten, for example,
have a significant impact on the borided layer thickness, whereas silicon, chromium, and
aluminum have a moderate impact, and nickel, manganese, and cobalt have just a little
impact on the boride layer thickness [24]. Low alloy steel, such as AISI 8620, is hence an
excellent choice for the application of boriding due to its low alloy content. It is a preferred
choice amongst other steels for its higher toughness [25] and better machinability [26],
which makes it a preferred choice for various industrial applications. It also offers excellent
ductility [27,28], making it resilient to impacts and vibrations. The ability to fine-tune its
mechanical properties through heat treatment further underscores its suitability for a wide
range of applications, from gears and shafts to structural components. In addition, this
steel is available, affordable, and adaptable for industrial use [29].

Conventional manufacturing of the above-mentioned components creates a lot of
material waste and poses restrictions on design flexibility. On the other hand, additive
manufacturing (AM) techniques, such as Selective Laser Melting (SLM), Selective Laser
Sintering (SLS), Electron Beam Melting (EBM), etc., are being adopted in automotive and
oil and gas industries as emerging technologies to fabricate functional components due to
their inherent design flexibility, rapid manufacturing, and cost competitiveness for small-to-
medium batch production [30–32]. AM is also capable of fabricating large complex shapes.
For example, Wire Arc Additive Manufacturing (WAAM) is distinguished by its ability to
deposit material rapidly, its cost-effectiveness, and its straightforward maintenance [33,34].
This demonstrates the versatility of AM techniques.

SLM is a layer-by-layer manufacturing process where a thin layer of powder is laid
down with a roller spreader on the build platform of a 3D printer. Then, the metal powder
is selectively melted using a laser beam, with CAD data defining the coordinates of the melt
boundary. Once a layer has been melted, the build chamber is lowered according to the
system-determined layer thickness, and the procedure is repeated until the desired item has
been manufactured. In the SLM process, laser power, laser scanning speed, hatch distance,
and powder layer thickness can have a significant impact on the finished product quality.
Parts manufactured using the SLM technology are denser and have higher mechanical
qualities than those made using the SLS approach because the powder is fully melted
during the manufacturing process [35]. Additionally, SLM produces components with finer
microstructure than EBM [36].

The corrosion resistance of different borided steels and alloys, such as AISI 304, low-
carbon steel, AISI H13, high-manganese steel, IN718, and C276, have been investigated in
different corrosive environments, such as NaCl, HCl, H2SO4, H3PO4, and molten salt, using
different methods [37–41]. Borided AISI 304, low-carbon steel, and high-manganese steel
exhibited enhanced corrosion resistance in NaCl solution signified by the lower corrosion
current density and higher electropositive corrosion potential. Nickel-based borided alloys
such as IN718, and C276 exhibited a better corrosion resistance in molten salt containing
chloride ions. However, borided H13 steel showed a deteriorated corrosion resistance
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in an acidic environment containing a solution of HCl, H2SO4, and H3PO4 in long-term
(up to 350 h) immersion tests. No specific reason was reported to explain this behavior of
borided H13 steel. Additionally, borided steels, e.g., AISI 316L, AISI 1018, 31CrMoV9, and
X40CrMoV5-1 steels, exhibited an improved wear performance and a superior hardness
compared to bare steels [42–44]. An et al. investigated the corrosion behavior of borided
8620 steel in H2S-saturated oil field water and reported a significant improvement in
corrosion resistance [45]. The corrosion resistance of borided 8620 steel, specifically of
additively manufactured 8620, however, has not been studied in a H2S-rich medium in the
presence of chloride ions. Experiments with H2S gas need highly expensive equipment
and containment systems to assure safety due to the poisonous, combustible, and corrosive
nature of the gas. Non-toxic chemicals, such as sodium thiosulfate, have been suggested as
a safe alternative to generate H2S in an aqueous media of chemical and electrochemical
reactions [46,47].

In this research, mechanical and electrochemical properties of Selective Laser Melted
(SLMed) AISI 8620 low alloy steel with and without boriding were investigated and
compared to those of the wrought counterparts. Phase analysis of the bare and borided
samples was conducted via X-Ray Diffraction (XRD). Microhardness and dry-sliding wear
tests were conducted to investigate their mechanical behavior, whereas potentiodynamic
polarization (PD), electrochemical impedance spectroscopy (EIS), and linear polarization
resistance (LPR) tests were conducted in 0.1 M Na2S2O3 + 1 M NH4Cl electrolyte to explore
their electrochemical properties. Characterization of their corrosion products and corroded
surface were performed with scanning electron microscope (SEM) and energy-dispersive
spectroscopy (EDS).

2. Materials and Methods
2.1. Sample Preparation

The substrate materials used in this study were Selective Laser Melted (SLMed) and
wrought 8620 low alloy steels. The powder of the SLM process was supplied by Renishaw®

(USA), and the wrought 8620 was purchased from Alro® (USA). The compositions of the
powder and wrought sample are shown in Table 1.

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

Element Cr Ni Mn Mo Si C S P Fe

Powder 0.55 0.56 0.71 0.2 0.29 0.19 0.005 0.015 Bal.
Wrought 0.4 0.4 0.7 0.15 0.15 0.18 0.04 0.035 Bal.

The powder diameter followed a normal distribution between 8.5 µm and 59 µm, with
a mean diameter of 31.5 µm and a standard deviation of 11.1 µm (Figure 1a). A disc-shaped
CAD model of 15 mm diameter and 5 mm thickness was designed in SOLIDWORKS®,
2019, and used as the data file for the printer.

Before the start of the printing process, the build plate was heated to a temperature of
170 ◦C. To achieve an inert atmosphere inside the build chamber, the oxygen content was
brought down to as low as 0.1% with a vacuum pump and then a high-grade argon gas
was introduced. The samples were printed in a way such that the flat surface of the disc,
i.e., the test surface, was parallel to the build direction, as shown in Figure 1b. A 1060 nm
Ytterbium laser (180 W) with a spot size of 75 µm was employed for the printing. The
layer thickness was 50 µm, and the hatch spacing was 110 µm, respectively. Each layer was
divided into 5 mm × 5 mm square blocks, and a checkerboard hatching approach was used
to melt the layers. Each square block was scanned using parallel lines that were rotated
90◦ with respect to its neighboring block. To achieve a minimal temperature gradient in
the bulk volume, each layer (n + 1) was rotated 67◦ in relation to the previous layer (n).
The SLMed and wrought samples were mechanically sanded with sanding papers from
80 grit to 1200 grit, cleaned with ethanol in an ultrasonication bath, and dried in the air
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prior to boriding at 1500 ◦F using Materials Development Corporation’s (Andover, MA,
USA) proprietary Borofuse® technology.
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Figure 1. (a) 8620 low alloy steel powder’s particle distribution, and (b) schematic of SLMed
sample orientation.

2.2. Material Characterization

Bare SLMed and wrought samples were further mirror polished on polishing cloth
with 3 µm and 1 µm diamond suspensions and etched with a 5% Nital (5% Nitric Acid and
95% Ethanol) solution to reveal their grain boundaries. Hitachi S-3400-II Scanning Electron
Microscope (SEM) and Cascade Microtech M150 Optical Microscope (OM) were used for
their microstructural characterization. Their crystallographic orientations and constitu-
tional phases were studied using Rigaku Ultima IV XRD using Cu-Kα radiation (1.5408 Å)
with 2θ angle ranging from 10◦ to 90◦ with a step size of 0.02◦ at a speed of 1 ◦/min. The
same surface preparation technique was followed to characterize the boride layers as well.
The thickness values of the boride layers were calculated using a 12-measurement average
technique following the procedure stated elsewhere [48]. The elemental composition of the
corrosion products was analyzed via an EDS analyzer integrated with the SEM. Volume
fractions of the phases were calculated using imageJ (version 1.53k) software.

2.3. Hardness Test

Microhardness measurements were performed using a Clark CM ARS 9000 testing
system with a Vickers indenter using a 50 gf load and 12 s dwell time. Microhardness
values were measured at 6 points, starting at a distance of 25 µm from the edge of the
borided sample, and each point was separated by a distance of 25 µm.

2.4. Wear Test

Wear tests of the borided and bare SLMed 8620 samples were carried out with a pin-on-
disk Tribometer from Anton Paar (CSM Instruments), USA, under unlubricated conditions
at room temperature (21–23 ◦C). The disks for the wear test were fabricated with a diameter
of 30 mm and a thickness of 5 mm to adhere to the ASTM G99 test standard [49]. Prior
to the wear test, bare samples were mechanically sanded using sanding papers ranging
from 80 to 1200 grit, washed with ethanol in an ultrasonication bath, and dried in the air.
Identical preparations were conducted for the borided samples before the boriding process.
No surface changes were made after boriding to keep the borided layers intact. The pin
was fabricated from 52100 Carbon Steel (CS52100) with a tip diameter of 9.525 mm. For
each sample, the wear test was conducted once for 1 h with a load of 20 N and a linear
velocity of 0.3 m/s over a total sliding distance of 1069 m. Eight to eleven surface profiles
were processed and analyzed with surface analysis software “Mountains 7.4” from Digital
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Surf to calculate the average wear rate and mass loss with standard deviation. The rate of
wear was calculated as the volume of material lost per sliding distance and per unit of load.
The worn surfaces of the samples were analyzed using a scanning electron microscope
(SEM) after each wear test to evaluate the wear mechanism.

2.5. Electrochemical Test

Electrochemical analyses of the bare and borided 8620 were conducted in 0.1 M Na2S2O3
+ 1 M NH4Cl solution simulating an oil and gas environment. A Gamry Reference 1000E
potentiostat was used to conduct electrochemical experiments on SLMed and wrought (bare
and borided) samples. In a three-electrode cell, 8620 steel was used as the working electrode,
with a platinum coil serving as the counter electrode and a saturated calomel electrode
working as the reference. All potentials were recorded at room temperature.

To prepare the electrolyte, 0.1 M Na2S2O3 and 1 M NH4Cl solutions were prepared
separately by dissolving 15.81 g of Na2S2O3 and 53.49 g of NH4Cl (both purchased from
Fisher Scientific®, USA), and each was separately dissolved in 1000 mL of high-purity
Milli-Q water. The resulting Na2S2O3 and NH4Cl solutions were mixed and used in all
electrochemical experiments. The pH of 0.1 M Na2S2O3, 1 M NH4Cl, and 0.1 M Na2S2O3 +
1 M NH4Cl solutions were 6.72, 5.31, and 5.63, respectively.

The open-circuit potential (OCP) was measured for 2 h before all electrochemical
tests to allow the system to stabilize. Potentiodynamic polarization test was conducted by
sweeping the potential from−0.5 V vs. OCP to +1.5 V vs. OCP at a scanning rate of 1 mV/s.
Corrosion potential and corrosion current density were determined from Tafel plots using
the Tafel extrapolation method. The EIS measurements were conducted in the frequency
range from 100 kHz to 10 mHz using a 5 mV sinusoidal potential modulation of the open-
circuit potential, recording 10 data points per decade. The linear polarization resistance
(LPR) was measured at a scanning rate of 0.125 mV/s from −20 to 20 mV vs. OCP. The
working electrode had an exposed surface area of 1 cm2 in all these tests. The reproducibility
of the results was ensured by repeating all the tests at least three times. SEM was used to
characterize the corroded surface following the potentiodynamic polarization test.

3. Results and Discussion
3.1. Microstructure

The microstructural images of bare SLMed and wrought 8620 are shown in Figure 2a–c.
The microstructure of bare SLMed 8620 consisted of needle-shaped lath martensite dis-
persed in the matrix, resulting from an elevated cooling rate of the SLM process, as shown
in Figure 2a. Due to the high solidification rate of the SLM process, melted powder during
each laser scan had insufficient time to transform to ferrite. However, successive laser
scans re-melted and reheated a small portion of the previous layer creating a region of
tempered martensite, which could be observed between the dashed lines in the side view
of the SLMed specimen, as shown in Figure 2b. The trapped carbon atoms in this reheated
area came out from the crystals and precipitated as carbides near the grain boundaries [50].

Wrought 8620, on the other hand, showed a ferritic and pearlitic microstructure (as
shown in Figure 2c), which was entirely different than that of the SLMed 8620. The ferrite
grains and pearlite colonies were found to be evenly distributed throughout the matrix. Slow
cooling of pro-eutectoid steel was responsible for the formation of this kind of microstructure.
Table 2 represents the volume fraction of different phases in the bare and borided steels.

Table 2. Volume fraction of different phases in the sample.

Sample Volume Fraction

Wrought borided FeB: 36%, Fe2B: 64%
SLMed borided FeB: 33%, Fe2B: 67%
Wrought bare Ferrite: 72%, Pearlite: 28%
SLMed bare Martensite: 100%
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Figure 2. SEM image of SLMed sample surface (a) perpendicular to build direction, and (b) parallel
to build direction. (c) SEM image of wrought 8620.

XRD patterns of the bare SLMed and wrought 8620 samples (as shown in Figure 3a)
exhibited distinct peaks at 2θ locations of 44.63◦, 64.87◦, and 82.21◦, which correspond to
alpha ferrite (110), (200), and (211) crystalline orientations, respectively. Similar peaks in
wrought 8620 have been reported in other studies as well [27,51]. BCT (Body-Centered
Tetragonal) and BCC (Body-Centered Cubic) structures show similar peaks in XRD, and
thus, these two phases are not distinguishable with XRD. Differences in the relative inten-
sities of ferrite peaks were observed for bare SLMed and wrought samples. Though the
preferred orientation in both cases was the (110) plane, the intensity in the bare SLMed
sample was comparatively lower. It is also worth noting that the intensity of the (211) peak
in the wrought sample was greater than that of the (200) peak. However, in the bare SLMed
sample, these peaks had around the same intensity, indicating that these two planes were
distributed equally.
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The XRD pattern of the borided SLMed 8620 is displayed in Figure 3b. Boride layers
formed on the substrates consisted mainly of FeB and Fe2B. However, due to the high
thickness (50.2 ± 4.1 µm) of the FeB phase compared to the Fe2B phase, the XRD signals
from Fe2B phase were very mild. This dual phase boride formation was expected due
to the high temperature used during the boriding process, and this two-phase boride
formation has been reported in other studies for wrought 8620 as well [45,52,53]. No peak
shift was observed in any of the samples. Most of the peaks matched with reference peaks.
However, a slight variation was observed that is common in experimental studies. The
lattice parameters of different phases were calculated using Bragg’s law and are reported
in Table 3.

Table 3. Lattice parameters of different phases.

Sample Crystal Structure Lat. Const. a (Å) Lat. Const. b (Å) Lat. Const. c (Å)

Wrought bare Body-Centered Cubic 2.8705 2.8705 2.8705

SLMed bare Body-Centered
Tetragonal 2.8690 2.8690 2.8724

FeB Orthorhombic 4.0630 5.4990 2.9454
Fe2B Tetragonal 5.0701 4.2354 4.2354

The tetragonal structure of the SLMed sample exhibited a slight elongation. However,
this is expected because of the small percentage of carbon (0.19%) in 8620 steel. The c value
was compared with ref [54], and it was within 0.46% error. Other lattice parameters were
compared with Crystallography Open Database (COD) reference values, and those were
under 0.30% error.

3.2. Characterization of Boride Layer

Cross-sectional SEM images of boride layers over SLMed and wrought 8620 are
presented in Figure 4. The microstructure exhibited a homogeneously distributed layer
with three distinct regions: (i) an outermost layer of FeB and Fe2B, (ii) a transition region
with dispersed boride particles, and (iii) a steel substrate. The formation of boride layers
starts with boron atoms diffusing into the steel from the boron-rich medium surrounding
the sample. When a suitable boron concentration is reached at some point on the steel’s
surface, Fe2B crystals begin to nucleate, forming a surface layer composed of Fe2B. As
boron continues to diffuse into the Fe2B crystal, and the boron concentration reaches a
higher level, the FeB phase begins to form [55]. It has been reported that the Fe2B phase
occurs when the boron concentration in the steel surface reaches about 9 wt% [53,56], and
when the boron concentration reaches 16 wt%, the FeB phase develops on top of the Fe2B
layer, resulting in a two-phase iron boride layer [17].
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Among the two phases of iron borides, the dark-colored FeB phase was present
near the edge of the cross-section, and the light-colored Fe2B phase was present just
beneath it. No gaps, cracks, or cavities were found in the boride layer, suggesting a good
adhesion between the boride layer and the substrate. The transition layer exhibited a
saw-tooth structure developed from the overlapping of boride crystals, creating high-stress
regions, and compelling the borides to expand into the steel perpendicular to the sample
surface [53,56]. Because of this kind of morphology, the boride layer is strongly attached to
the substrate [52].

The thickness of the borided layer is a function of the boriding time, temperature,
boron concentration, and composition of the base material [57,58]. In both SLMed and
wrought samples, the Fe2B and FeB layers were of similar thickness, indicating a similar
growth mechanism. It is concluded that the starting microstructure of martensite in SLMed
and ferrite and pearlite in wrought sample, respectively, did not contribute to any difference
in the boride layer formation due to the recrystallization at the high temperature of the
boriding process. However, the martensitic microstructure of the substrate transformed to
the ferritic and pearlitic microstructure due to the slow cooling after the boriding process.
The total thickness of the boride layer was 111 ± 15.2 µm and 101.2 ± 14.5 µm, whereas
the thickness of the FeB layer was 50.2 ± 4.1 µm and 49.4 ± 5.6 µm, in borided SLMed and
wrought 8620, respectively.

3.3. Hardness Test

Figure 5a shows the microhardness depth profiles across the cross-sections of the
borided SLMed and wrought 8620. Since microhardness measurements close to the edge
(within ~20 µm) are not representative of the true hardness values [59], the hardness mea-
surement was started at 25 µm away from the edge (Figure 5b,c). Borided SLMed and
wrought 8620 did not exhibit a significant variation in their hardness profiles. Near the edge,
the borided SLMed 8620 had a hardness value of 1433 HV, while the borided wrought sam-
ple had a hardness value of 1315 HV. These values are consistent with the orthorhombic crys-
talline structure of FeB, which has a normal hardness of 1400 ± 200 HV [13], and the tetrag-
onal body-centered structure of Fe2B, which has a typical hardness of 1300 ± 100 HV [13].
As the distance from the edge increased, the hardness values dropped to 185 HV and
149 HV for SLMed and wrought samples, respectively, reaching the hardness values of the
substrates. The transition zone below the boride layers was softer than the boride layers
but harder than the metal substrate due to the presence of diffused boron and dispersed
boride particles in the zone.

Cracks were visible at the hardness-indentation corners of both SLMed and wrought
8620 during microhardness measurement of the boride layer (Figure 5d,e), and this fact
supports the brittle nature of the boride phase. Similar observations have been reported
in other studies as well [18]. The FeB phase is more brittle and possesses a lower fracture
toughness than Fe2B, which results in severe flaking and spalling when a large normal or
shear stress is applied [13]. Moreover, the difference in coefficient of thermal expansion of
these two phases causes high tensile stresses in the FeB phase and compressive stresses
in the Fe2B phase, which leads to crack formation at the phase interface during specimen
cooling after the boriding treatment. For these reasons, a monolayer Fe2B is preferable
over a FeB/Fe2B bilayer [13,55]. Different techniques, e.g., changing the composition of
boronizing powder [17,60,61], the thickness of boronizing paste [62], boronizing tempera-
ture [63], etc., have been adopted so far to fabricate a monolayer Fe2B phase. For SLMed
8620, controlling the process temperature seems to be the most appropriate technique for
growing a Fe2B monolayer.
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3.4. Wear Test

Figure 6a shows the wear rate of borided and bare SLMed 8620 that demonstrated
the enhanced wear resistance of borided steel. The wear rate of borided SLMed 8620 was
0.84 ± 0.33 × 10−5 mm3/Nm, whereas the bare SLMed showed a wear rate of
5.58 ± 1.69 × 10−5 mm3/Nm. Hence, the wear resistance of SLMed 8620 was increased
by a factor of six as a consequence of the boriding treatment. The wear rate values correspond
to a mass loss of 1.41 ± 0.55 mg and 9.38 ± 2.85 mg, respectively (Figure 6b). Under identical
conditions, Paraye et al. evaluated the wear rate of bare wrought 8620 and found a mass
loss of 25.9 ± 2 mg for a sliding velocity of 1 m/s [64]. In this experiment, a sliding velocity
of 0.3 m/s was used and thus a reduced wear rate was observed. The wear rate of borided
wrought 8620 has been reported in other studies; however, the test conditions were entirely dif-
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ferent than those of the current study [45,53]. The reported results showed the enhanced wear
resistance of borided wrought compared to that of bare counterparts, which was attributed to
the continuous and adherent hard boride layers (FeB/Fe2B) on top of the sample.
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SEM micrographs of the worn surfaces of the borided and bare SLMed 8620 steels are
presented in Figure 6c,d. Abrasion was the major mechanism of wear on the bare sample,
as demonstrated by large parallel grooves and scratches along the motion direction in
Figure 6c. These grooves can be attributed to micro-cutting and micro-plowing actions
between the sliding bodies [65,66]. In micro-plowing, abrasive particles create a groove on
the wearing surface without removing any material, whereas, in micro-cutting, the abrasive
particle serves as a cutting tool, and a chip is formed in front of its cutting edge as a result
of the impact [67]. These wear mechanisms are indicative of the soft nature of the bare
SLMed 8620. On the other hand, the presence of a rough worn surface on the borided 8620
demonstrated an adhesive wear mode [1]. In adhesive wear, small areas of two sliding
surfaces were welded and subsequently ruptured at the welding points. These worn-out
particles thus formed remained attached either momentarily or permanently, leaving a
rough surface on the test sample. Formation of cracks were also observed on the worn
borided surface as shown in Figure 6d. The mechanical stresses created by Hertzian forces
in the interaction zone are responsible for crack development and propagation on hard
and brittle surfaces [23]. Furthermore, the existence of grooves on the worn surface of the
borided specimen was not noticed due to its increased hardness.

Figure 6e,f present the trend of the coefficient of friction (CoF) with sliding distance.
The average CoF was determined as a mean value along the complete scratch distance.
The borided and bare SLMed 8620 had an average CoF of approximately 0.551 and 0.527,
respectively. The borided sample showed a steady increase in the CoF up to ~150 m,
which corresponded to the smoothing of the initial roughness of the borided surface. The
oscillatory behavior at a sliding distance of 150–300 m might indicate crack formation
on the FeB layer. After this region, the CoF reached a steady-state value. At a sliding
distance of 870–1070 m, the oscillatory behavior might imply crack development on the
Fe2B layer. Arteaga-Hernandez et al. reported a similar wear behavior of the FeB/Fe2B
layers in a dry sliding test [42]. The CoF of the bare SLMed was almost stable after the
initial irregularities. Once the asperities were polished by abrasive wear, the CoF did not
change significantly. It is worth mentioning that the coefficient of friction is largely affected
by surface characteristics, such as surface roughness, hardness, lubrication conditions, and
local chemical interactions at the wear couple’s interface [68,69].

3.5. Potentiodynamic Polarization

Figure 7 shows the open-circuit potential, and Figure 8a presents the potentiodynamic
polarization curves of borided and bare 8620 steels (both SLMed and wrought) in 0.1 M
Na2S2O3 + 1 M NH4Cl electrolyte at room temperature.
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The electrochemical parameters, such as corrosion potential (Ecorr), corrosion current
density (Icorr), Tafel slopes (βA and βC), and polarization resistance (Rp), extracted from
potentiodynamic polarization curves using Gamry Echem Analyst (version 7.04) software
are reported in Table 4. The Rp values were calculated using the Stern–Geary equation [70]
provided in Equation (1).

RP =
βAβC

2.303 (βA + βC) icorr
(1)
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where 2.303 is a constant. Furthermore, the corrosion inhibiting efficiency (Eresistance) of the
borided layers was calculated by the following equation [38] and reported in the same table:

Eresistance =
i0corr − icorr

i0corr
× 100% (2)

where
i0corr is the corrosion current density of the bare 8620, and
icorr is the corrosion current density of the borided 8620.

Table 4. Quantitative data extracted from Tafel extrapolation of potentiodynamic polarization scan (n = 3).

Sample Ecorr (mV) Icorr (µA/cm2) βA (mV/decade) βC (mV/Decade) Rp (Ω·cm2) Eresistance (%)

Wrought borided −452.7 ± 10.7 9.2 ± 1.9 123.1 ± 9.1 542.5 ± 117.3 4812 ± 550 63.1
SLMed borided −553.3 ± 34.0 4.2 ± 1.2 157.7 ± 35.1 272.7 ± 60.7 10,535 ± 2411 82.8
Wrought bare −731.7 ± 0.6 24.9 ± 2.7 91.5 ± 7.0 178.9 ± 12.4 1059 ± 70 -
SLMed bare −716.7 ± 8.1 24.4 ± 1.0 85.2 ± 1.8 196.7 ± 30.2 1054 ± 25 -

The polarization curves in Figure 7a depict an enhancement in the electrochemical
behavior of borided steel in the chloride–thiosulfate solution. One of the main findings
from these polarization curves is that Ecorr values shifted towards the positive potential
in borided samples compared to those of their bare counterparts. In particular, the Ecorr
value demonstrated a positive shift of around 279 mV and 163 mV in borided wrought and
SLMed 8620, compared to the bare counterparts, respectively. This implies that, within these
particular corrosion environments, boriding can function as a protective barrier against
material degradation for the 8620 steel. Furthermore, Icorr values reduced by an order of
magnitude, registering 9.2 ± 1.9 µA/cm2 and 4.2 ± 1.2 µA/cm2 in borided wrought and
SLMed 8620, compared to 24.9 ± 2.7 µA/cm2 and 24.4 ± 1.0 µA/cm2, respectively, in their
bare counterparts.

Corrosion current densities of borided and bare wrought 8620 in H2S-saturated water
were evaluated by An et al., and they reported their similar corrosion current densities [52].
The reduced current densities in borided 8620 signify the lower corrosion susceptibility of
borided samples in the tested electrolyte.

Sodium thiosulfate was chosen due to its non-toxic nature and its capability to produce
hydrogen sulfide gas, representative of the environment found in the oil and gas indus-
tries. The cathodic reaction in the polarization curve corresponded to the evolution of H2S,
which was confirmed by the rotten egg smelling gas formation during the experiment. The
electrochemical reactions happening in this period have been reported in other studies [71,72]:

S2O2−
3 + 6H+ + 4e− ↔ 2S + 3H2O (3)

S2O2−
3 + H+ ↔ S + HSO−3 (4)

S + 2H+ + 2e− ↔ H2S (5)

In the anodic scan, the oxidation of metallic substrate was the dominant reaction
producing metal sulfides. Sulfur was adsorbed on the metal surface and later formed a
metal sulfide via the following reactions [73]:

M + S2O2−
3 + H2O↔ M− Sads + SO2−

4 + 2H+ + 2e−(where M = Fe, Ni or Cr) (6)

xM-Sads + (y − x)S→MxSy (sulfide) (7)

The presence of Cl− ion accelerated the anodic current by forming oxides on the steel
surface. The electrochemical reactions responsible for the oxide formation were determined
and reported by Jiang et al. [38]:

Fe + 2Cl− + 4H2O↔ FeCl2.4H2O + 2e− (8)
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O2 + 2H2O + 4e− ↔ 4OH− (9)

FeCl2 .4H2O + 2OH− ↔ Fe(OH)2 + 2Cl− + 4H2O (10)

4Fe(OH)2 + 2H2O + O2 ↔ 4Fe(OH)3 (11)

Thus, the film of corrosion products consisted of sulfides and oxides of metal species.
However, none of the samples demonstrated a distinct passive region in the chloride–
thiosulfate electrolyte. This could be due to the presence of metal sulfides in the layer
of corrosion products, which is more porous than a pure oxide film [74]. As a result, the
porous corrosion layer was unable to entirely shield the underlying metal, resulting in
uniform corrosion rather than pitting. Therefore, both Cl− and S2O2−

3 ions had a significant
impact on the corrosion mechanism. It is worth noting that the corrosion mechanism is
heavily influenced by alloy composition and S2O2−

3 /Cl− concentration ratio [73]. Being
a low alloy steel, 8620 lacks a sufficient amount of oxide formers such as Cr, Ni, and Mo,
making it difficult to passivate in a chloride-thiosulfate environment.

The activation of anodic dissolution of the bare metal surface occurs by the develop-
ment of a layer of adsorbed sulfur (Sads) on the dissolving surface as described earlier in
Equation 6 [7]. The catalytic effect of this adsorbed sulfur on anodic dissolution has been
shown in other studies [75–77]. The weakening of metal–metal bonds by the adsorbed
sulfur, which lowers the activation energy of dissolution by creating oppositely charged
dipoles on sulfur and metal, is assumed to be the reason for accelerated metal dissolu-
tion [7,78]. In addition, the adsorbed sulfur blocks the hydroxyl ions’ adsorption sites,
which are the precursors for the formation of the passive layer [75]. In borided samples,
FeB/Fe2B decreases this activating effect of sulfur by preventing the formation of adsorbed
sulfur, which in turn lowers the metal dissolution rate. Thus, the enhanced electrochemical
performance of borided 8620 can be attributed to the lack of adsorbed sulfur layer on the
borided surface.

3.6. Electrochemical Impedance Spectroscopy

Figure 8b–d display EIS test results in 0.1 M Na2S2O3 + 1 M NH4Cl conducted over a
frequency range from 10 mHz to 100 kHz at room temperature. In Bode impedance plots
(Figure 8b), borided 8620 exhibited a significantly higher total impedance (|Z|) than bare
samples, indicating enhanced barrier properties of the boride layer in 8620 steel. The phase
angles, as shown in Figure 8c, of both borided and bare 8620 shifted from near zero (at
1 kHz–10 kHz) to more negative at a lower frequency (at 0.3 Hz–3 Hz). This implies that, at
the higher frequency, the surface/electrolyte system exhibited a resistive behavior, whereas,
at the lower frequency, it showed a capacitive behavior. However, the capacitive behavior
differed from an ideal capacitor (ZPhase = −90◦), which can be attributed to the surface
heterogeneities [79]. The impedance spectra of Nyquist plots (Figure 8d) were made up of
depressed semicircles. The greater the radius of the semicircle, the greater the resistance of
a material, which is inversely related to corrosion rate [80]. The larger semicircle radii of
the borided samples indicated a compact and continuous iron boride layer with minimal
microporosities in the phases.

The quantitative electrochemical data were obtained using two equivalent electrical
circuits (EEC), as shown in Figure 8e,f. Model A was employed for the bare samples due
to the absence of passivation in such cases. Due to the existence of boride layers, borided
steels could not be fit with model A; thus, a separate model, model B, was employed. In
EEC, Rs represents the solution resistance; Rct and Rb are the charge transfer resistance of
the electric double layer and resistance of the boride layer, respectively; CPEdl and CPEb
are the constant phase elements to describe the dielectric behavior of the bare substrate
and the boride layer. A parallel combination of Rct and CPEdl was used to represent the
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faradaic and non-faradaic processes at the electrode/electrolyte boundary. The impedance
of the CPEb and CPEdl can be defined as follows:

ZCPE =
[
Q(jω)n]−1

where j =
√
−1, refers to the imaginary component of the impedance, ω denotes the

angular frequency, Q represents the imaginary admittance of CPE, and n denotes the
exponent of CPE with a value 0 < n < 1.

The quantitative data acquired by fitting EIS spectra to each element in the EEC model
are shown in Table 5. The goodness of fit was in the order of 10−3. The Rct value predicts a
system’s corrosion resistance, and the borided SLMed and wrought (3763 ± 700 Ω·cm2 and
3457 ± 326 Ω·cm2, respectively) exhibited an approximately 6-fold higher charge transfer
resistance than the bare SLMed and wrought (602 ± 58 Ω·cm2 and 648 ± 139 Ω·cm2),
respectively. The total resistance Rt (=Rs + Rb + Rct) of borided SLMed and wrought
(3970 ± 758 Ω·cm2 and 3700 ± 293 Ω·cm2) also demonstrated ~6 times increase than bare
SLMed and wrought resistance values (675 ± 57 Ω·cm2 and 658 ± 136 Ω·cm2), respectively.
Relatively lower Qdl values associated with borided SLMed (563 ± 46 µS-sn cm−2) and
borided wrought samples (735 ± 92 µS-sn cm−2) indicated a lesser amount of charge relax-
ation [77] and an increase in thickness of the electrical double layer [81] of the borided sam-
ple than bare SLMed (2957 ± 726 µS-sn cm−2) and bare wrought (4347 ± 1180 µS-sn cm−2)
8620, respectively.

Table 5. Quantitative parameters of EEC elements obtained by fitting the experimental EIS spectra (n = 3).

Samples Rs
(Ω·cm2)

Rb
(Ω·cm2)

Qb
µS-sn cm−2 nb

Rct
(Ω·cm2)

Qdl
µS-sn cm−2 ndl

Rt
(Ω·cm2)

Goodness of
Fit (10−3)

Wrought borided 26 ± 16 217 ± 29 473 ± 67 0.88 ± 0.02 3457 ± 326 735 ± 92 0.36 ± 0.06 3700 ± 293 5.2 ± 1.3
SLMed borided 46 ± 37 163 ± 32 243 ± 16 0.95 ± 0.04 3763 ± 700 563 ± 46 0.48 ± 0.06 3970 ± 758 2.8 ± 1.9
Wrought bare 9.9 ± 4.2 - - - 648 ± 139 4347 ± 1180 0.95 ± 0.01 658 ± 136 5.9 ± 2.3
SLMed bare 10 ± 1.3 - - - 602 ± 58 2957 ± 726 0.95 ± 0.01 675 ± 57 5.1 ± 1.6

3.7. Linear Polarization Resistance

Figure 9 represents the linear polarization resistance (LPR) curves of SLMed and
wrought 8620 with and without boride layers. The polarization resistance, Rp, was mea-
sured by considering the slope of the V vs. I curve near the OCP, and the borided 8620
exhibited a steeper slope compared to the bare one. In particular, borided SLMed and
wrought 8620 exhibited Rp values of 4442 ± 1261 Ω·cm2 and 4286 ± 1206 Ω·cm2, respec-
tively, which were 7-fold higher than the bare samples, i.e., Rp values of 656 ± 70 Ω·cm2

and 651 ± 136 Ω·cm2 for bare SLMed and wrought, respectively (Table 6). The higher
polarization resistance of the borided samples signifies the protective capabilities of boride
layers [82]. The corrosion current is inversely proportional to the polarization resistance;
hence, a greater polarization resistance indicates a lesser corrosion tendency. In addition,
the polarization resistance values were in close agreement with the resistance values ob-
tained in the PD and EIS experiments (Tables 4 and 5). There exist some variations in the
data which could be due to the difference in the techniques utilized; however, the trend of
polarization resistance is consistent across all cases, i.e., the polarization resistance values
of borided 8620 were significantly higher than those of the bare 8620.

Table 6. Polarization resistance values from LPR test (n = 3).

Sample Polarization Resistance (Ω·cm2)

Wrought borided 4286 ± 1206
SLMed borided 4442 ± 1261
Wrought bare 651 ± 136
SLMed bare 656 ± 70
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In summary, the corrosion resistance of SLMed and wrought 8620 was enhanced
by the boride layer in 0.1 M Na2S2O3 + 1 M NH4Cl, according to the electrochemical
parameters determined with the EIS and LPR tests, which was compatible with the find-
ings of the potentiodynamic polarization experiments. The absence of metal–metal bond
weakening adsorbed sulfur on the surface of the borided samples was responsible for the
excellent corrosion resistance of the boride samples. Additionally, the improvement in
electrochemical characteristics was attributable in part to the homogeneous and compact
boride layers, which decreased the number of reaction sites, and therefore, improved the
corrosion resistance [38].

3.8. Surface Analysis after Potentiodynamic Polarization Test

Surface morphologies of the bare and borided 8620 after potentiodynamic polarization
tests are presented in Figure 10. The surfaces of bare SLMed and wrought 8620 exhibited a
thick layer of corrosion products (Figure 10b,d), whereas the borided counterparts showed
evenly distributed granular corrosion particles (Figure 10f,h). The layer of corrosion
products was similar on the bare surfaces and demonstrated a significant number of cracks,
indicating its poor corrosion protection under corrosive environment. EDS point scans on
the bare corroded surfaces confirmed the presence of Fe, Cr, Ni, S, and O, indicating that the
corrosion products were composed of sulfides and oxides of metal species (Table 7). This
kind of corrosion product formation was due to the chloride-induced oxidation of steel.

Table 7. Composition (wt%) of corrosion products after potentiodynamic polarization tests.

Sample/Elements O S Cr Fe Ni

SLMed bare 20.9 ± 2.2 22.5 ± 2.4 2.5 ± 1.2 50.1 ± 4.2 2.6 ± 1.5
Wrought bare 16.3 ± 4.1 25.0 ± 2.6 2.8 ± 0.7 51.6 ± 4.4 3.3 ± 0.7

SLMed borided-point 1 - 91.4 ± 1.1 0.1 ± 0.1 3.2 ± 0.2 0.2 ± 0.2
SLMed borided-point 2 10.7 ± 7.2 5.5 ± 3.7 0.5 ± 0.3 81.1 ± 2.5 1.1 ± 0.5

Wrought borided-point 1 2.3 ± 3.9 89.2 ± 4.8 0.2 ± 0.3 8.2 ± 1.5 -
Wrought borided-point 2 13.2 ±1.2 6.3 ± 5.1 0.3 ± 0.4 76.4 ± 7.1 0.8 ± 1

On the contrary, in borided SLMed and wrought 8620, sulfur was the dominating
species in corrosion particles (i.e., point 1 in Figure 10f,h), signifying the presence of
elemental sulfur (resulting from Equations (3) and (4)) on the surface. The borided surface
lacks iron sulfides due to the presence of iron borides, which restrict the formation of
adsorbed sulfur, and hence, the formation of iron sulfides. However, elemental sulfur
can be deposited on the surface, which was observed not to accelerate the dissolution
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rate of metals. In both borided samples, the point scans away from the corrosion particle,
i.e., point 2 in Figure 10f,h, and exhibits the presence of oxygen, high concentration of iron,
and an insignificant amount of sulfur, indicating the formation of iron oxides on the surface.
In summary, the enhanced corrosion resistance of borided 8620 can be attributed to the
absence of adsorbed sulfur due to the protective nature of the FeB/Fe2B layers.
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Figure 10. Surface morphologies of the samples before (a,c,e,g) and after (b,d,f,h) potentiodynamic
polarization tests in 0.1 M Na2S2O3 + 1 M NH4Cl. (a,b) SLMed bare, (c,d) wrought bare, (e,f) SLMed
borided, and (g,h) wrought borided samples. Red diamonds indicate the points of EDS analysis.
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