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Abstract

This study investigates the effects of surface thermochemical treatments using boriding,
nitriding, and boronitriding on the microstructure and mechanical properties of martensitic
stainless steel AISI 420 ESR. Powder-pack boriding, gas nitriding, and sequential boroni-
triding processes were applied to enhance surface hardness, wear resistance, and adhesion.
The microstructural and mechanical properties of the surface samples were analyzed
using scanning electron microscopy, energy-dispersive spectroscopy, X-ray diffraction,
microhardness, and nanoindentation testing. Tribological behavior was analyzed using
a pin-on-disk tribometer under dry-sliding wear conditions, with applied normal loads
of 5 N and 10 N and a sliding distance of 1000 m. The results showed that the borided
samples exhibited the highest surface hardness, up to 1182 HV0.05, as well as brittle fracture
and spallation with poor adhesion, while the boronitrided layer offered excellent adhesion.
The boronitriding condition demonstrated a synergistic balance, combining high wear
resistance (5.92 × 10−7 mm3N−1m−1 and 4.96 × 10−7 mm3N−1m−1) and reduced friction
(~0.78 and ~0.67) for loads of 5 N and 10 N, respectively, without brittle fractures on the
coating layer. These results confirm that duplex coating treatment is an effective strategy
for improving the surface performance of AISI 420 ESR components subjected to severe
operating conditions.

Keywords: tribological performance; wear; friction coefficient; AISI 420 ESR stainless steel;
boriding; nitriding; boronitriding
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1. Introduction
The most commonly used types of stainless steel are austenitic Cr-Ni steels, such

as AISI 304, which account for more than 50% of global stainless steel production. The
next most commonly used grades are ferritic chromium steels such as AISI 409 and AISI
430. Together, these grades account for 80% of industrial consumption. The remaining
20% are high-performance austenitic and martensitic grades [1]. Despite its limited us-
age in industrial applications, martensitic stainless steel is relevant in many industries.
Martensitic stainless steels, such as AISI 420, are commonly used in demanding engineering
applications due to their balanced combination of hardness, corrosion resistance, and heat
treatability [2,3]. This steel is widely employed in components such as molds [4], high-
pressure pipes [5], medical devices [6], and food processing [7], where surface integrity is
crucial. In aggressive environments, surface properties may not be sufficient, leading to
the exploration of surface modification techniques such as thermochemical nitriding and
boriding processes.

Gas nitriding is a thermochemical process used to introduce nitrogen atoms into
the surface of steel, forming hard nitrides such as γ′-Fe4N and ε-Fe3N. This process en-
hances surface hardness, wear resistance, and, in some cases, corrosion resistance. For
AISI 420, Tang et al. [8] observed substantial improvements in surface properties due to
CrN precipitation, while Dalibon et al. [9] achieved similar results using short-time ion
nitriding. Plasma-based nitriding techniques have also demonstrated promising outcomes.
Xi et al. [10] improved both toughness and crack resistance. Çetin et al. [11] confirmed
enhanced wear behavior in duplex-treated samples. Wu et al. [12] introduced a rapid
plasma nitriding method that produced deep diffusion profiles. Additional studies by
Shen and Wang [13], Pinedo and Monteiro [14], Li et al. [15], and Xi et al. [16] confirmed
uniform phase distribution and reduced porosity, even at low nitriding temperatures.
Brühl et al. [17], Menthe et al. [18], and Sun et al. [19] further highlighted improvements in
corrosion resistance and hardness–depth profiles due to optimized plasma parameters.

On the other hand, boriding forms hard boride compounds such as FeB and Fe2B on
the surface, significantly increasing hardness and wear resistance. Studies of boriding on
AISI 420 stainless steel have demonstrated enhanced mechanical and tribological properties.
Ortiz-Domínguez et al. [20] analyzed layer thickness and diffusion behavior, establishing
predictive models under powder-pack conditions. Additional studies on borided marten-
sitic stainless steels by Gunes [21] confirmed a significant increase in surface hardness (up
to 2147 HV0.05) and a fivefold reduction in the wear rate compared to untreated conditions.
Altintaş et al. [22] demonstrated that increasing Ekabor 2 content to produce samples via
dry pressing into a die, followed by cold isostatic pressing, leads to enhanced surface prop-
erties. Investigations by Juijerm et al. [23] and Barut et al. [24] emphasized the effects of
process parameters on boride layer morphology. Turkoglu et al. [25], as well as Kayali [26],
found that samples subjected to boriding exhibit superior hardness as the temperature
increases. Similarly, Çakır et al. [27] and Shi et al. [28] studied the beneficial effects of boron
treatment on erosion, wear, and corrosion resistance.

Beyond conventional thermochemical treatments, alternative surface modification
and alloy design strategies have also been explored to enhance tribological performance.
For example, Hou et al. [29] reported that low-temperature field-assisted ball burnishing
applied to a TA2 titanium alloy led to microstructural refinement and notable improve-
ments in corrosion and wear resistance through surface densification and strain hardening
mechanisms. In parallel, recent reviews on high-entropy alloys (HEAs) have highlighted
their outstanding tribological behavior, which is attributed to compositional complexity,
thermodynamic stability, and process optimization strategies [30]. Compared with these
approaches, the present work emphasizes a diffusion-based surface engineering route, in
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which sequential boriding and nitriding are employed to generate hard compound layers
while maintaining the bulk properties of martensitic stainless steel.

Previous studies have established that boriding and nitriding treatments form hard
compounds such as FeB, Fe2B, γ′-Fe4N, and ε-Fe3N, which considerably improve mechani-
cal properties, thereby increasing the surface hardness and wear resistance of heat-treated
layered AISI 420 ESR steels. Our hypothesis is that sequential boronitriding will improve
adhesion–wear trade-offs compared to single treatments. The aim of this study is to
describe the microstructural evolution and improvements in mechanical properties and
tribological behavior resulting from sequential dual boriding and nitriding treatments,
ultimately seeking to optimize the surface characteristics of martensitic stainless steel for
demanding applications.

2. Materials and Methods
2.1. Sample Preparation

The base material used in this study was AISI 420 Electro-Slag-Refined martensitic
stainless steel. The nominal chemical composition wt.% of commercial AISI 420 ESR
stainless steel, provided by the manufacturer (SISA 420 ESR, Milano, Italy), is 0.38 C,
0.45 Mn, 0.60 Si, 13.60 Cr, 0.30 V, and <0.003 S. A cylindrical rod was sectioned to obtain
samples 25 mm in diameter × 10 mm in thickness.

Prior to the thermochemical treatments, the samples underwent heat treatment at
1020 ◦C for 3 h, followed by rapid cooling in air and a double rapid cooling cycle at
250 ◦C for 2 h and 200 ◦C for 2 h, in accordance with the technical data sheet provided
by the manufacturer of the AISI 420 ESR. All samples were ground with 2000-grit SiC
paper to achieve the initial roughness of the untreated QT sample and the necessary
thermochemical treatment conditions. The samples were not polished after thermochemical
surface treatment prior to tribological tests.

2.2. Powder-Pack Boriding Process

Boriding was carried out using the powder-pack method. The boriding medium
consisted of a commercial powder mixture DURBORID ® G, supplied by Durferrit GmbH
(Mannheim, Germany), containing boron carbide (B4C), as reported in the literature [31].
Samples were embedded within the powder inside AISI 304 steel containers to minimize
oxidation. The containers were sealed and placed in a furnace at 950 ◦C for 4 h [31–33].
After treatment, the samples were allowed to cool to room temperature.

2.3. Gas Nitriding Process

Following boriding, selected samples were subjected to gas nitriding. The nitriding
process involved a staged thermal cycle: initial heating to 300 ◦C for 1 h, followed by
stabilization and a gradual increase to 560 ◦C for 1 h. The nitriding atmosphere consisted
of NH3 gas introduced in two stages (1.0 m3/h for 4 h and then 0.5 m3/h for 4 h), followed
by a cooling cycle to room temperature. Quenched and tempered (non-borided) samples
were also treated under the same nitriding conditions for comparison. A schematic repre-
sentation of the surface treatment applied to the AISI 420 ESR samples is shown in Figure 1
((a) powder-pack boriding and (b) gas nitriding). A summary of thermochemical surface
treatments applied to the AISI 420 ESR samples is shown in Table 1.
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Figure 1. Schematic representation of the duplex surface treatment applied to the AISI 420 ESR
samples, showing (a) powder-pack boriding and (b) gas nitriding.

Table 1. Thermochemical treatments applied to the AISI 420 ESR samples.

Treatment Code Thermochemical Treatments Temperature (◦C)/Time (h)

QT Quenched and double tempered 1020 (Q)/3 h + 250 − 200 (T)/2 h − 2 h
B Powder-pack boriding 950 (B)/4 h
N Gas nitriding 560 (N)/8 h

BN Boronitriding 950 (B)/4 h + 560 (N)/8 h

The nitriding index kN can be determined with Equation (1) as follows [34]:

kN =
p(NH3)

p(H2)
3/2 (1)

Equation (1) can also be expressed in the following form [1]:

kN =

[
1 −

(
H2%
75%

)]
(

H2%
100%

)3/2 (2)

With the ammonia volume flow of 1 m3/h used in the system, the H2 sensor display on the
nitriding furnace indicated a constant hydrogen partial pressure pH2

% of 40% and thus a
nitriding index as follows:

kN = 1.85

The hydrogen partial pressure remained constant throughout the entire process, mean-
ing that no further adjustment of the partial pressures was necessary. According to
Equations (1) and (2), the partial pressures are calculated as follows:

p(NH3) = 47%, p(H2) = 40%, and pN2
= 13%.

The true degree of dissociation αw can be calculated as follows [35]:

αw =
H2%

150 − H2%
(3)

At a hydrogen partial pressure of 40%, we obtain

αw = 36.36%
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Additional process parameters are furnace pressure at 1 atm atmospheric pressure and
gas purity

NH3 ≥ 9.98%

2.4. Post-Treatment Sample Cross-Section Preparation

After thermochemical treatment, the samples were sectioned. Then, the cross-sections
were cleaned in an ultrasonic bath. The samples were ground with 600–2000 grit SiC paper,
followed by polishing with 0.3 µm alumina suspension to obtain a mirror finish. Etching
was performed with a solution of 25 g of iron (III) chloride hexahydrate (FeCl36H2O), 25 mL
of hydrochloric acid (HCl), and 100 mL of distilled water for 20 s.

2.5. Characterization Techniques

The microstructural characterization of the AISI 420 ESR steel was carried out using
scanning electron microscopy (SEM) with a TESCAN MIRA 3 (TESCAN GROUP, a.s.,
Kohoutovice, Brno, Czech Republic), in secondary electron (SE) mode at an acceleration
voltage of 20 kV. Energy-dispersive X-ray spectroscopy (EDS) was performed using a
Bruker instrument (Bruker, Hamburg, Germany) to determine the semi-quantitative chemi-
cal composition of the samples. Metallographic phases before and after surface treatment
were analyzed using an X-ray diffraction (XRD) with a Phillips X’Pert 3040 (Eindhoven,
The Netherlands) in Bragg–Brentano configuration (PANALITICAL, Great Malvern, UK).
The instrument used a copper anode tube with Cu-Kα radiation operating at 45 kV and
30 mA, with a nominal step size of 0.02◦ at a scan speed of 30 s/step over a 2θ range of
20◦ to 90◦. The microhardness profiles measured on the cross-section, with 10 repetitions
at 5 positions (~50 µm) from the top surface to the base material, were obtained through
Vickers indentation tests using a MicroMet 6010 microdurometer (BUEHLER, Shanghai,
China) with a 50 g load and a 10 s dwell time (HV0.05), following the ISO 6507-1 stan-
dard [36]. The nanoindentation tests, with 10 repetitions for each surface condition, were
performed using an RTec Instrument (RTEC-INSTRUMENTS Inc., San Jose, CA, USA) with
a 150 mN load and a 12 s dwell time. The initial roughness and cross-sections of the wear
tracks were evaluated using a Mitutoyo SJ-410 surface profilometer (Mitutoyo Corporation,
Kawasaki, Japan). Worn pin surfaces and microhardness profiles were analyzed using a
stereomicroscope (Stemi 508, Zeiss, Oberkochen, Germany) and an Axio microscope (Carl
Zeiss, Oberkochen, Germany), respectively.

2.6. Tribological Testing

Tribological performance was evaluated using a pin-on-disk tribometer TBR (Anton
Paar, Ostfildern-Scharnhausen, Germany) according to the ASTM G99-17 standard [37], as
shown in the schematic in Figure 2. The wear tests for the four groups were carried out
with 3 repetitions, using untreated QT as a control sample, along with boriding, nitriding,
and boronitriding treatments conducted under dry-sliding conditions with alumina pins as
counter bodies. The wear test parameters are shown in Table 2. The coefficient of friction
was recorded during the tribological tests. The volume loss was numerically calculated via
profilometry from the cross-sectional profiles of the wear track, measured at six different
positions by rotating the circular wear track 60◦ per measurement. Untreated QT 420 ESR
stainless steel was not tribologically tested under 10 N due to excessive wear observed
at 5 N.
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Figure 2. Schematic diagram of the pin-on-disk testing according to the ASTM G99-17 standard.

Table 2. Wear test parameters.

Parameters

Normal force (N) 5, 10
Sliding speed (m/s) 0.1
Sliding distance (m) 1000

Pin-end diameter, spherical (mm) 6
Environment Air

Track diameter (mm) 8, 12
Temperature (◦C) 21
Humidity (RH) 40–60

3. Results and Discussion
3.1. SEM and EDS Analyses

SEM micrographs provided detailed information on the morphology and quality of
the quenching and tempering, boriding, nitriding, and boronitriding treatments. Addi-
tionally, EDS analyses were performed within the rectangular green area on the top of the
cross-sectional SEM images, as shown in Figure 3. The QT sample (Figure 3a) exhibited a
homogeneous martensitic structure. The martensitic microstructure matches the reference
microstructure reported by Isfahany et al. [2]. EDS and elemental mapping of the QT
sample (Figure 3(a1–a5)) showed a uniform elemental distribution, with iron, chromium,
manganese, and carbon dominating the surface. These results are consistent with the nomi-
nal composition of AISI 420 ESR. The boron diffusion surface of the cross-section (Figure 3b)
presented an external layer of FeB with a porous surface, followed by internal Fe2B with
a dense and compact surface layer and a characteristic sawtooth profile caused by FeB
and Fe2B phases, reaching an average thickness of 62.1 µm. Similar external layers of FeB
followed by internal dense and compact Fe2B surface layers have been reported in the liter-
ature [21,24,27]. The external FeB’s porous quality was attributed to the optimum furnace
conditions, causing a homogeneous distribution of the boron atoms and allowing them
to form a continuous boride layer [25]. This morphology is characteristic of anisotropic
boron diffusion, as documented in powder-pack boriding studies by Ortiz-Domínguez
et al. [20] and further analyzed in their kinetic modeling work [38]. Abbasi-Khazaei and
Mollaahmadi [5] also reported similar profiles, in which irregular interfaces promoted
mechanical anchoring but could act as sites for crack propagation. This dual effect was
also emphasized by Kayali and Taktak [3], who associated the sawtooth-shaped geometry
with reduced adhesion of the boride layers. Semi-quantitative EDS and chemical elemental
mapping analysis of the boron-treated sample showed significant boron enrichment at
the surface (Figure 3(b1)). The boron content was approximately 17.67 wt.% near the
surface, gradually decreasing toward the substrate, which presented a boron content of
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approximately 4.37 wt.%, as shown in Figure 3(b2). The iron content correspondingly
decreased from the core to the outer region, confirming active diffusion of boron, with iron
and chromium promoting the formation of a well-developed surface layer composed of
FeB, Fe2B, and Cr2B (see Figure 3(b3–b5)). Abbasi-Khazaei and Mollaahmadi [5] reported
comparable gradients, reinforcing the effective formation of FeB and Fe2B layers under
boriding conditions. The nitrided cross-section surface (Figure 3c) revealed surface γ′-Fe4N
and an ε-Fe3N layer with nitride precipitation in the diffusion zone, uniform thickness, and
a flat interface, suggesting a controlled nitrogen diffusion process. Cracks at the surface
were oriented parallel to the surface and developed within the nitrided layer but not at the
interface. This phenomenon during the nitriding of AISI 420 stainless steel was reported
by Tuckart et al. [39], who reported that the presence of precipitated particles and local
residual stresses are possible causes of such a phenomenon. Dalibon et al. [9] observed
comparable features in ion-nitrided AISI 420, reporting the formation of compact ε-Fe3N
compound layers with strong bonding and low porosity. Li et al. [15] reported similarly
clean interfaces produced by active screen plasma nitriding; such interfaces are favorable
for mechanical stability. However, Pinedo and Monteiro [14] noted that abrupt transitions,
although structurally sound, may limit the layer’s ability to withstand high cyclic stresses.
The EDS and chemical elemental mapping analysis of the nitrided sample (Figure 3(c2–c5))
detected nitrogen in the diffusion zone, accompanied by a slight decrease in iron content.
The nitrogen decreased gradually from the surface to the substrate, with phases rich in
chromium and nitrogen visible in Figure 3(c3–c5). These findings are consistent with the
ion-nitriding results described by Dalibon et al. [9], who also observed surface nitrogen
enrichment without significant phase mixing. Li et al. [15] similarly reported surface ni-
trogen levels exceeding 8 wt.% in plasma-nitrided AISI 420, which correlates with the
formation of ε and γ′ nitrides. The boronitrided cross-section surface (Figure 3d) exhibited
a layered morphology with a denser outer zone and a gradual transition into the substrate
caused by the dual formation of FeB, Fe2B, γ′-Fe4N, and ε-Fe3N phases. This layer had a
smoother appearance and more continuous morphology than the well-known sawtooth
shape of borided coatings. It was also possible to observe cracks on the outer layer oriented
parallel to the surface. This can be attributed to the internal stresses arising between the FeB
and Fe2B phases, generating cracks parallel to the surface [40]. Similarly, cracks oriented
parallel to the nitrided layer may appear due to the presence of precipitated particles and
local residual stresses, which are possible causes of this phenomenon [39]. EDS revealed
that boron was concentrated on the outermost surface, reaching approximately 5.47 wt.%,
while nitrogen was distributed regularly below the surface with a maximum value of
17.53 wt.% (Figure 3(d1)). The boron and nitrogen contents decreased to approximately
1.35 wt.% and 1.95 wt.%, respectively, in the substrate (Figure 3(d2)). This layered com-
position supports the formation of a duplex structure, where boron dominates the outer
zone with nitrogen in the transition region. The chemical elemental mapping analysis
revealed the simultaneous presence of boron and nitrogen, distributed in layered zones
(Figure 3(d3–d5)). The boronitrided layer indicated high concentrations of nitrogen and
boron elements in the coating layer, promoting the formation of borides and nitrides of iron
and chromium. At the surface, the concentration of nitrogen and boron was higher than
that in the substrate underneath the boronitrided layer. Initial boriding and subsequent
nitriding promoted a combined diffusion of Ni and B, generating a limited diffusion of
nitrogen and producing a thinner boronitrided layer than the nitrided layer (see Figure 3d).
This result can be attributed to the formation of a B-rich zone limiting diffusion underneath
the boride layer. In addition, chromium concentrates strongly on the surface with nitrogen
in the outer region of the nitride layer (see Figure 3(d1–d5)) due to CrN nitride precipitation
at the grain boundary [13].
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Figure 3. SEM cross-sectional micrographs for (a) quenching and tempering, (b) borided, (c) nitrided,
and (d) boronitrided treatments, EDS spectra with elemental chemical analyses for (a1) quenching
and tempering, (b1,b2) borided, (c1,c2) nitrided, and (d1,d2) boronitrided treatments and chemical
elemental mapping for (a2–a5) quenching and tempering, (b3–b5) borided, (c3–c5) nitrided, and
(d3–d5) boronitrided treatments.
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3.2. X-Ray Diffraction Analysis

An X-ray diffraction (XRD) analysis was performed to identify the crystalline phases
present in each sample and evaluate the phase evolution induced by the thermochemical
treatments, as shown in Figure 4. The QT sample exhibited diffraction peaks corresponding
exclusively to α-Fe (martensitic phase), with characteristic reflections at 44.6◦, 65.0◦, and
82.3◦. These peaks are consistent with the ferritic/martensitic matrix of AISI 420 ESR
and match the reference pattern for α-Fe (PDF 06-0696). The borided sample exhibited
additional peaks appearing at 38.3◦, 43.6◦, and 47.8◦, corresponding to Fe2B (PDF 04-019-
2627). Peaks were also observed at 45.1◦ and 65.0◦, attributed to FeB (PDF 04-007-6176).
These peaks confirm the formation of an iron boride layer as a result of boron diffusion on
the steel surface. The high intensity of the Fe2B peaks indicates that this phase is dominant
in the outer region, in agreement with Barut et al. [24], who also reported these crystalline
structures. The nitrided sample showed peaks at 41.2◦ and 43.6◦, attributed to ε-Fe3N (PDF
04-007-3377), and a weak peak at 47.9◦ corresponding to γ′-Fe4N (PDF 01-071-4924). The
appearance of these peaks confirms successful nitrogen diffusion and nitride formation.
The presence of both ε and γ′ phases suggests a typical compound layer morphology as
reported by Pinedo et al. [14] and Li et al. [15]. A more complex diffraction pattern was
observed in the boronitrided sample. Peaks associated with Fe2B (38.3◦, 43.6◦, 47.8◦), FeB
(45.1◦, 65.0◦), ε-Fe3N (41.2◦, 43.6◦), and γ′-Fe4N (47.9◦) were all detected. Additionally,
weak peaks of Cr2B were identified near 41.2◦ and 82.2◦ (PDF 04-004-1242), suggesting the
involvement of Cr during the boronitriding process. This multiphase composition confirms
the successful formation of a duplex layer and reflects a layered structure.

Figure 4. X-ray diffraction pattern for the 420 ESR QT and compound coatings after boriding
and nitriding.

3.3. Microhardness Vickers

The microhardness Vickers HV0.05 profiles revealed significant differences in sur-
face hardness among the various treatments, as shown in Figure 5a, and hardness Vick-
ers indentations on the cross-section from the surface to the substrate for (b) quenching
and tempering, (c) borided, (d) nitrided, and (e) boronitrided treatments. As expected,
the QT sample showed the lowest surface hardness, averaging 304 ± 12.9 HV0.05 (see
Figure 5a,b). The borided sample exhibited the highest surface hardness, with values
reaching 1489.6 ± 61.4 HV0.05. This remarkable increase is attributed to the formation of
the FeB and Fe2B phases in the hard boride layer, known for its high resistance to plastic
deformation, as shown in Figure 5c. Kayali [26] reported hardness values of boride layers
reaching 1160 to 1700 HV0.05 at 30 µm from the surface, depending on the process param-
eters. The nitrided sample reached an average surface hardness of 1114.1 ± 61.8 HV0.05,
confirming the formation of γ′-Fe4N and ε-Fe3N nitrides in a deeper compound layer
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(see Figure 5d). Although slightly lower than that of the borided sample, this hardness
still represents a significant improvement over the untreated conditions. These results
are consistent with those of Wu et al. [12], who reported surface hardness values between
920 and 957 HV0.05 under plasma nitriding. The boronitrided sample reached a surface
hardness of 1357.1 ± 15.5 HV0.05. This hardness value is lower than that of the borided
samples, reflecting balanced hardness due to the combined FeB and Fe2B at the surface, as
well as γ′-Fe4N and ε-Fe3N phase structures in the black zone layer and below the black
zone layer (see Figure 5e), with contributions from both borides and nitrides.

Figure 5. Hardness Vickers HV0.05 on the cross-section for (a) all conditions, hardness indentations on the
cross-section for (b) quenching and tempering, (c) borided, (d) nitrided, and (e) boronitrided treatments.

3.4. Nanoindentation Tests and Surface Roughness

The results of the nanoindentation load and unload curve for the untreated QT condi-
tion and the thermochemically treated boriding, nitriding, and boronitriding conditions
are shown in Figure 6. The size effect shows an increase in hardness with a decrease
in indentation depth (see Figure 6a). The QT sample load and unload curve presented
a maximum indentation depth of 1520.5 nm. In comparison, the nanoindentation load
and unload curves for boriding, nitriding, and boronitriding yielded maximum depths of
804.7 nm, 920.2 nm, and 912.7 nm, respectively. The relationship between the elastic modu-
lus E and the hardness values H obtained from nanoindentation of all samples is shown in
Figure 6b as scattered points. The data calculated from nanoindentation showed scattered
points for the four groups, which belonged to the 420 ESR surfaces and the thermochemi-
cally treated surfaces. The homogeneous behavior of the black dots could be observed in
the untreated 420 ESR tests. In contrast, thermochemically treated coatings resulted in a
higher elastic modulus and greater hardness, translating into a visible distribution of blue,
green, and red scatter points induced by defects and residual oxides in the surface coatings.
The results showed a decrease in indentation depth, with the borided sample exhibiting
the lowest penetration. The mechanical properties in terms of the elastic modulus (E)
and hardness (H) are shown in Table 3. The results for the QT samples showed an elastic
modulus of 189.4 ± 13.6 GPa and a hardness of 2.6 ± 0.3 GPa. Similar results were reported
by Ben Lenda et al. [41] for 420 stainless steel subjected to normalizing heat treatment at
1075 ◦C and annealing at 250 ◦C, yielding an elastic modulus of 211 GPa and a hardness of
4 GPa. The mechanical properties in the borided samples increased the elastic modulus
to 349.7 ± 36.8 GPa and the hardness to 11.5 ± 0.4 GPa, caused by FeB, Fe2B and Cr2B.
García-Léon et al. [42] reported the effects on mechanical properties caused by the FeB

https://doi.org/10.3390/coatings16020263

https://doi.org/10.3390/coatings16020263


Coatings 2026, 16, 263 11 of 22

and Fe2B phases in low-carbon stainless steel, which exhibited good resistance to plastic
deformation in the layer, helping to prevent adhesion failures of the ceramic layer and
conferring high wear resistance. The secondary Cr2B phase in the boride layer promotes
precipitation strengthening, enhancing grain boundary stability, thereby improving the
alloy’s hardness and wear resistance [43]. The effect of Cr2B as the precipitation strength-
ening phase during the boriding process effectively impedes dislocation motion, leading
to significantly enhanced surface hardness and strength [44]. The elastic modulus and
hardness of the nitrided samples produced by γ′-Fe4N and ε-Fe3N were 313.6 ± 17.2 GPa
and 9.8 ± 0.5 GPa, respectively. Manfrinato et al. [45] reported the mechanical properties
of nitriding at 400 ◦C on 420 stainless steel, with an elastic modulus of 281 ± 21 GPa and
a hardness of 14.1 ± 1.0 GPa. The boronitrided samples showed intermediate mechanical
properties, with a hardness of 10.7 ± 0.8 GPa and an elastic modulus of 327.9 ± 21.3 GPa
caused by FeB, Fe2B, γ′-Fe4N, and ε-Fe3N. These results indicate a synergistic effect com-
bining the mechanical properties of the elastic modulus and hardness. The H/E ratio is
considered an indicator of wear resistance and the ability to plastically deform the tribolog-
ical frictional contact without failure, where a higher ratio suggests better performance [46].
The H/E ratios presented in Table 3 revealed an increase for all thermochemically treated
surfaces, with boron-treated samples mostly exhibiting higher ratios of ~0.0328. On the
other hand, the nitrided sample showed a trend with lower ratios of ~0.0326. Moreover, the
boronitrided sample presented an intermediate tendency ratio combining the mechanical
properties of hardness and the elastic modulus with a ratio of ~0.0312. The initial roughness
values of the untreated QT sample and the thermochemically treated borided, nitrided,
and boronitrided samples are presented in Table 3.

Figure 6. Nanoindentation test results for (a) load–unload nanoindentation curves and (b) scatter
plots of the elastic modulus vs. hardness.

Table 3. Nanoindentation mechanical properties and initial roughness.

Sample Elastic Modulus E
(GPa) Hardness H (GPa) H/E Initial Roughness

Ra (µm)

QT 189.4 ± 13.6 2.6 ± 0.3 0.0137 ± 0.001 0.243 ± 0.03
B 349.7 ± 36.8 11.5 ± 0.9 0.0328 ± 0.003 0.239 ± 0.02
N 313.6 ± 17.2 9.8 ± 0.5 0.0312 ± 0.002 0.228 ± 0.08

BN 327.9 ± 21.3 10.7 ± 0.8 0.0326 ± 0.003 0.213 ± 0.06

3.5. Rockwell-C Adhesion Properties

The adhesion behavior of the surface layers was evaluated using the Rockwell-C
indentation method according to the VDI 3198 standard [47], as shown in Figure 7, which
presents SEM images of Rockwell-C indentations on the borided, nitrided, and boronitrided
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AISI 420 ESR stainless steel substrates. The borided sample (Figure 7a) exhibited poor
adhesion. Here, the indentation zone was surrounded by radial cracks and localized
spallation, indicating the brittle behavior of the hard boride layer caused by the phases FeB
and Fe2B, where these failures represent the HF2–HF3 type of adhesion strength quality.
Similar adhesion failures in borided coatings were reported by Kayali [3] and Barut [24],
who observed radial cracking and flaking around Rockwell indentations. The nitrided
sample (Figure 7b) showed brittle fracture characteristics caused by γ′-Fe4N and ε-Fe3N.
The indentation mark revealed signs of large radial cracking, suggesting the formation of
a ductile and well-integrated nitride layer. These failures in the nitrided layer are related
to the HF1–HF2 type of adhesion strength quality. In contrast, the boronitrided sample
(Figure 7c) showed significantly improved adhesion produced by FeB, Fe2B, γ′-Fe4N, and
ε-Fe3N when compared to the boriding and nitriding conditions. While minor radial lines
were visible, no flaking or delamination occurred around the indentation, representing an
HF1 type of adhesion strength quality.

Figure 7. SEM images of Rockwell-C indentations for the (a) borided, (b) nitrided, and (c) boroni-
trided samples.

3.6. Worn Surface Characterization

Pin-on-disk wear tracks of the untreated and treated borided, nitrided, and boroni-
trided samples with an applied load of 5 N are shown in Figure 8. Untreated QT 420 ESR
stainless steel exhibited severe wear with a cross-sectional width of 2811.1 µm, as shown in
Figure 8a. A high-magnification micrograph showed that the main wear mechanisms were
abrasion grooves, adhesion, and debris agglomeration, as shown in Figure 8b. The borided
sample presented the narrowest wear track width of 225.8 µm, as shown in Figure 8c, with
a polished, smooth worn surface and the presence of microcracks and brittle fractures in the
coating layer, as shown in Figure 8d. The nitrided sample presented a cross-sectional wear
track width of 517.2 µm, as shown in Figure 8e. The main wear mechanisms were abrasion
grooves on a worn, polished surface, exposing the composite layer and the continuous
precipitation of nitrides (dark structures) in the diffusion zone (see Figure 8f). It is well
known that the mechanical properties of borided and nitrided layers, such as hardness
and the elastic modulus, have a significant impact on improving wear resistance. The
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wear resistance of the borided and nitrided surfaces shown in Figure 8d,f confirm that
wear resistance was improved as hardness and the elastic modulus increased, as shown
in Table 3. Different studies [10–13,15–17,19–24] have described the effects of boriding
and nitriding treatments on the hardness of ε-Fe3N, γ′-Fe4N, FeB, Fe2B, and CrB phases
within the coating layers on 420 ESR, thereby improving both mechanical properties and
tribological behavior. The worn boronitrided surface exhibited a cross-sectional wear track
width of 397.7 µm, as shown in Figure 8g. As shown in Figure 8h, the wear track at high
magnification presents less severe abrasion grooves due to the protective borided layer that
exposed the nitride precipitation (dark structures) of the composite layer precipitation in
the diffusion zone. The worn surface of the boronitrided sample showed slight signs of
abrasion and scratches on the smooth worn surface.

Figure 8. SEM images of wear tracks under a 5 N load for (a,b) QT 420 ESR stainless steel and
(c,d) boriding, (e,f) nitriding, (g,h), and boronitriding conditions.
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The wear tracks of borided, nitrided, and boronitrided samples with an applied load
of 10 N are shown in Figure 9. Untreated QT 420 ESR stainless steel was not tribologically
tested with a 10 N load due to excessive wear produced at an applied load of 5 N. The
borided coating revealed a cross-section wear track of 286.4 µm, as shown in Figure 9a.
The surface was polished, presenting minor damage with visible microcracks and brit-
tle fractures of the hard coating layer, as shown in Figure 9b. The brittle crack fractures
shown in Figures 8d and 9b can be explained by initial residual stress cracking and the
presence of porosity, which can promote crack propagation [25], as shown in Figure 3b.
The fracture in the coating layer was produced by the brittle boride layer acting as a
site for crack initiation and propagation [48]. The cross-sectional wear track width for
the nitrided sample was 837.9 µm, as shown in Figure 9c. The main wear mechanisms
were slight abrasion and polishing of the surface, as shown in Figure 9d. Finally, the
boronitrided worn surface exhibited a wear track width of 676.1 µm, as shown in Fig-
ure 9e. The boronitrided worn surface showed abrasion scratches on the polished surface,
which can be seen in Figure 9f. Under both loads, 5 N and 10 N, the measurement of
the wear track width of the combined boronitriding process was between that of borid-
ing and nitriding, demonstrating a synergistic balance between boriding and nitriding
treatments by combining the mechanical properties—including elastic modulus, hardness,
and H/E ratio (Table 3)—with the coating adhesion of Rockwell-C indentation in terms of
wear resistance.

Figure 9. SEM images of wear tracks under a 10 N load for (a,b) boriding, (c,d) nitriding, (e,f), and
boronitriding conditions.
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The profilometry on the cross-section of the wear tracks under a load of 5 N for
(a) untreated QT 420 ESR stainless steel and (b) borided, (c) nitrided, and (d) boronitrided
steel is shown in Figure 10. The profilometer test on the cross-section of the wear track
shows severe damage, presenting abrasion grooves on the untreated QT 420 ESR stainless
steel, with a value of 2817 µm, as shown in Figure 10a. Meanwhile, the cross-section on
the borided surfaces presented wear marks of 221 µm, showing slight signs of surface
damage, with a reduction in abrasion grooves (see Figure 10b). The cross-section wear track
on the nitrided surface showed an increase of 514 µm on the wear marks with abrasion
grooves (see Figure 10c). The combined effect of boronitriding on the wear track was 396
µm, as shown in Figure 10d. This beneficial effect can be explained by the combined effect
of boriding and nitriding on the mechanical properties of the surface boronitrided layer,
such as hardness and the elastic modulus, improving the coefficient of friction and wear
without the detrimental surface fractures of hard boriding and the high deformation of
nitriding treatments.

Figure 10. Profilometry of cross-section wear tracks under a 5 N load for (a) QT 420 ESR stainless
steel, (b) boriding, (c) nitriding, and (d) boronitriding conditions.

A cross-section of the wear tracks under a load of 10 N for (a) boriding, (b) nitriding,
and (c) boronitriding is shown in Figure 11. The boronitriding profilometer test on the
cross-section of the wear track showed a slight increase in the surface wear damage from
221 µm to 274 µm compared with the 5 N boriding wear results, as the normal load
was increased to 10 N, with some abrasion grooves (see Figure 11a). The worst cross-
section wear track condition on the treated surface was observed on the nitrided surface,
with a width of 842 µm and severe abrasion grooves (see Figure 11b). The combined
mechanical and tribological effect of boronitriding on the wear track was 692 µm, as shown
in Figure 11c. The profilometer test on the cross-section of the wear tracks presented slight
evidence of surface damage, yielding a reduction in abrasion grooves on the nitrided,
borided, and boronitrided surfaces. This result can be explained by improvements in
mechanical properties, such as the hardness and elastic modulus of the nitrided, borided,
and boronitrided surface layers, decreasing the coefficient of friction and wear.
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Figure 11. Profilometry of cross-section wear tracks under a 10 N load for (a) boriding, (b) nitriding,
and (c) boronitriding conditions.

The worn surface characterization of the QT 420 ESR stainless steel wear track surface
and alumina pin after wear tests with a 5 N load is shown in Figure 12. The SEM micrograph
and elemental composition, EDS, and mapping analyses of the untreated QT 420 ESR
stainless steel are presented in Figure 12(a,a1). The worn surface and EDS mapping
show the presence of chemical elements from the base untreated QT 420 ESR stainless
steel, as shown in Figure 12. The wear scar on the alumina pin evidences the adhesion
mechanism of the untreated QT 420 ESR stainless steel material (Figure 12(a2)). The
results also indicate that the element of the alumina pin was transferred via adhesion from
the pin to the base metal after adding the element of aluminum. Semi-quantitative EDS
and chemical mapping detected the presence of the aluminum element, indicating that
adhesion is a wear mechanism due to the transfer of pin material onto the wear surface (see
Figure 12(a1–a3)). The adhesive wear mechanism could be caused by the poor mechanical
properties of the QT 420 ESR stainless steel, which promote soft mechanical counter-body
contact. This mechanical counter-body contact behavior of adhesive wear mechanisms
caused by the transfer from a hard pin to a soft material with poor mechanical properties
was previously reported by the authors in [49]. Oxygen can also be observed on the worn
surface (see Figure 12(a4)), which indicates a significant contribution from the oxidative
wear mechanism [50].

The worn boronitrided surface and alumina pin after wear tests with a 10 N load are
shown in Figure 13(a–a2). The elemental composition EDS indicates the presence of boron
and nitrogen in the QT 420 ESR stainless steel, as shown in Figure 13(a1). The presence
of boron and nitrogen content on the wear track confirms the presence of a layer formed
on the surface without evidence of aluminum, which suggests that the adhesion wear
mechanism was not promoted by the transfer of pin material onto the wear surface, as
demonstrated in Figure 13(a1). Meanwhile, slight evidence of adhesion on the alumina
sphere was also observed (Figure 13(a2)). In contrast to the untreated QT 420 ESR stainless
steel, the boronitrided sample showed the presence of oxidized wear debris located in areas
adjacent to the worn tracks, as shown in Figure 13(a3,a4). The chemical mapping shows
the protective effect of oxidation produced in the wear track. Similarly, previous results
reported that a nitrided coating promoting oxidized wear debris located in the adjacent
areas of the worn track changes the wear mechanism [49].
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Figure 12. Worn surface characterization of untreated QT 420 ESR stainless steel: (a) SEM wear track
surface micrograph, (a1) elemental composition EDS, (a2) stereoscopic micrographs of the alumina
spheres after wear, and (a3,a4) mapping analyses under a 5 N load.

Figure 13. Worn surface characterization of the boronitrided surface: (a) SEM wear track surface
micrograph, (a1) elemental composition EDS, (a2) stereoscopic micrographs of the alumina spheres
after wear, and (a3,a4) mapping analyses under 10 N.

3.7. Tribological Behavior

Figure 14 presents the wear performance of untreated samples and thermochemical
coatings B, N, and BN under 5 N and 10 N loads in terms of volume loss (a) and wear rate
(b) corresponding to each treatment. The sample QT under 5 N load exhibited the highest
wear volume (0.1960 mm3) and rate (3.92 × 10−5 mm3N−1m−1) (Figure 14a,b). This low
wear resistance is consistent with the untreated martensitic microstructure described by
Brühl et al. [17]. Untreated QT 420 ESR stainless steel was not tribologically tested under a
10 N load. The boriding condition yielded excellent performance at 5 N and 10 N, with
wear volumes of 0.0017 mm3 and 0.0023 mm3 and wear rates of 3.58 × 10−7 mm3N−1m−1

and 2.31 × 10−7 mm3N−1m−1, respectively. Good wear performance can be obtained with
a low wear rate under applied loads of both 5 N and 10 N. This result can be explained
by the mechanical properties presenting the highest hardness and elastic modulus. In
contrast, the nitriding treatment showed a wear increase under 5 N and 10 N, with wear
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volumes of 0.0081 mm3 and 0.0137 mm3 and wear rates of 1.63 × 10−6 mm3N−1m−1 and
1.37 × 10−6 mm3N−1m−1, respectively. This wear trend could be related to the reduced
mechanical properties shown in Table 3 compared to those of the borided and boronitrided
coatings. The boronitriding treatment exhibited balanced wear performance between the
borided and nitrided samples, with wear volumes of 0.0029 mm3 and 0.0049 mm3 and wear
rates of 5.92 × 10−7 mm3N−1m−1 and 4.96 × 10−7 mm3N−1m−1, respectively, between the
borided and nitrided samples. The boronitriding wear trend demonstrated a synergistic
balance, combining high wear resistance with reduced friction, lacking brittle fractures in
the coating layer, confirming that a duplex coating treatment is an effective strategy for
improving the surface performance of AISI 420 ESR.

Figure 14. Volume loss (a) and wear rate (b) for QT and thermochemical coatings under 5 N and
10 N loads.

The average friction coefficient behavior of the untreated and treated borided, nitrided,
and boronitrided samples under 5 N and 10 N loads is shown in Figure 15. The quenched
and tempered conditions showed the highest coefficient of friction, ~0.85. This result is in
good agreement with Dalibon et al. [9] for untreated 420 stainless steel against alumina
under dry-sliding conditions. Untreated QT 420 ESR stainless steel was not tribologically
tested with a 10 N load. The borided surface samples tested under 5 N and 10 N loads
exhibited the lowest average coefficient of friction, ~0.65 and ~0.56, respectively. This result
can be attributed to the high surface hardness and low plastic deformation of the boride
layer. Similar trends were reported by Ortiz-Domínguez et al. [20]. The nitride surface
sample achieved an average coefficient of friction of ~0.81 and ~0.74, respectively, under
5 N and 10 N loads. These results are comparable with observations by Dalibon et al. [9], Xi
et al. [10], and Sun et al. [19]. Finally, the boronitrided sample yielded an average coefficient
of friction of ~0.78 and ~0.67, respectively, under 5 N and 10 N loads.

Figure 15. Mean friction coefficient for QT and thermochemical coatings under 5 N and 10 N loads.
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The findings of the present study show that surface-dominant treatments such as
sequential boriding and nitriding promote significant tribological improvements through
the formation of hard compound layers, indicating a different but complementary pathway
for wear resistance enhancement. Similar trends related to heat treatment, mechanical
properties, and tribological behavior have been reported for tool steels subjected to conven-
tional quenching and tempering treatments [51]. In particular, this study demonstrated
that variations in hardness and elastic modulus induced by QT directly affect the friction
coefficient and wear rate, highlighting the dominant role of microstructural strengthening
mechanisms. A similar trend is observable between the wear and friction coefficient as
the load increases (Figures 12 and 13). This result could be because third-body particles
produced with higher normal loads may generate more wear debris, thereby reducing
friction by acting as a spacer between the sliding surfaces and rolling or sliding under a
lateral force. Diomidis et al. [52] demonstrated that the evolution of the friction coefficient
is strongly dependent on third-body properties and that wear is controlled by the applied
load and thus the real contact area within the wear track. These findings suggest that the
dual boronitriding surface treatment process is consistent with a balanced mechanical and
tribological response in terms of material performance and durability.

4. Conclusions
AISI 420 stainless steel was quenched and tempered prior to gas nitriding and pack

boriding. According to the characterization of the microstructure, mechanical properties,
and tribological behavior, the following conclusions can be drawn.

• The nitrided layers were composed mainly of ε-Fe3N and γ′-Fe4N phases, while the
borided layers consisted of FeB and Fe2B phases. The boronitrided layers exhibited a
layered structure combining boride-rich outer zones and nitride diffusion layers. Cr2B
was also detected in the duplex coating.

• Rockwell-C indentation revealed poor adhesion in the borided samples due to crack-
ing, whereas boronitriding conditions exhibited strong adhesion with no spallation.

• The hardness after quenching and tempering was 304.8 HV0.05. The borided samples
showed the highest surface hardness at 1487.6 HV0.05; the nitrided samples presented
1114.1 HV0.05; and the boronitrided samples exhibited 1357.1 HV0.05. Compared with
the QT sample, the hardness increased 4.8 times with boriding, 3.6 times with nitriding,
and 4.4 times with boronitriding.

• The samples treated with gas nitriding, package boriding, and boronitriding showed
higher microhardness, elastic modulus, and hardness values compared to those of the
QT samples. The boronitrided layer exhibited balanced hardness and ductility.

• Wear testing showed the B samples exhibited the lowest volume loss and wear
rate of 0.0017 mm3 and 3.58 × 10−7 mm3N−1m−1 under loads of 5 N and
10 N, respectively. The N samples exhibited a volume loss of 0.0081 mm3 and
a wear rate of 1.63 × 10−6 mm3N−1m−1 under loads of 5 N and 10 N, respec-
tively. The BN samples showed volume loss of 0.0029 mm3 and a wear rate of
5.92 × 10−7 mm3N−1m−1 under loads of 5 N and 10 N, respectively. Compared with
the QT (3.92 × 10−5 mm3N−1m−1), the wear rate decreased by 99.1% for boriding,
95.8% for nitriding, and 98.5% for boronitriding.

• Compared with the QT sample, the coefficient of friction exhibited a decreasing trend
under thermochemical treatments. The lowest value was obtained from the borided
samples (23% lower than the QT condition), followed by the boronitrided (11% lower)
and nitrided samples (4.7% lower).

• Although the boriding treatment demonstrated the highest hardness and wear resistance,
the indentation revealed brittle fractures and spallation with poor adhesion. The boroni-
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trided coating demonstrated a synergistic balance by combining high wear resistance
with improved adhesion and lower friction, confirming that the duplex coating is an
effective strategy for improving the surface performance of AISI 420 ESR components.
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