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KEYWORDS ABSTRACT

This study investigates hybrid thermochemical treatment
applied to laser powder bed fusion (LPBF)-fabricated
316L stainless steel, aimed at enhancing surface hardness
and wear resistance. The treatment was conducted in a
tube furnace using a gas mixture of ammonia (NH3),
methane (CH,) and nitrogen (N). Characterization was
performed using X-ray diffraction (XRD) to detect the
formation of the expanded austenite (S-phase) and
scanning electron microscopy (SEM) for surface and
subsurface microstructural evaluation. Mechanical
performance was assessed by Vickers microhardness
testing, while tribological behavior was evaluated under
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'tI‘rlii)torﬁ)eI;(t:al erformance both dry and lubricated conditions using Dulbecco’s
gieal pe phosphate-buffered saline (DPBS). The results indicate
DPBS lubrication

hybrid treatment produced more than double the surface
hardness and significantly reduced the coefficient of
friction compared to untreated LPBF 316L. These
enhancements are attributed to the formation of a
12.2 um-thick S-phase layer formed through simultaneous
nitrogen and carbon diffusion. This study is the first to
integrate hybrid diffusion with DPBS-based bio-
tribological analysis for LPBF 316L offering potential for
biomedical implants and high wear precision components.
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1.0 INTRODUCTION

Austenitic stainless steels, particularly AISI 316L, are recognized for their superior corrosion
resistance, leading to extensive use in demanding sectors such as aerospace, automotive, and
medical devices (Cisquini et al., 2019). However, the fabrication of 316L traditionally relies on
conventional methods such as casting and rolling, which cannot meet the demand for complex
geometries and highly customized components. Additive manufacturing (AM) has emerged as a
transformative technology, offering exceptional design flexibility, enabling customization, rapid
prototyping and on-demand production while reducing material waste and tooling costs
(Thompson etal., 2016; Alfaify etal., 2020; Hossain et al., 2024; Wang et al., 2024). The capabilities
of AM vary depending on the specific technology used (Alfaify et al., 2020). Techniques such as
laser powder bed fusion (LPBF) enable the fabrication of detailed and structured lattice designs,
expanding possibilities in advanced manufacturing (Wang et al., 2024).

LPBF is widely recognized as a key metal additive manufacturing technique for producing
complex engineering components (Sohif et al, 2025). In this process, a laser follows a
bidirectional scanning strategy, with each line scanned in alternating directions and each layer
rotated 90° to improve build quality. The design originates from slicing a 3D computer-aided
design (CAD) model into thin, 2D cross-sections. A powder spreading system distributes a thin,
even layer of metal powder over the build platform (Minasyan et al., 2020). However, defects may
arise due to physical phenomena during laser-powder interaction, including unstable melt pool
behavior, poor inter-particle bonding, material evaporation and the formation of unstable phases
induced by rapid cooling rates (Tang et al,, 2017; Ho et al., 2022).

Components fabricated using the LPBF method are often unsuitable in their as-built condition
due to property deviations compared to conventionally manufactured counterparts. Rapid
solidification and repeated thermal cycling during printing induce internal and residual stresses
(Feng et al., 2024). Additionally, surface roughness and porosity defects formed during LPBF can
degrade mechanical performance, including elastic and plastic deformation (Zhang et al., 2022),
leading to reduced tribological performance under dry sliding conditions. These challenges
necessitate surface modification strategies to enhance both hardness and wear resistance.
Various post-processing approaches are employed, including laser surface treatment, mechanical
finishing and thermochemical treatments (Mahmood et al., 2022). Among these, thermochemical
treatments are particularly effective for enhancing 316L properties by forming a supersaturated
S-phase (expanded austenite) layer, which improves surface hardness, wear, and corrosion
resistance (Li et al., 2008; Zhang et al., 2022; Mahmood et al,, 2022; Zhang et al., 2025).

The established surface treatments such as plasma and conventional thermochemical
processes are widely used to overcome the limitations of 316L. (Li et al., 2008) studied the effects
of plasma nitriding on 316L and reported the formation of a single S-phase with a thickness of
approximately 6 um. This treatment significantly increased surface hardness compared to
untreated samples. However, plasma nitriding usually only affects the outer surface of a
component, making it less suitable for complex shapes or parts with internal features. On the
other hand, gas-based thermochemical treatments performed in tube furnaces allow better
diffusion of nitrogen into both external and internal surfaces. (Zhang et al., 2025) demonstrated
that thermochemical nitriding of 316L resulted in a thicker S-phase layer of about 19 pm,
indicating better nitrogen penetration and improved surface properties compared to plasma
treatment. As a result, thermochemical treatment is considered as more effective for components
with complex or enclosed geometries such as those produced by the LPBF process. This
enhancement on LPBF-fabricated 316L also offers a cost-effective alternative to expensive
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materials like titanium or cobalt-chromium alloys (Feng et al, 2024). However, a single
thermochemical treatment may not be enough for highly demanding applications. This is because
it typically forms only a shallow diffusion layer with limited nitrogen or carbon content, which
might not provide sufficient surface hardness and long-term durability. Nitrocarburizing and
carbonitriding are examples of dual-layer treatments, which introduce nitrogen and carbon in
separate stages and form two distinct layers with different properties (Jeyakymar et al., 2022; Xue
etal,, 2025) and have better enhancement compared to single-layer treatments.

In this study, an innovative hybrid thermochemical process was used. This method introduces
both nitrogen and carbon simultaneously to the surface of LPBF 316L to improve its hardness and
wear resistance. Unlike dual-layer treatments, the hybrid thermochemical treatment creates a
single uniform layer with consistent surface characteristics. The hybrid treatment promotes the
formation of an expanded austenite phase (YN and yC) also known as S-phase, which occurs when
nitrogen and carbon atoms diffuse into the austenitic structure at low temperatures. These atoms
distort the crystal lattice and generate compressive residual stresses that prevent dislocation
movement which is an important mechanism for increasing hardness (Pinedo et al.,, 2011). The
presence of S-phase layer significantly improves the resistance of LPBF 316L to wear and
deformation under mechanical stress, addressing its typical weaknesses (Feng et al,, 2024). In
addition, S-phase layer contributes to a smoother surface and better load distribution, further
improving the durability and service life of LPBF-fabricated components (Kong et al., 2020; Feng
etal, 2024).

Previous studies by authors (Zainal et al.,, 2019; Azmi et al., 2022) have shown that hybrid
thermochemical treatment on conventionally fabricated 316L can significantly improve the
properties of conventionally manufactured 316L. Successful treatment depends on controlling
parameters such as gas composition, treatment temperature, and holding time. However, the
effects of the hybrid treatment on LPBF-fabricated 316L remain underexplored leaving an
important research gap. Investigating these effects is crucial, as hybrid treatment could greatly
enhance the surface properties and hardness of LPBF 316L. The aim of this study is to explore the
microstructural evolution of LPBF 316L after hybrid thermochemical treatment. It also evaluates
multiscale hardness performance, including Vickers microhardness and nanohardness
indentation tests.

This study also introduces a novel approach by evaluating the tribological performance of
316L not only under dry conditions but also under lubricated conditions. While most previous
studies have focused on using 316L for biomedical implants due to its excellent biocompatibility,
where wear behavior is typically investigated only under dry sliding conditions. There remains
limited work that simulates the lubricated environment of synovial joints in the human body
(Chabak et al., 2021; Juri et al., 2023). This presents a gap in understanding how the enhanced
surface properties of LPBF-fabricated 316L treated via hybrid process influence the tribological
behavior under lubricated conditions Therefore, this study employed Dulbecco’s phosphate-
buffered saline (DPBS) as a lubricant to study the effect of lubricated conditions on hybrid-treated
LPBF 316L.
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2.0 EXPERIMENTAL PROCEDURE

2.1 Materials and Specimens Preparation

AISI 316L austenitic stainless steel (316L) was selected as the base material for specimen
fabrication in this study. Two disc-shaped 316L specimens, each measuring 25 mm in diameter
and 8 mm in thickness, were fabricated via LPBF process. The specimens were produced using
gas-atomized 316L powder supplied by Renishaw Plc (UK), with the chemical composition
presented in Table 1. The LPBF process was carried out using a Renishaw AM500 system
equipped with a 500 W fiber laser. The key parameters included a laser power of 200 W, a scan
speed of 1,200 mm/s, a layer thickness of 40 pm, and hatch spacing of 60 um, as shown in Figure
1. Following fabrication, the specimens underwent stress relief at 330 °C for 3 hours under an
inert atmosphere, in accordance with Renishaw AM500 SLM guidelines, to reduce residual
stresses introduced during the process. Among the LPBF specimens, one was left untreated
(designated as LPBF-U), while the other one was subjected to hybrid thermochemical surface
treatments (designated as LPBF-H).
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Figure 1: Schematic of the LPBF printing strategy

Table 1: Chemical composition (wt%) of 316L powder used in LPBF fabrication process
(Renishaw, 2024).

Cr Ni Mo Mn Si P C S Fe
16-18 10-14 2-3 <2 <1 < 0.05 < 0.03 < 0.03 Bal.
2.2 Hybrid Thermochemical Treatment Process

Initially, the surface of the specimens underwent preparation to achieve mirror finish. This
involved hot mounting in conductive resin, sequential wet grinding using silicon carbide (SiC)
abrasive papers ranging from 240 to 1200 grit, followed by final polish with 0.03 pm of colloidal
silica suspension. Before starting the heat treatment process, the specimens underwent a
chemical cleaning step by immersing in a 2.0 M hydrochloric acid (HCI) solution for 15 seconds to
eliminate the passive surface layer facilitating the treatment process.
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The low-temperature hybrid thermochemical treatment process was then carried out using a
customized gaseous tube furnace setup at temperature of 475 °C for 10 hours. The hybrid
treatment was performed using a gaseous environment consisting of 15% nitrogen (N;), 75%
ammonia (NH3), and 10% methane (CH,), simultaneously introducing both nitrogen and carbon
species into the specimen surface. NHz and CH4 were utilized as the primary sources of nitrogen
and carbon atoms, respectively while N acted as the carrier gas. Before entering the tube furnace,
the gaseous were channeled into a mixing chamber to ensure homogenous mixing with flow rate
of 15 liters per minute. Figure 2 presents a schematic illustration of the experimental setup.

316L Specimen
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Static Gas Mixer "\ | _ ______ & ________

Gas Flowmeter Q@
OEE

Y

Tube Furnace Gas Scrubber

Figure 2: Schematic diagram of hybrid thermochemical treatment experimental setup.

2.3 Phase Identification and Microstructural Characterization

The characterization techniques employed in this study aimed to assess the formation of S-
phase layer following the hybrid thermochemical treatment process. XRD analysis was conducted
using a Rigaku Ultima IV diffractometer equipped with Cu-Ka radiation (A = 1.5406 A), operating
at 40 kV and 40 mA. Scans were conducted over a 26 range of 30° to 120°, with a step size of 0.02°
and a scan speed of 2°/min. This method allows for precise phase identification and detection of
lattice expansions indicative of S-phase formation. Furthermore, high-resolution imaging was
conducted using Hitachi S-4300 scanning electron microscopy (SEM) to observe layer thickness,
grain boundary evolution, and potential microcrack formation. Before SEM analysis, specimens
underwent preparation through a standard grinding and polishing procedure, followed by etching
with Kalling’s Reagent No. 2 to enhance the visibility of the S-phase layer and reveal finer
structural details.

2.4 Hardness Property Evaluation

Microhardness measurements were carried out on the specimen cross-sections using a
Mitutoyo Vickers hardness tester (model MVK-H), following ASTM E384 guidelines. All tests were
performed with a load of 200 gf and a dwell time of 10 seconds. To obtain the hardness profile
from the top surface down to the substrate, three indentations measurements were taken directly
on the specimen top surface (designated as 0 pm depth) to capture the maximum surface
hardness of the treated layer. The mean values and standard deviations were calculated for the
three indentations to ensure measurement reliability. Meanwhile, for cross-sections, six
indentations were made at intervals of 0.05 to 0.50 mm from the surface to evaluate the hardness
gradient.
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2.5 Tribological Testing

The tribological properties were assessed using a ball-on-plate linear reciprocating tribometer
under both dry and DPBS-lubricated sliding conditions at room temperature (25 + 2 °C) and 50-
60% relative humidity, following the ASTM G99-05 standard with modifications for a lower load.
The system features a 3/16” steel ball bearing attached to a stationary pin, which is mounted on
a lever arm that applies the load, while the specimen is positioned on a reciprocating disk. A
normal load of 1 N was applied, with a sliding speed of 10 mm/s and a stroke length of 10 mm.
Each test lasted for 60 minutes, and every condition was repeated three times to ensure
repeatability and statistical relevance. Throughout the test, friction signals were recorded via
wave logger system for real-data acquisition.

The dry conditions were conducted to simulate unlubricated contact scenarios, which are
relevant to applications where lubrication is absent or minimal, such as in precision instruments
and biomedical tools. The dry condition helps evaluate the fundamental wear behavior and
surface durability of the material under direct asperity contact and moderate loading. For the
investigation of lubricated conditions between the two sliding contact surfaces, 100 ml of pure
DPBS (Nacalai Tesque, Inc. 14249-95) was used. This solution is sterile-filtered, free of calcium
and magnesium, and has a pH of approximately 7.2. It contains typical isotonic salt concentrations
such as 137 mM sodium chloride, 2.7 mM potassium chloride, 1.5 mM monobasic potassium
phosphate, and 8.1 mM dibasic sodium phosphate. This artificial solution is commonly used to
simulate the lubricating functions of natural body fluids in biomedical studies, particularly to
assess the performance of 316L in applications that mimic human joint environments such as
knee or hip implants (Rufaqua et al, 2021). A schematic diagram illustrating the lubricated
condition of the wear is presented in Figure 3.
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Figure 3: Schematic diagram illustrating ball-on-disk test in DPBS-lubricated condition.

3.0 RESULTS AND DISCUSSION

3.1 Formation of S-phase layer by thermochemical treatments

Analyzing XRD patterns is crucial to verify the effectiveness of the hybrid thermochemical
treatment used in this study. Figure 4 illustrates XRD patterns obtained from both untreated and
hybrid-treated 316L specimens. Compared to the untreated specimens, LPBF-H specimen
exhibited broadened diffraction peaks and shifted towards lower 26 angle, indicating lattice
expansion due to nitrogen and carbon interstitial incorporation (Azmi et al., 2022). The y (111)
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peak at 43.55° in the LPBF-U specimen broadened and shifted to yN (111) at 39.7° in the LPBF-H
specimen. A similar broadening and shift were observed in the y (200) peak, which migrated to
yC (200) at 45.5°, from its initial position at 50.6° in the LPBF-U specimen. These peak broadening
and shifts toward lower 26 angles confirming the formation of a supersaturated austenitic phase
(S-phase) enriched with nitrogen and carbon. Both observed patterns of the peaks confirm the
formation of S-phase layer resulting from the thermochemical treatment process (Shahriman et
al., 2014; Zainal et al., 2019). The absence of chromium precipitation in the treated specimens
further supports the successful and stable formation of the S-phase layer.

= | I I I I I I I I LI

YN (111) LPBF-H
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Figure 4: XRD diffractograms of LPBF-U and LPBF-H specimens, showing peak shifts and
broadening due to thermochemical surface treatment.

The formation of the S-phase layer can be clearly observed from the SEM morphological
analysis. The surface morphology observed in this study is consistent with previous findings
(Shahriman et al., 2014; Zainal et al., 2019; Azmi et al., 2022), where the S-phase layer appeared
as a uniform and homogenous bright region under SEM analysis, indicating effective layer
formation and good corrosion resistance. Figure 5 shows the surface layer morphology of both
specimens, where the LPBF-H developed a significantly thick S-phase layer, enriched with both
nitrogen and carbon interstitial atoms, measuring an average thickness of 12.2 pm. The hybrid
treatment in this study was conducted at 475°C for 10 hours and produced a thicker S-phase layer
compared to those reported in previous studies using conventionally manufactured 316L. A study
by Zainal et al., 2019 applied the same temperature and gas composition for 6 and 12 hours,
producing S-phase layers of 6.85 um and 8.05 pum, respectively. Despite the shorter holding time
used in this study, the treatment exhibited a significantly thicker layer of 12.2 pm. This finding
suggests that, even with a shorter treatment time, it was sufficient to promote the formation of a
much thicker S-phase layer.

It should also be noted that the LPBF-H micrograph appears coarser and more porous
compared to the LPBF-U specimen. This contrast mainly due to the etching process applied only
to the LPBF-H specimen to reveal the formation of S-phase layer, whereas the LPBF-U specimen
was left unetched. This difference in specimen preparation highlights microstructural features
more prominently in LPBF-H but does not indicate actual porosity growth or microstructural
degradation cause by the heat treatment. Similar observations have been reported in LPBF 316L
studies by (Krakhmalev et al., 2018; Chabak et al., 2021). Additionally, microcracks were observed
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in Figure 5(b) along the interface between the specimen and the resin mount. These cracks are
attributed to mechanical loading during preparation process and are not expected to affect the
performance of the material, as also supported by (Kurdi et al., 2024). Clear grain boundaries and
a defined transition zone were observed in the cross-sectional surface of LPBF-H.
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Figure 5: Layer morphology of (a) LPBF-U and (b) LPBF-H specimens.

3.2 Effect of Thermochemical Treatments in Microhardness Properties

A microhardness test was performed on the cross-sectional area of the specimens using a 200
gf load to assess the distribution hardness within the specimen. As illustrated in Figure 6, the
LPBF-U specimen exhibits a relatively uniform and lower hardness profile, with a maximum of
approximately 264 HV and an average hardness of 254.05 + 2.6 HV, consistent with the expected
hardness of as-printed LPBF without surface treatment. In contrast, the LPBF-H specimen shows
a significant surface hardening effect, reaching a peak hardness of ~1,209 + 12.2 within the S-
phase region. This is followed by a sharp reduction in hardness within the first 50 pm, after which
the hardness stabilizes at an average value of 279.7 + 3.5 HV deeper into the substrate.
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Figure 6: Microhardness profiles from the top surface down to the substrate of the LPBF-U and
LPBF-H specimens.
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Figure 7 clearly shows the indentation marks on top surface and cross-sectional areas from
the microhardness tests. This hardness profile reflects the diffusion depth of nitrogen and carbon
into the matrix, combined with the refined grain structure inherent to LPBF fabrication and
confirms that the hardened S-phase region at the surface is responsible for the elevated surface
hardness. The indentation marks in Figures 7(a) and 7(b) corroborate the top surface hardness
values at 0 um depth presented in Figure 6. The LPBF-U specimen displayed relatively large
indentations, whereas the LPBF-H specimen shows markedly smaller indentation marks, as
highlighted by the arrows in Figure 7(b). These results clearly indicate that the LPBF-H specimen
exhibits significantly higher hardness compared to the untreated specimen.

A study by (Lopez et al., 2022) on 316L treated via nitrocarburizing reported a peak surface
hardness of approximately 700 HV, which is much lower than the hardness achieved in the
present hybrid-treated LPBF 316L. This shows the superior efficacy of the hybrid treatment
applied in this study, where the selected parameters of 475 °C for 10 hours (Zainal et al., 2019),
allowed nitrogen and carbon atoms to diffuse well into face-centered cubic (FCC) lattice without
the precipitation of chromium nitrides or carbides, as also confirmed by Figure 4.

— —
100 pm 100 pm

(c) (d)

Figure 7: Indentation marks of (a) top surface LPBF-U, top surface LPBF-H, cross-sectional LPBF-
U and cross-sectional LPBF-H specimens.
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3.3 Wear and Frictional Performance

The surface integrity of LPBF 316L specimens were assessed using a ball-on-disk test under
dry and DPBS-lubricated conditions with constant parameters such as sliding speed, applied load,
and duration. Figure 8 presents the detailed wear morphology of specimens after subjected to the
sliding conditions. Under dry sliding conditions, the observation revealed that LPBF-U specimen
exhibited severe abrasive wear mechanisms, evidenced by the presence of deep grooves aligned
with the sliding direction. These grooves are indicative of third-body abrasion, likely caused by
hard wear debris formed through repeated adhesive interactions and surface fragmentation, as
supported by the SEM images in Figure 8 and consistent with mechanisms (Elhadi et al., 2016;
Aghababaei, 2019). In contrast, the LPBF-H specimen produced a reduced debris accumulation,
with minimal wear debris. The smooth surface morphology observed in SEM for LPBF-H suggests
a significant reduction in third-body abrasion, likely due to the integrity of the S-phase layer, as
also reported in surface-treated stainless steel studies (Shahriman et al., 2014; Zainal et al., 2019;
Azmi et al., 2022). This improved surface integrity is consistent with the higher surface hardness
and the refined microstructure of LPBF 316L. As a result, the treated surface resists
fragmentation, which reduces the generation of hard particles that typically act as abrasives and
becomes more resistant to plastic deformation and abrasive wear during sliding contact (Elhadi
etal,, 2016).

Dry DPBS-Lubricated
Sliding Condition

— Wear Debris =

L Debris Accumulation

: Wear Deb.'ris ——’_\’T =

- Abrasion Grooy
200 pm brasion Groove

Debris Accumulation

LPBF-H - Wevar’ Debris .

»~<—Spailing

SEoTnEE
Figure 8: SEM images of the worn surfaces on 316L specimens under different thermochemical

treatment and sliding conditions of (a) LPBF-U under dry sliding (b) LPBF-U under DPBS
lubrication (c) LPBF-H under dry sliding and (d) LPBF-H under DPBS lubrication.
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When tested under DPBS-lubricated conditions, both LPBF-U and LPBF-H specimens
demonstrated improved wear behavior compared to dry sliding. The presence of DPBS reduced
direct metal-to-metal contact, resulting in shallower wear tracks and less surface damage
(Manhabosco etal., 2009; Wu et al., 2016). For LPBF-U, abrasion grooves and debris accumulation
remained visible but were comparatively reduced. The reduction in wear track width suggests
that the DPBS solution provided partial lubrication, limiting the severity of third body abrasion.
In addition, the presence of DPBS may contribute to the formation of a protective tribochemical
film, thereby preserving surface integrity (Shen et al,, 2021; Chang et al., 2023; Chen et al., 2025).
Meanwhile, the LPBF-H specimen exhibited the smoothest wear track, with minimal surface
deformation and an absence of visible abrasion grooves. This can be attributed to the combined
effect of a hardened surface from the formation of S-phase layer and effective DPBS lubrication.
However, signs of localized spalling were observed on the LPBF-H under both dry and lubricated
conditions. This surface delamination may be associated with subsurface crack initiation in the
hardened S-phase layer as suggested by features observed in Figure 5.

Figure 9 shows the frictional performance of the specimens where the COF value was
influenced by both surface treatment and sliding conditions. Under dry conditions, the LPBF-U
specimen recorded the highest average COF (~0.95), with a gradually increasing trend
throughout the test. The behavior reflects the severe abrasive wear observed in SEM, where
repeated sliding caused the generation of hard debris and leads to increased friction due to
repeated asperity interaction and debris accumulation on the worn surface (Wu et al,, 2015). In
contrast, the LPBF-H specimen showed a much lower and more stable average COF (~0.55) under
dry conditions, suggesting improved wear resistance due to the presence of the S-phase layer,
which enhances surface hardness and reduces material removal (Shahriman et al., 2014; Zainal
et al,, 2019), as shown in Figure 8. This improved resistance leads to a more stable sliding
interface and significant friction reduction. This behavior highlights the strong link between
hardness, microstructural refinement, and frictional stability. The hardened S-phase layer and
refined grain structure reduces asperity interaction and limits the generation of wear debris,
which collectively contributes to the lower and more stable COF values observed.
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Figure 9: COF comparison of LPBF-U and LPBF-H specimens under both dry and DPBS-lubricated
sliding conditions.
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When tested under DPBS-lubricated conditions, both LPBF-U and LPBF-H specimens
demonstrated significantly reduced average COF values compared to dry conditions, recorded at
approximately ~0.46 and ~0.26, respectively. For LPBF-U, the drop in COF correlates with the
fewer abrasion grooves and narrower track seen from the SEM morphology in Figure 8. Although
not directly validated in this study, the reduction in COF may be partly attributed to the possible
formation of a tribochemical film at the contact interface (Chen et al., 2025). Meanwhile, the LPBF-
H specimen under DPBS showed the lowest and most stable COF throughout the test. This
corresponds with the smoothest wear morphology observed in SEM with minimal deformation.
The hardened surface from S-phase formation with the lubricating of DPBS effectively minimized
metal-to-metal contact, thus improving the wear and friction performance (Qi et al., 2022;
Ibrahim et al,, 2025). However, a slight increase was observed after 1500 seconds, possibly due
to evolving surface conditions such as tribochemical film disruption or localized changes in S-
phase integrity under DPBS-lubricated sliding. Early in the test, DPBS likely forms a boundary film
that effectively lowers friction and protects the surface. As sliding continued, this film may be
worn away or chemically altered, leading to increased metal-to-metal interaction and thus slightly
higher COF values (Elhadi et al., 2016; Rahmatian et al., 2023; Azizan et al., 2025).

4.0 CONCLUSION

This study assessed the surface characteristics and tribological performance of LPBF 316L
subjected to hybrid thermochemical treatment. XRD analysis confirmed the formation of a
supersaturated S-phase layer, evidenced by peak broadening and a shift to lower 26 angles. The
enrichment of nitrogen and carbon expanded the FCC lattice, which substantially increased
hardness and improved anti-wear behavior under both dry and DPBS-lubricated conditions. Ball-
on-disk tests showed smoother tracks, reduced debris formation, and lower average COF values
for the treated specimens compared to the untreated-LPBF 316L. These improvements are
primarily attributed to the hardened S-phase layer acting as a protective barrier during sliding.

This work highlights the potential of hybrid thermochemical treatment to extend the service
life of LPBF 316L components in both dry and lubricated environments, where high corrosion
resistance, superior surface hardness, and excellent wear performance are required. However,
this study was limited to a single load and sliding speed hence, future work should explore a wider
range of parameters, as well as long-term corrosion and wear interactions, to fully validate the
treatment’s effectiveness under diverse service conditions.
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