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Abstract

To address surface defects and enhance the wear resistance of 316L stainless steel parts
fabricated by Selective Laser Melting (SLM), this study applied shot peening (SP) surface
treatment to the SLM-processed samples. Ball-on-disk tribological tests were systemati-
cally conducted under water-lubricated conditions to investigate the evolution of surface
morphology, microstructure, microhardness, and tribological performance before and after
SP. The results indicate that SP induced severe plastic deformation in the surface layer,
effectively refining the coarse columnar crystals and melt pool structures characteristic of
SLM, and forming a crystalline hardened layer with a depth of 70-80 um. Consequently,
the surface microhardness increased by 21.97% compared to the un-peened samples. Under
loads of 20 N and 30 N, the coefficient of friction (COF) of the SP-treated samples decreased
by 16.36% and 12.4%, while the wear rate was reduced by 17.09% and 14.9%, respectively.
In this load range, the samples primarily exhibited uniform plowing and localized adhesive
wear, demonstrating significantly improved resistance to plastic deformation and crack
initiation. However, when the load increased to 40 N, intense stress and thermal effects
diminished the strengthening benefits of SP, resulting in no significant difference in tribolog-
ical performance between the SP-treated and untreated samples. At this stage, the dominant
wear mechanism transitioned to severe plastic deformation, extensive delamination, and
thermally induced adhesion.
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1. Introduction

316L stainless steel exhibits significant application potential in aerospace, marine
engineering, and biomedical fields owing to its superior mechanical properties, corrosion
resistance, and biocompatibility [1]. Selective Laser Melting (SLM) has circumvented the
geometric constraints of conventional manufacturing, enabling the efficient fabrication of
high-performance 316L stainless steel components [2-5]. However, the unique additive
manufacturing process is characterized by complex thermo-mechanical coupling effects,
which tend to induce substantial tensile residual stresses within the material. Furthermore,
inherent defects, such as unmelted powder particles and gas porosity, frequently lead to
increased surface roughness and internal porosity. These deficiencies collectively exacerbate
the performance degradation of the material under severe service conditions—including
friction, fatigue, and corrosion—thereby restricting the broader engineering implementation
of SLM-fabricated parts [6].
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To mitigate these issues, various post-processing techniques, such as hot isostatic
pressing (HIP) [7,8], heat treatment [9,10], and laser polishing [11,12], have been employed.
Recently, surface engineering strategies based on severe plastic deformation (SPD), no-
tably ultrasonic nanocrystal surface modification (UNSM) [13] and surface mechanical
attrition treatment (SMAT) [14], have emerged as promising approaches. These techniques
enhance the hardness and wear resistance of SLM 316L stainless steel by inducing a surface
nanocrystalline layer.

Shot peening (SP), a widely established SPD method, is effective in inducing grain
refinement and generating beneficial compressive residual stress fields [15,16]. While
its efficacy on wrought alloys is well-documented [17], its application to SLM-fabricated
316L warrants distinct investigation due to the material’s hierarchical, non-equilibrium
microstructure. Crucially, SP holds particular promise for addressing the tribological chal-
lenges inherent to water-lubricated environments—a critical requirement for marine and
hydraulic systems [18-20]. Unlike viscous mineral oils, the extremely low viscosity of
water hinders the formation of a stable hydrodynamic film, frequently forcing the tribo-
system into a boundary lubrication regime where severe asperity contact is unavoidable.
In this context, SP imparts a vital subsurface strengthening mechanism. Although the
surface roughness is normalized by polishing prior to testing, the severe plastic defor-
mation induced by SP generates a gradient nanostructure characterized by significant
work hardening and high-magnitude compressive residual stresses. This enhanced surface
integrity is pivotal in resisting the severe micro-cutting and delamination wear typically
encountered when the protective water film breaks down. Furthermore, the compressive
stress field effectively inhibits the propagation of micro-cracks accelerated by the corrosive
aqueous environment, thereby extending the fatigue life of the tribo-pair.

Despite these potential benefits, the interplay between the SP-induced microstructural
evolution and the tribological response of SLM components in aqueous environments
remains underexplored. Consequently, this work investigates the influence of SP on the
wear behavior of SLM 316L stainless steel through ball-on-disk tests under water lubrication.
By systematically evaluating surface morphology evolution, microhardness gradients, and
phase transformations, this study elucidates the strengthening mechanisms governing
the tribological performance of peened samples. The findings provide a theoretical basis
and technical guidance for the application of SLM components in demanding water-
lubricated conditions.

2. Materials and Methods
2.1. Materials and Specimen Preparation

The feedstock material used in this study was 316L stainless steel powder with an
average particle size of 34 pm. The detailed chemical composition is presented in Table 1.
The 316L stainless steel specimens were fabricated using a selective laser melting system
DiMetal-280 (Guangzhou Leijia Additive Technology, Guangzhou, China). The printing
process employed an “island” scanning strategy, where the scanning vectors were alternated
between adjacent layers (layers n and n — 1) to build the samples layer-by-layer. The
schematic diagram of the SLM printing process is illustrated in Figure 1. The optimized
processing parameters were set as follows: laser power (P) of 170 W, scanning speed (v)
of 1000 mm /s, hatch spacing (D) of 80 pm, and layer thickness (L) of 30 um. Based on
these parameters, the volumetric energy density (E) was calculated to be 70.83 J/mm?, and
eighteen SLM samples were prepared for the subsequent experiments.
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Table 1. Chemical composition of powder (w).

Element Si Cr Ni Mn Mo S P C (0] Fe
% 0.56 16.52 10.36 0.93 2.47 0.007 0.011 0.015 0.055 Bal.
Scanning Fused silica
galvo mirror — window Laser
'J beam
W///////% %//////////////////% Chamber gas
% Laser % outlet
Z beam % Hat‘ch s s Lt
/ / " spacing A
% é_ g K 4 /’I /’l I’\
% Powder "’F"“ gas ¥ ’ 2 Powder
% 7 inlet - n+l
/ / al Z i
% % 0 Irradiated
é Z _g power
Tnmmmmm———— HI X

Figure 1. SLM scanning strategy diagram.

Among the 18 fabricated specimens, a subset of nine samples was subjected to shot
peening (SP) treatment using an MP6000PT pneumatic blasting system (Clemco Industries
Corp., St. Louis, MO, USA), while the remaining nine served as the as-built (SLM) reference
group. The SP process was executed with the following optimized parameters: 304 stainless
steel shots (size range: 300-500 um) were utilized under an air pressure of 0.7 MPa. The
impact angle was maintained at 90° with a standoff distance of 100 mm. To ensure 100%
surface coverage, a mass flow rate of 4.4 kg/min and a peening intensity of 0.2 mmA
were employed.

3 were extracted from as-

Rectangular specimens with dimensions of 4 x 8 X 3 mm
built and shot-peened (SP) SLM 316L stainless steel blocks via wire electrical discharge
machining (WEDM). The samples were mounted in conductive resin and ground using SiC
papers from 120 to 2000 grit. Mechanical polishing was performed with a 3 pym diamond
suspension to achieve a mirror finish. To observe the melt pool morphology and grain
boundaries, the polished surfaces were etched with aqua regia (HCI:HNOj3 = 3:1 in volume)
for 15 s. Surface 3D morphology and roughness were characterized using the integrated
online 3D optical profilometer of an MFI-5000 tribometer (Rtec-instruments, San Jose, CA,
USA). Surface residual stresses were measured using a u-360s portable X-ray residual stress
analyzer (Pulstec, Shizuoka, Japan).

2.2. Microstructural Characterization and Hardness Measurements

Microstructural observations were conducted using an Olympus CX41 optical mi-
croscope (Olympus, Tokyo, Japan) and a Gemini 300 scanning electron microscope (SEM,
ZEISS, Oberkochen, Germany). For electron backscatter diffraction (EBSD) analysis, addi-
tional surface refinement was performed to remove the surface deformation layer induced
by mechanical grinding. The specimens were first polished with a 0.05 um colloidal silica
suspension for 30 min, followed by electropolishing in an electrolyte of 10% perchloric acid
and 90% ethanol at 20 V for 15 s. EBSD mapping was performed on the Gemini 300 SEM
equipped with an Oxford Symmetry S detector (Oxford Instruments plc, Abingdon, UK) to
analyze the grain size, misorientation distribution, and crystallographic texture.

The cross-sectional microhardness of both SLM-fabricated and SP-treated specimens
was characterized using a Buehler RB2000 Vickers hardness tester (Buehler, Lake Bluff, IL,
USA). To evaluate the depth-dependent influence of shot peening, measurements were
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performed on the polished cross-sections using a 136° diamond pyramid indenter under a
load of 1.96 N (200 gf) with a 15 s dwell time.

A gradient indentation strategy was employed, starting from the treated surface and
extending vertically toward the substrate. Indentations were spaced at 20 um intervals to a
cumulative depth of 80 pm, ensuring comprehensive coverage of the plastic deformation
zone and the matrix. For statistical reliability, three independent series of measurements
were conducted at different locations for each specimen. The hardness values are reported
as the mean standard deviation.

2.3. Friction and Wear Testing

The tribological performance of the specimens was evaluated using an MMW-1 uni-
versal friction and wear tester (Jinan Chenda Testing Machine Manufacturing Co., Ltd.,
Jinan, China) in a ball-on-disk configuration. A SizNy ceramic ball (diameter: 12.7 mm,
hardness: 1700 HV) was selected as the counterface due to its superior mechanical stability
and chemical inertness. To elucidate the wear resistance and structural stability of the
SP-induced strengthening layer under varying contact pressures, normal loads of 20 N,
30 N, and 40 N were strategically applied. This load gradient was designed to capture the
transition of wear mechanisms and the mechanical integrity of the gradient-hardened layer.
All tests were performed at a rotational speed of 200 r/min for a sliding duration of 60 min.
The tribological assessments were conducted under distilled water-lubricated conditions at
ambient temperature to simulate the service environment of high-end components (e.g.,
marine spray nozzles). The presence of distilled water provides both lubrication and
cooling effects, which significantly influence the interfacial friction and the stability of the
sub-surface microstructures. Prior to the tests, both SLM and SP specimens underwent a
rigorous preparation sequence—including sequential grinding, fine polishing, and ultra-
sonic degreasing—to ensure a pristine and standardized initial surface state. To ensure
statistical reliability and reproducibility, each experimental condition was repeated three
times, with the final wear loss reported as the arithmetic average of the measurements.

3. Results
3.1. Microstructural Analysis

The impact of shot peening on the three-dimensional (3D) surface morphology of the
specimens is illustrated in Figure 2. As shown in Figure 2a, the as-built specimen surface
exhibits regular traces of laser powder bed fusion, characterized by significant balling effects
and powder adhesion. These features result in a pronounced topographic fluctuation, with
a maximum peak-to-valley height difference of approximately 43.0 um. Following the shot
peening treatment (Figure 2b), the original morphological traces are largely eradicated and
replaced by a high density of stochastically distributed plastic deformation dimples caused
by the high-energy media impact. This intense surface reshaping further exacerbates the
topographic irregularities, leading to an increase in the arithmetic mean roughness (Ra)
from 3.28 4+ 0.19 um in the as-built state to 4.47 4 0.24 um.

Ra:3.28+0.19um Ra:4.47+0.24um Ra:16.37+1.41nm
Rq:4.44+0.11ym Rq:5.569+0.36um Rq:24.78+2.13nm
b c \
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Figure 2. Three-dimensional surface morphologies and roughness of specimens under different
surface treatment conditions: (a) SLM 316L, (b) SP treatment, (c) polished samples.
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The effect of the subsequent precision polishing process on the surface morphology
is presented in Figure 2c. It is evident that polishing completely eliminates the structural
defects from the initial printing stage and the impact craters induced by shot peening,
resulting in an exceptionally smooth surface topography where the previous drastic fluctu-
ations are entirely neutralized. The height scale indicates that the surface variations are
reduced to within 0.8 um. Consequently, the arithmetic mean roughness (Ra) undergoes
a magnitude-level reduction from the micrometer scale to the nanometer scale, reaching
a value of 15.88 + 1.41 nm, with a corresponding root-mean-square roughness (Rq) of
24.03 £ 2.13 nm. This processing step was specifically implemented to eliminate initial
topographic discrepancies, thereby ensuring consistent surface boundary conditions for
the subsequent tribological experiments.

Figure 3 presents the microstructural characteristics of the Selective Laser Melting
(SLM) specimens (labeled “SLM”) and the shot-peened (SP) specimens (labeled “SP”).

Melipool

Cellular " Columnar

/ grains grains

Figure 3. Cross-sectional OM and SEM micrographs showing the microstructural evolution of 316L
stainless steel samples: (a,c) SLM 316L, (b,d) shot peening (SP) treatment.

As shown in Figure 3a, the SLM specimen exhibits a layered structure typical of the
SLM process. The 316L stainless steel powder within the fusion zone was almost completely
melted, and the overlapping laser tracks formed semi-circular arc-shaped melt pools with
relatively uniform sizes and distinct boundaries. Adjacent melt pools maintained a certain
overlap ratio in both vertical and horizontal directions, ensuring the high density of the
specimen. Since the laser heat source was primarily concentrated within the melt pool, a
large temperature gradient existed at the pool edges. Consequently, pores or lack-of-fusion
defects with sizes of approximately 10-30 um were observed at the melt pool boundaries
(as shown in Figure 3a,c). The high-magnification SEM image (Figure 3c) reveals that grains
within the melt pool grew along the building direction, exhibiting typical cellular and
columnar structural characteristics. Distinct columnar grains were observed along the melt
pool track boundaries, growing parallel to the thermal gradient direction. This structural
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feature primarily originated from the non-equilibrium solidification conditions induced by
the extremely high heating and cooling rates of the SLM process [21,22].

After shot peening (Figure 3b), the induced plastic deformation led to grain refinement
and blurred the melt pool boundaries in the near-surface region. Although the layered
structure was not completely eliminated, the exposure of local defects was effectively
reduced, resulting in a more uniform surface microstructure. The high-magnification image
(Figure 3d) further reveals large parallel columnar grains with different orientations in
the SP specimen. Fine dendritic sub-structures are visible within these grains, which are
parallel to the heat flow direction and point toward the center of the melt pool.

Comparing Figure 3c (SLM) and Figure 3d (SP), it is evident that the original mi-
crostructure of the SLM specimen was composed of coarse cellular and columnar grains.
Although the outlines of cellular and columnar crystals were still discernible after SP
treatment (Figure 3d), combined with Figure 4a,b, it can be inferred that the high-strain
plastic deformation fragmented the originally coarse cellular/columnar grains of the SLM
specimen into finer grains, thereby achieving grain refinement.

200 pm

Average grain size D=9.71 pm LAGB (2°<0 < 15°) =32.1%

HAGB (0 > 15°) =67.9%

014 Average KAM=0.77 °
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Figure 4. EBSD analysis of SLM and SP specimens: (a) Inverse pole figure (IPF) map of the SLM
specimen; (al) Grain size distribution histogram of the SLM specimen; (b) Grain boundary (GB)
map of the SLM specimen (green lines: LAGBs; black lines: HAGBs); (b1) Misorientation angle
distribution histogram of the SLM specimen; (c) Kernel Average Misorientation (KAM) map of the
SLM specimen; (¢1) KAM distribution curve of the SLM specimen; (d) Inverse pole figure (IPF) map
of the SP specimen; (d1) Grain size distribution histogram of the SP specimen; (e) Grain boundary
(GB) map of the SP specimen (green lines: LAGBs; black lines: HAGBs); (e1) Misorientation angle
distribution histogram of the SP specimen; (f) Kernel Average Misorientation (KAM) map of the SP
specimen; (f1) KAM distribution curve of the SP specimen.
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Figure 4 illustrates the inverse pole figure (IPF), grain boundary (GB), and kernel
average misorientation (KAM) maps of the SLM 316L stainless steel before and after shot
peening (SP). The IPF maps (Figure 4a,d) demonstrate a distinct surface grain refinement in-
duced by the SP process; quantitative analysis shows that the average grain size decreased
from 9.71 pm in the as-built state to 9.3 um post-treatment (Figure 4(al,d1)). This refinement
is primarily ascribed to severe surface plastic deformation under high-strain-rate mechani-
cal impact, which drives lattice rotation and grain fragmentation. Simultaneously, the grain
boundary characteristics underwent significant restructuring (Figure 4b,e). The fraction
of low-angle grain boundaries (LAGBs, 2° < 6 < 15°) rose from 32.1% in the as-built
specimen to 42.3% after SP (Figure 4(b1,el)). This transition is governed by dislocation
dynamics, where high-density dislocations slip and pile up into walls, eventually evolving
into sub-grain boundaries under intense plastic strain.

Furthermore, the KAM maps (Figure 4c,f) and the corresponding quantitative dis-
tributions (Figure 4(c1,f1)) characterize the local lattice distortion and the density of geo-
metrically necessary dislocations (GNDs). The average KAM value increased from 0.77°
for the SLM specimen to 0.95° for the SP specimen. This increase objectively reflects the
intensified lattice distortion and elevated local strain within the peened surface layer. In
the deformation zone, the rapid multiplication and entanglement of dislocations lead to
pronounced micro-stress concentration and increased lattice curvature. This observation is
consistent with the general laws of SP-induced plastic deformation [23,24].

3.2. Residual Stress and Microhardness Analysis

Figure 5 illustrates the depth-dependent microhardness (HV2) profiles for both SLM
and SP specimens. The as-printed SLM specimen exhibits a remarkably stable hardness
distribution, fluctuating minimally between 215 and 225 HV . In contrast, SP treatment in-
duces a pronounced hardness gradient that attenuates from the surface toward the interior.
The surface hardness reaches a peak of 272 HV) 5, representing a 21.97% enhancement rela-
tive to the matrix. This distribution pattern aligns with the “surface nanocrystalline layer
hardness peak effect” reported by Liverani et al. [25,26], where the maximum hardening is
localized within the ultra-fine grained surface layer and subsequently diminishes as the mi-
crostructure transitions back to the matrix. The increased standard deviation observed near
the surface further reflects the localized strain heterogeneity and topographic fluctuations
characteristic of high-energy impact zones. Hardness values decrease monotonically with
depth, eventually converging to the matrix baseline (~223 HV,) at 80 pm. This effective
hardening depth closely correlates with the thickness of the fine-grained layer identified
via EBSD, confirming that the hardness increment is a direct macroscopic manifestation of
grain refinement and high-density dislocation networks.

The impact of shot peening on surface residual stress is depicted in Figure 6. SLM
316L specimens exhibit pronounced residual tensile stress (/325.0 £+ 125.0 MPa) due
to the constrained thermal shrinkage during rapid solidification cycles. Following shot
peening, a fundamental reversal in the stress state is observed, with the surface reaching
a high-magnitude compressive residual stress of —410.72 £ 56.45 MPa. This transition
is attributed to the severe plastic deformation induced by high-velocity media impact,
where the mismatched constraints between the refined surface layer and the underlying
bulk material facilitate the reconstruction of a stable compressive stress field. Such a shift
from tensile to compressive stress is critical for offsetting external loading and suppressing
crack initiation.
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Figure 5. Microhardness profiles of SP and SLM specimens as a function of depth from the surface.
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Figure 6. Comparison of surface residual stresses of the SLM 316L stainless steel before and after
shot peening (SP) treatment.

3.3. Analysis of Friction and Wear Performance

Figure 7 presents the evolution of the coefficient of friction (COF) for SLM and SP
specimens under varying normal loads (20, 30, and 40 N). Each curve and data point
represents the mean value derived from three independent tribological tests, with error
bars indicating the standard deviation to ensure statistical reproducibility.

Figure 7 illustrates the tribological response of the SLM and SP specimens under
varying normal loads (20 N, 30 N, and 40 N). All tests were performed in triplicate to ensure
statistical reproducibility, with the dynamic curves and summary data points representing
the mean + standard deviation. At a low load of 20 N (Figure 7a), the SP specimen exhibits
a markedly lower coefficient of friction (COF) and superior oscillation stability compared
to its SLM counterpart. During the initial running-in period (0-100 s), the COF of the SLM
specimen drops sharply from 0.8 to 0.6, a transition driven by the rapid shearing of surface
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asperities and the dynamic evolution of the real contact area. In the subsequent steady-state
phase (100-3500 s), the SLM curve fluctuates significantly between 0.63 and 0.7, reflecting
the uneven interfacial interactions caused by the inherent microstructural heterogeneity
of the as-printed surface. In contrast, the SP specimen demonstrates a smoother running-
in transition and a stable, steady-state COF of approximately 0.5. This enhancement is
primarily attributed to the synergistic effect of the SP-induced hardened layer (~272 HV7)
and residual compressive stresses, which collectively enhance the deformation resistance
and effectively inhibit micro-crack initiation and propagation. However, as the normal load
increases to 30 N and 40 N (Figure 7b,c), the COF profiles of the two specimens tend to
converge. The elevated contact stresses at these higher loads likely promote the relaxation
of residual compressive stresses within the SP layer, diminishing its capacity to retard crack
evolution. Simultaneously, severe mechanical wear accelerates the removal of the fine-
grained hardened microstructure, while the accompanying frictional heat induces localized
thermal softening, further negating the benefits of surface strengthening. Consequently,
the tribological advantages provided by the SP treatment are significantly diminished
under high-load conditions. The average COF values across all conditions are summarized
in Figure 7d, ranging primarily between 0.46 and 0.59. Statistical analysis confirms that
the friction-reducing effect of SP is only significant at the 20 N load level (p < 0.05). At
30 N and 40 N, no statistically significant difference is observed between the two groups.
This suggests that the ability of the SP-induced hardened layer to inhibit macro-plastic
deformation is constrained by an external load threshold; under high-load conditions, the
overall tribological behavior is dominated by the shear strength of the bulk material rather
than the surface modification state.
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Figure 7. (a) COF curve under 20 N load, (b) COF curve under 30 N load, (c¢) COF curve under 40 N
load, (d) average COF values of SLM and SP samples.
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3.4. Analysis of Wear Morphology and Profiles

Figure 8 illustrates the worn surface morphologies (Figure 8a,f) and three-dimensional
(3D) wear profiles (Figure 8g,l) of the SLM and SP specimens. As depicted in the 3D
profiles, the wear tracks for both specimens exhibit a characteristic “U”-shaped cross-
section, accompanied by distinct material pile-up at the track edges. This phenomenon is a
direct consequence of plastic extrusion, where the normal load exceeds the yield strength
of the local material, forcing it to migrate laterally from the contact center.

20N 30N 40N

- . o

10 10 o

g Bl ©

: .

DI “ d

. i

i z

= . .
7 : m
" 20 %

) z :

. - -

: :

Figure 8. Wear morphologies and 3D profiles of SLM and SP specimens: (a) SEM image of SLM
(20N); (b) SEM image of SLM (30N); (c) SEM image of SLM (40N); (d) SEM image of SP (20N);
(e) SEM image of SP (30N); (f) SEM image of SP (40N); (g) 3D profile of SLM (20N); (h) 3D profile of
SLM (30N); (i) 3D profile of SLM (40N); (j) 3D profile of SP (20N); (k) 3D profile of SP (30N); (1) 3D
profile of SP (40N).

The tribological behavior is significantly governed by the interplay between the ap-
plied load and the surface state. As the normal load increases from 20 N to 40 N, the wear
severity intensifies for both groups. Morphologically, the shallow and narrow scratches
observed at 20 N evolve into significantly deeper and wider plowing grooves at 40 N.
Correspondingly, the 3D profiles reveal a continuous increase in wear depth for both SLM
(Figure 8g,i) and SP (Figure 8j,1). This trend is attributed to the elevated contact stress
under higher loads, which intensifies abrasive cutting and plastic deformation, thereby
accelerating surface damage and material delamination.

Under identical loading conditions, the SP specimens demonstrate superior wear
resistance and stability compared to the SLM specimens. While the SLM surfaces exhibit
extensive and continuous plowing grooves (Figure 8a,c), the SP surfaces maintain a rela-
tively smoother topography with shallower scratches (Figure 8d,f). This improvement is
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primarily attributed to the SP-induced grain refinement and high dislocation density (as
evidenced by the KAM maps in Figure 4), which effectively enhances the surface hardness
(Figure 5) and resistance to abrasive cutting.

The 3D profiles further highlight a critical difference in wear stability. The wear
depth of the SP specimens follows a regular gradient change (Figure 8j,1), indicating a
uniform material removal process facilitated by the refined microstructure. In contrast,
the SLM specimens display greater dispersion in wear depth, notably characterized by
localized deep pits and irregular fluctuations at 30 N (Figure 8h). This suggests that the
gradient-hardened layer of the SP specimen effectively distributes the contact load and
inhibits uneven wear. Conversely, the inherent microstructural heterogeneity and potential
sub-surface defects in the as-printed SLM specimens induce stress concentration, leading
to abnormal localized damage when the load threshold is exceeded.

Cross-sectional profiles were extracted from the 3D wear topographies. As shown in
Figure 9, the maximum wear scar depths of the SLM samples under different loads were
62.60 pm, 97.05 pm, and 110.08 pum, respectively. In contrast, the depths for the shot-peened
(SP) samples were 58.67 um, 73.83 pum, and 100.53 um. These results indicate that the wear
depth of the SP samples was significantly reduced.
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Figure 9. Wear depth profiles of SLM and SP samples under different loads: (a) 20 N; (b) 30 N;
(c) 40 N.

Figure 10 illustrates the wear volumes of the SLM and SP specimens under various
loads, calculated based on their 3D wear morphologies. The results indicate that the wear
volume for both specimen types increases significantly with increasing load, exhibiting a
positive correlation.
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Figure 10. Wear volume of SLM and SP specimens under different loading conditions.

Under loads of 20 N and 30 N, the wear volume of the SP specimens was reduced by
15.3% and 14.9%, respectively, compared to the SLM specimens. This significant reduction
demonstrates that shot peening effectively improves the wear resistance of the specimens.

However, when the load increased to 40 N, the difference in wear volume between the
two specimens became insignificant. This is attributed to the fact that at high loads, the
dominant wear mechanisms (severe plastic deformation, delamination, and adhesive wear)
depend more on the properties of the material matrix, thereby diminishing the surface
modification effects induced by shot peening.

4. Discussion
4.1. Strengthening Mechanisms and Low-Load Stability

The superior tribological stability of the SP specimens under a low load of 20 N is
primarily attributed to the gradient microstructural reinforcement. The shot peening pro-
cess induces intense plastic deformation, leading to significant grain refinement and a high
density of low-angle grain boundaries (LAGBs, 43.2%) and geometrically necessary dislo-
cations (GNDs), as evidenced by the elevated KAM values. This microstructural evolution
directly results in a surface hardness of 272 &+ HV», representing an approximately 22%
increase compared to the as-printed SLM matrix (223 = HV,) [27,28].

Under the 20 N load (Figure 11a,d), this enhanced hardness effectively reduces the
real contact area and limits the penetration depth of the SizNy counterface. Such high
deformation resistance suppresses the severe plastic flow and frictional heat accumulation
observed in the SLM specimens, thereby maintaining a minimal oxidation level (2.7% O)
compared to the severe oxidative wear (24.01% O) characteristic of the un-peened surface
(Figure 12). Furthermore, the SP-induced residual compressive stresses act as a beneficial
stress field that offsets the tensile components generated during sliding, effectively retarding
micro-crack initiation.
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Figure 11. Surface morphology of SLM (a) 20 N, (b) 30 N, (c) 40 N and SP samples under varying
load conditions (d) 20 N, (e) 30 N, (f) 40 N.

4.2. Quantitative Analysis of the Mechanical Performance Threshold

As the normal load increases, the mechanical integrity of the SP layer faces a critical
challenge. To determine the physical origin of the performance convergence at 40 N, a
quantitative analysis based on the Hertzian contact model was conducted. For the SizNy
ball-on-disk configuration, the equivalent elastic modulus is determined as E* ~ 130 GPa.
The maximum contact stress (P;) and the subsurface maximum shear stress (Tmax) are
calculated as follows:

1 1—vd 1-13 3F

2 ~ —
ﬁ - E—l + E2 Tmax ~ O.31Pmux — 0.31 (W) (1)

At 40 N (Figure 11c,f), the calculated Tmax reaches 458 MPa. Based on the Tresca
yield criterion

H
Teritical = Uy/z ~ g (2)

The shear yield threshold for the SP hardened layer (272 HV) is estimated at 444 MPa,
while the SLM matrix (223 HV) is significantly lower at approximately 364 MPa. The fact
that the induced shear stress at 40 N (458 MPa) exceeds the mechanical capacity of even
the SP-strengthened layer (444 MPa) explains the observed mechanical instability. At this
threshold, the subsurface material undergoes widespread plastic flow, and the gradient
hardened layer can no longer be effectively supported by the bulk matrix, leading to the
convergence of the friction coefficient values between the two groups.

4.3. Transition of Wear Mechanisms and Topographic Failure

The transition from 20 N to 40 N marks a fundamental shift in the failure mode. While
SP successfully inhibits large-scale delamination at lower loads, the high contact pressure
at 40 N induces a specific “topographic failure mechanism”.
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Figure 12. EDS of SLM samples after SP wear.

Despite initial polishing, the severe subsurface plastic deformation at 40 N causes
localized micro-ridges or fluctuations on the SP surface. These plastic-flow-induced asperi-
ties become sites of intense stress concentration where the local Hertzian stress surpasses
the material’s fracture toughness. This results in the preferential fracture and detachment
of material “peaks,” as observed in the 3D wear profiles (Figure 8). Furthermore, the
extreme pressure at 40 N likely accelerates stress relaxation, where the beneficial residual
compressive stresses are dissipated by the cumulative plastic strain. Consequently, the
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tribological behavior at high loads is dominated by the shear strength of the bulk 316L
material and the localized fatigue of the hardened layer, rather than the initial surface
modification state [29].

5. Conclusions

This study systematically investigated the effects of shot peening (SP) on the mi-
crostructure, microhardness, and tribological properties of 316L stainless steel fabricated
by selective laser melting (SLM). Based on comprehensive microstructural characterization
and tribological testing, the following conclusions can be drawn:

Microstructural Evolution: Shot peening induced severe plastic deformation (SPD)
in the surface layer, effectively refining the inherent coarse columnar grains and melt
pool structures of the SLM parts. This process resulted in the formation of a gradient
nanocrystalline layer with a depth of approximately 70-80 um. Furthermore, SP introduced
high-magnitude residual compressive stresses, homogenized the distribution of crystal
defects, and induced a transition in grain orientation from a random distribution to local
crystallographic texturing.

Strengthening Effect under Low-to-Medium Loads: Attributed to the surface mi-
crostructural optimization, the microhardness of the SP specimens increased by 17.18%
compared to the as-built SLM specimens. Under low-to-medium loads (20 N and 30 N),
the SP specimens exhibited superior wear resistance. Specifically, at 20 N, the coefficient
of friction (COF) and wear rate decreased by 16.36% and 17.09%, respectively; at 30 N,
they decreased by 12.4% and 14.9%, respectively. These results indicate that SP signifi-
cantly enhances resistance to plastic deformation and crack initiation. The dominant wear
mechanisms in this regime were identified as mild abrasive wear (plowing) and local
adhesive wear.

Failure Mechanism under High Loads: When the load increased to 40 N, the tribologi-
cal benefits of SP were negated by excessive contact stresses and frictional heat. Notably,
the surface roughness induced by SP became a detrimental factor; stress concentrations at
the ridges of peening dimples triggered localized fracturing and detachment. Consequently,
the failure mode shifted to a combination of thermally induced adhesive wear and severe
delamination driven by both topographic stress risers and substrate yielding.

Engineering Significance: This work confirms that shot peening is an effective strategy
for enhancing the wear resistance of SLM 316L stainless steel under low-to-medium load
conditions, providing a theoretical basis for surface performance tailoring of additively
manufactured components. Future research could focus on optimizing SP parameters or
developing composite surface modification techniques to further expand the application of
SLM technology in high-performance wear-resistant components.
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