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Abstract

H13 tool steel is widely used in precision injection molds; however, severe wear in confined
regions, such as ejector pin holes, limits its service life, while conventional strengthening
techniques remain difficult to apply in these areas. In this study, a combined plasma
nitriding and oblique laser shock peening (OLSP) treatment was proposed, and the ef-
fects of laser incidence angle on microstructure, mechanical properties, and wear behavior
were systematically investigated through electron backscatter diffraction (EBSD), X-ray
diffraction (XRD) residual stress analysis, and ball-on-disk (BOD) wear tests. The results
demonstrate that OLSP promotes grain refinement, dislocation accumulation, and the
introduction of high-magnitude compressive residual stress. The NLSP1 sample exhib-
ited the optimum strengthening effect, with a maximum compressive residual stress of
−1033 MPa. It also achieved the lowest wear depth, wear volume, and specific wear
rate, with a specific wear rate of 1.64 × 10−6 mm3/(N·m), representing a 54.3% reduction
compared with the untreated sample. The enhanced wear resistance was attributed to the
synergistic effects of hardness improvement, microstructural refinement, and compressive
residual stress. These findings demonstrate that optimizing the laser incidence angle can
improve strengthening efficiency and provide an effective strategy for surface modification
of critical regions in complex molds.

Keywords: H13 steel; oblique laser shock peening; plasma-nitrided; wear resistance

1. Introduction
The ejection system of precision injection molds is primarily designed to facilitate

the smooth demolding of injection-molded components. During the demolding process,
repeated sliding contact between the ejector pin and the inner wall of the ejector pin
hole inevitably causes friction-induced wear, which may eventually result in dimensional
degradation and even premature mold failure under severe conditions. Since injection
molds generally require high dimensional accuracy and long service life, the wear resistance
of critical friction-contact regions plays a decisive role in determining their reliability. H13
hot-work tool steel exhibits excellent hardenability, strength, toughness, and thermal
stability and is widely used in the fabrication of precision injection molds, die-casting
molds, and extrusion dies [1–4]. Therefore, developing effective surface strengthening
strategies to improve the wear resistance of H13 steel, particularly in critical regions
subjected to severe friction, is of great importance for extending mold service life and
improving manufacturing reliability.
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To improve the wear resistance of H13 steel, various surface modification techniques
have been developed, including cryogenic treatment, carburizing, plasma nitriding, surface
coating, and laser cladding. Ridvan [5] improved the wear resistance of H13 steel through
cryogenic treatment by promoting martensitic transformation and the precipitation of
fine carbides. Divagar [6] applied a liquid carburizing treatment to H13 steel and formed
a carburized layer on the surface, increasing the hardness from 28 HRC to 55 HRC and
significantly reducing the wear rate. Fernandes [7] reported that plasma nitriding effectively
reduced the friction coefficient of H13 steel by forming a high-hardness nitrided layer. In
addition, coating technologies and laser cladding methods have also been widely employed
to enhance surface wear resistance. However, insufficient interfacial bonding strength
between coatings and substrates may result in coating delamination during service [8],
while excessively high coating hardness may induce brittle cracking [9]. Furthermore, the
thermal effects associated with laser cladding can introduce considerable tensile residual
stresses, which negatively affect long-term wear performance [10].

Although these approaches can effectively improve the wear resistance of external
surfaces, their effectiveness remains limited for complex internal regions, such as deep
holes, narrow channels, and curved inner surfaces commonly found in advanced mold com-
ponents. On one hand, conventional thermochemical treatments and coating technologies
often suffer from difficulties in achieving uniform modification on confined inner surfaces.
On the other hand, mechanical surface strengthening techniques can introduce plastic
deformation, work hardening, and compressive residual stresses, but their applications are
restricted by tool accessibility and geometric limitations. Miao [11] strengthened internal
threads of high-strength steel through cold extrusion and found that grain refinement
and compressive residual stress generation significantly improved fatigue performance.
Dang [12] applied ultrasonic rolling to 300 M steel and demonstrated that the increased
surface hardness and optimized residual stress state effectively enhanced wear resistance.
Zhang [13] strengthened 7075 aluminum alloy using water jet treatment and found that
enhanced surface plastic deformation increased hardness and compressive residual stress,
thereby improving surface properties. However, these techniques still exhibit limitations
for small-hole strengthening. For example, ultrasonic rolling equipment generally suffers
from limited accessibility due to its large size [14]; excessive deformation during cold
extrusion may induce surface cracking, particularly for hardened materials [15–17]; and
water jet treatment may increase surface roughness, affecting subsequent tribological per-
formance [18]. Therefore, developing an effective surface modification technology capable
of strengthening confined regions of complex mold components remains highly desirable.

LSP is an advanced surface modification technology that utilizes high-energy laser-
induced shock waves to generate severe plastic deformation, grain refinement, work
hardening, and compressive residual stress in metallic materials. Due to these advantages,
LSP has been considered a promising approach for improving surface mechanical properties
and service performance [19]. Wang [20] investigated the effects of laser shock peening
(LSP) on the microstructure and mechanical properties of 7075 aluminum alloy and found
that LSP promoted grain refinement and dislocation accumulation, resulting in increased
microhardness, tensile strength, and strain-hardening capability. Yin [21] studied the effect
of LSP on the impact wear resistance of Ti-6Al-4V alloy and demonstrated that both wear
track width and maximum wear depth were significantly reduced after LSP treatment.
However, conventional LSP generally requires near-normal laser incidence, which restricts
its application on geometrically confined regions, such as deep cavities, narrow grooves,
and small-hole inner surfaces, where direct laser access is difficult.

To overcome the limitations of conventional LSP in complex geometries, OLSP has
been developed by introducing non-normal laser incidence, enabling more flexible energy
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delivery toward restricted surfaces. Dai [22] found that the plastically affected depth
increases with increasing laser spot diameter. Lin [23] applied OLSP to aircraft engine
turbine disk tenon structures and found that both surface hardness and compressive
residual stress were significantly improved. They further demonstrated that the incident
angle strongly influenced the induced compressive residual stress, surface roughness, and
microhardness. Li [24] conducted orthogonal experiments on FGH95 superalloy using
OLSP with a 30◦ incident angle and determined optimized processing parameters of 8
J laser energy and a 3 mm beam diameter. Under these conditions, the microhardness
increased by 24.56%, while the magnitude of surface compressive residual stress increased
by 17.47%.

In practical mold manufacturing, complex structures such as deep cavities, narrow
holes, and curved surfaces are frequently encountered, creating significant challenges for
conventional surface strengthening technologies. The flexible energy delivery capabil-
ity of OLSP provides potential advantages for modifying these geometrically restricted
regions. Moreover, the compatibility of OLSP with automated laser systems, multi-axis
processing platforms, and robotic manufacturing technologies provides opportunities for
industrial-scale application in advanced mold surface modification. However, several
challenges remain for the practical implementation of OLSP. The oblique incidence con-
figuration may reduce laser energy coupling efficiency and shock pressure transmission,
resulting in reduced strengthening effectiveness and non-uniform residual stress distri-
butions. In addition, precise control of processing parameters, including incident angle,
laser energy density, and scanning strategy, is essential to achieve reliable strengthening
effects on complex three-dimensional surfaces. Therefore, understanding the relationship
between laser incidence angle, microstructural evolution, residual stress generation, and
tribological performance is critical for the further development of OLSP-based surface
engineering technologies.

For the strengthening requirements of small-hole inner surfaces and other confined re-
gions, a single OLSP process may not be sufficient to simultaneously achieve high hardness,
large compressive residual stress, and stable microstructural characteristics. Plasma nitrid-
ing can provide a high-hardness diffusion layer and improve the load-bearing capability
of the surface, whereas OLSP can further induce severe plastic deformation, grain refine-
ment, dislocation accumulation, and compressive residual stress generation. Therefore,
combining plasma nitriding with OLSP is expected to construct a multifunctional gradient
strengthening layer characterized by hardness gradient, microstructural gradient, and
residual stress gradient, thereby achieving synergistic improvement in the wear resistance
of complex mold components.

Based on this consideration, this study proposes a combined plasma nitriding and
OLSP surface modification strategy for improving the service performance of H13 steel.
The effects of the combined treatment on microstructural evolution, microhardness distri-
bution, residual stress profile, and tribological behavior were systematically investigated.
Furthermore, the influence of laser incidence angle on the strengthening effectiveness was
analyzed, and the synergistic strengthening mechanism responsible for the enhanced wear
resistance was revealed through comprehensive analysis of wear morphology and quanti-
tative wear parameters. This work provides theoretical insights and technical guidance for
the surface strengthening of high-performance mold components with complex geometries.

2. Materials and Methods
2.1. Experimental Materials

The material investigated in this study was H13 steel. Since no standardized testing
equipment is currently available to directly simulate wear behavior inside ejector pin
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holes, a conventional wear test was employed to evaluate the tribological properties of the
material. The chemical composition of the H13 steel is listed in Table 1. For the initial heat
treatment process, the specimens were subjected to a two-stage preheating treatment: first
heated to 450–500 ◦C and held for 30 min, followed by heating to 800–850 ◦C and holding
for 30 min to ensure uniform temperature distribution and preliminary homogenization.
Subsequently, the samples were austenitized at 1050 ◦C for 45 min in a muffle furnace and
quenched in oil at room temperature (approximately 60–80 ◦C). After quenching, a double
tempering treatment was performed at 500 ◦C for 2 h each cycle, followed by air cooling
to room temperature. As shown in Figure 1, Ø40 mm × 10 mm (diameter × thickness)
circular samples were made through wire cutting and then ground to a surface roughness
of Ra0.8 using a surface grinder. The sample surfaces were ground and polished, cleaned
with ethanol, dried, and then stored for subsequent testing.

Table 1. Chemical composition (wt%) of the H13 steel.

Element C Si Mn Cr Mo V S P

wt% 0.46 1.10 0.39 4.90 1.21 0.88 0.004 0.011

Figure 1. Laser shock path and spot bonding scheme (a,b), angle 15◦ (c), angle 30◦ (d), angle 45◦ (e).

2.2. Plasma Nitriding Experiment

The plasma nitriding treatment was performed in an LDNBMC-F vacuum plasma-
nitriding furnace (Wuhan Heat Treatment, Wuhan, China) at 480 ◦C for 8 h under a
controlled N2:H2 gas mixture of 450 mL/min:150 mL/min. The chamber pressure was
maintained at 400 Pa throughout the process. A pulsed DC voltage of 520–580 V was
applied, and the current density was controlled at approximately 2.5–3.0 mA/cm2 to
sustain a stable plasma state and promote uniform nitrogen diffusion. After plasma
nitriding, all specimens were furnace-cooled to room temperature.

2.3. Laser Shock Peening

The LSP process is a physical surface modification technique based on the interaction
between a high-power-density nanosecond pulsed laser and the target material. It utilizes
the mechanical effects induced by laser-generated shock waves to modify the material
surface. During laser shock processing, the water confinement layer restricts plasma expan-
sion, thereby increasing the pressure of the generated shock wave. When a high-energy
laser pulse irradiates the material surface, the sacrificial absorption layer is instantaneously
melted and vaporized, producing high-temperature and high-pressure plasma. The plasma
subsequently absorbs additional laser energy and undergoes rapid expansion. Due to
the confinement effect of the water layer, the free expansion of the plasma is suppressed,
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resulting in the generation of a high-pressure shock wave that propagates into the material
and induces plastic deformation [25].

The relationship between laser power density and plasma shock wave pressure peak
proposed by Fabbro [26]:

P = 0.1
(

α

2α + 3

)0.5
Z0.5 I0.5 (1)

2
Z

=
1

Z1
+

1
Z2

(2)

where P(t) is the peak pressure of the shock wave, unit: Kbars; α is the internal energy
conversion coefficient, with a value of α = 0.2; Z is the acoustic impedance, unit: g·cm−2·s−1;
and I represents the laser power density, unit: GW·cm−2. The acoustic impedance of the
water confinement layer is Z1 = 1.65 × 105 g · cm−2 · s−1, while the acoustic impedance of
the H13 steel substrate is [27] Z2 ≈ 4.57 × 106 g · cm−2 · s−1. Substituting Z1 and Z2 into
Equation (2), the effective acoustic impedance of the water–H13 steel system is calculated
as Z = 3.19 × 105 g · cm−2 · s−1.

Therefore, combining Equations (1) and (2), the relationship between the laser power
density and the shock wave pressure can be simplified as:

P = 1.5
√

I (3)

The high-pressure shock wave generated by laser irradiation induces localized stress
concentration on the metallic surface. Under one-dimensional strain loading conditions, the
normal stress corresponding to the onset of plastic deformation is defined as the Hugoniot
elastic limit (HEL) of the material [28].

σHEL =

(
K

2G
+

2
3

)
γ0 (4)

K =
E

3(1 − 2v)
(5)

G =
E

2(1 + v)
(6)

where K is the bulk modulus, unit: GPa; G is the shear modulus, unit: GPa; E is the elastic
modulus, unit: GPa; ν is Poisson’s ratio, unit: dimensionless; and γ0 represents the yield
strength of the material, unit: GPa. By substituting Equations (4)–(6), the Hugoniot elastic
limit (HEL) can be simplified as:

σHEL =
1 − ν

1 − 2ν
γ0 (7)

According to the material handbook, the Poisson’s ratio of H13 steel is ν = 0.31, and
the yield strength is approximately γ0 ≈ 1300 MPa. Therefore, the calculated HEL value
of H13 steel is approximately 2.3 GPa. When the shock pressure exceeds the HEL, plastic
deformation occurs. By substituting σHEL into Equation (3), the critical laser power density
required to induce plastic deformation can be determined as: I0 = 2.35 GW/cm2.

Furthermore, the optimal shock-strengthening effect can be obtained when the shock
pressure satisfies 2σHEL < P < 2.5σHEL. For H13 steel, this corresponds to:

4.7 < P < 5.875 GW/cm2 (8)

By combining Equations (3) and (8), the optimal laser power density range for LSP
was determined to be 9.8 < I < 15.3 GW/cm2. However, when the laser power density
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exceeds 10 GW/cm2, the laser energy may be partially attenuated due to the breakdown of
the water confinement medium, resulting in reduced energy transfer efficiency to the target
material. Therefore, although the theoretically predicted optimal power density falls within
the range of 9.8 < I < 15.3 GW/cm2, a laser power density of 10 GW/cm2 was selected in
this study considering the stability of laser energy transmission and experimental feasibility.

LSP experiments were conducted using a TYRIDA Lamber-12 laser system (TYRIDA
LAMBER, Xi’an, China). Considering the dimensional characteristics of the ejector pin
holes and their actual service conditions, the laser pulse duration was set to τ = 20 ns,
and the spot overlap rate was maintained at 50%. When the laser incidence angle was
varied within the range of 15–45◦, the laser shock peening region could effectively reach
approximately 8 mm in depth inside the hole, thereby covering the primary wear-affected
region during service. Therefore, three representative incidence angles of 15◦, 30◦, and 45◦

were selected as experimental variables to investigate their effects on the strengthening
efficiency. The corresponding laser spot diameters under these three incidence angles were
calculated, as shown in Figure 2. The laser spot area was subsequently determined using
the following equation:

S = πab (9)

where a is the major axis radius and b is the minor axis radius.

Figure 2. Principles of OLSP.

When the laser is vertically impacted, the relationship between the laser energy and
the spot area of the laser power densitometer is shown in Formula (10) [23]:

E = I0τS (10)

According to Equations (9) and (10), the required laser energy is calculated to be
within the range of 7.35 < E < 9.99 J. Therefore, a laser energy of 8 J was selected for the
LSP experiments.

Using the TYRIDA LAMBER-12 laser, which is equipped with Q-switching technology
and utilizes Nd:YAG (neodymium-doped yttrium aluminum garnet) laser oblique impact
experiments were conducted, with its principle and process parameters shown in Figure 2
and Table 2, respectively. The laser had a wavelength of 1064 nm and a laser pulse duration
of 20 ns. Use 0.1 mm thick PVC black tape as the absorption layer. To achieve a greater
stress amplitude and duration, 2 mm thick flowing water was used as the constraint layer.
The spot diameter, overlap rate, and pulse energy were 3 mm, 50%, and 8 J, respectively.
The laser shock path and spot overlap scheme are shown in Figure 1. A 50% overlap of the
spots is achieved through four sets of laser impacts. After each set of experiments, a new
black tape is used for the next set of experiments until the end of the experiment.
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Table 2. LSP process parameters.

Type Value

Spot diameter (mm) 3
Laser pulse energy (J) 8

Laser wavelength (nm) 1064
Laser incidence angle 15◦, 30◦, 45◦

Overlap rate 50%

At a constant laser pulse energy of 8 J, only the laser incidence angle was varied in
order to systematically investigate its effect on the strengthening performance. Therefore,
as shown in Table 3, laser incidence angles of 15◦, 30◦, and 45◦ were selected, and all
samples were labeled. The experimental group consists of 5 groups with 3 samples in each
group, and all sample groups are labeled, as shown in Table 3.

Table 3. Sample numbers for different process parameters.

Sample Number Technological Parameter

Untreated Unprocessed
Plasma-nitrided Plasma nitriding technology

NLSP1 Plasma nitriding technology and LSP (energy 8 J, angle 15◦)
NLSP2 Plasma nitriding technology and LSP (energy 8 J, angle 30◦)
NLSP3 Plasma nitriding technology and LSP (energy 8 J, angle 45◦)

2.4. Friction and Wear Test

Friction and wear tests were performed using a UMT-2 CETR friction and wear tester
(Bruker, CETR, Billerica, MA, USA). A ball-on-disk (BOD) configuration was adopted to
evaluate the wear resistance of the samples, and all experiments were conducted strictly
according to the ASTM G99-23 standard (Standard Test Method for Wear and Friction
Testing with a Pin-on-Disk or Ball-on-Disk Apparatus). A 10 mm diameter ball coated
with cubic boron nitride (CBN) was selected as the counterbody. The rotation radius,
applied load, rotation speed, and wear duration were set to 10 mm, 20 N, 250 r/min,
and 1 h, respectively. The detailed wear test procedure is illustrated in Figure 3. Each
experimental condition was tested once, and the wear characteristics were analyzed based
on the obtained wear tracks.

 
Figure 3. BOD wear test.
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2.5. Observation of Surface Microstructure

To study the effects of different processes on the microstructure of H13 steel, samples
treated with different processes were cut into blocks through wire cutting before being
ground and polished, cleaned, and then corroded with 4% nitric acid alcohol. After cleaning
the surface, the metallographic surface structures of the samples were observed using a
Keyence VK-X100 confocal laser microscope (Keyence, Osaka, Japan). A Bruker D8 Focus
multifunctional diffractometer was used for X-ray diffraction analysis (XRD) of the samples,
enabling phase analysis of the material. The working voltage, current, target material,
scanning range, and scanning speed were 35 KV, 40 mA, Co-Kα target, 10~110◦, and 2◦/min,
respectively. To characterize the microstructure of the processed sample surface layers,
an electron backscatter diffraction (EBSD) analysis was conducted using high-resolution
scanning electron microscopy (EDAX Velocity Super, Mahwah, NJ, USA). This analysis
aimed to capture changes in crystal orientation, grain plastic deformation, grain size, local
orientation differences, and inverse pole figures (IPFs) of the samples.

2.6. Microhardness

At a test load of 0.1 kg−f/mm−2 and a duration of 10 s, the surface microhardness
of the samples was characterized using a FALCON500 Vickers hardness tester (INNO
VATEST Shanghai Co. Ltd., Shanghai, China). The material was tested in both the surface
and cross-sectional depth directions at each measurement location, with each data point
representing the average of three measured results.

2.7. Residual Stress

A Proto iXRD high-speed residual stress analyzer (Proto, LaSalle, Canada) was used
to characterize the residual stress of the samples based on the sin2ψ method. This method
is based on the principle that residual stresses induce elastic lattice deformation, resulting
in variations in interplanar spacing and corresponding shifts in diffraction peak positions.
By measuring the diffraction angle changes in the {211} crystallographic planes at different
ψ angles, the lattice strain–sin2ψ relationship was established, and the surface residual
stress was determined according to the elastic deformation relationship. The residual stress
can be calculated according to the following equation:

σϕ =
E

1 + ν

dεψ

d
(
sin2 ψ

) (11)

where σΦ is the residual stress, unit: MPa; E is the elastic modulus, unit: GPa; ν is Poisson’s
ratio; εψ represents the lattice strain at different ψ angles; and d

(
sin2 ψ

)
is the slope of the

linear fitting curve between lattice strain and sin2ψ.
The instrument was calibrated using a stress-free [iron] powder standard. The ra-

diation source, V filter/collimator diameter, and diffraction surface were Cr-Kα, 3 mm,
and {211}, respectively, and the diffraction angle (2θ) was between 137◦ and 144◦. Mea-
surements were conducted at 9 ψ angles ranging from −45◦ to +45◦, with an effective
X-ray penetration depth of approximately 5.5 µm. A saturated NaCl solution was used
for electropolishing, which removed the material layer by layer. The average value of the
three measurements was taken as the experimental data. The measurement uncertainty
was evaluated based on the deviation among the three repeated measurements, and the
average residual stress value was reported as the final experimental result.

2.8. Wear Topography

A ZEISS LSM900 confocal laser microscope (Zeiss, Oberkochen, Germany) was used to
capture the circular wear track of the wear samples and extract the deepest wear data. Three
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randomly selected positions along each wear track were used to measure the wear depth
and width. A ZEISS Crossbeam 550 focused ion beam scanning electron microscope (Zeiss,
Oberkochen, Germany) was used to observe the microscopic topography and elemental
distribution of the wear surfaces after the wear test, with magnifications of 100 and 1 K,
respectively.

To provide a clear overview of the experimental procedure, the entire workflow, includ-
ing specimen preparation, plasma nitriding treatment, oblique laser shock peening (OLSP)
processing, and subsequent characterization and tribological evaluations, is summarized
schematically in Figure 4.

Figure 4. Schematic overview of the complete experimental procedure.

3. Results
3.1. Metallographic Superficial Microstructure Observation and XRD Microstructure
Characterization

Figure 5a,b show the microstructures of untreated and plasma-nitrided samples,
respectively. The microstructure of the untreated sample is tempered martensite [29],
whereas the plasma-nitrided sample exhibits a dark needle-shaped nitride diffusion zone
of about 70 µm on the surface layer without any white compound layer.

 

Figure 5. Microstructure of (a) untreated sample and (b) plasma-nitrided sample.

Figure 6 shows the X-ray diffraction patterns of the untreated and plasma-nitrided
samples. The diffraction pattern of the untreated sample has an Fe phase peak, with no
diffraction peaks of other compounds present. After plasma nitriding treatment, diffraction
peaks of Fe3N, Fe4N and nitrogen-containing martensite α′ can be clearly detected in the
samples. These findings are consistent with the metallographic results shown in Figure 4.
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Figure 6. X-ray diffraction of untreated sample and plasma-nitrided sample.

3.2. Microhardness Distribution

Figure 7 shows the cross-sectional microhardness distribution of a sample. Plasma
nitriding increases the surface nitrogen content of the plasma-nitrided sample. Once
the solubility reaches saturation, nitride is precipitated, and after plasma nitriding,
the surface hardness increases significantly. The surface microhardness increases from
544 HV0.1 to 1205 HV0.1. Comparing the plasma-nitrided sample with the NLSP3 sample,
the microhardness of the sample can be further improved after LSP. The surface micro-
hardness of the NLSP3 sample is 1241 HV0.1, an increase of 2.99%. As the laser incidence
angle decreases, the surface microhardness increases. The surface microhardness of NLSP1
is 1334 HV0.1, an increase of 7.49% compared to that of the NLSP3 sample. From the
microhardness distribution, the microhardness of the plasma-nitrided sample decreases
rapidly at a depth of 70 µm, so it can be estimated that the depth of the effective diffusion
zone is about 70 µm. This is consistent with the conclusion obtained in Figure 5b.

Figure 7. Cross-sectional microhardness distribution.
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3.3. Residual Stress Distribution

Figure 8 shows the distribution of residual stress on sample surfaces after different
processes. Mechanical grinding on an untreated sample’s surface can produce a resid-
ual stress of −537 MPa. The maximum residual stress of the plasma-nitrided sample is
−686 MPa. The increase in residual stress compared to the untreated sample is due to the
nitrogen atoms diffusing into the surface layer of the material to form a plasma-nitrided
layer. This process causes changes in the structure of the surface layer of the material,
resulting in higher residual stress [30]. The maximum residual stress observed on an NLSP1
sample is −1033 MPa. As the laser incidence angle changes to 30◦ and 45◦, the residual
stress decreases to −898 MPa and −884 MPa, respectively. From a depth perspective, the
residual compressive stress gradually decreases with increasing depth. This is because as
the shock wave propagates into the material, kinetic energy dissipates. The shock wave
pressure decreases with increasing depth, resulting in lower internal residual stress [31].

Figure 8. Residual surface stress distribution.

The underlying mechanism for the aforementioned reduction in residual stress during
oblique incidence is mainly attributed to energy attenuation and shockwave decomposition.
When the laser is obliquely incident at an angle θ, the originally circular laser spot is
stretched into a long ellipse on the material surface, increasing its interaction area to 1/cos
θ times that of normal incidence. This results in the attenuation of the actual effective power
density to I = I0 cos θ. Meanwhile, the angle between the plasma expansion direction and
the optical axis causes the shock wavefront to deflect and distort. Consequently, the shock
wave energy penetrating the material decomposes into longitudinal waves (compressive
waves), which drive the deep volumetric plastic strain, and transverse waves (shear waves),
which aggravate the lateral plastic flow of the surface layer. As the laser incident angle
θ increases, the effective energy allocated to the longitudinal shock wave continuously
diminishes, leading to a decreased shock wave loading effect. Therefore, the maximum
residual compressive stress induced by NLSP1 is significantly higher than that at other
oblique angles.

3.4. EBSD Microstructure Characterization

According to Figures 7 and 8, the samples treated through different processes indicate
that NLSP1 has the highest microhardness and residual stress. Therefore, untreated and
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NLSP1 samples were selected for EBSD analysis. Figures 9 and 10 show the cross-sectional
microstructures of the untreated and NLSP1 samples. Figure 9a,b show the cross-sectional
grain distribution of untreated and NLSP1 sample surfaces.

Figure 9. Crystal orientation maps of (a) Untreated and (b) NLSP1 samples. Local misorientation
average angle distribution of (c) untreated and (d) NLSP1 samples. (e) Grain angle comparison at
different depths. (f) Average grain size at different depths.

 

Figure 10. Pole figures of (a) untreated and (b) NLSP1.

Figure 9c,d show the kernel average misorientation (KAM) maps of the untreated
and NLSP1 samples. The local plastic deformation can be assessed through the KAM
distribution, where blue indicates local low-angle orientation differences while green
indicates local high-angle orientation differences. According to Figure 9c, a 1–2 µm thin
plastic deformation layer can be found on the surface of the untreated sample after grinding.
According to Figure 9d, the local high-angle orientation difference in an NLSP1 sample
surface increases significantly. Figure 9e shows the distribution of grain angles in the depth
direction, revealing that the plastic deformation of the NLSP1 sample is more pronounced

https://doi.org/10.3390/coatings16070874

https://doi.org/10.3390/coatings16070874


Coatings 2026, 16, 874 13 of 23

than that of the untreated sample. Figure 9f shows the average grain size of an NLSP1
sample at different depths. It can be found that the average grain size of 0–10 µm on
the surface layer of the NLSP1 sample decreased significantly by 18.7%, compared to
that of an untreated sample. This indicates that the surface layer of the NLSP1 sample
exhibits more pronounced grain refinement because plastic deformation can help refine the
grains. Similar results can also be obtained through other plastic deformation methods for
preparing nanocrystalline materials [32].

Figure 10a,b show the IPFs, indicating that the untreated sample has a lower texture
density and a higher matrix density. In contrast, the NLSP1 sample exhibits a significantly
decreased matrix density, indicating that LSP can disrupt the initial grain orientation and
result in a more even grain distribution [33].

3.5. Surface Roughness

The surface roughness of the untreated sample is 0.21, the plasma-nitrided sample
is 0.25, the NLSP1 sample is 0.28, the NLSP2 sample is 0.28, and the NLSP3 sample is
0.27. Compared to the untreated sample, the surface roughness of the plasma-nitrided and
NLSP1 samples increased by approximately 19.0% and 33.3%, respectively. During plasma
nitriding, the material surface is subjected to continuous high-energy ion bombardment,
causing a micro-sputtering effect and local topographical changes that slightly increase
the roughness. For the NLSP samples, the overlapping of laser spots leaves macroscopic
micro-dimples and uneven plastic flow on the surface, which inevitably leads to a more
pronounced increase in surface roughness.

3.6. Wear Resistance Characterization

Figure 11 presents the friction coefficient curves of different samples. All samples
exhibit pronounced fluctuations in the friction coefficient during the initial sliding stage,
which can be attributed to the running-in process between the cubic boron nitride coun-
terbody and the sample surfaces. During this stage, a higher surface roughness promotes
asperity interaction and increases the real contact area, resulting in enhanced mechanical
interlocking and unstable friction fluctuations. With continuous sliding, the progressive
removal of surface asperities and the formation of a relatively stable tribofilm contribute to
the stabilization of the friction coefficient.

Figure 11. Friction coefficient curve.

After 3600 s of wear testing, the average friction coefficients of the untreated, plasma-
nitrided, and NLSP1 samples were 0.48, 0.44, and 0.42, respectively. Compared with the
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untreated sample, the plasma-nitrided sample exhibited a reduced friction coefficient,
which can be attributed to the formation of a high-hardness nitrided layer that effectively
improves resistance against counterbody penetration and suppresses severe plastic defor-
mation during sliding. Furthermore, the NLSP1 sample exhibited the lowest and most
stable friction coefficient. This improvement is mainly associated with the high-magnitude
compressive residual stresses introduced by LSP, which effectively suppress crack initiation
and propagation during sliding wear. Consequently, material delamination and subse-
quent third-body abrasive wear are mitigated, leading to reduced friction fluctuations and
enhanced tribological stability [34].

Figure 12 shows the wear morphology and cross-sectional profile of the average
wear track. According to Figure 12a, the wear scar width and wear depth on the untreated
sample are 634.18 µm and 2.55 µm, respectively. After plasma nitriding, the wear scar width
and wear depth on the plasma-nitrided sample are 537.12 µm and 1.83 µm, respectively.
However, compared to the plasma-nitrided sample, the wear scar width and wear depth on
the NLSP sample decrease further after LSP treatment. The wear scar width and wear depth
on the NLSP1 sample are the lowest, measuring 523.52 µm and 1.41 µm, respectively. The
NLSP process can reduce the wear scar width and wear depth by 17% and 45%, respectively.
However, according to Figure 12f–h, the wear depth increases slightly with the increase in
oblique laser angle.

Figure 12. Wear morphology and cross-sectional profile of the average wear track: (a,b) untreated,
(c,d) plasma-nitrided, (e,f) NLSP1, (g,h) NLSP2, (i,j) NLSP3.
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As shown in Figure 13a,b, three randomly selected regions along each wear track
were analyzed to ensure the reliability of wear parameter characterization. The maximum
wear depth and wear track width were extracted from the cross-sectional profiles of these
regions, and the averaged values were adopted as representative wear parameters for
each specimen. Subsequently, the wear volume [35] and specific wear rate were calculated
to quantitatively evaluate the wear behavior of specimens subjected to different surface
treatments, with the corresponding results shown in Figure 13c,d.

VW =
2πrt
6b

(
3t2 + 4b2

)
(12)

where r denotes the wear track radius, unit: mm; t represents wear depth, unit: µm; and b
represents wear track width, unit: µm.

K =
V

F × L
(13)

where V represents the wear volume, unit: mm3; F denotes the applied normal load, unit:
N; and L corresponds to the sliding distance, unit: m.

Figure 13. Effect of plasma nitriding and OLSP on the quantitative wear characteristics: (a) wear
track width, (b) wear depth, (c) wear volume, and (d) specific wear rate.

As shown in Figure 13a,b, the NLSP1-treated specimen exhibited the lowest average
wear depth and average wear track width, with values of 1.41 µm and 523.52 µm, respec-
tively. Compared with the untreated and plasma-nitrided specimens, the wear depth of
NLSP1 was reduced by 45% and 17%, while the wear track width decreased by 17% and
3%, respectively. With an increasing laser incidence angle, the wear depth and wear track
width of the NLSP2 and NLSP3 specimens were slightly increased compared with those of
the NLSP1 specimen.

According to the wear volume results shown in Figure 13c, the wear volumes of
plasma-nitrided, NLSP1, NLSP2, and NLSP3 specimens were reduced by 39.1%, 54.7%,
47.8%, and 46.2%, respectively, compared with the untreated specimen. The specific
wear rate results in Figure 13d further confirmed the superior wear resistance of the
NLSP1 specimen. The specific wear rate of NLSP1 was only 1.64 × 10−6 mm3/(N·m),
representing reductions of 54.3% and 25.1% compared with the untreated and plasma-
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nitrided specimens, respectively. As the laser incidence angle increased, the specific wear
rates of NLSP2 and NLSP3 increased compared with NLSP1. Overall, the NLSP1 specimen
exhibited the optimal wear resistance among all investigated conditions.

The enhanced wear resistance can be attributed to the synergistic effects of the compos-
ite strengthening layer. The high-hardness nitrided layer formed during plasma nitriding
improved the load-bearing capacity of the surface and reduced the penetration depth of the
counterpart during sliding contact. Meanwhile, the compressive residual stress introduced
by LSP mitigated tensile stress concentration under cyclic friction loading, thereby delaying
crack initiation and subsurface crack propagation. Furthermore, the composite treatment
generated a strengthened layer with coupled hardness, residual stress, and microstructural
gradients, which effectively optimized the surface stress distribution and deformation
compatibility. Consequently, the improved wear resistance resulted from the combined
effects of hardness enhancement, dislocation strengthening, compressive residual stress
regulation, and stabilization of heterogeneous microstructures [36].

Figures 14 and 15 show the sample wear surface topographies and energy spectrum
analyses. According to Figure 14a,e, the wear trajectories of the untreated sample exhibit
zones with different shades. Figure 14b,f are partial enlargements of Figure 14a,b and reveal
distinct micro-scratch and micro-cutting mark characteristics on the wear topographies
of the untreated and plasma-nitrided samples [37]. By comparing Figure 14c,i,j with
Figure 14g,k,l, it can be observed that the lighter-colored zones 2 and 4 mainly correspond
with the elemental compositions of H13 steel. Zones 1 and 3, which are dark in color, contain
significant amounts of oxygen, indicating that these dark areas are oxides. Figure 15a,e
show the wear surface topographies after the NLSP process. According to Figure 15b,f,
micro-scratch and micro-cutting mark characteristics still exist on the surfaces, which
are essentially similar to the wear characteristics of the untreated sample. Comparing
Figure 15c,i,j with Figure 15g,k,l, similar results to those of Figure 14 can be observed.
Specifically, Zones 1 and 3, which are light in color in Figure 15, correspond to the H13
matrix, while Zones 2 and 4, which are dark in color, are oxide zones.

Figure 14. Wear surface topographies and energy spectrum analyses. (a,b) untreated surface topogra-
phies; (c,d,i,j) untreated energy spectrum analyses; (e,f) plasma-nitrided surface topographies; and
(g,h,k,l) plasma-nitrided energy spectrum analyses.
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Figure 15. NLSP sample wear surface topographies and energy spectrum analyses. (a,b,e,f) NLSP
surface topographies; (c,d,i,j) and (g,h,k,l) energy spectrum analyses.

As shown in Figures 14a and 15e, the untreated specimen exhibited a larger area
and larger-sized oxide adhesion on the worn surface compared with the NLSP1 specimen.
During the sliding process, a large amount of wear debris generated from the untreated
specimen was not effectively removed and was subsequently oxidized, forming oxidized
debris. These debris particles acted as third-body abrasives during sliding wear, inten-
sifying the abrasive wear process and accelerating surface material removal. Moreover,
the relatively low surface hardness and poor structural stability of the untreated speci-
men made it more susceptible to plastic deformation and localized spalling under cyclic
frictional loading, resulting in the formation of larger wear pits and oxide accumulation.

In contrast, although a small amount of oxide adhesion was still observed on the
NLSP1 specimen, the size and distribution of these oxides were significantly reduced. The
worn surface mainly exhibited shallow and fine wear grooves with a relatively smooth
morphology. This improvement can be attributed to the gradient strengthening layer
generated by the combined plasma nitriding and OLSP treatments. The strengthened layer,
characterized by enhanced surface hardness and compressive residual stress, improved the
resistance of the surface against plastic deformation and reduced the generation of wear
debris during sliding. Meanwhile, the gradient hardness structure alleviated deformation
incompatibility between the strengthened surface layer and the substrate, facilitating the
formation of a stable tribo-compacted layer and reducing the detrimental effect of third-
body abrasive particles. Furthermore, the compressive residual stress counteracted the
localized tensile stresses generated during friction, thereby suppressing crack initiation
and propagation [36].

4. Discussion
As shown in the metallographic superficial microstructure observation results in

Figure 4 and the XRD microstructure characterization results in Figure 5, plasma nitrid-
ing primarily relies on the solid solution strengthening of N atoms and the dispersion
strengthening of nitrides [38,39]. The infiltration of nitrogen atoms can lead to changes
in the metal’s surface microstructure and near-surface zones, which helps improve the
material’s hardness [40].
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The strengthening mechanism was further analyzed and verified based on the Hall–
Petch effect and Taylor strengthening [41]:

Hv = H0 + Kd−1/2 + MαGbρ1/2 (14)

where HV, H0, and k represent the local hardness, matrix hardness, and Hall-Petch constant,
respectively; d, M, and α represent the average grain size, Taylor factor, and material
constant, respectively; and G, b, and ρ represent the shear modulus, Burgers vector value,
and dislocation density, respectively. According to the combined Hall–Petch and Taylor
strengthening model, the hardness enhancement induced by LSP was further quantitatively
evaluated. The calculated results indicate that grain refinement contributed approximately
15.2 HV through Hall–Petch strengthening, while dislocation strengthening provided an
additional contribution of approximately 88.5 HV based on the Taylor strengthening mech-
anism. The total strengthening contribution from these two mechanisms was estimated to
be approximately 103.7 HV, suggesting that dislocation strengthening played a dominant
role in the hardness improvement after LSP.

The microhardness of sample surfaces treated with LSP gradually decreases with
an increase in incident angle. This can be explained by the pressure distribution of laser-
induced shock waves, which follows a Gaussian load [42]:

P(r, t) = P(t)exp
(
− r2

2R2

)
(15)

where r represents the center distance of a laser spot projected onto a metal plate, R
represents the spot diameter, and P (t) represents the relationship between pressure and
time, as shown in Figure 16.

Figure 16. The relationship between pressure and time [43].

When the laser spot is circular, r′ denotes the radius of the circular spot. However,
when the laser beam is obliquely incident, the circular laser spot becomes elliptical with
an incident angle of θ, a short axis radius of r′, and a long axis radius of R = r′

COSθ . As the
incident angle increases, the laser-induced shock wave decreases and dissipates horizontally.
Consequently, the resulting residual stress and hardness enhancement are reduced [44].

According to Figures 11–13, the untreated sample primarily undergoes abrasive and
oxidative wear during the wear process, and its microscopic characteristics include micro-
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cutting/micro-furrowing marks and oxides on the wear surface. This is primarily be-
cause, during the wear process, the temperature generated by low-speed sliding can reach
20–800 ◦C, causing the material surface to rapidly oxidize. The oxidized material is then
removed by the friction balls in the subsequent wear process, with some fragments falling
off and becoming abrasive particles. During the reciprocating friction process, the abrasive
particles can leave micro-cutting/micro-furrowing marks on the material surface. These
particles are eventually crushed and spread over the surface, forming irregular attachments
with a high oxygen content. Continuous scratching exposes new surfaces of the matrix,
which keeps the oxygen content low.

After plasma nitriding and LSP, the wear patterns of the sample remain largely un-
changed, exhibiting abrasive and oxidative wear. However, the wear scar width becomes
narrower and the depth shallower due to increased sample surface hardness and effective
residual compressive stress. Previous research has shown that the wear resistance of metal
materials under abrasive wear is always proportional to their microhardness [45,46]. The
LSP process can cause plastic deformation, increased dislocations, and refined grains on
material surfaces. According to the classical Hall-Petch theory, the smaller the size of ferrite
grains, the higher the yield strength of materials. This is because the smaller the grain size,
the more limited the free path of dislocation motion and the greater the difficulty of plastic
deformation spreading to adjacent grains [47]. Additionally, generating effective residual
compressive stress on material surfaces and sub-surfaces can counteract the local tensile
stress generated by reciprocating friction and wear, slow down the propagation of cracks
during friction and wear, and transform them into non-propagating cracks. Therefore,
during friction and wear, sample surfaces are less likely to suffer extensive damage, leading
to improved wear resistance [48]. Higher hardness, refined grains, and higher residual
compressive stress enhance the wear resistance of materials.

To intuitively reflect the advancement of the plasma nitriding combined with inclined
LSP (NLSP1) composite process proposed in this paper, the experimental methods and
quantitative performance indicators of typical laser shock and plasma nitriding modifica-
tion technologies reported in the recent literature are summarized in Table 4.

Chen et al. [49] adopted single vertical LSP on 20CrNiMo steel, only gaining 25%–30%
hardness improvement via plastic deformation. Vertical incidence easily produces residual
stress holes, leading to uneven strengthening on inner curved surfaces without nitride
hard phases.

Cao et al. [50] combined LSP and nitrogen ion implantation on M50 steel to raise
hardness by 68.04%. However, the ion-modified layer is merely ~130 nm thick with uneven
nitrogen distribution, restricting long-term wear resistance.

Liu et al. [51] carried out triple vertical LSP on brass with a 38.10% hardness increment.
Lacking hard nitrides, the alloy shows severe wear under sliding conditions and cannot
process complex inner structures.

Li [44] optimized a single 30◦ oblique LSP for the FGH95 superalloy, achieving only
24.56% hardness and 17.47% residual stress growth. The absence of a nitrided diffusion
layer limits its tribological performance.

Chu et al. [52] applied two-pass LSP before plasma nitriding on TC4 alloy and im-
proved hardness by 23.6%. The pre-shock mode cannot strengthen finished nitride layers,
and vertical LSP fails to homogenize inner cavity surfaces.

Different from all the above single or pre-treatment methods, this work performs
inclined laser shock after plasma nitriding. The composite sample NLSP1 reaches a 145.2%
hardness rise, uniform deep compressive stress and greatly reduced wear depth, realizing
synergistic strengthening for complex mold inner surfaces.
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Table 4. Comparative summary of relevant LSP and nitriding strengthening studies.

Authors Experimental Method Quantitative Experimental Results

Chen et al. [49] Single vertical laser shock peening (LSP) Only plastic deformation hardening, hardness
increased by about 25%–30%.

Cao et al. [50] LSP + nitrogen ion implantation composite
strengthening

1. Nano-hardness increased from 7.51 GPa to
12.62 GPa (+68.04%);
2. Maximum surface compressive residual
stress: −1276.13 MPa.

Liu et al. [51] Three times single vertical LSP under 6.5 J
laser energy

1. Microhardness rises from 107 HV to 145 HV
(+38.10%);
2. Wear depth reaches 8.6 µm at 10 mm/s
sliding speed.

Li et al. [44] Oblique laser shock peening (30◦

incident angle)

1. Surface microhardness increased by 24.56%
compared with substrate;
2. Surface compressive residual stress
improved by 17.47%.

Chu et al. [52] Two passes of LSP pretreatment + plasma
nitriding (2LSP + PN)

1. Surface microhardness improved by 23.6%
compared with Sub + PN;
2. wear rate cut down by 65.1%.

5. Conclusions
This study systematically investigated the synergistic effects of plasma nitriding and

OLSP on the microstructural evolution, mechanical properties, residual stress state, and
tribological behavior of H13 steel. The main conclusions are summarized as follows:

(1) Plasma nitriding provided an effective strengthening foundation for subsequent OLSP
treatment by forming a hardened diffusion layer (~70 µm) without the formation of a
brittle compound layer. The increased surface hardness improved the resistance of
H13 steel against plastic deformation during sliding contact, providing a favorable
substrate for further laser-induced strengthening.

(2) OLSP induced severe plastic deformation in the nitrided surface layer, resulting in
grain refinement, increased dislocation accumulation, and enhanced surface mechani-
cal properties. The synergistic strengthening effects associated with grain boundary
strengthening and dislocation strengthening contributed to the improvement of sur-
face hardness and deformation resistance.

(3) OLSP significantly modified the residual stress state of plasma-nitrided H13 steel by
introducing high-magnitude compressive residual stress. The maximum compressive
residual stress reached approximately −1033 MPa after NLSP1 treatment. However,
increasing the laser incidence angle reduced the strengthening efficiency due to
decreased laser energy coupling and shock pressure transfer, leading to a gradual
relaxation of the induced compressive stress.

(4) The combined plasma nitriding and OLSP treatment significantly enhanced the tri-
bological performance of H13 steel. Among all investigated conditions, the NLSP1
specimen exhibited the superior wear resistance, characterized by the minimum wear
track width, wear depth, wear volume, and specific wear rate. This improvement was
mainly attributed to the synergistic effects of enhanced hardness, grain refinement,
dislocation strengthening, and compressive residual stress. These strengthening mech-
anisms collectively improved the resistance to plastic deformation and suppressed
crack initiation, material delamination, and material removal during the sliding
wear process.
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The results demonstrate that the effectiveness of OLSP is strongly dependent on the
laser incidence angle. An optimized incidence angle promotes efficient laser energy cou-
pling and facilitates the simultaneous generation of grain refinement and compressive
residual stress strengthening. OLSP demonstrates immense potential for practical applica-
tions in treating complex mold geometries, particularly for critical regions such as deep
cavities, fillets, and undercuts that are inaccessible to conventional orthogonal peening.
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