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Abstract

The present study systematically investigates
the effects of surface nitriding treatment on the
laser-assisted machining behavior of TC4 titanium
alloy. Numerical simulations were conducted using
the ABAQUS finite element platform to elucidate
the influence of nitriding on cutting force, cutting
temperature, and residual stress evolution. A
three-factor, three-level orthogonal experimental
design was established, considering nitriding
concentration (0.2%-0.8%), laser power (500-1500
W), and laser scanning speed (50-90 m/min), to
examine the coupled effects of these parameters.
The results reveal that an increase in laser scanning
speed leads to a reduction in both cutting force
and cutting temperature, whereas higher laser
power results in their escalation. Furthermore,
elevated nitriding concentration intensifies the
sensitivity of cutting force and temperature to laser
parameters. Residual compressive stress increases
with higher nitriding concentration and laser
power, while the influence of laser scanning speed
remains comparatively minor. This work provides
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a theoretical foundation for the optimization
of laser-assisted machining parameters for TC4
titanium alloy, contributing to enhanced surface
integrity and improved machinability, and offering
guidance for its broader application in advanced
manufacturing sectors.

Keywords: TC4 titanium alloy, surface nitriding,
laser-assisted machining, residual compressive stress, finite
element simulation.

1 Introduction

Titanium alloys, particularly Ti-6Al-4V (commonly
known as TC4), have been extensively employed
in aerospace engineering, biomedical applications,
and marine engineering owing to their high specific
strength, excellent corrosion resistance, and superior
biocompatibility. These outstanding properties make
TC4 alloy one of the most significant materials
for manufacturing key structural and functional
components such as aircraft engine blades, fasteners,
surgical implants, and subsea equipment. However,
despite its favorable bulk mechanical characteristics,
TC4 alloy exhibits relatively low surface hardness,
poor tribological behavior, and pronounced chemical
reactivity with cutting tools [1, 2], which severely
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restrict its machinability under high temperatures or
high-speed cutting conditions. The poor machinability
of TC4 often leads to excessive tool wear, high
cutting forces, and degraded surface integrity [3—
6], thus limiting its broader utilization in advanced
manufacturing fields.

To overcome these limitations, researchers have
devoted considerable effort to surface modification
techniques designed to enhance the wear resistance
and surface mechanical properties of titanium alloys.
Among the available methods—such as plasma
nitriding, laser surface alloying, ion implantation,
and coating deposition—surface nitriding has proven
to be one of the most effective approaches [7-10].
This process introduces nitrogen atoms into the
surface of the titanium substrate, forming a hard and
chemically stable titanium nitride (TiN) or titanium
oxynitride (TiON) layer [11] that significantly
improves the surface hardness, fatigue strength,
and oxidation resistance without compromising the
inherent toughness of the substrate [12]. Ongtrakulkij
et al. [12] demonstrated that plasma nitriding of
TC4 at 750-800 °C generates residual compressive
stress and markedly increases surface hardness,
with both parameters scaling with treatment
temperature and duration, while Zhang et al. [11]
confirmed that the resulting nitrided layer is primarily
composed of TiN and Ti;N phases with distinct
microstructural and corrosion characteristics. Li
et al. [13] investigated the combined effect of laser
shock peening (LSP) and nitrogen ion implantation
on TC6 titanium alloy, revealing that the treated
material achieved a surface nanohardness of 7.70 GPa
and residual compressive stress of 735.99 MPa at
300 °C, while the wear rate reached its lowest value
among all tested conditions. Liu and Pang [14]
fabricated nickel-based composite coatings via
laser nitriding, where the in-situ synthesized h-BN
acted as a high-temperature lubricating phase,
effectively improving the tribological properties
of the material. Xu et al. [15] developed a fully
coupled thermomechanical finite element model
for laser-assisted machining of TC4 titanium alloy,
revealing that the competition between thermal
softening and adiabatic shear instability governs the
morphological evolution of serrated chips, and that
the laser preheating temperature critically determines
surface integrity outcomes. Similarly, Zhang et al. [16]
analyzed the effects of three types of nitride coatings
on the high-cycle fatigue behavior of TC4 alloy
and found that nitriding treatment could enhance

wear resistance and erosion resistance, although
multilayer coatings slightly reduced the fatigue
strength of the substrate. Gu et al. [17] employed
a full-domain power-modulated laser system to
synthesize ultra-thick titanium nitride coatings on
TC4 surfaces, which enhanced nitrogen transfer
efficiency and coating uniformity while mitigating
stress concentration within the nitride layer. Yang et
al. [18] used a hybrid laser-heated nitrogen process to
improve the surface hardness of TC4 titanium alloy,
attributing the improvement to the synergistic effects
of laser annealing and TiN phase formation. Yang
et al. [19] prepared Ti-Cu-N coatings with varying
Cu contents through combined laser cladding and
laser nitriding, reporting a nearly twofold increase
in microhardness and significantly improved wear
resistance compared with the untreated substrate. In
related work, Peng et al. [20] investigated the effect
of high-speed ultrasonic vibration cutting on TC4
titanium alloy, demonstrating that this technique
significantly refines the surface microstructure,
enhances subsurface compressive residual stress, and
improves wear resistance compared with conventional
cutting, highlighting that machining process design is
equally critical to surface modification in achieving
superior surface performance. The above studies
collectively confirm that nitriding treatments
can effectively enhance the surface performance
of titanium alloys through improved hardness,
lubrication, and oxidation resistance. @~ However,
most previous research has primarily focused on
the preparation and characterization of nitrided
coatings under different process conditions, while
limited attention has been paid to the machining
behavior of nitrided titanium alloys, particularly
under laser-assisted cutting conditions. In practical
applications, after nitriding, titanium alloys are
often subjected to high-precision or micro-scale
machining to achieve desired dimensional accuracy
and surface integrity. The combination of nitriding
treatment and laser-assisted machining (LAM) may
provide a synergistic effect: nitriding enhances
surface hardness and stability, while laser preheating
reduces material strength and cutting resistance,
thereby improving machinability and extending
tool life. Despite its potential, the fundamental
mechanism governing the interaction between the
nitrided surface layer and the laser—cutting thermal
field remains insufficiently understood. In recent
years, the laser-assisted machining technique has
attracted growing attention as an effective method for
processing difficult-to-cut materials such as titanium
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alloys, nickel-based superalloys, and ceramics [21].
By introducing a localized laser heat source prior to
cutting, the material is thermally softened within a
controlled region, which reduces the cutting force,
lowers tool wear, and enhances the surface finish [3, 4].
However, the laser parameters—such as laser power,
scanning speed, and spot size—must be carefully
optimized, as inappropriate thermal conditions
can lead to excessive oxidation, microstructural
damage, or residual stress accumulation [22]. When
applied to nitrided TC4 titanium alloy, the coupled
thermal-mechanical-chemical interactions become
even more complex due to the heterogeneous material
properties between the hard nitrided layer and
the softer substrate. Understanding these coupled
effects is therefore critical for establishing a reliable
theoretical basis for process optimization.

In this context, the present study aims to investigate
the mechanism of laser-assisted machining of nitrided
TC4 titanium alloy through finite element simulation
using the ABAQUS software platform. A three-factor,
three-level orthogonal experimental design is
established, incorporating nitriding concentration
(0.2%—0.8%), laser power (500-1500 W), and laser
scanning speed (50-90 m/min) as the main parameters.
The simulation focuses on analyzing the effects of
these parameters on cutting force, cutting temperature,
and residual stress evolution, and on elucidating
the underlying coupling mechanisms between them.
The research further explores the role of the nitrided
surface layer in modifying the thermal and mechanical
response of TC4 alloy during laser-assisted cutting.
Through comprehensive numerical analysis, this work
seeks to reveal the interaction mechanisms between
surface nitriding and laser-assisted machining,
providing insights into how nitriding parameters
and laser conditions jointly influence machinability
and residual stress distribution. The findings will
contribute to the establishment of a theoretical
framework for optimizing LAM processes of titanium
alloys, guiding experimental validation and industrial
application. Ultimately, this study aims to enhance the
processing efficiency, surface integrity, and functional
reliability of TC4 titanium alloy components, thereby
promoting their broader implementation in high-end
manufacturing sectors such as aerospace propulsion,
biomedical devices, and marine engineering.
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2 Model and Method

2.1 Material Model

In this study, the work material is TC4 titanium
alloy. Finite element modeling is carried out using
the ABAQUS simulation software. The substrate has
dimensions of 1 x 0.5 x 0.5 mm, and the thickness
of the chip layer is 0.2 mm. A refined mesh is
applied to the chip layer to improve the accuracy of
the simulation in the region of severe deformation.
The geometrical model of the cutting simulation is
illustrated in Figure 1. In the simulation, the cutting
tool is assumed to be a rigid body, with its translational
freedom constrained to the horizontal direction only.
The tool’s motion corresponds to the cutting velocity,
which is set to V, = 60 m/min [23]. The frictional
behavior between the cutting tool and the chip layer
follows Coulomb’s friction law, with the coefficient of
friction set to 0.2, consistent with values reported for
titanium alloy machining simulations [24].

Chip layer

Cutting tool

Y

i.x

Figure 1. Geometrical model of chip formation in the
cutting simulation.

Matrix

The constitutive behavior of TC4 titanium alloy is
described using the Johnson—-Cook (J-C) constitutive
model [25, 26]. The J-C model accounts for
the combined effects of strain hardening, strain
rate, and thermal softening on the material’s flow
stress.  Ribeiro-Carvalho et al. [25] confirmed
through comparative finite element analysis that
the J-C model provides satisfactory accuracy in
predicting machining forces for Ti6Al4V, validating
its suitability for the present simulation framework.
These effects are expressed in a multiplicative form,
representing the quantitative relationship among the
thermo-mechanical deformation parameters. The
expression of the model is given as Equation (1):

o=t pen|teom (S - (75
(1)

WC (tungsten carbide) is selected as the tool material,
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while the workpiece material is Ti-6Al-4V (TC4)
titanium alloy. The parameters of the Johnson—-Cook
(J-C) constitutive model for TC4 titanium alloy [26]
are listed in Table 1.

Table 1. Parameters of the Johnson—Cook constitutive
model for TC4 titanium alloy.

A/MPa
1098

B/NIP& n C m D1 D2 D3 D4 D5
1092 093 0.014 11 -009 025 -05 0.014 387

Table 2. Experimental variables and orthogonal design
parameters.

Nitriding Laser Laser

concentration (%) power (W) speed (m/min)

0.2
0.5
0.8

500
1000
1500

50
70
90

The laser heat source [27, 28] is defined in the form of
a heat flux by means of the VDFLUX user subroutine
written in Fortran. The surface heat flux follows a
Gaussian distribution, as expressed in Equation (2):

3nQ 2
1= 219 e [_3 (R)}

where 7 is the absorption coefficient of the workpiece
for the laser, ) denotes the laser power, R represents
the radius of the laser spot, and r is the distance from
the center of the laser beam.

(2)

The relative distance between the laser beam and the
cutting zone must be sufficiently short to minimize heat
loss due to cooling of the irradiated region. However,
if this distance is too small, the reflected laser energy
may impinge directly on the cutting tool, resulting
in thermal damage and reduced tool life. To balance
these effects, the laser—tool offset is set to 0.3 mm in
the simulation.

2.2 Experimental Design

In this study, a systematic investigation is conducted
on the machining performance of TC4 titanium
alloy by regulating three primary factors: nitriding
concentration, laser power, and laser scanning speed.
A three-factor, three-level orthogonal experimental
design is employed to explore the coupling effects
among these parameters. For nitriding concentration,
three representative levels are selected: 0.2%
corresponding to a low-level or mild nitriding
treatment, 0.5% representing a typical medium
nitriding condition, and 0.8% indicating a deep
nitriding state. The laser power is set at 500 W (low
power), 1000 W (medium power), and 1500 W (high
power). Meanwhile, the laser scanning speed is
defined at 50 m/min (low speed), 70 m/min (medium
speed), and 90 m/min (high speed). Accordingly, an
orthogonal test matrix comprising 27 experimental
combinations is established based on the three factors
and three levels, as summarized in Table 2.

CONC

(Average: 75%)
+5.411e+05
+4.960e+05
+4.509e+05
+4.058e+05
+3.607e+05
+3.156e+05
+2.706e+05
+2.255e+05
+1.804e+05
+1.353e+05
+9.018e+04
+4.509e+04
+0.000e+00

(a) 0.2%

CONC

(Average: 75%)
+5.411e+05
+4.960e+05
+4.509e+05
+4.058e+05
+3.607e+05
+3.156e+05
+2.706e+05
+2.255e+05
+1.804e+05
+1.353e+05
+9.018e+04
+4.509e+04
+0.000e+00

(b) 0.5%

CONC

(Average: 75%)
+5.411e+05
+4.960e+05
+4.509¢+05
+4.058¢+05
+3.607¢+05
+3.156e+05
+2.706e+05
+2.255e+05
+1.804¢e+05
+1.353e+05
+9.018e+04
+4.509¢+04
+0.000e+00

(c) 0.8%

Figure 2. Simulation contour of nitriding diffusion in TC4
titanium alloy.

In this study, the diffusion module of ABAQUS is
first employed to simulate the nitriding process of the
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TC4 titanium alloy. The resulting nitriding simulation
contour map is illustrated in Figure 2. Subsequently,
the laser-assisted cutting process is performed on the
nitrided model through a user-defined subroutine,
enabling the incorporation of the laser heat source and
its dynamic interaction with the workpiece material. In
the simulation, a dual-track laser irradiation strategy
is adopted to ensure uniform thermal distribution
and enhanced cutting efficiency. The schematic
representation of the dual-track laser model is shown
in Figure 3.

Laser beam

Malted zone Nitride layer

——
—

TC4 matrix

Figure 3. Schematic diagram of the dual-track laser
irradiation model.

2.3 Model Validation

To verify the accuracy of the ABAQUS cutting force
simulation model, the simulation results are compared
with the experimental data reported in the literature.
Table 3 presents a comparison between the simulated
and experimental values. The deviations of all test
schemes are found to be within 5%, indicating a
high level of agreement between the finite element
simulation results and the experimental data reported
in the literature [23]. This close correspondence
demonstrates the reliability and predictive capability
of the established simulation model. Consequently, the
model provides a robust foundation for subsequent
optimization of cutting parameters and analysis
of mechanical characteristics based on the same
computational framework.

Table 3. Comparison between simulation and experimental
data for model validation.

Scheme Cutting force Cutting force Error%.
design (m/min) simulation data (N) literature data (N) ¢
60 150.23 147.64 1.75
94 143.87 140.82 2.16
150 140.65 139.25 1.01

56

3 Results and Discussion

3.1 Analysis of Cutting Force
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Figure 4. Variation of cutting force for nitrided TC4

titanium alloy under different laser parameters: (a) laser
scanning speed; (b) laser power.

Figure 4 illustrates the variation of cutting force for TC4
titanium alloy subjected to different laser parameters
during laser-assisted machining.

Figure 4(a) presents the cutting force behavior when
the laser power is fixed at 1000 W, while the laser
scanning speed increases from 50 m/min to 90
m/min. Under these conditions, a gradual reduction
in cutting force is observed across all nitriding
concentrations. This trend can be attributed to the
shortened interaction time between the laser beam and
the workpiece surface at higher scanning speeds. As
the laser traversal speed increases, the effective heat
input per unit area decreases, resulting in lower energy
absorption by the material and a reduction in thermal
softening intensity. Consequently, the material’s flow
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stress remains relatively high, and the softened layer
becomes thinner. Meanwhile, the material removal
rate during cutting is improved due to the reduced
dwell time of the laser, collectively resulting in a
noticeable decrease in the resultant cutting force.

It is noteworthy that the magnitude of this reduction
varies with nitriding concentration. Alloys with
higher nitriding levels (e.g., 0.8%) exhibit a more
pronounced decrease in cutting force compared
to those with lower concentrations. This can be
explained by the increased thermal conductivity and
surface hardness introduced by nitriding, which
alter the laser absorption and heat distribution
characteristics of the surface layer. A higher nitriding
concentration enhances the laser-material coupling
sensitivity, resulting in a more distinct correlation
between laser speed and cutting force. In other
words, the interaction between the laser-induced
thermal softening zone and the nitrided diffusion
layer intensifies as nitriding depth increases, thereby
amplifying the rate-dependent variation of cutting
force.

Figure 4(b) shows the cutting force variation at a
constant laser scanning speed of 70 m/min, while
the laser power is increased from 500 W to 1500
W. The results demonstrate an overall upward trend
in cutting force with increasing laser power, which
can be ascribed to the combined effects of enhanced
heat input, surface melting, and evaporative mass
loss. As the laser power rises, the material absorbs
a greater amount of thermal energy, leading to a
substantial increase in local temperature and an
intensified thermal softening effect. Although such
softening tends to facilitate material removal, excessive
heat input simultaneously promotes surface melting
and partial vaporization. These thermal phenomena
modify the frictional and adhesive interactions at the
tool—chip interface, generating unstable chip formation
and increased cutting resistance. Consequently, the
net cutting force exhibits a noticeable rise despite the
apparent thermal softening of the matrix.

Furthermore, the amplitude of force increase is
more significant at higher nitriding concentrations,
indicating that the nitrided surface layer strongly
affects the material’s response to laser energy. With
greater nitrogen content, the TiN and TiosN phases
formed on the surface exhibit higher reflectivity
and thermal stability. These phases partially inhibit
heat penetration into the subsurface region, thereby
reducing the uniformity of the softened zone. As

a result, the effective cutting area becomes more
concentrated and the stress gradient more pronounced,
leading to an overall increase in cutting force. This
behavior suggests that nitriding concentration not only
influences the absorption and distribution of laser
energy but also affects the mechanical load transfer
during chip formation.

From a mechanistic perspective, the observed trends
highlight a complex coupling relationship among
laser parameters, nitriding treatment, and material
deformation behavior. Atlow laser speeds or moderate
power levels, the dominant factor governing the
cutting force is thermal softening, which reduces
resistance to deformation. However, at excessive power
or high nitriding concentrations, thermally induced
material instability and localized melting become
more significant, counteracting the beneficial effect of
softening and resulting in an overall increase in cutting
force. These findings are consistent with previous
studies reporting that the balance between laser
heating and material softening critically determines
the cutting performance of titanium alloys under
laser-assisted conditions.

In summary, the cutting force exhibits a decreasing
trend with increasing laser scanning speed and an
increasing trend with rising laser power. Both trends
are modulated by the nitriding concentration, which
governs the material’s absorptivity, heat transfer
characteristics, and deformation resistance. These
results not only validate the predictive capability of the
numerical model but also provide valuable insights
for optimizing laser-assisted cutting parameters of
nitrided TC4 titanium alloys, aiming to achieve lower
cutting resistance, improved tool life, and enhanced
surface integrity.

Figure 5 presents the coupled effects of laser power
and scanning speed on the cutting force during the
laser-assisted machining of nitrided TC4 titanium alloy.
The results reveal a complex, nonlinear interaction
between the two parameters. In the low laser power
and low scanning speed region, the cutting force
remains relatively small, suggesting that moderate
heating and controlled energy input contribute to
a stable machining state. However, as laser power
increases and scanning speed varies, the cutting
force exhibits distinct and non-monotonic trends,
reflecting the sensitive interplay between the thermal
and mechanical behaviors of the workpiece.

At low laser power levels, the heat flux applied to
the material surface is limited, leading to a moderate
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Figure 5. Coupled variation of cutting force in nitrided TC4
titanium alloy under different combinations of laser power
and scanning speed.

degree of thermal softening in the cutting zone. In
this regime, the cutting force is primarily governed by
the intrinsic mechanical strength of the nitrided layer,
and variations in scanning speed exert a moderate
influence. As the scanning speed increases, the
interaction time between the laser beam and the
workpiece surface decreases, thereby reducing the
total absorbed energy per unit area. Consequently,
the temperature rise in the shear deformation zone is
insufficient to induce pronounced thermal softening,
and the material retains higher flow stress. Under
these conditions, the cutting force remains relatively
low and stable, owing to a balance between heat input
and material removal rate.

Conversely, at higher laser power levels, the overall
energy input intensifies, substantially increasing
the local temperature of the cutting region. This
promotes enhanced thermal softening and even partial
melting of the surface material. When coupled with
variations in scanning speed, this condition gives rise
to more pronounced fluctuations in the cutting force.
Specifically, at higher power, even a small change in
scanning speed can lead to significant alterations in
the spatial and temporal distribution of the heat field,
resulting in stronger gradients of temperature and
residual stress. These gradients affect chip formation
stability and the frictional behavior at the tool-chip
interface, thereby amplifying the overall variation in
cutting force.

When comparing the effects of scanning speed and
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power independently, the results indicate that for a
fixed scanning speed, increasing laser power leads to a
greater amplitude of force variation, while for a fixed
power level, reducing scanning speed causes a more
significant change in cutting force. This asymmetry
highlights the dominant role of heat accumulation
in controlling material softening and stress evolution.
Lower scanning speeds allow for longer laser—-material
interaction times, which enhance heat conduction into
the subsurface layer and extend the thermal softening
zone. As a result, the deformation zone expands and
the effective material strength decreases, making the
cutting process more sensitive to changes in power. In
contrast, at higher speeds, heat accumulation is weaker,
and the material responds more elastically, leading to
a lower degree of variation in cutting force.

Furthermore, the influence of nitriding concentration
introduces an additional layer of complexity into this
coupled system. All three nitriding levels exhibit
distinct responses to the combination of laser power
and speed. At higher nitriding concentrations, the
surface layer exhibits increased hardness and altered
optical properties, particularly higher reflectivity and
lower absorptivity for the incident laser beam. These
characteristics reduce the amount of absorbed thermal
energy and shift the peak temperature location closer
to the surface. Consequently, the softened region
becomes thinner, and the cutting force shows a sharper
response to changes in laser parameters. In contrast,
at lower nitriding concentrations, where the diffusion
layer is shallower and the surface absorption rate is
higher, the material displays a more gradual variation
in cutting force, indicating a smoother transition
between thermal and mechanical regimes.

The observed coupling behavior between laser power
and scanning speed suggests that neither parameter
can be optimized in isolation. Instead, their
combined influence determines the overall thermal
field, deformation behavior, and energy efficiency of
the machining process. A suitable balance between
heat input and heat dissipation is essential to achieve
reduced cutting force while avoiding excessive melting
or oxidation of the surface. This interplay also
underscores the critical role of the nitrided surface
layer, which modulates both the energy absorption and
heat transfer pathways during laser-assisted cutting.

In summary, Figure 5 demonstrates that the cutting
force of nitrided TC4 titanium alloy is jointly governed
by the interaction between laser power and scanning
speed, with nitriding concentration acting as a
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significant moderating factor. = Low-power and
moderate-speed conditions provide a more stable
thermal-mechanical environment with minimized
cutting resistance, whereas excessive power or
insufficient speed results in unstable chip formation
and elevated cutting forces. These findings highlight
the importance of considering multi-parameter
coupling effects in optimizing laser-assisted machining
of surface-treated titanium alloys, paving the way
for improved process control, enhanced tool life, and
superior surface integrity in advanced manufacturing
applications.

3.2 Cutting Temperature Analysis

Figure 6 illustrates the temperature distribution and
variation of the cutting zone during laser-assisted
machining of nitrided TC4 titanium alloy under
different laser scanning speeds, with the laser power
fixed at 1000 W. As shown in the contour maps
and data plots, when the laser speed increases from
50 m/min to 90 m/min, the cutting temperature
exhibits a distinct decreasing trend for all nitriding
concentrations (0.2%, 0.5%, and 0.8%).

The simulation contour maps in Figures 6(a)—(c)
clearly demonstrate that as the scanning speed
increases, the interaction time between the laser beam
and the workpiece surface decreases significantly.
This reduction in irradiation duration limits the total
energy absorption by the material, thereby reducing
the extent of thermal accumulation in the cutting zone.
Consequently, less heat is generated during the cutting
process, leading to a lower overall cutting temperature.

The observed reduction in cutting temperature can be
primarily attributed to the dynamic balance between
heat input and heat dissipation during high-speed
laser-material interaction. At lower laser speeds, the
energy density absorbed per unit area is relatively
high because the laser beam remains on the surface
longer, allowing greater thermal conduction into the
material. This localized heating raises the surface
temperature and promotes thermal softening, which,
although beneficial to reducing cutting forces, can
also cause excessive thermal gradients and potential
microstructural degradation. In contrast, at higher
laser scanning speeds, the laser heat source moves
rapidly, leading to reduced localized heating and
more uniform temperature distribution across the
cutting zone. The diminished heat accumulation not
only lowers the maximum cutting temperature but
also mitigates the risk of surface oxidation, material
melting, and subsurface microcrack formation.

Moreover, the extent of temperature reduction varies
with nitriding concentration, indicating that the
nitrided surface layer significantly influences the
thermal response of TC4 titanium alloy under
laser-assisted cutting conditions. =~ As shown in
Figure 6(d), at higher nitriding concentrations (e.g.,
0.8%), the cutting temperature decreases more sharply
with increasing laser speed compared to alloys with
lower nitriding levels. This behavior is associated with
the modification of thermal and optical properties
induced by nitriding. The formation of TiN and
TioN phases in the surface layer enhances the alloy’s
reflectivity and thermal conductivity, which alter the
laser energy absorption efficiency. A higher nitriding
concentration reduces the effective absorptivity of the
laser beam, meaning that less energy is converted
into heat within the surface layer, leading to a more
pronounced temperature drop as the scanning speed
increases.

Another contributing factor is the enhanced heat
conduction capability of the nitrided layer. The
TiN-rich surface exhibits higher thermal diffusivity,
which facilitates faster heat dissipation away
from the laser-irradiated region. Consequently,
even when the same amount of laser energy is
delivered, the steady-state temperature rise in
highly nitrided samples remains lower. This effect
becomes increasingly evident at elevated laser speeds,
where the transient heat input is already limited.
The combined impact of reduced laser absorption
and accelerated heat transfer explains the steeper
temperature reduction observed in highly nitrided
TC4 alloys.

From a process optimization standpoint, these results
emphasize the critical importance of controlling
the laser scanning speed to maintain an optimal
temperature window during machining. Excessively
low speeds result in excessive heat buildup, which
may deteriorate the mechanical integrity of the surface
through oxidation, grain coarsening, or residual stress
accumulation. Conversely, excessively high scanning
speeds may cause insufficient thermal softening,
leading to higher material strength and reduced
machinability. The ideal laser speed should therefore
ensure adequate preheating for material softening
while avoiding thermal damage or phase instability in
the nitrided layer.

In summary, Figure 6 reveals that with constant
laser power, the cutting temperature of nitrided
TC4 titanium alloy decreases consistently with
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Figure 6. Temperature distribution and variation of nitrided TC4 titanium alloy under different laser scanning speeds: (a)
V =50 m/min; (b) V=70 m/min; (c) V=90 m/min; (d) temperature variation data plot.

increasing laser scanning speed.  The degree
of temperature reduction is positively correlated
with nitriding concentration, as higher nitrogen
content modifies the material’s heat absorption and
conduction characteristics. These findings highlight
the coupled influence of laser parameters and surface
modification on the thermo-mechanical behavior
of titanium alloys, providing a theoretical basis
for optimizing laser-assisted machining conditions
to achieve balanced temperature control, enhanced
process stability, and superior surface integrity.

Figure 7 presents the variation in cutting temperature
for nitrided TC4 titanium alloy under different laser
power levels, with the laser scanning speed fixed at 70
m/min. The results reveal a clear positive correlation
between laser power and cutting temperature for all
nitriding concentrations (0.2%, 0.5%, and 0.8%).

As shown in the contour maps Figures 7(a)—(c) and the
corresponding data plot Figure 7(d), when the laser
power increases from 500 W to 1500 W, the cutting
temperature rises consistently across all cases. This
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demonstrates that the thermal energy input per unit
time is the dominant factor controlling the temperature
field in the laser-assisted cutting process.

The fundamental reason for this trend lies in the energy
balance of the laser-material interaction. As the laser
power increases, the incident energy density on the
material surface becomes higher, leading to greater
heat absorption and more intense localized heating in
the cutting zone. The enhanced temperature promotes
thermal softening of the workpiece material, reducing
its flow stress and potentially improving machinability.
However, it also increases the likelihood of surface
melting, oxidation, and vaporization if the thermal
load exceeds a critical threshold. This phenomenon
results in a complex interplay between the beneficial
and detrimental effects of laser heating on the overall
cutting process.

Furthermore, the contour distributions in
Figures 7(a)—(c) reveal that the temperature gradient
near the cutting zone becomes steeper with increasing
laser power. At 500 W, the heat-affected zone (HAZ) is
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Figure 7. Cutting temperature distributions of nitrided TC4 titanium alloy under different laser powers: (a) P = 500 W;
(b) P =1000 W; (c) P = 1500 W; (d) temperature variation data plot.

relatively confined, and the temperature distribution
remains uniform. As the power increases to 1000
W, the HAZ expands, and the peak temperature
region extends toward the cutting interface. At 1500
W, a significant thermal accumulation is observed,
accompanied by higher temperature gradients both
along the cutting direction and in depth. This rapid
temperature rise intensifies thermal stresses in the
surface layer, which may contribute to microstructural
transformations such as a—3 phase redistribution or
even local melting of the nitrided layer.

The influence of nitriding concentration on this
thermal response is also pronounced. All three
nitriding levels exhibit the same upward temperature
trend with increasing power, yet the magnitude of
temperature increase differs notably. As shown in
Figure 7(d), higher nitriding concentrations (e.g.,
0.8%) lead to a more significant temperature rise under
the same laser power increment. This behavior can
be attributed to the modified optical and thermal
properties of the nitrided surface. The formation of
titanium nitride (TiN) and titanium oxynitride (TiON)

phases enhances both laser absorptivity and thermal
conductivity, allowing the surface layer to absorb and
conduct heat more effectively. Consequently, at high
power levels, more energy is retained within the upper
layers of the material, leading to a steeper and more
localized temperature rise.

In addition, the increased thermal conductivity of
the nitrided layer facilitates rapid heat transfer along
the surface but also promotes the accumulation
of heat in the near-surface region due to limited
dissipation into the bulk. The combined effect results
in a more pronounced temperature gradient and a
higher steady-state temperature compared with the
non-nitrided or lightly nitrided material. This indicates
that nitriding concentration not only affects the energy
absorption characteristics but also alters the heat
transfer dynamics during laser-assisted cutting, thus
changing the overall temperature distribution pattern.

From a process optimization perspective, these
findings underscore the necessity of achieving a
balanced combination of laser power and nitriding
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level. Excessively low power may result in inadequate
thermal softening, increasing cutting resistance and
tool wear, while overly high power may lead to
material burning, microcrack formation, or surface
oxidation. Therefore, maintaining a moderate power
range (around 1000 W in this study) is critical for
establishing a stable temperature field that supports
effective cutting while avoiding adverse thermal
effects.

In summary, Figure 7 demonstrates that the cutting
temperature of nitrided TC4 titanium alloy increases
monotonically with rising laser power, and this
relationship is strongly modulated by the nitriding
concentration. The higher the nitrogen content,
the greater the temperature sensitivity to power
variations. This coupling effect highlights the dual
role of the nitrided layer in both enhancing laser
energy absorption and modifying heat dissipation
behavior. The results provide valuable guidance
for the precise control of laser parameters in the
machining of surface-treated titanium alloys, enabling
the optimization of temperature fields to achieve
improved cutting stability, reduced thermal damage,
and superior surface quality.
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Figure 8. Coupled variation of cutting temperature for
nitrided TC4 titanium alloy under different combinations
of laser power and scanning speed.

Figure 8 illustrates the coupled influence of laser power
and laser scanning speed on the cutting temperature
during the laser-assisted machining of nitrided TC4
titanium alloy. The results show that the thermal
behavior of the cutting zone is governed by a complex
interaction between the two parameters. In the low
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laser power and low scanning speed region, the
cutting temperature remains relatively low, reflecting
a balanced energy input and efficient heat dissipation.
However, as laser power increases and scanning speed
varies, the cutting temperature exhibits nonlinear
trends, indicating strong thermo-mechanical coupling
within the machining zone.

At low power levels, the heat flux delivered to the
material surface is limited, resulting in moderate
energy absorption and a restricted heat-affected zone
(HAZ). In this regime, variations in scanning speed
cause only minor temperature fluctuations because
the total heat input per unit time remains small. As
laser power increases, however, the heat input becomes
significantly higher, and the temperature sensitivity
to scanning speed is greatly amplified. For the same
change in scanning speed, the temperature variation is
larger under high-power conditions, as higher energy
density enhances local heating and prolongs the
duration of elevated temperatures within the cutting
region. This leads to greater thermal gradients and
a more pronounced influence on material softening,
oxidation, and potential phase transformation in the
nitrided layer.

Conversely, when the laser power is fixed, the effect of
scanning speed becomes dominant. At low scanning
speeds, the laser beam interacts with the workpiece
surface for a longer time, allowing more energy to be
absorbed and stored in the near-surface layer. This
extended exposure causes significant temperature
rises, which may enhance thermal softening but also
risk excessive heat accumulation and localized melting.
In contrast, at high scanning speeds, the shorter
interaction time limits heat transfer into the material,
reducing the overall temperature and confining the
HAZ. These observations suggest that scanning speed
primarily governs the temporal distribution of heat,
while laser power determines the magnitude of energy
input—their coupling defines the overall thermal
behavior of the cutting process.

The nitriding concentration further modulates this
coupling effect. Different concentrations (0.2%, 0.5%,
and 0.8%) display distinct temperature responses to
the combined variation of power and speed. At
higher nitriding levels, the presence of TiN and TioN
phases alters both laser absorptivity and thermal
conductivity, thereby changing how the surface layer
interacts with the incoming laser energy. High
nitriding concentrations typically result in greater
temperature sensitivity, where the cutting temperature
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increases more sharply with rising laser power and
decreases more noticeably with increasing scanning
speed. This is because the dense nitride layer promotes
localized heating while simultaneously restricting
heat dissipation into the substrate, amplifying the
temperature fluctuation range.

Overall, the results in Figure 8 reveal that the cutting
temperature in laser-assisted machining of nitrided
TC4 is determined by a synergistic interaction between
laser power and scanning speed, with nitriding
concentration acting as a critical moderator. Low
power and high speed favor lower, more stable
temperatures conducive to process control, whereas
excessive power or slow scanning induces higher
temperatures and thermal instability. These findings
provide important insights for the optimization of
laser-assisted machining parameters, highlighting the
need for multi-parameter coordination to maintain
an appropriate thermal balance that ensures efficient
cutting, minimal surface damage, and enhanced
dimensional accuracy.

3.3 Residual Stress Analysis

Figure 9 illustrates the extraction path of residual
stress and the variation of residual stress in nitrided
TC4 titanium alloy under different laser parameters.
The stress distributions along the machined surface
provide insight into the thermo-mechanical response
of the material during laser-assisted cutting.

As shown in Figure 9(b), under a laser power of
1000 W and a scanning speed of 70 m/min, the
residual compressive stress increases in magnitude
with higher nitriding concentrations, rising steadily
as the nitrogen content increases from 0.2% to 0.8%.
This behavior is attributed to the formation of a
hard and brittle TiN-rich layer during nitriding,
which possesses a thermal expansion coefficient
different from that of the titanium alloy substrate.
During the cooling phase following laser heating,
the nitrided layer undergoes delayed contraction
relative to the substrate, inducing compressive
stress at the interface. ~Moreover, the nitriding
process alters the microstructural morphology of
the surface by introducing high-hardness phases
and grain refinement. These modifications restrict
plastic deformation and degrade the deformation
compatibility between the nitrided layer and the
substrate. As a result, localized strain mismatches
develop, leading to the accumulation of residual
compressive stress in the near-surface region.

From a mechanical perspective, the enhanced
compressive stress in the nitrided surface layer
is beneficial for improving fatigue strength and
wear resistance, since it counteracts tensile stresses
generated during service. However, excessive
compressive stress may also increase the risk of
microcrack initiation in the hard TiN layer due to its
brittleness. Hence, the nitriding concentration must be
optimized to balance improved mechanical integrity
with surface stability.

Figure 9(c) presents the distribution of residual
stress along the cutting surface for a fixed nitriding
concentration of 0.5% under different laser scanning
speeds. As the scanning speed increases from 50
m/min to 90 m/min, the variation in compressive stress
is relatively small, indicating that laser speed plays a
secondary role compared to nitriding concentration
and laser power. At lower scanning speeds, the
laser-material interaction time is longer, which
enhances the thermal influence and causes more
substantial plastic deformation, leading to slightly
higher compressive stress values. However, as the
scanning speed continues to increase, the shorter
exposure time reduces the temperature gradient and
thermal penetration depth, partially offsetting the
effect of strain accumulation. Beyond a certain
speed threshold, dynamic deformation mechanisms
such as strain-rate hardening and thermal contraction
mismatch again contribute to a mild increase in
residual stress. Overall, the influence of scanning
speed on residual stress exhibits a nonlinear trend,
yet its magnitude remains smaller compared with the
effects of nitriding concentration and laser power.

Figure 9(d) shows the relationship between laser
power and residual stress at a nitriding concentration
of 0.5% and a laser speed of 70 m/min. The
results indicate a linear increase in compressive
stress from approximately 180 MPa to 380 MPa
as the laser power increases from 500 W to 1500
W. This phenomenon arises because higher laser
power delivers more thermal energy to the cutting
zone, resulting in enhanced thermal softening and
increased elastic recovery during chip formation.
The amplified plastic—elastic transition intensifies the
backward spring-back effect after material removal,
thereby accumulating compressive stress at the surface.
Additionally, higher power levels generate stronger
thermal gradients and nonuniform cooling rates,
which promote residual stress concentration near
the machined interface. The elevated heat input
also facilitates microstructural transformations and
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Figure 9. Residual stress extraction path and variation of residual stress in nitrided TC4 titanium alloy under different
parameters: (a) extraction path; (b) nitriding concentration; (c) laser scanning speed; (d) laser power.

residual strain locking within the nitrided layer, further
contributing to the observed stress increase.

The combined analysis of Figures 9(b)-(d)
demonstrates that the residual stress evolution
in nitrided TC4 titanium alloy during laser-assisted
machining results from a complex coupling among
nitriding concentration, laser power, and scanning
speed. Nitriding primarily dictates the mechanical
rigidity and deformation compatibility of the surface
layer, while laser power controls the thermal loading
intensity.  Scanning speed, on the other hand,
regulates the time-dependent distribution of heat.
These factors interact nonlinearly: excessive nitriding
hardens the surface but reduces compliance; higher
power amplifies both heating and cooling gradients;
and inappropriate speed either promotes heat
accumulation or insufficient softening. Consequently,
the residual stress state reflects a delicate balance
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between thermal expansion mismatch, plastic strain
recovery, and phase transformation stress.

From a process optimization viewpoint, a moderate
nitriding concentration (~0.5%) combined with
intermediate laser power (~1000 W) and medium
scanning speed (/=70 m/min) yields a favorable
residual compressive stress state that enhances
surface integrity without inducing microstructural
instability. These findings provide critical guidance for
controlling residual stress through multi-parameter
coupling optimization in laser-assisted machining
of surface-modified titanium alloys, contributing to
improved mechanical reliability, dimensional stability,
and service performance of TC4 components.
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4 Discussion

4.1 Mechanistic Interpretation of Laser—Nitriding
Interaction

The laser-assisted machining (LAM) process of
surface-nitrided TC4 titanium alloy is fundamentally
governed by the interaction between the laser-induced
thermal field, the nitrided surface microstructure,
and the mechanical response of the substrate. The
nitriding treatment forms a TiN/Ti;N-rich diffusion
layer characterized by high hardness, brittleness, and
a significantly lower thermal expansion coefficient
compared with the underlying o — 3 titanium matrix.
This structural gradient leads to a strong mismatch
in both mechanical and thermal properties. During
laser irradiation, the nitrided layer absorbs part of
the incident energy, generating localized heating and
steep thermal gradients near the surface. The high
reflectivity of TilN slightly reduces overall energy
absorption, but its lower thermal diffusivity causes
heat to accumulate at the interface between the nitrided
layer and the substrate. Upon subsequent cooling,
differential contraction between the hard TiN layer and
the ductile base metal induces residual compressive
stresses, which intensify with increasing nitriding
concentration. This observation is consistent with the
results of Li et al. [13] and Gu et al. [17], who found
that nitrogen diffusion and TiN formation enhance
surface compressive stress due to the mismatch in
thermal strain during the cooling phase. Additionally,
the hard and brittle nitrided surface restricts the plastic
flow of the substrate during machining, leading to
localized strain accumulation beneath the diffusion
zone. This reduced deformation compatibility
causes stress concentration and further amplifies the
magnitude of residual compressive stress. From a
microstructural standpoint, the nitriding process not
only modifies surface hardness but also introduces
a fine-grained, strain-hardened substructure that
affects subsequent heat conduction and deformation
behavior during laser-assisted cutting. Consequently,
the combined effects of high hardness, thermal
expansion mismatch, and constrained deformation
create a unique thermomechanical coupling field that
dominates the stress evolution of the nitrided TC4
surface during and after laser-assisted machining.

4.2 Thermo-Mechanical Coupling Mechanism
during Laser-Assisted Cutting

The experimental and simulation results demonstrate
that the variations in cutting force, temperature, and
residual stress are the result of a coupled relationship

between laser power, scanning speed, and nitriding
concentration, which collectively determine the energy
input, heating duration, and deformation behavior.
Laser power controls the magnitude of heat flux, while
scanning speed influences the effective irradiation time
and the rate of energy distribution along the cutting
path. At moderate power levels (approximately
1000 W) and intermediate scanning speeds (around
70 m/min), a stable thermal field forms in which
the heat input and dissipation are balanced. This
condition produces uniform softening of the substrate
material, lowering cutting resistance without inducing
surface melting. However, at high power levels or
low scanning speeds, excessive heat input generates
steeper temperature gradients and partial melting of
the TiN surface, resulting in unstable chip formation,
higher cutting forces, and greater residual stress
accumulation. These effects indicate that the LAM
process operates within a narrow thermal stability
window, where the benefits of softening compete
with detrimental thermal stresses and microstructural
instability.

The nitriding concentration further amplifies this
coupling effect by altering the optical and thermal
properties of the surface. Higher nitrogen content
increases reflectivity but also improves lateral thermal
conductivity, redistributing heat along the surface
rather than through the substrate. As a result, the
heat-affected zone (HAZ) becomes shallower, and
temperature sensitivity to laser parameters increases.
The cutting temperature rises more sharply with
higher power and decreases more significantly with
faster scanning speeds in highly nitrided samples.
This enhanced thermal response is accompanied
by stronger mechanical effects—specifically, elevated
compressive residual stresses and reduced plastic
deformation depth. The mechanical implications of
these thermal phenomena align with the observations
of Zhang et al. [16] and Yang et al. [ 18], who reported
that multilayer TiN coatings and laser-induced
nitrided surfaces exhibit greater residual stress due
to constrained contraction and localized heating.

From a mechanistic perspective, the
thermo—-mechanical behavior of nitrided TC4 alloy
during LAM can be summarized as a competition
among thermal softening, thermal stress accumulation,
and microstructural phase transformation. Optimal
machining performance requires balancing these three
effects: sufficient softening to reduce cutting force,
moderate thermal stress to improve fatigue resistance,
and controlled heating to avoid microcracking or
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phase degradation. The results of this study show
that a combination of medium nitriding concentration
(0.5%), moderate laser power (1000 W), and medium
scanning speed (70 m/min) achieves this equilibrium,
yielding efficient cutting performance with desirable
surface integrity.

Process

4.3 Comparative Analysis and

Optimization Insights

Compared with conventional laser-assisted machining
of untreated titanium alloys, the inclusion of a
nitrided layer introduces an additional layer of
complexity due to the formation of a heterogeneous
thermal-mechanical interface. In traditional LAM
processes, increased laser power typically leads to
reduced cutting forces because of enhanced softening;
however, in nitrided TC4, the surface layer modifies
both the energy absorption and the heat transfer path,
resulting in nonlinear and coupled responses between
process parameters. A comparable non-monotonic
behavior has been reported by Dargusch et al. [30],
who observed that although laser assistance lowers
the cutting forces during milling of titanium alloys,
the dominant contribution of the laser to the total heat
at the tool-workpiece interface can accelerate tool wear
and offset the benefits of thermal softening, thereby
underscoring the need to carefully control the thermal
input.

In the present study, this phenomenon is further
compounded by the presence of the TiN layer,
which, while improving surface hardness and wear
resistance, also enhances the tendency for compressive
stress buildup when subjected to repeated heating
and cooling cycles. Compared with other surface
modification techniques such as coating deposition
or laser alloying [7-9], nitriding provides better
metallurgical bonding and controlled diffusion
depth, ensuring improved surface strength without
compromising substrate ductility. However, this
advantage requires precise control of laser parameters
during cutting to avoid overstressing the interface.

The discussion of results also suggests that
multi-parameter coupling optimization is essential to
achieve stable and high-quality machining. Since laser
power, scanning speed, and nitriding concentration
are interdependent, tuning one parameter without
compensating the others may lead to undesirable
effects such as thermal cracking, residual stress
accumulation, or poor surface finish. This conclusion
is consistent with the energy-efficiency perspective
of thermally assisted machining articulated by
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Pfefferkorn et al. [29], who demonstrated that the
benefit of preheating hinges on how effectively the
deposited thermal energy is utilized in softening the
removed material, implying that the laser energy
input must be balanced against the heat conduction
and dissipation characteristics of the workpiece to
remain effective.

Based on the current results, maintaining laser
power around 1000 W and a scanning speed near
70 m/min achieves an effective energy balance,
producing controlled thermal softening while
minimizing excessive residual stress. A nitriding
concentration of approximately 0.5% offers an
optimal compromise between surface hardness and
deformation compatibility, resulting in superior
mechanical and thermal stability. For future
applications, incorporating real-time temperature
monitoring and feedback control systems could further
refine the process by dynamically adjusting laser
power and speed to maintain thermal equilibrium.

The insights gained from this study not only
deepen the mechanistic understanding of
laser—nitriding-machining interactions but also
provide valuable guidelines for process optimization
in advanced manufacturing of titanium alloys used
in aerospace, biomedical, and marine engineering
applications.

5 Conclusion

(1) The finite element simulations and analyses
demonstrate that surface nitriding significantly
modifies the thermomechanical response of TC4
titanium alloy during laser-assisted machining. The
formation of a TiN/TioN diffusion layer enhances
surface hardness and compressive residual stress,
while introducing thermal expansion mismatch with
the substrate. This dual effect improves surface
integrity but also increases the sensitivity of the
material to laser parameters.

(2) The coupling between laser power, scanning speed,
and nitriding concentration governs the evolution of
cutting force, cutting temperature, and residual stress.
Increasing laser power enhances thermal softening but
simultaneously promotes residual stress accumulation,
whereas higher scanning speeds reduce temperature
and cutting force by shortening heat interaction time.
A medium nitriding concentration (~0.5%), moderate
power (~1000 W), and balanced speed (~70 m/min)
yield optimal cutting performance with stable thermal
behavior.
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(3) The study elucidates the underlying mechanism of
laser—nitriding interaction in titanium alloys, revealing
that the process involves a competition among
thermal softening, residual stress formation, and
microstructural evolution. These insights provide
theoretical guidance for optimizing laser-assisted
machining of nitrided titanium alloys, enabling
enhanced surface quality, reduced tool wear, and
improved efficiency in advanced manufacturing
applications such as aerospace, biomedical, and
precision engineering.
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