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Abstract: This article discusses recent advancements in the Laser Surface Transformation Hardening
(LSTH) process applied to industrial metals. It focuses on examining the microstructure of the metal
surface layer and explores different methods of performing LSTH to evaluate mechanical and surface
properties. The study also investigates the utilization of various industrial lasers and simulation
software for the LSTH process. The careful analysis of heat transfer and temperature control during
LSTH aims to prevent the generation of surface defects like micro-cracks and surface melting. Finite
element method (FEM) software effectively simulates the LSTH process. The research provides a
comprehensive overview of recent developments in LSTH, categorized based on different metals and
subsequent testing, highlighting its applications in the automotive industry. Electrochemical, wear,
and microhardness tests are investigated to assess the potential applications of automotive metals.

Keywords: laser surface transformation hardening; laser material processing; material characteristics;
mechanical tests

1. Introduction

Laser Material Processing (LMP) plays a pivotal role in various industry applications,
prompting a closer examination by contemporary scientists [1–5]. The controlled wave-
length generated by lasers offers diverse applications across sectors [6–8]. While substantial
progress has been made, establishing a coherent connection between LMP advancements
and potential metal flaws due to inadequate supervision of input and environmental fac-
tors could optimize these procedures [9–15]. Laser Surface Transformation Hardening
(LSTH), a specific LMP process, emerges as a game-changer capable of rapidly enhancing
surface hardness [16–19]. Unlike traditional methods necessitating volumetric temperature
creation, LSTH operates in a narrow area (Figure 1a,b), controlling the depth and width of
the hardened zone and adapting to service requirements [20–24].

Notably, LSTH not only manages the heat-affected zone (HAZ) created by the laser
beam but also allows adjustment through optimizing laser input parameters to modify
surface hardness levels [25–28]. This technology holds great potential for the automotive
industry, where materials like aluminum, prized for their strength-to-weight ratio, face
limitations due to low hardness and wear resistance [29,30]. Apart from its medical
applications [31–36], it is worth noting that the precise functionality of LSTH finds valuable
use in treating narrow components, particularly in the automotive industry, where such
precision is essential [37–42].
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Applying laser alloying to the aluminum surface with pre-placed copper and alu-
minum elements, a technique demonstrated to enhance microhardness, microstructure
uniformity, and eliminate porosity [43], showcases the potential of LSTH to address these
limitations. In the automotive sector, LSTH could revolutionize manufacturing processes,
allowing precise control over surface hardness tailored to specific component requirements.
The ability to operate in localized areas aligns with automotive needs, offering enhanced
durability and wear resistance. As the industry pivots towards lightweight materials for
improved performance and fuel efficiency, LSTH’s capacity to optimize surface characteris-
tics makes it a strategic tool for automotive engineers. Moreover, the eco-friendly nature of
LSTH aligns with the broader industry trend towards sustainable and green manufacturing
practices, positioning it as a key technology in the automotive industry’s pursuit of cleaner
and greener processes. The interconnectedness between LSTH advancements and automo-
tive applications underscores its potential for transforming and improving manufacturing
practices within the automotive sector. The thermal stability of the surface nanostructure
was investigated by in situ TEM observation. The nanostructure has good thermal stability,
and then the stability mechanism was discussed in detail. A nanocrystalline layer with a
grain size of about 20–200 nm in a Ni-based superalloy was fabricated by means of a laser
process. The microstructure characterization of the nanocrystalline layer was systematically
investigated by transmission electron microscopy (TEM) and nanoindentation. The thermal
stability of the surface nanocrystalline layer was studied by in situ TEM annealing with
different temperatures and duration times [44,45].
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chanical, and chemical properties of the samples produced by the LSTH have been inves-
tigated according to their application type for the automotive industry and control param-
eters for optimization and accurate simulation of the hardening process. The main goal of 
this review article is to give a description of a logical course for a more correct understand-
ing of the LSTH process in automotive industry applications, creating a picture of the fu-
ture of the process in manufacturing and production. By putting together the research that 

Figure 1. LSTH process with diode laser (a) schematic of LSTH with diode laser; (b) diode laser setup
for LSTH (reproduced from Ref. [27], with permission from Elsevier, Philadelphia, USA, 2019).

In this study, by categorizing the metals used in the LSTH process of the automotive
industry, the progress made in LSTH is presented in detail. Also, the microstructure,
mechanical, and chemical properties of the samples produced by the LSTH have been
investigated according to their application type for the automotive industry and control
parameters for optimization and accurate simulation of the hardening process. The main
goal of this review article is to give a description of a logical course for a more correct
understanding of the LSTH process in automotive industry applications, creating a picture
of the future of the process in manufacturing and production. By putting together the
research that has been conducted in the field of LSTH, it is possible to have a correct view
of the process parameters to prevent or minimize surface defects during and after the
laser operation.
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2. Applications LSTH in the Automotive Industry

LSTH is a valuable tool in the automobile industry, offering a range of benefits that
can help improve component performance, reduce maintenance costs, and enhance overall
productivity [46]. This technique has several applications in the automobile industry; for
example, it can be used to create a hard, wear-resistant surface on critical components such
as engine parts, gears, and bearings [47]. This can extend the lifespan of these components
and reduce their maintenance operations. LSTH can also be used to improve the fatigue
strength of components that are subject to mechanical fatigue, such as crankshafts and
camshafts [48,49]. By hardening the surface of these components, their resistance to fatigue
failure can be increased. Compared to traditional surface heat treatment methods, LSTH
can produce less distortion in the parts being treated. This can be particularly beneficial
in the production of high-precision components, such as gears and shafts. LSTH can be
performed quickly and accurately, allowing for high throughput and reduced cycle times.
This can help improve overall productivity in the automobile manufacturing process [50,51].
Figure 2 shows the LSTH rotating cylindrical, which can be used in many parts of the
automobile industry.

The LSTH process can also be applied to cylinder liners in diesel engines. Cylinder
liners are cylindrical structures that fit inside the engine block and provide a surface for
the piston to move up and down on. LSTH can be used to create a hard, wear-resistant
surface on the cylinder liner, which reduces friction and wear between the piston rings
and the cylinder wall [52]. In diesel engines, the cylinder liners are subjected to high
levels of thermal and mechanical stresses, as well as corrosive wear. LSTH can help
mitigate these issues by creating a surface that is more resistant to wear, heat, and corrosion.
In addition to increasing wear resistance, LSTH can also help improve the tribological
properties of the cylinder liner. Tribology is the study of friction, wear, and lubrication and
is particularly important in the development of high-performance diesel engines. By using
LSTH to modify the surface of the cylinder liner, diesel engine manufacturers can improve
the tribological properties of the component, leading to improved engine efficiency and
performance. The application of LSTH to cylinder liners in diesel engines can offer a range
of benefits, including improved wear resistance, enhanced tribological properties, and
longer component life [53].
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LSTH can also be used in aerospace and aviation applications, particularly for compo-
nents such as cylinder liners in aircraft engines. Aircraft engines are subjected to extreme
operating conditions, including high temperatures, high pressures, and high levels of
vibration. Cylinder liners in aircraft engines must be able to withstand these conditions
while maintaining optimal performance and reliability [55]. By using LSTH to modify the
surface of the cylinder liner, aerospace manufacturers can improve its resistance to wear,
corrosion, and thermal stress. This can help extend the lifespan of the component and
reduce maintenance costs [56,57]. By creating a harder, smoother surface on the cylinder
liner, the engine can operate more efficiently, resulting in improved fuel economy and
reduced emissions. LSTH can also be used to modify the surface of other components in
aerospace and aviation applications, such as turbine blades and bearings. By improving
the wear resistance and thermal stability of these components, manufacturers can improve
their performance and reliability [58,59].

3. Laser Hardening Characterization
3.1. Microstructural Characterization
3.1.1. Carbon Steels

The microstructure and grain size of S45C medium carbon steel subjected to LSTH can
vary depending on the type of laser used and the processing parameters. Two commonly
used lasers for the LSTH of S45C are Nd:YAG and fiber lasers [4]. Nd:YAG lasers typically
have a shorter wavelength and higher pulse duration than fiber lasers, which can affect the
heat input and cooling rate during the process. The resulting microstructure and grain size
can also be influenced by the processing parameters, such as laser power, scanning speed,
and preheating temperature [60]. In general, LSTH of medium carbon steels using fiber
lasers results in a hardened surface layer with a fine-grained structure. The microstructure
of this surface layer typically consists of martensite with a high density of dislocations,
while the HAZ can contain tempered martensite, bainite, and ferrite [61]. Fiber lasers, on
the other hand, have a longer wavelength and higher peak power than Nd:YAG lasers.
This produces a different thermal profile during LSTH, which leads to a finer and more
uniform microstructure than using an Nd:YAG laser [62].

3.1.2. Alloyed Steels

AISI 4130 and AISI 4140, popular low-alloy steels, boast high strength, toughness,
and wear resistance. Their microstructure and grain size post-LSTH are influenced by
factors like laser parameters and cooling rate. In the LSTH process, a laser rapidly heats
the steel surface, followed by quick quenching, creating a hardened layer with a refined
microstructure and fine grain size. Typically, both steels exhibit a post-LSTH microstruc-
ture comprising a fine-grained martensitic structure due to the high cooling rate during
quenching [63,64].

The refinement of the microstructure increases surface hardness and improves wear
resistance to abrasive wear and contact fatigue. The grain size of 4130 and 4140 steels after
LSTH can be significantly reduced, typically to the submicron range. This reduction in
grain size results in increased strength and improved fatigue resistance. The grain size and
microstructure of AISI 4130 and AISI 4140 steels after LSTH are also affected by the laser
parameters used, such as laser power, scanning speed, and beam diameter. Figure 3 shows
the LSTH samples of 50CrMo4 steel, which were hardened by pulsed lasers with different
pulse duration. In this regard, the study compares continuous-wave and pulsed lasers for
surface hardening of 50CrMo4 steel. A ms laser, with significantly lower power, is found to
be as effective as the continuous-wave laser, achieving a surface hardness of ~719 HV and
~200 µm depth. The ns lasers induce both hardening and material removal with a shallower
depth (~80 µm). The fs and ps lasers result in direct surface ablation without observable
hardening. This research provides insights into diverse laser methods for achieving specific
steel surface properties.
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cw laser (P = 250 W, laser speed: 10 mm/s) (reproduced from Ref. [63], with permission from
Elsevier, 2019).

3.1.3. Tool Steels

The microstructure and grain size of AISI H13 tool steel after LSTH are influenced by
various factors, such as laser inputs and preheating temperatures [65]. Generally, LSTH of
H13 steel results in a refined and hardened surface layer with a different microstructure
from the base material [66]. The typical microstructure of the LSTH of H13 consists of a
thin, homogeneous martensitic layer on top of the base material. This layer has a high
density of dislocations and a fine-grained structure, which improves the hardness and wear
resistance [67]. Below the martensitic layer, there is a HAZ with a different microstructure,
typically consisting of tempered martensite, bainite, or a combination of both. The grain
size of the martensitic layer is generally smaller than that of the base material due to the
rapid cooling rate during the process. The grain size can be further reduced by increasing
the cooling rate, which results in higher hardness and wear resistance. The size and shape
of the grains in the HAZ depend on the preheating temperature and cooling rate during
the process. The microstructural changes induced by LSTH can be controlled by adjusting
the processing parameters, allowing for customized surface properties. Figure 4 depicts
the microstructure and hardened area of AISI H13 tool steel after LSTH, in which zone 1
is harder than zone 2 because the laser beam cannot heat the deeper part of the bulk of
the sample.
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3.1.4. Stainless Steels

The microstructure and grain size of AISI 410 and AISI 420 stainless steels after LSTH
can be affected by several factors, including the composition of the material, the processing
parameters used during LSTH, and the cooling rate [69]. LSTH of those martensitic stainless
steels typically leads to a fine-grained microstructure with a high density of dislocations
and high hardness [70,71]. The precise microstructure and grain size are subject to variation
based on the specific processing conditions employed. For instance, elevating the laser
power or reducing the scanning speed yields a coarser grain structure and diminished
hardness. Conversely, diminishing the laser power or increasing the scanning speed results
in a finer grain structure with enhanced hardness. Regarding distinct microstructural
alterations, the LSTH of AISI 410 and 420 typically leads to the creation of martensite [72].
Figure 5 depicts the SEM microstructures of AISI 420 stainless steel. Besides the martensitic
phase, some retained austenite and carbides can be seen [73]. The proportion of martensite
formed is affected by the cooling rate as well as the carbon content of the steel. Overall,
LSTH can be an effective way to improve the surface hardness and wear resistance of
martensitic stainless steels while also modifying the microstructure and grain size to
achieve specific performance characteristics.
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3.1.5. Cast Irons

Gray and nodular cast irons, prevalent in diverse industries, vary in microstructure and
grain size due to distinct production methods and chemical compositions. Gray cast iron,
created by melting iron with carbon, silicon, and other elements, features a microstructure
comprising graphite flakes in a ferrite and pearlite matrix. These flakes, serving as stress
concentrators, render gray iron brittle and susceptible to tension-induced cracking [74].
Nodular cast iron, on the other hand, is a type of ductile iron that is produced by adding
a small amount of magnesium to the melt of gray iron. This results in the formation
of spheroidal graphite nodules instead of graphite flakes, giving the material increased
ductility and toughness. The microstructure of nodular cast iron consists of nodules of
graphite surrounded by a matrix of ferrite and pearlite. The grain size of nodular cast
iron is typically finer than that of gray cast iron due to the addition of magnesium and the
subsequent control of the cooling rate during solidification. The microstructure of gray
cast iron consists of graphite flakes embedded in a matrix of ferrite and pearlite, with a
coarse grain size, while nodular cast iron has a microstructure consisting of nodules of
graphite surrounded by a matrix of ferrite and pearlite, with a finer grain size. For gray
cast iron, LSTH can produce a microstructure consisting of a refined pearlite/ferrite matrix
with a reduced amount of graphite flakes. The grain size can also be refined, with a more
uniform distribution of smaller grains. The hardness of the surface layer can be significantly
increased, providing improved wear resistance. For nodular cast iron, LSTH produces a
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refined pearlite/ferrite matrix with a reduced number of graphite nodules. The grain size
can also be refined, with a more uniform distribution of smaller grains. The hardness of
the surface layer can be significantly increased, providing improved wear resistance and
fatigue strength [75]. Figure 6 shows the LSTH of a gray cast iron sample.
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3.1.6. Aluminum

The study on enhancing aluminum’s surface through laser alloying, employing binary
mixes of molybdenum and zirconium metallic powders, was investigated [43]. The 4.4 kW
Rofin Sinar Nd:YAG laser facilitated the process, and the resulting surfaces were charac-
terized using standard techniques. Findings indicate that laser alloying aluminum with
molybdenum and zirconium powders significantly improves hardness, wear, and corrosion
resistance. Under optimal conditions (4 kW laser power and 1.4 m/min laser speed),
hardness values increased sixfold, and wear resistance rose sixteen-fold over the substrate.
This research establishes the efficacy of binary molybdenum-zirconium combinations in
augmenting laser-alloyed aluminum properties, particularly noting enhanced corrosion re-
sistance and a substantial microhardness increase from 24 hv (substrate) to 148 hv (alloyed
surface) [44]. The resulting Al-Cu alloys demonstrated homogeneity, with microhardness
ranging from 60 to 250 hv for 6–40 wt.% Cu. Nanoindentation measurements revealed
increased elastic modulus and plasticity index, indicating enhanced wear resistance com-
pared to pure aluminum. A pin-on-disk device validated improved mechanical properties,
with up to a 15-fold decrease in mass loss between a virgin specimen and a 40 wt.% Cu alloy.
As the copper ratio increased, a transition from severe to mild wear occurred, manifesting in
homogeneous wear tracks and reduced wear rates. Laser-induced remelting of pre-placed
Cu powder on the Al substrate resulted in fine microstructures, with mechanical behavior
contingent on the Cu ratio. Alloys with less than 27 wt.% Cu exhibited a weakened micro-
hardness, decreasing after annealing, while those with ratios above this value maintained
high microhardness and stable mechanical properties post-annealing at 480 ◦C for 24 h [45].
The study [76] explored the alteration of the precipitate microstructure induced by LSTH
on AA7449 aluminum alloy in T7651 temper. Microhardness maps beneath the laser lines
and precipitate size/volume fraction maps reveal significant dissolution and coarsening
due to laser treatment. Integrated modeling, including thermal finite element, size class
precipitation, and precipitation hardening models, quantifies this effect. The laser treatment
results in substantial precipitate dissolution and size modification within the first 500 µm
below the surface. While small late-stage precipitates mitigate mechanical loss, the impact
on aerospace component properties such as buckling, fracture toughness, and corrosion
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resistance requires assessment [76]. The study investigated the optimal parameters for
aluminum specimens to achieve the desired residual stress variation and enhanced cor-
rosion resistance [77]. Laser treatment employed a Q-switched Nd:YAG laser (1064 nm).
A factorial design, considering pulse density (900 and 2500 pulses/cm2), material type
(AlMgSiPb and AlSi1MgMn), and laser surface treatment sweep direction (longitudinal
and transversal), confirmed the significant influence of pulse density. Higher pulse density
(2500 pulses/cm2) resulted in the highest compressive residual stresses and increased
corrosion resistance, as indicated by dynamic corrosion testing. Rogachev et al. [78] explore
the impact of laser radiation on eutectic aluminum alloys Al–Ca, Al–Ce, Al–La, and Al–Ni,
crucial for additive technologies due to their excellent casting properties. Laser modifi-
cation of their surfaces was performed to assess hardening effects, with microhardness
measurements revealing increased hardness. Al–8% Ca exhibited the highest strengthening
effect (2.6 times) but induced embrittlement under tension. Despite embrittlement, the
modified Al–8% Ca alloy remains interesting for its heightened hardness and potential
wear resistance. In contrast, Al–10% Ce, Al–10% La, and Al–6% Ni samples showed lower
hardening effects (1.5–2.2 times) but increased tensile strength with ductile or mixed ductile
and brittle fracture formation, affirming the alloys’ potential in additive manufacturing.

3.2. Mechanical Characterization
3.2.1. Microhardness

As has been shown in the previous sections, LSTH is a process that can increase the
hardness of steels and other metallic alloys [79]. LSTH creates a surface layer significantly
harder than the underlying material, resulting in improved mechanical properties such as
increased wear resistance and fatigue strength [80]. The hardness improvement achieved
through LSTH depends on several factors, including the specific material or alloy, the
processing parameters, and the depth of the hardened layer. Moreover, the process involves
rapid heating and cooling, which can induce residual stresses and microstructural changes.
Particularly in the case of low-alloy steels, the hardness can be increased several times.
Stainless steels can also be hardened through LSTH, although the effect can vary depending
on the specific stainless type and composition [81]. In the case of titanium, LSTH can
also increase the surface hardness, particularly for alpha and near-alpha alloys. However,
the effect on other titanium alloys strongly depends on the specific alloy composition
and processing parameters used [82]. In Figure 7, the hardness profile of EN31 steel (a
high-carbon, chromium-containing low-alloy steel considered a standard high-speed steel
grade) shows that the hardness increased from 200 HV up to 850 HV after LSTH.
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3.2.2. Wear Behavior

LSTH can improve the wear resistance of metals by creating a hardened surface
layer that is more resistant to wear than the underlying material [59,84]. As shown in the
previous sections, the process increases the surface hardness, which results in a reduction
in the amount of material removed during wear and service. However, the effect can vary
depending on the specific material, alloy composition, and processing parameters used.
Careful control of the LSTH process is important to ensure that the desired improvements
in wear resistance are achieved.

3.2.3. Corrosion Resistance

LSTH can improve the corrosion resistance of carbon steels and low alloy steels
so that the hardened surface layer is more resistant to corrosion than the underlying
material. However, the effect of LSTH on the corrosion resistance of stainless steels is more
complex and depends on the specific alloy composition and the processing parameters used.
Stainless steels contain chromium, which forms a passive oxide layer on the surface that
provides corrosion resistance [85]. LSTH can disrupt this oxide layer, potentially reducing
the corrosion resistance. Nevertheless, if the LSTH process is carefully controlled, it can
create a new and improved oxide layer with higher resistance to corrosion than the original
layer [86]. Figure 8 is an overview of the corrosion installation of the AISI 410 sample after
LSTH, which the Nd:YAG laser used for the single-track process, and then the samples for
the corrosion test were examined in a 2% NaCl solution.
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3.2.4. Fatigue Behavior

The LSTH process can also have some negative effects on the material properties, such
as fatigue strength, if the parameters are not optimized for the process. The fatigue effect
refers to the fact that the LSTH process can lead to a reduction in the fatigue strength of
the material, particularly if the hardening depth is too shallow or if the residual stresses
induced during the process are not properly managed [87]. Defects can also occur during
the LSTH process, particularly if the laser power or duration is not properly controlled.
Common defects include cracking, porosity, and distortion. These defects can have a
negative impact on the mechanical properties of the material, as well as its overall quality
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and reliability. To minimize the negative effects of LSTH, it is important to carefully control
the process parameters, including laser power, duration, and scanning speed. Additionally,
post-processing treatments such as shot peening or stress relief annealing can help reduce
residual stresses and improve the fatigue strength of the material [51].

3.2.5. Residual Stresses and Micro-Cracks

Residual stresses can have a significant impact on the microstructure of steel and
titanium after LSTH. LSTH is a process that involves melting the surface layer of a metal
using a high-energy laser beam, followed by rapid solidification to create a hardened layer.
Residual stresses can develop during the LSTH process due to non-uniform heating and
cooling rates, thermal expansion mismatches between the surface layer and the underlying
material, and other factors [88,89]. These residual stresses can cause distortion, cracking,
and even failure of the component if not properly managed. In the case of steel, residual
stresses can result in changes to the microstructure, such as the formation of martensite or
the precipitation of carbides, depending on the composition of the steel and the processing
parameters used [5]. These changes can affect the mechanical properties of the steel,
including its strength, ductility, and toughness. Similarly, in titanium, residual stresses
can cause changes in the microstructure, such as the formation of alpha or beta phases,
depending on the processing conditions. To mitigate the effects of residual stresses, post-
processing treatments such as stress relief annealing or shot peening may be used. These
treatments can help redistribute and reduce the residual stresses in the material, improving
its overall mechanical performance [64].

Micro-cracks can sometimes occur after the LSTH of tool steel and stainless steel. This
can be due to several factors, including the composition of the material, the processing
parameters used, and the thermal history of the material during the LSTH process [90].
One possible cause of micro-cracks is the presence of residual stresses in the material. As
mentioned, residual stresses can develop during LSTH due to non-uniform heating and
cooling rates. These residual stresses can cause the material to crack if they exceed the
material’s strength. Another possible cause of micro-cracks is the formation of martensite,
which is a hard, brittle phase that can form in steel during rapid cooling (Figure 9). If the
cooling rate is too high or the material is not properly tempered after LSTH, the formation
of martensite can lead to micro-cracking. In stainless steel, micro-cracks can also occur due
to the formation of chromium carbides, which can form at high temperatures during the
LSTH process [73]. These carbides can reduce the material’s corrosion resistance and lead
to cracking if they are not properly controlled. To minimize the risk of micro-cracking, it is
important to carefully control the processing parameters used during LSTH, including the
laser power, scan speed, and preheating temperature [91]. Table 1 shows the most recent
studies of the LSTH of different metals.

Metals 2024, 14, x FOR PEER REVIEW 11 of 21 
 

 

Common defects include cracking, porosity, and distortion. These defects can have a neg-
ative impact on the mechanical properties of the material, as well as its overall quality and 
reliability. To minimize the negative effects of LSTH, it is important to carefully control 
the process parameters, including laser power, duration, and scanning speed. Addition-
ally, post-processing treatments such as shot peening or stress relief annealing can help 
reduce residual stresses and improve the fatigue strength of the material [51]. 

3.2.5. Residual Stresses and Micro-Cracks 
Residual stresses can have a significant impact on the microstructure of steel and ti-

tanium after LSTH. LSTH is a process that involves melting the surface layer of a metal 
using a high-energy laser beam, followed by rapid solidification to create a hardened 
layer. Residual stresses can develop during the LSTH process due to non-uniform heating 
and cooling rates, thermal expansion mismatches between the surface layer and the un-
derlying material, and other factors [88,89]. These residual stresses can cause distortion, 
cracking, and even failure of the component if not properly managed. In the case of steel, 
residual stresses can result in changes to the microstructure, such as the formation of mar-
tensite or the precipitation of carbides, depending on the composition of the steel and the 
processing parameters used [5]. These changes can affect the mechanical properties of the 
steel, including its strength, ductility, and toughness. Similarly, in titanium, residual 
stresses can cause changes in the microstructure, such as the formation of alpha or beta 
phases, depending on the processing conditions. To mitigate the effects of residual 
stresses, post-processing treatments such as stress relief annealing or shot peening may 
be used. These treatments can help redistribute and reduce the residual stresses in the 
material, improving its overall mechanical performance [64]. 

Micro-cracks can sometimes occur after the LSTH of tool steel and stainless steel. This 
can be due to several factors, including the composition of the material, the processing 
parameters used, and the thermal history of the material during the LSTH process [90]. 
One possible cause of micro-cracks is the presence of residual stresses in the material. As 
mentioned, residual stresses can develop during LSTH due to non-uniform heating and 
cooling rates. These residual stresses can cause the material to crack if they exceed the 
material’s strength. Another possible cause of micro-cracks is the formation of martensite, 
which is a hard, brittle phase that can form in steel during rapid cooling (Figure 9). If the 
cooling rate is too high or the material is not properly tempered after LSTH, the formation 
of martensite can lead to micro-cracking. In stainless steel, micro-cracks can also occur 
due to the formation of chromium carbides, which can form at high temperatures during 
the LSTH process [73]. These carbides can reduce the material’s corrosion resistance and 
lead to cracking if they are not properly controlled. To minimize the risk of micro-crack-
ing, it is important to carefully control the processing parameters used during LSTH, in-
cluding the laser power, scan speed, and preheating temperature [91]. Table 1 shows the 
most recent studies of the LSTH of different metals. 

 
Figure 9. Crack after LSTH on ductile iron (Reprinted from ref. [91]).



Metals 2024, 14, 339 11 of 20

Table 1. The progress of the LSTH over the last fifteen years.

Laser Parameters Laser Type Material Maximum
Hardness Ref. Year

Laser power: 300 to 500 W
focal length: 280 mm CO2 laser GCr15 900 Hv [92] 2010

Laser power: 1.2 kW
Laser speed: 300 mm/min 3 kW CO2 AISI 1045 700 Hv [93] 2010

Laser power: 4 kW
Distance of focus point: 80 mm

Spot size: 5.5 mm
15 kW CO2 9Cr2Mo steel

W18Cr4V steel 1100 Hv [94] 2010

Laser power: 300 W
Frequency: 15 Hz

Pulse width: 18 ms
Laser speed: 2–8 mm/s

400 W Nd:YAG
laser AISI 420 490 Hv [95] 2010

Rotation speed: 3.4 rpm
The focal point: 19.9 mm × 3.3 mm 2.2 kW Nd:YAG EN-GJS-1000-5

EN-GJS-800-8 800 Hv [96] 2011

Laser power: 750–1250 W
Travel speed:500–1000 mm/min Nd:YAG EN25 820 Hv [97] 2012

Laser speed: 1–9 m/min
Laser power: 600–1165 W 2 kW fiber laser AISI 1055 1100 Hv [98] 2012

Laser speed: 3 m/min
Diameter of Laser beam: 5 mm
Gas Flow Rate (Ar) (l/min): 25

Laser power: 4–5 kW

15 kW CO2 laser 9Cr2Mo steel 400 Hv [99] 2014

Power density: 2.92 × 104 W/cm2

Travel speed: 1.5–3 m/min
Diode Laser and

CO2 Laser AISI 1045 600 Hv [100] 2014

Rectangular nozzle: 20 mm × 4 mm
Laser speed: 4 mm/s

Laser power:1250 W and 2000 W

6 kW continuous
wave diode laser AISI H13 tool steel 810 Hv [101] 2015

Power: 1800 W
Traversing speed: 250 mm/min

Beam diameter: 16 mm
Peak Irradiance: 2980 W/cm2

Nd:YAG AISI 4140 800 Hv [102] 2016

Laser power: 100–300 W
Laser speed: 12–20 mm/s 1500 Diode Laser AISI 1040 300 Hv [103] 2017

Laser Speed: 3–7 mm/s
Laser Power: 1200–1600 W

Focal plane position: 60–80 mm
1600 W Diode laser AISI 4130 800 Hv [27] 2019

Laser Power: 6–15 W
Scanning Speed: 100–500 mm/s

Frequency: 30–75 kHz
No of passes: 1–7

Diode laser AISI 316L 210 Hv [104] 2021

Laser power: 480 W
Laser speed: 20 mm/s

Energy density: 10.19 J/mm2
Diode laser AISI 420 675 Hv [105] 2022

4. Simulation and Optimization
4.1. Simulation

The utilization of the finite element method (FEM) in COMSOL enables the simulation
of LSTH, offering valuable insights into the material’s thermal and mechanical behavior
throughout the process. COMSOL, a versatile multiphysics simulation software, provides a
comprehensive platform for modeling and simulating various physical phenomena encom-
passing heat transfer, structural mechanics, and fluid flow. Through the FEM approach,
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COMSOL facilitates the accurate prediction and analysis of the intricate interplay between
these phenomena during LSTH. By incorporating FEM within COMSOL, researchers and
engineers gain the ability to explore and understand the complex thermal and mechanical
dynamics that occur in the material subjected to LSTH. This simulation tool serves as
an indispensable resource for optimizing process parameters, enhancing material perfor-
mance, and ensuring the integrity of the treated surfaces. The computational capabilities of
COMSOL, combined with the fidelity of the FEM method, enable researchers to virtually
study and evaluate the impact of different laser settings, cooling conditions, and material
properties on the final outcome of the LSTH process. Overall, the integration of FEM
in COMSOL empowers engineers to make informed decisions and advancements in the
field of LSTH by providing a robust platform for simulating and analyzing the complex
interactions within this thermal and mechanical treatment technique [106–108]. The finite
element method is a numerical technique used to solve partial differential equations and is
well-suited for simulating complex physical systems [109]. To simulate LSTH using FEM
in COMSOL, the process can be modeled as a heat transfer problem with a moving heat
source. The laser beam is treated as a heat source that moves across the surface of the
material, heating and melting the surface layer. The distribution of power density can be
modified by Equation (1):

Qr = Q0exp

(
−r2

r2
0

)
(1)

where Qr and Q0 are considered heat sources and the maximum intensity, respectively. r0
is defined as the lower and upper radius. Equation (2) defines the radius r:

r =
√

x2 + y2 (2)

The thermal and mechanical properties of the material are input into the model,
including thermal conductivity, specific heat capacity, and density (Figure 10a). The
simulation can be used to predict the temperature distribution within the material during
the LSTH process, as well as the resulting changes in the material’s mechanical properties,
such as hardness and residual stress (Figure 10b,c). This can be useful for optimizing
the process parameters, such as laser power and scanning speed, to achieve the desired
surface properties [110]. Additionally, the simulation can be used to investigate the effects of
various process parameters on the resulting surface properties, such as the depth and extent
of the hardened layer. This can help to improve the overall efficiency and effectiveness
of the LSTH process. By considering the cooling rate on the LSTH, it can be effective to
apply this information to the software because the mesh size can be modified based on the
rate of heating and cooling (Figure 10d). In conclusion, the simulation of LSTH using FEM
in COMSOL is a valuable tool for predicting the thermal and mechanical response of the
material during the process, optimizing process parameters, and improving the efficiency
and effectiveness of the process [111].

Like COMSOL, Abaqus (2022 HF4, Dassault Systèmes, Waltham, MA, USA) is also
a powerful finite element analysis software that can be used for simulating LSTH pro-
cesses. Abaqus has advanced thermal capabilities that can accurately simulate the heat
transfer in the material during the LSTH process. The simulation can predict the tempera-
ture distribution, phase transformation, and residual stress in the material [90,112]. The
material properties can be updated based on the change in temperature and phase transfor-
mation [113]. Thermal–mechanical coupling can also be considered in the simulation to
accurately predict the distortion and residual stress in the material. One of the advantages
of using Abaqus for LSTH simulation is its ability to incorporate more complex material
models, such as anisotropic materials and materials with temperature-dependent proper-
ties. Abaqus can also perform optimization studies and parameter sweeps to determine
the optimal process parameters for achieving the desired surface properties. The phase
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transformation kinetics Equations (3) and (4) describe the hypoeutectoid steel solid phase
transformations during the surface heating of AISI H13 steel [114].

fε =
fmCH13 − Ca

Cε − Ca
= fm − fa (3)

fc =
fmCH13 − Ca

Cc − Ca
= fm − fa (4)
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The fractions of ε-carbide ( fε) and ferrite ( fa) that form the fraction of martensite that
was tempered ( fm) are calculated and CH13 is the carbon concentration of H13. The relevant
thermal ∆εT

ij and phase ∆εPhase
ij strain increments can be added to the elastic ∆εE

ij and plastic
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∆εP
ij strain increments according to Equation (5). Figure 11 shows the simulation of the

hardened area and residual stress simulation design of H13 steel.

∆εij = ∆εE
ij + ∆εP

ij + ∆εT
ij + ∆εPhase

ij (5)
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4.2. Optimization

Taguchi methods and Minitab software Version 21.4.2 are often used in conjunction
with Design of Experiments (DOE) techniques to optimize the LSTH process for steel
and stainless steel [76,115]. These tools allow researchers to systematically investigate
the effects of different processing parameters on the quality of the surface hardening and
identify the optimal combination of parameters to achieve effective results [116]. Taguchi's
methods involve using statistical techniques to design experiments and analyze the results.
The method aims to identify the factors that have the greatest impact on the process
outcome and optimize these factors to improve the quality of the process [117]. Minitab
software is a powerful statistical analysis tool that can be used to analyze experimental
results and identify the optimal parameter settings. DOE is another statistical technique
that is commonly used to optimize the LSTH of steel and stainless steel, and it involves
systematically varying multiple process parameters simultaneously to identify the optimal
combination of parameters that will produce the desired outcome [118]. DOE techniques
can help to understand the interactions between different process parameters and how they
affect the quality of the surface hardening. Together, Taguchi methods, Minitab software,
and DOE techniques can help to optimize the LSTH process for steel and stainless steel
by identifying the optimal processing parameters that will produce high-quality surface
hardening with minimal defects or micro-cracking [118]. In Figure 12, some plots belong
to the response surface method technique depicted. Figure 12a shows the 3D response
plot by considering two effective factors, laser power and scanning speed, of LSTH on the
AISI 4130 steel width sample, which used a high-power laser to make a hardening process.
Regarding the interaction of each parameter with each other and the influence of input
parameters, a perturbation plot can show the effect of each parameter on the hardened
area. Figure 12b depicts the three inputs of the laser at the angle of the hardened zone on
its perturbation plot [27].
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5. Future Prospective of LSTH for Industrial Sectors

The promising future development of LSTH for metals holds significant implications
for the automotive industry, offering an invaluable tool to enhance the performance and
durability of diverse components. Already proven effective in improving surface hardness
and wear resistance for steel, aluminum, and titanium components, LSTH is poised for
wider adoption in various industries, with the automotive sector standing out as a key
beneficiary. Anticipated advancements in laser systems, marked by increased power and
enhanced beam quality, are set to elevate efficiency and quality in LSTH applications. The
integration of sophisticated sensors and monitoring techniques is expected to revolutionize
process control during LSTH, providing real-time feedback for precision and efficacy. A
notable innovation lies in combining LSTH with 3D printing technology, showcasing the
potential to create intricate, high-performance automotive components characterized by
superior surface hardness and wear resistance. This integration aligns with the industry’s
growing demand for lightweight materials with advanced performance characteristics,
positioning LSTH as a technology of choice for automotive applications. Moreover, LSTH’s
alignment with the global trend toward sustainable and green manufacturing processes
makes it particularly relevant in the automotive sector’s pursuit of eco-friendly practices.
As industries pivot towards sustainability, LSTH emerges as a pivotal player, contributing
significantly to the development of cleaner and greener manufacturing processes within the
automotive industry. By leveraging LSTH’s advancements, automotive manufacturers can
enhance the durability, performance, and sustainability of their components, addressing
the evolving needs of the industry and meeting consumer expectations for environmentally
conscious practices.

6. Conclusions

In summary, LSTH is a valuable technique that enhances the surface properties of dif-
ferent materials like cast iron, titanium, aluminum, and low-alloy steel. Diverse microstruc-
tures played a crucial role in these property enhancements. It refines the microstructure
and grain size, resulting in improved mechanical properties like surface hardness, wear
resistance, and fatigue resistance. However, the process may also lead to the formation of
defects, such as cracks and surface melting, limiting the material’s performance. To opti-
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mize LSTH, numerical simulations can be employed to predict and model microstructure
changes and defect formation, allowing for adjustments to laser parameters and cooling
conditions to achieve the desired results. Advances in computational methods and materi-
als science will likely enhance the accuracy and reliability of these simulations, facilitating
the development of improved LSTH techniques. Looking ahead, LSTH will continue to
play a critical role in surface engineering for various materials, including emerging ones
like composites and additive manufacturing alloys. The ability to control the microstructure
and grain size through LSTH will remain essential for enhancing the performance and
durability of components in the automotive industry.
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