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Abstract
This study aimed to investigate the hardness of laser transformations on AISI4130 steel using high-power Nd:YAG pulsed
laser technology. Beam scanning speed, focal distance, and peak power were used as available variables for the experiments.
An optical microscope, scanning electronmicroscope, microhardness, andwear tests were performed to assessmicrostructural
changes. In laser transformation hardening, at a maximum power of 3.5 kW, a frequency of 7 Hz, an out-of-focus distance of
10mm, and a scanning speed of 5mm/s, themaximumhardened depth andwidthweremeasured as 0.4 and 2mm, respectively.
The predominant microstructure in the heat-affected zone was mainly martensite and bainite, with a maximum hardness of
650 and 530 HV, respectively. At constant beam scan velocities, reduction in the focal point position relative to the sample
surface was associated with increased depth of the hardened area. Hardened samples were subjected to a pin-on-disk wear test,
and it was found that the coefficient of friction decreased from 0.77 for the base metal to 0.39 in the hardened samples. The
wear surface of the hardened sample exhibited a combination of abrasive and adhesive wear. Therefore, optimal conditions
are achieved by beam velocity and focal length. Laser paths with 20% lateral overlap were tested to expand the hardened
areas and simulate the actual conditions of primary workpiece. Thermal cycles cause preheating in previously hardened areas
and reduce the hardness of these areas in the range of 300 to 400 µm from the surface to 100 HV.

Keywords Laser surface hardening · Wear behavior · Surface transformation hardening · AISI4130 steel · Nd: YAG laser

1 Introduction

Regarding the surface improvement process of a material,
especially steels, which are widely used in industry, it is pos-
sible to refer to commonmethods of heat treatment, including
induction and flame heat treatment methods, which can be
precisely processed with new techniques such as lasers [1].
Recently, laser technology has been used for various indus-
trial applications such as laser cladding [2, 3], laser welding
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[4–7], laser hardening [8], laser cutting [9], laser surface pro-
cessing [10], and surface alloying [11, 12].Compared to other
hardening processes such as flame hardening and induction
hardening, laser surface hardening has better compatibility
with small components, greater precision, a smaller risk of
distortion, and non-hardenable steels, like mild steels, can be
surface hardened. In the country, in this process, the high ini-
tial and working cost is high and extra care is needed to avoid
melting [13, 14]. Laser surface hardening is a desirable pro-
cess for increasing the surface properties of a sample. While
the desired material properties, such as toughness, remain
unchanged, in contrast, the wear resistance, fatigue, and cor-
rosion resistance of metals and their alloys are improved by
this process [15, 16]. The desired hardness, and depth of
it, can be changed by adjusting the laser parameters such
as scanning speed, out-of-focus distance, power, etc. These
parameters significantly affect the uniformity, microstruc-
ture, and chemical composition of hardened laser layers, but
it is impossible to achieve precision and quality with conven-
tional methods. The fundamental parameters that affect laser
hardening include laser power, beam characteristics, speed,
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and out-of-focus distance relative to the specimen surface.
Beam power is one of the most critical parameters. The key
beam properties in laser surface hardening (LSH) processes
are: beam condition, stability, polarization, and beam shape
(pulsed or continuous).

It can be noticed that as the scanning speed decreases, the
laser energy radiates longer onto the surface of theworkpiece.
Therefore, the energy density increases, and the amount of
hardness and depth of the hardened sample increases. Also,
one of the most critical parameters is the position of the laser
focal length relative to the sample surface, which determines
the geometric dimensions of the hardened area.

The wear and corrosion resistance of AISI H13 tool
steel laser hardened up to 800 HV was studied by Telsang
et al.[17]. Thus, using a high-power diode laser with a max-
imum power of 2.5 kW, they were able to harden AISI H13
steel and characterize the influence of depth of hardness and
surface melting. Because when the energy density is higher,
the interaction of the laser beams with the surface and the
hardness increases. The wear test results showed that the
scratch resistance in the hardened areas was improved by
75 j/mm2 compared to the base metal. A comparative study
between two high-power diode and CO2 lasers for harden-
ing AISI 1045 steel was presented by Li et al. [18]. They
evaluated the effect of each of the two lasers on the qual-
ity of surface hardening. They found that the high-power
diode laser has a higher laser hardening quality than the CO2

laser. Lo et al. [19] investigated the surface hardening of AISI
440Cmartensitic stainless steel using anNd:YAG laser. In the
laser surface hardening processes, the scanning speed varied
from 25 to 85mm/s. The hardness of the laser-hardened layer
reached 600–800 HV at a depth of 100µmunder experiment
conditions. The wear resistance of this steel improved sig-
nificantly after laser hardening and increased by three times
compared to other methods.

Pinahin et al. [20] used Nd:YAG solid-state to investigate
laser surface hardening of various tool steels (T5K10, VK8,
VK6, and T15K6). They assessed a depth of 0.2mm from the
distribution of high-energy laser beams and single pulses on
thesematerials,which causes the formation of shockwaves in
the structure of the material. For the microstructural analysis
of thematerial, wear tests, X-ray, andmicrohardness analysis
were performed. It was found that higher wear resistance was
obtained by performing laser surface hardening processes.
Sadooghi et al. assessed the improvement of material prop-
erties and tribological and mechanical behavior of Mg-SiC
nano/microcomposite [21]. Goia et al. [22] were among the
researcherswhousedfiber laser for surface hardeningofAISI
D6 tool steel to increase the hardness of the base metal up to
800 HV. In this study, the hardening depth was about 1 mm
below the sample surface.Martinez et al. [23] performed sur-
face hardening with a high-power 1 kW laser on AISI 1045

steel. In this procedure, the laser scanning speed greatly influ-
enced the hardness depth. The maximum microhardness in
this study was 834 Hv.

One of the main challenges of laser surface hardening
technology is the limitation of the hardening area whenever
the laser scans the surface. The industrial development of
high-power semiconductor lasers with high spot widths and
overlapping hardened paths is two major solutions that have
helped to address this problem [24, 25]. Research on high-
power Nd:YAG laser transformation hardening has not been
adequately studied, due to the traditional AISI4130 harden-
ing process in the industry. Another goal of this research is to
gain experience in this field by using modern and advanced
equipment very close to the industrial process.

2 Experimental

In this study, an AISI 4130 steel sheet with dimensions of 10
× 10 × 2 mm3 was cut by laser and prepared to extract the
basic parameters of LSH. Also, the quantum test Arc/Spark
optical emission spectroscopy (OES) was performed on the
sheet to determine the chemical composition accurately, as
shown in Table 1. The laser used in this study is an Nd:YAG
pulsed device (model A-600 with a maximum average power
of 300W).This laser canbeproducedpulseswith amaximum
power of 7000 W. The generated pulses can be executed in
the frequency range from 1 to 40 Hz and the pulse width
range of 5 to 45 ms. To match the execution conditions of the
surface hardening tests with the real conditions for industrial
samples, the head of the laser device is mounted on a 5-
axis Kuka robot that controls the processing speed. Figure 1
shows a laser coupled to a robot and the equipment utilized
to perform the laser hardening process. The final parameters
range for laser hardening is given in Table 2.

It should be noted that for all four samples, the pulse width
is 11 ms, and the square pulse shape was considered. Equa-
tion (1) shows the relationship between the average power
(PAVG) of the laser and the peak power, pulse width (D), and
frequency (f). Equation (2) shows the heat input as a function
of average power and welding speed (V) [26].

PAVG = Peak Power × D × f (1)

Heat Input = PAVG
V

(2)

Finally, after this surface hardening, the specimens were
cut into cross sections by wire-cut and mounted for met-
allography. For sanding, 120 to 5000 sandpapers were used
manually.An alumina suspension solutionwith a particle size
of 0.3 µm was used to polish the specimens. Polishing was
performed with the polishing machine at a speed of 600 rpm.
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Table 1 Average chemical
composition of standard steel and
studied steel (wt%)

Elements C Si Mn Cr Ni Mo S + P Fe

ASTM A29 0.28–0.33 0.15–0.35 0.4–0.6 0.8–1.1 Trace 0.15–0.25 0.07 Base

Elements C Si Mn Cr Ni Mo S + P Fe

Steel (4130) 0.242 0.186 0.49 0.836 0.005 0.174 0.018 Base

A 4% Nital solution (98% ethanol and 2% nitric acid) was
used to etch the samples. An Olympus optical microscope
(OM) and a scanning electron microscope (SEM), model
MRA3 TESCAN equipped with EDS, were employed to
study the microstructure of the samples. The microhardness
instrument (MICROMET BUEHLER) with a load of 100 g
was applied to measure the hardness of the samples. A wear
test was performed with a pin on a disk with 5-mm-diameter
pins made of 52,100 steel according to the ASTM-G99 stan-
dard [27]. The applied force, sliding speed, and total distance
traveled in the wear test were 25 N, 0.5 mm/s, and 1000 m,
respectively. Nevertheless, in thewear test, the circular diam-
eter error caused by the wear test has been minimized, and
the pin-on-disk wear test has been performed at a speed of
0.5 mm/s. Also, to increase the accuracy of the experimental
results, each test has been repeated at least three times. Pins
with a diameter of 5 mm were used to create wear tracks
with a diameter of 5 mm on the samples. In this way, the
error caused by the small width of the hardened area has
been avoided.

3 Results and Discussion

3.1 Investigation of Base Metal Microstructure

Figure 2 shows the normalized microstructure of AISI 4130
steel at two different magnifications. The microstructure of
AISI 4130 steel is mainly pearlitic–ferritic in such a way
that perlite colonies were surrounded by ferrite grains. Due
to the low carbon content in the structure, the percentage of
ferrite grains is higher than that of the perlite grains. Also,
the structure of the pearlite–ferrite is shown in Fig. 2b. In this
band-shaped structure, perlite strips are formed in the rolling
direction. The main reason for the formation of perlite strips
is the dendritic separation of substitutional alloy elements
during solidification [28, 29].

3.2 Microstructural andMetallurgical Study
of Hardened Areas

As can be seen in Fig. 3, the AISI4130 steel has two
microstructural zones in the laser beam-affected area.
Martensitic microstructures are observed beneath the surface

(Fig. 3c). From the curve of microhardness result, the max-
imum hardness value of the martensite area is 650 Vickers.
As shown in Fig. 3a and d, the second transformed region
was morphologically similar to the bainitic microstructures.

The process of laser transformation hardening creates
beam-affected regions of separable and distinct microstruc-
tures in some ferrous alloys. Different microstructures in a
laser-hardened cross section show that bainite structures are
formed instead of martensitic structures in areas where the
effective temperature–time decreases. In conventional heat
treatment processes, the cooling rate is a major factor in
microstructure formation. The cooling rate from the surface
to depth has decreased based on simulated thermal cycles,
but this reduction is not noticeable and predictable [30].

A critical factor that causes the difference between the
microstructure at the surface and at the depth of the specimen
can be discussed in terms of the effect of rapid thermal cycles
on the hardenability of different regions. The hardenability of
steel is affected by several factors. The grain size and chem-
ical composition of the austenite phase are two main factors,
especially in the LSH process [31]. As mentioned earlier,
the effective temperature–time characteristic decreases from
surface to depth during the surface transformation hardening
process. Decreasing the effective temperature–time char-
acteristic affects the formed austenite phase because more
austenite grain growth occurs in areas with a high effective
temperature–time, which increases hardenability. However,
due to the lower effective temperature–time in the deeper
austenitized areas, the austenite grain growth is lower than in
the surface areas. Therefore, the hardenability in these areas
is lower.

On the other hand, the effective temperature–time effect
on the dissolution rate of alloy carbides and cementite leads
to differences in the chemical composition of austenite in dif-
ferent regions. The chemical composition of AISI4130 steel
contains carbide former elements such as Mg, Mo, and Cr.
The presence of various alloying elements, except Co, in the
chemical composition of the austenite phase increases the
hardenability of the steel. The effect of alloy elements on the
hardenability of the austenite phase is related to the presence
of these elements in the solid solution of the austenite. Strong
carbide former alloying elements are present in the chemical
composition of AISI4130 steel, and the effective tempera-
ture–time characteristic cannot dissolve these carbides in all
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Fig. 1 a Equipment for the laser hardening process and b laser coupled with robots and
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Table 2 Selected parameters for
surface hardening with Nd:YAG
laser

No Pulse
frequency
(Hz)

Maximum
power (kW)

Average
power (W)

Out-of-focus
distance (mm)

Heat input
(j/mm)

Scanning
speed
(mm/s)

LH-1 10 2.3 235 10 47 8

LH-2 7 3.5 264 10 52.8 5

LH-3 10 2.3 235 20 47 8

LH-4 7 3.5 264 20 52.8 5

Fig. 2 SEM image of AISI 4130 steel microstructure including perlite and cementite phases

areas of the heat-affected zone (HAZ). Therefore, the pres-
ence of carbide former alloying elements not only leads to an
increase in hardenability in these areas, but the undissolved
carbides can act as pearlite phase nucleation sites, which can
reduce the hardenability of the steel. Thus, the probability of
exceeding the cooling rate in HAZs increases and causes bai-
nite microstructures to be observed even during rapid surface
heat treatment processes.

Figure 4 shows the microhardness curves of the cross-
sections of the different areas in the sample LH-2 of
AISI4130 steel. This curve shows the maximum hardness
in the surface areas up to a depth of 50 microns. According
to the microstructural images, the martensite microstruc-
ture is dominant in this region. Then, at a depth of 50
to 100 µm, a two-phase martensite–bainite microstructure
gradually forms. The microstructure is bainitic at a depth of
100 to 200 µm, and the hardness gradually decreases with
depth in this region. Hardness drop could be attributed to the
reduction of the cooling rate in the thermal cycles and the
reduction of the effective temperature–time of austenitiza-
tion.

3.3 Effect of Beam ScanVelocity

Beam velocity is a very effective variable in the surface hard-
ening process. This factor can control the interaction time of
the laser beamwith the surface, the heating and cooling rates,
the input energy, and the efficiency of beam absorption. Thus,
beam velocity affects properties such as penetration depth,
surface roughness, the microstructure of HAZ, and surface
hardness [32]. For specimens with longer focal lengths or
higher beam velocities, the hardened region exhibits a uni-
form microstructure similar to that of a bainitic structure. A
closer examination of the microhardness of the LH4 sample
revealed a significant difference between the hardness results
at the surface to the depth. As can be seen in Fig. 5, in the
uniform zone of the bainite phase at the same magnification,
the differences in microstructure could be seen from the sur-
face to the depth of the hardened area. The cross-sectional
image of the sample LH-4 is shown in Fig. 5. To observe the
microstructure differences, micrographs were taken at 50-
micron intervals in each section at the same magnification.
Comparing the sample LH-2 with the sample LH-4, it could
be seen that by decreasing the speed movement of the laser
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Fig. 3 a Optical microscope image of the hardened cross-section of the
LH-2 sample of AISI4130 steel with Nd:YAG laser, including areas
M (martensite), B (bainite), HAZ (heat affected zone), and BM ( Base
metal) with a beam velocity of 5 mm/s and distance outside the focus

10 mm, b SEM image of martensite and bainite areas, c SEM image
of martensite structure at higher magnification, d SEM image of the
bainite phase at higher magnification, e SEM image of the HAZ and its
boundary with the base metal, f SEM image of base metal

beam on the workpiece, the hardness of the beam-affected
surface area has been increased.

Up to 50 microns from the surface, the few islets of
martensite are distributed in the main structure of the bai-
nite structure. At higher magnifications, very fine martensite
blades (plates) could be seen with relatively parallel layers
and unresolved carbides trapped between the blades. At a dis-
tance of 100–50 microns from the surface, the distribution of
cementite particles exhibits an angle to the growth direction
of ferrite grains, known as lower bainite. The ferrite matrix

has a suitable and scattered distribution of cementite particles
at a distance of 100–150 microns from the surface, which is
called as upper bainite. In these areas, the cementite particles
are in the direction of ferrite grain growth. Then, the forma-
tion of the transition zone between upper bainite and base
metal is observed, which contains relatively large carbides in
the structure.
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Fig. 4 Microhardness curve of
the cross-section of different
areas consisting of surface to a
depth of LH-2 sample of
AISI4130 steel including
martensite, bainite, HAZ, and
base metal, respectively

Fig. 5 Microstructure of LH-4 sample cross section from surface to
the depth at 50-µm intervals, a presence of layered martensite at (0 −

50 µm), b fine bainite structure at (50–100 µm), c coarse bainite struc-
ture at (150–100 µm), d the distribution of carbides at (200–150), and
e the interface of the hardened layerwith the basemetal at (200–250µm)
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3.4 Effect of Out-of-Focus Distance

One of the other effective variables in the LSH process
includes out-of-focus distance. The focal length of the laser
was considered to be 250mm.Reducing the out-of-focus dis-
tance increases the power density and depth of the hardened
area aswell as the penetration depth. The beampower density
and power distribution change as the focal length increases.
Indeed, by decreasing the out-of-distance, the power den-
sity, and the hardened depth increase. Finally, it can be said
that the maximum hardened depth was obtained in the sam-
ples that had the lowest beam scanning speed, the lowest
focal distance, and the highest power intensity. Furthermore,
laser power, power density, and hardening depth increase
whenever travel speed decreases. Heat input increases when
the laser power increases and the scanning speed decreases.
Increases in the heat input lead to increases in the hardness.
Moreover, by reducing the radius of the spot diameter, amax-
imum hardened depth could be acquired. According to the
results of this research, itwas observed that a sudden decrease
in penetration depth occurredwith an increase in out-of-focus
distance from10 to 20mm.Also, the highest hardening depth
was obtained in the sample with the shortest focal length and,
consequently, the lowest beamvelocity and the highest power
intensity.

From the hardening results with different beam velocities,
it has been observed that the depth of the hardened area has
decreased with increasing the laser beam velocity. As the
scan speed of the laser beam decreases, the interaction time
of the laser beam with the material surface increases. This
resulted in the laser beam having more time to excite the
surface atoms, which increased the surface temperature [33].
The interaction time can be increased by increasing the width
of the laser spot and reducing the scanning speed of the laser
beam,which increases the energy content. Increasing the sur-
face irradiation time allows for deeper heat penetration and
provides kinetic and thermodynamic transformation condi-
tions for deeper points from the surface. The energy content
can be increased both by increasing the scan speed of the
beam and by increasing the power of the beam. Studies show
these variables should be within a reasonable range [34, 35].
In this way, if the density power of the beam is more than a
specific value, it will cause the surface to melt or reduce the
depth of the hardened area. On the other hand, the interaction
time of the beam with the surface must be within a certain
range because an excessive increase in this characteristic can
also increase the risk of surface melting [36, 37].

As mentioned earlier, one of the major challenges of laser
surface hardening technology is the limitation on the width
of the hardening area whenever the laser beam scans the sur-
face. To overcome this problem, hardened paths are placed
next to each other. Due to the thermal effects, the adjacent
path leads to the temper of the previously hardened area,

which decreases the hardness properties in the previously
adjacent hardened area. Therefore, the hardness properties
in the laser-hardened surface area are non-uniform [24]. The
presence of supersaturated carbon in the BCT crystal, dislo-
cations, and twins in the crystal structure of the martensitic
plates and the surface energy resulting from the high inter-
face between the martensitic plates leads to the instability of
the martensite microstructure. Therefore, thermal cycles in
the surface hardening process affect the previously hardened
areas and lead to a decrease in mechanical properties. Some
studies have mentioned this problem for induction hardening
methods using flat inductor rings [38–40]. The heat treat-
ment cycle of the tempering process at temperatures below
Ae1 is defined. Tempering generally occurs in three stages:
the formation of transition carbides such as ε and η carbides
(100–250 ◦C), the transformation of residual austenite to
ferrite and cementite (200–300 ◦C), and the replacement of
transition carbides and low carbon martensite by ferrite and
cementite (the beginning of the third stage of tempering is in
the temperature range of 250–350 ◦C) [32, 41].

3.5 Overlap Effect

Figure 6 shows the surface of two laser surface hardened
samples, LH-2 and LH-4, with a 20% overlap. The maxi-
mumhardened depthwas observed forAISI4130 steel during
transformation surface hardening with a speed of 5mm/s and
out-of-distance 10 mm. For this reason, these variables have
been used to investigate the overlap effect. Figure 7 shows the
cross section of the area affected by the laser beam in three
laser paths with 20% lateral overlap. Also, as can be seen in
Fig. 7(a), a cross section of three paths, includingNo.1, No.2,
and No.3, with a 20% overlap was shown. In this regard, for
a better understanding, the interface of two passes, No.1 and
No.2, is also displayed in higher magnification. This is des-
ignated with A in Fig. 7(b) and (c). In the vicinity of path
No.1, due to the repassing of path No.2, in the interface of the
two paths, temper treatment has occurred. Finally, the hard-
ness of path No.2 due to the tempered area is lower than that
of the surrounding areas in the vicinity of the paths inter-
face. The observations indicate that the thermal effects of
adjacent paths cause reheating around the previously hard-
ened area. Therefore, the microstructure of the area changes
and slightly decreases the hardness properties in those areas
that cause non-uniform surface properties, which is not very
desirable. In addition, microhardness changes were investi-
gated by increasing the overlap up to 50%, and the results of
this process are presented in the next section.

3.6 Microhardness Results

Figure 8 shows the microhardness curve of the LH sample
at a depth of 50 microns from the surface. Accordingly, the
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Fig. 6 a Surface image of LH-2 sample hardened with Nd:YAG laser, b higher magnification of 20% overlap of the passes (LH-2 sample), c surface
image of LH-2 sample, and d higher magnification of 20% overlap of the passes (LH-4 sample)

hardness changes of the hardened path No. 1 should be sim-
ilar to the hardness curve of the area affected by the single
path beam. On the other hand, a slight decrease in hardness
is observed in the adjacent areas, path NO. 2. The lower
hardness of path No.2 is related to the tempered area that
occurred with the re-passing of the laser in the vicinity of
path No.1. In this case, the martensitic structure and instabil-
ity formed in the first step in pass No.2 have changedwith the
passing of the laser beam. The ferrite and cementite phases
have replaced transition carbides in the final tempering step.
However, due to the high cooling rate in this process and
the lack of sufficient temperature due to the short interaction
time, the transition carbides did not have enough time for
structural transformation.

Hardness behavior was observed at a depth of 100 µm
from the surface of the hardened area, which is in good

agreement with the results of the previous studies [24, 25].
The effect of overlap on induction hardening of AISI4140
steels was reported by Cordovilla et al.[25]. They reported
an overlap effect on chromium-molybdenum steels based on
induction hardening, similar to the laser hardening method.
Indeed, the reduction in hardness values is related to the ther-
mal cycles imposed from the adjacent hardened area, which
during a rapid thermal cycle causes metallurgical changes.
The rate and temperature of the thermal cycles in the tem-
pered regions are much higher than that in the tempering
thermal cycles in the normal state.

Increasing the percentage of overlap to 50% is expected
to decrease the difference in the hardness of the last scanned
path of the beam-affected areas compared to the sample
with 20% overlap. At the same time, the same procedure
is expected for the hardness results. The lower hardness drop
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Fig. 7 a Optical microscopic image of the cross section of the three paths of the hardened sample (LH-4) with 20% overlap, b higher magnification
of the interface of passes No.1 and No.2, c higher magnification of area A in part b, and d SEM image of the tempered area boundary

can be attributed to the difference in the microstructures
formed in the adjacent areas compared to the more central
regions during the laser hardening process. With 20% over-
lap, adjacent area thermal cycles are experienced in regions
of the heat-affected zone that experience less heat input.
Therefore, the undissolved carbides in these areas can be
easily recognized in these regions. However, due to the ther-
mal cycle with a higher temperature–time factor, the central
regions exhibit a more uniform microstructure, resulting in
less hardness loss.

3.7 Wear Results

As mentioned earlier, by reducing the scanning speed of the
laser beam, the interaction time of the laser beam with the
surface of the material is prolonged. As a result, the heat gen-
erated by the radiation of the laser beamhasmore opportunity
to penetrate into the depth. Therefore, kinetic and thermody-
namic transformation conditions are provided for the deeper
points. For this reason, hardened samples with lower scan-
ning speeds (LH -2 and LH -4) were selected for the wear
tests, and the effect of out-of-focus distancewas investigated.

Figure 9 shows the average coefficient of friction for spec-
imens that have been subjected to the wear test. The friction
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Fig. 8 The microhardness curve
at a depth of 50 µm from the
sample surface with 20% overlap

Fig. 9 Graph the average friction
coefficient in hardened
specimens at a different distance
outside the focus by laser and the
base metal specimen

coefficient values for base metal, LH-4, and LH-2 samples
were obtained at 0.77, 0.56, and 0.39, respectively. Further-
more, three repeated friction experiments were performed on
the material, and the average value and standard deviation of
the friction coefficient at different samples were obtained, as
shown in Fig. 9. The friction coefficient is the ratio between
the measured friction force during sliding and the applied
load. The results show that the coefficient of friction of all
laser-hardened samples is lower than that of the base metal
sample, which can be attributed to the high surface hardness
of laser-hardened samples compared to the base metal.

On the other hand, by reducing the scanning speed the
interaction time of the laser and material will be enhanced.
Increases in the heat input lead to increases the hardness.
Thus heat input increases when the laser power increases
and the scanning speed decreases. It is also observed that the

coefficient of friction of the LH-2 sample is lower than that of
the LH-4 sample. The maximum hardness is approximately
650HV in laser surface hardenedwith 10mmout-of-distance
(LH-2). As indicated in Fig. 4, as the distance from the sur-
face increases, the hardness decreases, and consequently the
coefficient of friction increases. The coefficient of friction
was reduced by 27.3% and 50% in LH-4 and LH-2 samples
with respect to the base metal. Also, the friction coefficient
of sample LH-2 has decreased by 30% compared to LH-4
due to the reduction of the focal distance.

During the wear tests, the coefficient of friction was con-
tinuously recorded and plotted against sliding distance (m).
A total sliding distance of 1000mwas kept in all the samples.
Figure 10 shows the friction coefficient changes as a function
of slip distance in the base metal, LH-4, and LH-2 samples.
All three curves consist of two distinct stages, which are (1)
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Fig. 10 Diagram of friction coefficient changes in terms of slip distance in (a) base metal, (b) hardened sample in LH-2, and (c) hardened sample
in LH-4 sample
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Fig. 11 Distance outside the focus and power density diagram in LH-2
and LH-4 samples

running-in wear or transition step and (2) steady-state wear.
Initially, the friction coefficient increases with distance to a
maximum and then decreases to achieve a steady state. How-
ever, the distance to the steady state may differ in the three
specimens. As shown in Fig. 10 (a), the friction coefficient
increases after a short distance when the base metal is sub-
jected to a wear test and tends to reach a steady state. This
observation is due to the gradual flattening of the asperities
with sliding distance and increasing the contact area. While
in the LH-2 sample, the coefficient of friction is initially low,
and after a distance of approximately 500 m, the coefficient
of friction increases. This was attributed to the brittle parti-
cles being removed from the sample’s surface and placed in
the wear path. However, for the LH-4 sample (with a distance
outside the focus of 20mm), the reduction in the coefficient of
friction is not noticeable, and many fluctuations are observed
at the beginning of the wear path. Because in samples with
a greater distance outside the focus or where the scan speed
of the beam is very high, a uniform structure was created in
the HAZ. However, the microstructure is bainite, which has
a lower hardness than a hard martensite structure. This can
lead to an increase in the coefficient of friction compared
to the hardened sample with a smaller distance outside the
focus.

According to the diagram in Fig. 11, it can be seen that the
power density decreases with increasing the distance outside
the focus, resulting in a decrease in penetration and harden-
ing depth. Therefore, it can be mentioned that the increase in
friction coefficient from the LH-2 to the LH-4 sample is due
to the decrease in hardness depth. The surface of the samples
was examined by scanning electron microscopy (SEM) to
determine the wear mechanism. Electronmicroscope images
of the wear surfaces of the base metal, LH-2, and LH-4 sam-
ples are shown in Figures. 12 and 13. According to Fig. 12,
when the specimens are subjected to a wear test, due to the
surface roughness, the interaction between the surfaces and
the pin increases, the connection between the two surfaces is

detached, and adhesive wear occurs. Since there is no protec-
tive layer on the surface, the surface of the specimen and the
pin of the device are in direct contact, and rough surfaces and
wear debris are created, which can be considered as adhesive
wear.

In other words, the surfaces on the microscopic scale are
completely rough. When these surfaces are placed opposite
each other, and an external force compresses them, due to the
very low ratio of in contact surfaces compared to the total sur-
face, very high stress is applied to the rough surfaces.Owning
to high-stress, local welds are created by mechanical or met-
allurgical connections. The base metal sample has poor wear
resistance and adhesive wear, as shown in Fig. 12, because
the hardness is low due to the lack of surface hardening.

In addition, the effects of scratches and dullness on the
surface can be easily seen,which is a reason for abrasivewear
mechanism. The mechanism of abrasive wear rarely occurs
unless a very hard surface is placed in front of a surface with
very lowabrasion resistance [42, 43].Due to the lowhardness
and lack of any hardening process, a significant reduction in
mass is observed after the wear testing of the base metal.
It was found from SEM micrographs that due to the lower
wear rate, the wear resistance of laser-hardened specimens
increases compared to the base metal specimen.

The parallel grooves created on the surface, as shown in
Fig. 13, indicate abrasive wear. Also, according to the SEM
micrographs of wear surfaces, the surface roughness on the
wear surfaces of the hardened LH-4 sample was higher than
that of the LH-2 sample, which is related to the lower wear
resistance and brittleness of the specimen. Thus, it could be
pointed to a direct relationship between hardness and wear
resistance. Although adhesive wear occurred for the sam-
ples, which is not a suitable phenomenon for the tribological
behavior of thematerial.However, as the hardness of the sam-
ples increases, the dominant wear mechanism tends to shift
from adhesive wear to abrasive wear. The wear surfaces indi-
cated oxidation along with signs of adhesive wear. Figure 13
(c) and (d) shows a higher magnification of the adhesive wear
that occurred than in Fig. 13 (a) for LH-2. Due to the higher
hardness of LH-2 compared to the base metal, fewer detach-
ment particles have been observed. Consequently, the wear
resistance of LH-2 is higher than other samples and causes
less weight loss. Figure 13 (e) and (f) shows a higher magni-
fication of the adhesive wear that has occurred than in Fig. 13
(b) for LH-4. As can be seen, the adhesive wear mechanism
is dominant in LH-4 sample. This is because the hardness of
LH-4 is less than LH-2, and it has less wear resistance. In
general, the adhesive wear for the LH-2 sample is lower than
for LH-4 and base metal samples which is consistent with
the hardness measurement and weight loss results. Based on
the observed results, it can be said that the dominant wear
mechanism for the base metal samples, LH-4 and LH-2, the
hardness of the samples increase, respectively. Moreover, the
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Fig. 12 SEM image of the wear surface of the base metal sample

adhesive wear mechanism tends to be the abrasive mecha-
nism, and a combination of both mechanisms was detected
in the hardened specimens.

Figure 14 shows the weight loss of the specimens during
the wear test. According to the results, the weight loss of the
LH-4 and LH-2 samples were 0.0085 g and 0.0062 g, respec-
tively, but no significant difference was found in the width of
thewear zone. As can be seen, theweight loss in the hardened
sample LH-4 was higher than the LH-2. Although due to the
higher wear rate and weight loss, a greater width of the wear
zone should be obtained. However, no significant difference
in the width of the wear zone was observed. This can be con-
sidered as the result of the lack of significant difference in
weight loss, and for more detailed investigations, it is neces-
sary to use accurate measurement software. Rough surfaces
andmetallic wear particles were created during the wear test.
Due to this observation, themechanism of wear that occurred
in this stage can be considered excessive or severe adhesive
wear so that the abrasive pin causes the galling material on
the surface. Galling is a form of wear caused by adhesion
between sliding surfaces. In the following stages, the results
illustrate the tendency of abrasive products to adhere to the
material surface, and the inclination to adhesive wear mech-
anism increases. In other words, on a microscopic scale, the
surfaces are entirely rough, and micron roughness covers the
entire surface.

When thewear testwas performedon laser-hardened spec-
imens in overlapping passes, it was observed that the wear
resistance of the hardened LH-4 in single-pass mode was
higher than the LH-2 sample. It can also be found that the

wear resistance of LH-4was lower than that of the LH-2 sam-
ple, which based on electron microscope images, as shown
in Fig. 15, obtained from their wear surfaces, the surface
roughness of LH-4 is higher than the LH-2 sample.

4 Conclusion

This research investigated the hardness of laser transforma-
tions on AISI4130 steel with a thickness of 2 mm using
high-power Nd:YAG pulsed laser technology. The surface
of AISI4130 steel can be hardened to a depth of 0.4 mm and
a width of 2 mm using an Nd:YAG laser with a maximum
power of 3.5 kW, a distance outside the focus of 10 mm,
and a speed of 5 mm/s. During this process, martensite and
bainite microstructures are formed from surface to depth
with a maximum hardness of 650 and 530 HV, respectively.
The temperature–time characteristics in the hardened regions
affect the rate of carbide dissolution and properties of the
formed austenite. Comparing the specimens LH-3 and LH-
4, it was found that the time of interaction of the beam with
the surface increases with the speed of the laser beam on the
workpiece. Finally, the surface hardness of the heat-affected
zone increases so that the maximum hardness in this study is
834 Vickers.

In contrast, the hardened region exhibits a uniform
microstructure that resembles the bainite structure for speci-
menswith longer focal lengths and higher scanning speeds. It
is expected that increasing the percentage of overlap to 50%
will reduce the difference in hardness of the last scanned
path of the beam-affected areas compared to the sample with
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Fig. 13 SEM images of wear surfaces of hardened specimens at distances outside the focus a 10 mm and b 20 mm, c, d SEM image of the LH-2
at higher magnification, (e–f) SEM image of LH-4 at higher magnification
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Fig. 14 Diagram of the
difference between final and
initial weight loss of specimens

Fig. 15 SEM images of wear surfaces of hardened specimens under overlapping passes and distance outside the focus a 20 mm and b 10 mm

20% overlap. The laser-hardened samples were subjected to
a pin-on-disk wear test due to the higher depth of hardness,
and it was revealed that the friction coefficient of the base
metal (0.77) decreased to 0.39 and 0.56 in the LH-2 and LH-
4 samples, respectively. It can be mentioned that the increase
in friction coefficient from the LH-2 to the LH-4 sample is
due to the decrease in hardness depth. The wear resistance of
the surface roughness on the wear surfaces of the hardened
LH-4 sample was higher than that of the LH-2 sample, which
is related to the lower wear resistance and brittleness of the
specimen. A combination of abrasive and adhesive wear was
shown in thewear surface of the laser-hardened samples. Due
to the lower wear rate, the wear resistance of laser-hardened
specimens increases compared to the base metal specimen.

A combination of abrasive and adhesive wear showed in the
wear surface of the laser-hardened samples.
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