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Abstract
In the present paper, continuous Nd:YAG laser hardening of cylindrical AISI 4340 steel specimens was studied using experimental and statistical analyses.
Three Laser parameters namely laser power, laser feed speed, and sample rotation speed were selected to evaluate their in�uence on the depth of the
hardened zone, and the maximum surface hardness. Mathematical models were developed as a function of these three parameters and the analysis of
variance (ANOVA) was used to conduct the statistical study. Microhardness measurements revealed three distinct regions in the heat-affected zone (HAZ) of
all samples. The hardened zone (Z1) near the surface with the highest value of hardness, the hardness loss zone (Z2) where hardness started to decrease, and
the overheated zone (Z3) adjacent to the core with hardness values that were less than the base metal. Based on experimental measurements, a maximum
surface hardness of 60.8 HRC was attained. Furthermore, the maximum depth of the hardened zone was observed as 500 µm. The microstructures of laser-
hardened samples were studied using optical and scanning electron (SEM) microscopies. The hardened region seemed to have hard martensitic
microstructure. By comparing the predicted and measured data for maximum microhardness values it was revealed that the models represent the
experimental values with correlations close to 100%.

1. Introduction
There are several processes for improving the performance of metallic materials, speci�cally heat treatment techniques, which are widely used to adjust the
mechanical properties to meet particular conditions of use [1–3]. However, conventional heat treatment techniques can be very costly in terms of processing
time and energy utilization [3]. The advent of high-power and e�cient laser systems has revolutionized several industrial �elds [4]. Since this process is
completely computer-aided by a robot or other CNC machines, it offers the possibility of precise localized treatments [5, 6].

Laser beam hardening is a surface heat treatment process that allows the rapid heating of the material's surface desired region by the energy �ow conveyed
via laser beam. This leads to localized austenitic transformations on the steel surface over a certain depth [7]. Thanks to the rapid cooling rates the austenite
is transformed into martensite thereby increasing the surface hardness while the core is maintained at a low or medium hardness, thus optimizing the ductility
and toughness of the part [8]. The amount of thermal energy required to heat the surface of the workpiece is proportional to the hardened depth and depends
on several factors such as the laser process parameters, the environmental conditions around the treated workpiece, the pulsed or continuous nature of the
emitted laser beam, and the chemical and physical properties of the material [9–11].

Several studies have been conducted on laser beam hardening to fully understand the interaction between the laser beam and the material, as well as the
impacts of laser process parameters on the evolution of the microstructure and microhardness. Badkar et al. [12] used a statistical approach based on the
utility concept and Taguchi method to �nd the set of optimal process parameters to maximize the width and minimize the depth of laser hardened area of
commercially pure titanium. The scan speed and focal position had more effect than laser power for optimizing multiple performances. Moradi et al. [13]
studied the effects of laser parameters on the depth, width, microhardness, and microstructure of the quenching area in laser hardening of AISI 420
martensitic stainless steel. By using optimum parameters, an increase of 242.86% in the microhardness of the treated surface was achieved over a width of
6.1 mm and a depth of 1.2 mm. Barka and El Oua� [14] investigated the effect of power, scan speed, and rotation speed on the hardness pro�le of AISI 4340
steel cylindrical samples. The sweep speed had a noticeable in�uence on the hardened depths, while the maximum hardness was more affected by laser
power. Also, the rotation speed had an inverse effect on the surface hardness, but its effect on the hardened depth was negligible. Maamri et al. [15] carried
out experimental and numerical investigations to evaluate the sensitivity of the hardened pro�les to the input parameters of the laser hardening process. They
declared that the beam power and scanning speed had the highest impact on the quality of the process whereas the initial hardness of the material had less
impact and the effect of the surface roughness was insigni�cant. An investigation on the laser hardening of AISI 4130 steel performed by an Nd:YAG laser
was carried out by Moradi and Karami Moghadam [16]. Increasing the laser power and decreasing the scanning speed and focal plane position, produced
higher surface and average microhardness values combined with a greater depth of penetration. The effect of hardening line overlap was also analyzed, and it
was found that 50% overlap gave the optimum microhardness results. Fakir et al. [17] conducted a study using the �nite difference method (FDM) and
proposed a model to predict the evolution of the temperature distribution pro�le in cylindrical AISI 4340 steel specimens as a function of laser heat treatment
parameters and material properties. Using a 3 kW Nd:YAG commercial laser, Oua� et al. [18] conducted an experimental study to measure the effect of laser
parameters on the evolution of the hardened depth of AISI 4340 spur gears. The laser power contributed more than 50%, whereas the contribution of scanning
and rotation speeds did not exceed 20%. In another study, Fakir et al. [19] studied the evolution of static and fatigue mechanical properties of AISI 4340 steel
cylindrical specimens, as a function of Nd:YAG laser process parameters. It was revealed that the fatigue endurance limit was increased by 20% in laser-
hardened samples. Moreover, the average deformation was limited to 0.3% compared to non-hardened specimens. The contribution of laser power, scanning
speed, tooth depth, and �ank inclination angle on the hardness pro�le of spline shafts made of AISI 4340 were analyzed by Barka et al. [20] using an analysis
of variance (ANOVA). The results indicated that 70% of the hardness pro�le was determined by the laser power and scanning speed.

Despite these recent developments, the laser heat treatment method still has to be re�ned before ready-made formulations can be provided to the industry. In
the present paper, the laser heat treatment of an AISI 4340 steel cylinder is investigated experimentally and statistically. The microhardness and depths of
thermally affected zones are investigated. The characteristics of the laser beam are analyzed based on the equation of interaction between laser beam and
material. Microscopic study is presented explaining the effects of the heat treatment on the microstructural evolution of the laser-treated area. Moreover, a
statistical analysis based on ANOVA is presented to better understand the effects of each parameter individually or coupled with other parameters. Minitab
software is used to generate a statistical model for each response, including the maximum hardness, the depth of the hardening zone (Z1), the depth of the
hardness loss zone (Z2), and the depth of the overheating zone (Z3).

2. Experimental Procedure
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The material used in this study was AISI 4340 medium alloy steel containing chromium, molybdenum, nickel and 0.4% carbon. Table 1 presents the chemical
composition of AISI 4340 steel. Cylindrical samples with a section diameter of Ø = 9 mm were processed from quenched AISI 4340 reinforcement and
subsequently tempered in the oven to normalize the core hardness at 45 HRC. Preliminary tests were conducted to determine the levels of selected parameters
(laser power (LP), laser feed speed (FS), and cylindrical sample rotational speed (RS)). The L9 orthogonal Taguchi plane was used for the experimental design
as presented in Table 2.

Table 1
AISI 4340 steel chemical composition (wt. %) [21].

  Fe C Mn Si Ni Cr Mo Cr S P

AISI 4340 Bal. 0.40 0.73 0.25 1.76 0.63 0.25 0.13 0.0008 0.004

Table 2
Input parameters in the orthogonal

Taguchi plane.
Test

N

Factors: L9 Plan

LP

(W)

FS

(mm/s)

RS

(RPM)

1 1600 4 2000

2 1600 6 4000

3 1600 8 6000

4 2100 4 4000

5 2100 6 6000

6 2100 8 2000

7 2600 4 6000

8 2600 6 2000

9 2600 8 4000

The cylindrical samples were quenched by Nd:YAG laser with a maximum power of 3 kW and a wavelength of 1070 nm. The laser head was adjusted to place
the focus plane on the surface of specimens. The collimator was set to its minimum level resulting in a focal spot of 1.53 mm in diameter. Fig. 1 presents a
schematic of laser beam interaction with the rotating cylindrical specimen illustrating the different speeds used in the process; The FS speed is the feed speed
of the laser head and therefore the laser beam speed. RS also noted ω is the rotation speed of the specimen. The speed (TS) is the tangential component of
the rotation speed (ω) and is calculated by equation Eq. 1 and used in equation Eq. 2 to calculate the scanning speed (SS), which is the speed with which the
point of impact of the laser beam on the surface of the cylindrical specimen moves. The samples were mounted on a rotating device with adjustable speed
and the laser head was mounted on the FANUC m-710ic robot which had a 6-axis articulated arm allowing movements in controlled and preprogrammed
directions. Fig. 2 shows the laser unit (Nd:YAG) installed on the FANUC 6-axis robot along with the important components and the sample installation device.
After the laser hardening process, metallographic samples were cut, mounted with resin, polished, and �nally etched with 3% Nital solution to reveal the
microstructure. Moreover, microhardness tests were performed using the CLEMEX intelligent microscopy machine. The indentations were made in the radial
direction of the cylindrical sections from the surface to the core of the part. the tests were conducted with a set of 50 measurements separated by a distance
of 50 µm and a load of 150 g on the indenter with a holding time of 10 s.

   (Eq. 1)

ScaningSpeed(SS) = √TS2 + VB2 = √TS2 + FS2 (Eq. 2)

where TS and FS are tangential speed and feed speed respectively.

Analysis of variance (ANOVA) is a statistical approach for determining the signi�cance of variations in sample means using methods that split the total
variance of the dependent variable into two parts: variance within groups and variance across groups of the independent variable [22]. The goal of this
approach is to quantify the impact of each component on the variability of the analysed responses, either separately or in conjunction with other factors. The
approach suggests statistical regression models that express maximum surface hardness and depths of hardened and thermally impacted zones as a
function of laser power (LP), laser feed speed (FS), and cylindrical sample rotating speed (RS). Fig. 3 is a schematic depiction of a laser-treated cylindrical
specimen cross-section illustrating the multiple zones impacted by the heat treatment; three distinctive zones were identi�ed, respectively characterised by
three depths (Z1, Z2 and Z3). Z1 is the depth of the hardened zone near to the surface with the maximum hardness value, Z2 is the depth of the hardness loss
zone, where the hardness decreases drastically and Z3 is the depth of the overheated zone, acting as an intermediate zone between the hardness loss zone
and the core with hardness values lower than the base metal.

3. Results And Discussion
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3.1 Laser beam characteristics
Two important parameters that can be helpful in better understanding of the interaction phenomenon between the laser beam and the material are the
interaction time, obtained by Eq. 3, and the beam density expressed by Eq. 4. To calculate the interaction time between the laser beam and the treated material,
the scanning speed (SS) should be calculated �rst, that is, the speed at which the laser beam scans the sample surface. In this case, the speed is a
combination of the forward speed of the laser head and the rotation speed of the sample, expressed by Eq. 2 [23]. The equations (Eq. 5 and Eq. 6) express,
respectively, the energy and the energy density of the laser beam. The quantity of energy conveyed by a power of the laser beam during a certain interaction
time may be obtained by integrating the power with respect to time, and it is expressed in Joules (J). The energy density, also known as �uence, is the amount
of energy per unit area of interaction and is measured in Joules per unit area (J/cm2).

Interactiontime = IT =
BeamDiameteratFocalposition

ScanningSpeed( SS ) =
BDF
SS  (Eq. 3)

Beamdensity = BD =
LaserPower

AreaoftheFocalspot =
4× LP

π × BDF2  (Eq. 4)

Energy = LP × Interactiontime =
LP × BDF

SS  (Eq. 5)

Energydensity =
Energy

Laserspotarea =
4× LP × BDF

π × BDF2× SS
=

4× LP
π × BDF × SS = BD × IT (Eq. 6)

By considering 1.53 mm as the beam diameter and 9 mm as the diameter of the sample the values of the interaction time, the beam density, and energy
density were obtained for each test condition which are presented in Table 3.

Table 3
Calculated values for scanning speed, beam density and interaction time.

Test Tangential Speed Scanning Speed Beam Density Interaction time Energy Density

No (mm/s) (mm/s) (W/mm2) (s × 10−3) (J/mm2)

1 942,478 2000,00 870,256 0,765 0,666

2 1884,956 4000,00 870,256 0,382 0,333

3 2827,433 6000,01 870,256 0,255 0,222

4 1884,956 4000,00 1142,212 0,382 0,437

5 2827,433 6000,00 1142,212 0,255 0,291

6 942,478 2000,02 1142,212 0,765 0,874

7 2827,433 6000,00 1414,167 0,255 0,361

8 942,478 2000,01 1414,167 0,765 1,082

9 1884,956 4000,01 1414,167 0,382 0,541

The �ndings show that as the interaction time rises, the heat transmitted to the material increases. It can be deduced from Eq. 3 and the data in Table 3 that
increasing scanning speed leads to a decrease in interaction time, and vice versa. By slowing down the scanning speed and increasing the laser power, the
heat input of the laser increases. From the experimental results it can be observed that the interaction time depends strongly on the rotational speed thus
increasing the rotational speed leads to longer interaction times.

3.2 Microhardness measurement
The maximum hardness and the depths of each distinct zone of the hardness pro�le were measured by the microhardness tests using an indentation
template running from the surface to the center of the cylindrical part. Table 4 summarizes the average values of the measured responses for the maximum
hardness, and the depth of each zone.
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Table 4
Measured responses for hardness and depth of each zone

Test

No

Measured responses

Hardness max (HRC) Z1 (µm) Z2 (µm) Z3 (µm)

1 50,1 200 100 700

2 56,8 100 100 650

3 56,6 50 50 200

4 54,9 50 450 1250

5 57,6 200 150 650

6 60,8 150 350 1350

7 55,8 500 700 1200

8 56,4 150 100 550

9 57,9 500 200 1000

The graphs in Fig. 4 show the experimental microhardness measurements expressed in Rockwell units as a function of depth, measured from the surface to
the centre of the cylindrical specimen. These curves represent the microhardness values obtained from the cross-section of laser surface quenched samples
and illustrate the variation of microhardness with quenching depth. As can be seen from Fig. 4, the maximum hardness reached between (54 - 60.8 HRC) while
the minimum hardness was relatively the same for all samples (32.6 – 35 HRC). The laser heat treatment resulted in an average increase of 35.11% in the
maximum hardness achieved on the surface. It can be seen that for a given power, the length of the hardened area was inversely proportional to the scanning
speed and the rotational speed. However, it increased by increasing the laser power. The maximum hardness seemed to increase with the increase of the
scanning speed. Maximum values of hardness were recorded for tests (5, 6, and 9) with values of (57.6, 60.8, and 57.9 HRC) respectively, and the maximum
values recorded for the depth of the hardened zone reached 500 µm for tests (7 and 9). The reason of this phenomena is related to the microstructural
changes which is discussed in the following section.

From the results in Table 3 and Table 4, we �nd that the hardness and hardening depth increase with the increase of interaction time. By increasing the heat
input of the laser beam, the dimensions and hardness of the laser-hardened region increase. Since the hardening tests are done on cylindrical samples,
overlapping phenomenon is present which often causes a reduction in microhardness even though it increases the thermally affected depth. For a given
interaction time, it can be seen that the maximum hardness increases with the increase of the feed rate which controls the percentage of overlapping of the
laser lines. Also, the depths Z1 and Z2 increase with the increase in laser beam density. It can also be seen that for a given interaction time, the depth Z3

increases with increasing the laser beam density and for a �xed laser beam density the depth Z3 increases with increasing the interaction time.

3.3 Microstructure
Due to its excellent quenching property, martensite can be obtained in AISI 4340 steel even at relatively low cooling rates (by cooling in the air) [24]. During
laser austenitizing, the hardness depends on the carbon content that is dissolved in the austenite interstitially and the quantity of alloying elements dissolved
substitutively. Fig. 5 shows the overall image of the heat-affected zone (HAZ) and non-heat affected zone (core) of the laser-hardened AISI 4340 sample. The
core of the piece which has kept its hardness unchanged, it has received an insigni�cant amount of thermal energy which has dissipated without causing any
alterations. Fig. 6 shows the microstructure of AISI 4340 steel comprising of quenched martensite. It is believed that the hardening process is closely related to
the phenomenon of thermally activated carbon diffusion according to reactions governed by the Arrhenius law. When the light beam strikes the surface, a
large amount of energy is transmitted into the specimen. This energy raises the temperature of the impact zone above the austenitization temperature (Ac3)
which creates the molten zone which is formed with hardness slightly lower than the hardened zones. This decrease can be explained by the escape of carbon
in gaseous form by reacting with the oxygen in the ambient air. The hardened zone (Z1) comes around the molten zone and receives a temperature higher than
the austenitizing temperature (Ac3) but lower than the melting temperature, this causes the formation of austenitized phase which transforms into martensite
almost instantaneously and independently of the cooling rate (Fig. 7). The diffusion of carbon can be activated by the high amount of absorbed thermal
energy, coming from the surrounding regions the carbon can participate in the formation of martensite in this region [25]. A region characterized by a rather
rapid drop in microhardness to reach minimum hardness between (32 and 35 HRC) is observed (Z2). It is believed that this region corresponds to structure
softened in carbon because of its diffusion leading to the loss of its hardness [9]. The drop in hardness may also be due to the recrystallization and relaxation
phenomena caused by the heat conducted in this area. The neighbouring area is called the overheating area (Z3), it is heated but without reaching the (Ac1)
temperature. This region is formed as a result of the phase transformation caused by the diffusion of carbon in the hardness drop region and by the over-
recovery of the unstable martensitic phase in this region, giving it a stable martensitic structure tempered by the effect of thermal �ux. It is a transitional region
ensuring continuity between the core of the part not thermally affected and the carbon coated area. The last region is It can therefore be argued that laser heat
treatment allows for incomplete diffusion of carbon and the hardness increases with increasing carbon content from the hardness loss zone towards the
surface of the treated piece. Fig. 6 shows the microstructure taken by optical microscope and scanning electron microscope (SEM) the base metal region not
affected by the laser treatment showing as-quenched martensite.

3.4 Variance analysis and model summary
In order to fully understand how the factors studied in this paper and their interactions affect the output parameters, statistical analysis is a very useful tool.
This section discusses the analysis of variance (ANOVA) to understand the contribution of each factor. The Taguchi statistical analysis of the experimental
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results has been conducted to complement the graphical analysis and evaluate the contribution of the studied factors, individually and in combination, to the
depths induced by the laser hardening and to the maximum hardness reached on the surface. It is also desired to determine the optimal process parameters
and to propose models for estimating the depths of the hardened zones and the maximum hardness. The optimal condition has been determined by
observing the main effects of each factor, which is a good indicator of the overall impact of the factors [26]. The analysis of variance was performed on
MINITAB to determine the regression coe�cients and to quantify the contributions of the main effects and the interaction effects between the tested
parameters [27]. Tables 5, 6, 7, and 8 summarize the relevant statistical indicators from the variance study for the maximum hardness achieved and the
hardening depths Z1 Z2 and Z3. In the present ANOVA study, the stepwise method was used excluding the non-signi�cant terms after each iteration without
requiring a hierarchical model. A 95% con�dence interval was considered in the statistical calculations. It can be seen that the three parameters considered in
the study have an effect either individually or in combination with another factor, the effects of interactions involving three or more factors were omitted from
the analysis.

3.4.1 Effect of parameters on the maximum hardness
The main effects graphs are used to interpret the impact of each parameter level on a given average response. A straight line connecting each two levels
re�ects the in�uence of each factor level increase on the measured responses. The steeper the slope between the two levels, the more the level of the factor in
question affects the response and vice versa. Fig. 8 show the curves of variation of the maximum hardness according to the main effects related to the
experimental parameters LP, FS, and RS. The signi�cance of a factor is determined by the change in response to the change in the level of the factor, the
greater the change in response the faster the change from a low to a high level of the factor and the steeper the slope in the main effects plot [28, 29]. It can be
seen from Fig. 8 that the lines connecting the three levels of each factor are not horizontal, so it can be concluded that the three factors studied have an
impact on the maximum hardness but with different degrees. The transition from level 1 to level 2 for LP and FS seems to have a signi�cant effect on the
maximum hardness, the slope of the line is very steep in both cases. For RS, the transition from level 1 to level 2 is done with a rather less steep slope, which
induces a small change in the maximum hardness. The change from level 2 to level 3 for LP seems to have an opposite effect than the �rst change from level
1 to level 2. The increase of LP in this phase contributes to the decrease of the maximum hardness, which can be explained by the recurring after melting and
material evaporation lead to reduced hardness. In the second pass, FS rises from level 2 to level 3, and the slope is slightly less than that in the �rst pass.
However, within the scope of the study, increasing the feed speed still has a great impact and helps to improve the maximum hardness. For the rotation speed,
the slope of the second pass is very small, and the in�uence on the maximum hardness is relatively small. Table 5 summarizes the variance analysis for the
maximum hardness.

According to Table 5, the feed speed (FS) is the most important factor, accounting for 53.5% of the observed hardness. Then, a contribution of 21.04% by the
interaction of the sample rotational speed (RS) with the feed speed (FS), while the individual contribution of the rotational speed (RS) is irrelevant. The last
important factor is laser power parameter (LP), which contributes with 11.08%. The two remaining factors in the model, which account for 12.11%, represent
the interactions of laser power (LP) with scanning speed (FS) and laser power (LP) with sample rotating speed (RS).

Table 5
Maximum hardness variance analysis.

Source Degree

of Freedom

Sum of

Squares

Contribution

(%)

Mean

Squares

F0 P-value

Main effects LP 1 7,260 11,08 7,260 55,17 0,018

FS 1 35,042 53,50 35,042 266,30 0,004

RS 1 1,215 1,86 1,215 9,23 0,093

Two-factors

Interactions

LP ∙ FS 1 3,721 5,68 3,721 28,28 0,034

FS ∙ RS 1 13,783 21,04 13,783 104,74 0,009

LP ∙ RS 1 4,212 6,43 4,212 32,01 0,030

  Error 2 0,263 0,40 0,132    

  Total 8 65,496 100      

R-Squared = % 99.6 R-Squared (Adj) = % 98.39

Our observations can be con�rmed by the P-value in Table 5. Factors with a P value less than 5% are important variables and make signi�cant contributions to
the statistical model. Similarly, by comparing the F0 value of each variable with the critical F value taken from the percentage point tables of the F distribution
[29], the critical F value can be obtained using the Eq. 7. The results show that all model parameters in�uence the maximum hardness, except the rotational
speed (RS) which has no signi�cant effect on the maximum hardness. Fig. 9 is a graphical representation of Eq. 8, it expresses the evolution on a surface
curve of the maximum hardness as a function of the feed rate and the laser power in (a), as a function of the rotation speed and the laser power in (b) and as
a function of the feed rate and the rotation speed (c). These curves are very useful from the point of view of optimization and choice of optimal parameters in
order to obtain the desired hardness.

It can be seen that the maximum hardness is obtained by increasing the heat input, the latter increases with the increase of the laser power and is inversely
proportional to the scan speed. Remember that the scan speed is composed of the rotation speed and the feed speed. On the curve in �gure 9 (a), the greater
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the feed speed, the more important the hardness is, because the function of the feed speed is to move the laser beam from a cross section of the specimen to
another.

On the curve of the graph 9 (b), the value of the hardness increases with the increase of the laser power and decreases with the increase of the rotation speed,
which is due to the phenomenon of overlapping which increases with the increase of the rotation speed.

On the curve of the graph 9 (c), the maximum value of hardness can be read when the feed speed is maximum and the workpiece rotational speed is
minimum. On the other hand, when the feed speed is small and the rotational speed is high, the percentage of overlap of the laser lines will increase which
may have the opposite effect on hardening by tempering the previously treated area.

Fc = Fα ,DDL1 ,DDL2
= F0.05,1 ,2 = 18.51 (Eq. 7)

HRCmax = 27,94 + 2,312 × FS + 10,23 ∙ 10 −3 × RS + (1071 × FS − 460)10 −6 × LP − (957 × FS + 2 × LP) ∙ 10 −6 × VR (Eq. 8)

3.4.2 Effect of parameters on the hardened zones depth
Figure 10 shows the effects of the factors (LP), (FS), and (RS) on the depth Z1 shown in blue color, Z2 shown in purple color, and Z3 shown in red color. At �rst
sight, it has been found that the lines connecting the three levels of each factor are not horizontal, which means that the three factors studied have an impact
on the depths studied but with different degrees. The transition from level (1) to level (2) for (LP) occurred with a less steep slope for the Z1 depth, so it can be
said that the effect of power on Z1 in this interval fringe is not very signi�cant. In the case of Z2, the increase of (LP) in this area caused a considerable
increase of 74% on Z2. While this increase has been done with a pronounced slope for Z3, causing a considerable increase of 52.31%. The transition from level
(2) to level (3) for (LP) is 15 times steeper than the �rst transition for Z1, so the effect of the increase in (LP) is 15 times steeper when moving to the third level.
For the depth Z2, an increase of 4.99% on Z2 has been generated by the increase of (LP) in this scale. For the depth Z3, the passage was made with a medium
and negative slope, a decrease of 18,18% on Z3 has been generate by the increase of (LP) in this range.

The transition from level (1) to level 2) of factor (FS) occured with a steep and negative slope, increasing (FS) in this interval has both a large and inverse
effect on the depth Z1. Concerning the depth Z2, the passage was made with a more important and negative slope, a fall of 72% of the depth Z2 has been
engendered by the increase of (FS) in this �rst passage. The passage was made with an even more important and negative slope, the increase of (FS) in this
�rst passage caused a fall of 70,27% of the depth Z3. The increase of (FS) at level (3) was done with a positive and important slope, the depth Z1 increased
with the increase of (FS) in this case. For the depth Z2, the passage was made with an important and positive slope, the increase of (FS) in this zone leads to a
gain of 41,66% of the depth Z2. The passage was made with a moderately large and positive slope, leading to a gain of 27.45% on the Z3 depth.

For (RS), the transition from level (1) to level (2) was rather less steep, the effect of (RS) on Z1 in this interval is minimal. This passage was made with a
moderate slope generating an increase of 26,6% on the depth Z2. Concerning the depth Z3, this passage was made with a moderate slope generating an
increase of 10,34%. The transition from level (2) to level (3) for (RS) seems to have less effect than the �rst transition, which was done with a greater three-half
slope for the Z1 depth. Similarly, for depth Z2, the passage was made with a moderate slope generating an increase of 16.66%. Contrary to depths Z1 and Z2,
depth Z3 seems to be affected by this transition with a signi�cant and negative slope, causing a drop of 41.46%.

3.4.2.1 Effect of parameters on Z1 depth
Table 6 summarizes the descriptive statistical parameters of the variance analysis performed on the hardening depth Z1; we can see that the laser power (LP)
has the highest contribution of 44.65%. Sweep speed (FS) appears to have no signi�cant effect on Z1 depth, while rotational speed (RS) has a small
contribution of 4.36%. The total contribution of two-factor interactions is estimated at 50.79%. The individual effect of scan speed (FS) is insigni�cant, but its
interaction with laser power (LP) or rotation speed (RS) seems to affect the curing depth. The P-values in the Table 6 are all less than 5% except for the P-value
of the scan speed factor (FS). The same observation is made for the value of F0, all the values of F0 are higher than the critical F value except that of the scan
speed (FS).
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Table 6
Analysis of variance of the hardened depth Z1.

Source Degree

Of Freedom

Sum of

Squares

Contribution

(%)

Mean

Squares

F0 P-value

Main effects LP 1 106667 44,65 106667 1792,00 0,015

FS 1 417 0,17 417 7,00 0,230

RS 1 10417 4,36 10417 175,00 0,048

Two-factors

interactions

LP ∙ LP 1 27222 11,40 27222 457,33 0,030

LP ∙ FS 1 30250 12,66 30250 508,20 0,028

FS ∙ RS 1 32111 13,44 32111 539,47 0,027

LP ∙ RS 1 31746 13,29 31746 533,33 0,028

  Error 2 60 0,02 60    

  Total 8 238889 100      

R-Squared = % 99.98 R-Squared (Adj) = % 99.80

For a con�dence level α = 5% one can �nd the critical value of Fc from the percentage point tables of the F distribution [29] according to Eq. 5, 
F0.05,1 ,1 = 161.4 .

It can be seen that all the parameters of the model represented by Eq. 9, have an effect on the hardening depth except the feed speed (FS) which has no
signi�cant effect.

Z1(μm) = 3049 − 2,363 × LP − 31,5 × FS − 0,4107 × RS + 0,02381 × LP × FS + (417 × LP × LP + 6250 × FS × RS + 190LP × RS) ∙ 10 −6

(Eq. 9)

Figure 11 is a graphical representation of Eq. 9, it expresses the evolution on a surface curve of the hardened region depth Z1 as a function of the feed speed
and the laser power in (a), as a function of the rotation speed and the laser power in (b) and as a function of the feed speed and the rotation speed (c). In order
to obtain higher values of the depth Z1, the laser power, the feed speed and the rotation speed of the workpiece, must be set to the maximum in their studied
intervals.

3.4.2.2 Effect of parameters on Z2 depth
For the depth Z2 representing the hardness loss zone, it can be seen from Table 7 that the model contains six important terms. The interaction coe�cient
between scanning speed (FS) and rotating speed (RS) contributes the most, accounting for 29.62%, followed by laser power, accounting for 25.19%. The third
and fourth positions are scanning speed factor and second-order interaction of scanning speed factor (FS × FS), and their contribution rates are 18.92% and
19.03% respectively. In the depth model of Z2, the rotational speed factor (RS) contributes 5.49%, and the interaction factor between laser power and rotational
speed (RS) contributes 1.69%. The P-values in Table 7 are less than 5%, which indicates that all variables are important in the statistical model and have
signi�cant contributions.

Table 7
Variance analysis of hardening depth Z2.

Source Degree

Of Freedom

Sum of

Squares

Contribution

(%)

Mean

Squares

F0 P-value

Main effects LP 1 93750 25,19 93750 771,43 0,001

FS 1 70417 18,92 70417 579,43 0,002

RS 1 20417 5,49 20417 168,00 0,006

Two-factors

interactions

FS ∙ RS 1 110250 29,62 110250 907,20 0,001

LP ∙ RS 1 6298 1,69 6298 51,82 0,019

FS ∙ FS 1 70848 19,03 70848 582,98 0,002

  Error 2 243 0,07 122    

  Total 8 372222 100      

R-Squared = % 99.93 R-Squared (Adj) = % 99.74

This can be con�rmed by comparing the F0 value of each variable with the critical FC value in the percentage table of distribution F [29]. For the con�dence
level α = 5%, the critical FC value can be found according to Eq. 7, F0.05,1,2 = 18.51.
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The model obtained by the statistical analysis for the depth of hardness loss zone Z2 is formulated by Eq. 10 and represented graphically in Fig. 12. It can be
clearly seen that the maximum on depth Z2 can be obtained when the laser power is high enough between 2400 W and 2600 W, and the feed and rotation
speeds are set to their minimum and maximum respectively. We can therefore deduce that the depth Z2 increases with the increase in the amount of the heat
received by the treated workpiece.

Z2(μm) = 500,3 + 0,2125 × LP − 483,9 × FS + 0,4735 × RS + 53,91 ∙ (FS × FS) − 48 × 10 −6(LP × RS) − 0,05729 ∙ (FS × RS) (Eq. 10)

3.4.2.3. Effect of parameters on depth Z3

For the overtempered zone depth speci�ed by Z3, it can be seen from Table 8 that the model includes six important parameters and seven degrees of freedom
for the considered con�dence interval. The laser power (LP) contributes 20.53%, as the factors rotational speed (RS) and scanning speed (FS) were considered
insigni�cant and were excluded from the model. The interaction factor between laser power and rotation speed (LP × RS) has the largest contribution of
38.19%. The second-order interaction factor of the laser power (LP × LP) contributes with 23.00%, the remaining interaction factors having an effect in the
model of the depth of the Z3 superheat zone participate with small contributions included in the interval (1.71 – 7.35), for an overall contribution totaling
18.27%.

Table 8
Variance analysis of the hardened depth Z3

Source Degree

Of Freedom

Sum of

Squares

Contribution

(%)

Mean

Squares

F0 P-value

Main effects LP 1 240000 20,53 131026 738,60 0,023

Two-factors

Interactions

LP ∙ LP 1 268889 23,00 161364 909,62 0,021

FS ∙ FS 1 39470 3,38 172814 974,16 0,020

RS ∙ RS 1 68098 5,83 124148 699,83 0,024

LP ∙ FS 1 85934 7,35 68388 385,50 0,032

LP ∙ RS 1 446348 38,19 410900 2316,26 0,013

FS ∙ RS 1 19973 1,71 19973 112,59 0,060

  Error 1 177 0,02 177    

  Total 8 1168889 100      

R-Squared = % 99.98 R-Squared (Adj) = % 99.88

The P-values in Table 8 are all less than 5%, which implies that all variables are signi�cant and contribute signi�cantly to the statistical model, except for the
interaction (FS∙RS) where the P-value is 6%. This remark can be con�rmed by comparing the F0 values of each variable with the critical Fc value taken from
the percentage point tables of the F distribution [29], for a con�dence level α = 5% the critical value of Fc (Fc = F0.05,1,1 = 161.4) was calculated according to Eq.
7.

The model obtained by the statistical analysis for the depth of over-tempering zone Z3 is expressed by Eq. 11 and represented graphically in Fig. 13. it can be
seen that the depth Z3 is maximized by average values of the laser power around (2100 – 2600 W), feed speed at minimum and maximum values and
average values of the rotation speed. The graph (c) of Fig. 13, tells us that there are two combinations to maximize the Z3 value. When the laser power is set to
2100 W, the feed speed must be at its maximum and the rotation speed must be at its minimum, and when the laser power is set to 2600 W, the feed speed
must be at its minimum and the rotation speed must be at its maximum. It can be understood that the depth Z3 is proportional to the interaction time between
the laser beam and the material.

Z3(μm) = − 4918 + 5,560 × LP − 0,001268(LP × LP) + 43,90(FS × FS) − (73(RS × RS) + 304(LP × RS))10 −6 − 0,19120(LP × FS) − 0,0247
(Eq. 11)

The proposed statistical models demonstrate excellent reproducibility of the experimental results, with a maximum error of 2.66% for the maximum hardness
approximation model. We also report very low maximum errors on the hardness depth approximation models, with errors of 5.748%, 5.113%, and 2.68% for
depths Z1, Z2, and Z3, respectively.

4. Conclusions
Laser hardening of AISI 4340 steel was analysed in this study using ANOVA. Furthermore, the effects of the laser process parameters on the maximum
surface hardness and the different depths of the heat-affected zones were investigated. The proposed mathematical models show excellent reproducibility of
the experimental data, with a maximum error of 2.66% for the maximum hardness approximation model. The maximum errors on the hardness depth
approximation models are also very small, with errors of 5.748%, 5.113%, and 2.68% for the Z1, Z2, and Z3 depths, respectively. The maximum hardness
prediction model is reasonably accurate with an error of 2.615%. The three factors considered in this study (laser power, feed speed, and sample rotational
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speed) resulted in a maximum hardness of 60.8 HRC and a maximum depth of 500 µm for the hardened zone. From the statistical analysis, the factors that
had the greatest impact on the responses were determined:

Feed speed (FS) is the most important factor affecting the maximum hardness with a contribution of 53.5%.

For the hardened depth Z1, laser power (LP) is the most in�uential factor with the highest contribution of 44.65%.

The modeling of the depth of the hardness loss zone Z2 has six important parameters. The interaction factor of feed speed with rotational speed (FS ×
RS) had the highest contribution of 29.62%, followed by laser power with 25.19%.

The most important and in�uential factor on the depth of the overheat zone denoted by Z3 is the interaction factor between laser power and rotational
speed (LP × RS) showing a contribution of 38.19%, followed by the second-order interaction factor of laser power (LP × LP) contributing with 23.00%.
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Figures

Figure 1

Schematic illustration of the laser treatment process on a rotating cylindrical sample.
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Figure 2

Laser cell (3 kW Nd:YAG) mounted on a FANUC robot with 6 axes.

Figure 3

Cross-section representing the areas affected by laser hardening.
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Figure 4

Curing curve as a function of curing depth for the three factors LP (W), FS (mm/s), and RS (MRP) with their three levels. 

Figure 5

Optical micrograph showing heat-affected zone and core of laser-hardened AISI 4340 steel.
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Figure 6

The as-quenched martensite (core) of the AISI 4340 steel (a) optical micrograph (b) SEM

Figure 7

The hardened zone of the AISI 4340 steel (a) optical micrograph (b) SEM.
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Figure 8

Graph of the main effects for the hardness.

Figure 9
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Surface evolution of the maximum hardness as a function of the input parameters LP, FS, and RS.

Figure 10

Graph of main effects for hardening depth Z1, Z2, and Z3.

Figure 11

Surface evolution of the hardened region depth Z1 as a function of the input parameters LP, FS, and RS.
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Figure 12

Surface evolution of the hardness loss region depth Z2 as a function of the input parameters LP, FS, and RS.
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Figure 13

Surface evolution of the over-tempering region depth Z3 as a function of the input parameters LP, FS, and RS.
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