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Abstract

Laser surface transformation hardening becomes one of the most modern
processes used to improve fatigue and wear properties of steel surfaces. In
this process, the material properties and the heating parameters are the fac-
tors that present the most significant effects on the hardened surface attributes.
The control of these factors using predictive modeling approaches to achieve
desired surface properties leads to conclusive results. However, when the di-
mensions of the surface to be treated are larger than the cross-section of the la-
ser beam, various laser-scanning patterns are involved. This paper presents
an experimental investigation of laser surface hardening of AISI 4340 steel
using different laser scanning patterns. This investigation is based on a
structured experimental design using the Taguchi method and improved
statistical analysis tools. Experiments are carried out using a 3 kW Nd: YAG
laser source in order to evaluate the effects of the heating parameters and
patterns design parameters on the physical and geometrical characteristics of
the hardened surface. Laser power, scanning speed and scanning patterns (li-
near, sinusoidal, triangular and trochoid) are the factors used to evaluate the
hardened depth and the hardened width variations and to identify the possi-
ble relationship between these factors and the hardened zone attributes. Var-
ious statistical tools such as ANOVA, correlations analysis and response sur-
faces are applied in order to examine the effects of the experimental factors
on the hardened surface characteristics. The results reveal that the scanning
patterns do not modify the nature of the laser parameters’ effects on the har-
dened depth and the hardened width. But they can accentuate or reduce these
effects depending on the type of the considered pattern. The results show also
that the sinusoidal and the triangular patterns are relevant when a maximum
hardened width with an acceptable hardened depth is desired.

DOI: 10.4236/jmmce.2020.82002 Mar. 10, 2020 9

J. Minerals and Materials Characterization and Engineering


https://www.scirp.org/journal/jmmce
https://doi.org/10.4236/jmmce.2020.82002
https://www.scirp.org/
https://doi.org/10.4236/jmmce.2020.82002
http://creativecommons.org/licenses/by/4.0/

B. Tarchoun et al.

Keywords

Laser Surface Hardening Process, Experimental Investigation, Laser Scanning
Patterns, AISI 4340 Steel, Hardness Profile, Hardened Depth, Hardened
Width, Design of Experiment, Analysis of Variance

1. Introduction

Laser surface transformation hardening process (LSTHP) is increasingly used to
heat treat mechanical parts surfaces in order to enhance their mechanical prop-
erties. By applying concentrated, short and localized thermal inputs, LSTHP can
improve the wear and fatigue resistance of the treated zones [1] [2]. Compared
to other surface heat treatment processes, LSTHP presents several advantages
such as selective and precise hardening zones, minimization of undesirable de-
formation and distortion, application of very fast thermal cycles to obtain auto-
genous hardening, treatment for parts with complex geometry through the use
of robots, and possibility of full process automation and control [3] [4].

In LSTHP, the hardened surface characteristics depend essentially on the laser
heating process parameters and the thermo-physical properties of the material to
be treated. For an adequate use of this process, it is necessary to better under-
stand the operating mode and to develop robust predictive models that can be
used to control and adjust the process parameters in order to estimate precise
hardened surface characteristics without using the traditional long and costly
experimental procedures [3] [4] [5]. The produced models can be used to predict
the hardness profile attributes for various heating parameters and conditions.
Two kinds of models can be developed in this perspective: numerical models and
empirical models. The numerical models combine laser spot form and motion,
non-linear properties of the material and the heat flow equation using the finite
element method (FEM). This approach uses a heat flow equation in order to de-
termine the temperature distribution for each heat treatment phase. The hard-
ness is then approximated by the Ashby and Easterling equations [3] [6]. The
empirical models are based on experimental data that can be collected using
structured design of experiments, and analyzed using statistical tools in order to
extract the arithmetical relationship between the heating parameters and the
hardness profile attributes.

In LSTHP of large surfaces, the simplest technique frequently used is called
multi-track treatment. This technique consists to execute several passes one next
to the other until the surface is completely covered. In some cases, the number of
laser beam passes can be prohibitive. The reduction of the number of passes for
a given surface can be, theoretically, achieved by increasing the diameter of the
beam spot. This is an unrealistic and very expensive solution. In addition, the
multi-track technique generates overheated zones between every two successive

passes where the hardness decreases dramatically. Therefore, it is necessary to
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improve the technique or to look for other alternatives [7] [8]. Researchers such
as Lakhkar et al have improved this method while trying to minimize over-
heated areas between hardening tracks where hardness decreases, and have suc-
ceeded to obtain a hardness that varies between 48 and 58 HRC using 850 W la-
ser power. They have found also that hardness variation can be controlled by the
spacing between the tracks [7]. But this method is still unsatisfactory since the
number of passes increases rapidly by increasing the surface to be treated, which
prolongs the treatment time and increases the energy supply causing the defor-
mation of parts. Xue et al [9] [10] have worked on another treatment technique
called “Dot matrix treatment”, which generally consists of treating just a certain
percentage of the surface with a uniform distribution using a pulsed laser beam.
This method has reduced the energy applied to the part to be treated, thus
avoiding distortion of the part, but the risk of wear and tear in untreated areas
always precedes the treated areas [9] [10]. Using this method, Straffelini et al
proved that tensile strength and wear resistance increased as the density of the
matrix increased [11].

There is also another interesting treatment technique that can be used and
which is based on the use of complex laser beam moving patterns during the la-
ser hardening process. The use of certain types of trajectories allows mainly to
treat the maximum of the surface with a single pass, this allows to optimize the
laser treatment process of the relatively large geometries. To date, few pieces of
research have addressed this method although the energy supply is enormously
optimized and the treatment time is reduced. Sistaninia ef a/ are almost among
the only researchers who have studied this method of treatment [12]-[17]. How-
ever, their efforts were focused on the development of analytical models that
analyze the temperature distribution obtained by different beam displacement
patterns, which explains the importance of an experimental analysis of the effect
of this technique on the obtained hardness profile. Sistaninia and Farrahi have
determined that for given laser power, a sinusoidal moving trajectory has a more
uniform temperature distribution than a trochoid trajectory [12] [16], and Zhou
et al have shown that an increase in frequency leads to a drop in the maximum
temperature [13] [17]. Therefore, an experimental investigation of interactions
between the different phenomena during the hardening process is necessary to
develop predictive models able to control the parameters of this heat treatment
technique in order to produce the appropriate hardened surface characteristics.

The objective of this paper is to evaluate the effect of using different displace-
ment trajectories during the laser heat treatment process of AISI 4340 steel
plates. This is done by conducting an experimental investigation of the moving
pattern effect and the process parameters’ effect on the hardness profile. This
study allows to determine the trajectory that will allow to have the best hardness
profile (best depth and hardness distribution) to optimize the process. The in-
vestigation is based on a structured design of experiments and various statistical
analysis tools. Experiments are carried out by using a 3 kW Nd: YAG laser

source where four moving patterns are considered: linear, sinusoidal, triangular
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and trochoid pattern. The obtained results permit to understand the effects of
patterns as well as laser parameters on the hardened zone attributes.

2. Experimentation
2.1. Methodology

The experimental investigation is conducted on AISI 4340 steel 60 mm long, 6
mm wide, 5 mm thick plates hardened and tempered to 25 - 30 HRC (Figure 1).
The parts were oil quenched after complete austenitization in the furnace, then
quenched to blacken their color and to improve the absorptivity of the laser ir-
radiation. The chemical composition of the material is shown in Table 1. To
carry out the various experiments, an Nd: YAG laser source was used, powered
by a YLS-3000-ST2 IPG fiber laser and mounted on a six-axis FANUC M-710IC
robot. The ILVDC-Scanner system mounted on the laser head is used to perform
the desired scanning patterns. The used laser source has a maximum power of
3000 W, a wavelength of 1070 nm and a focal length of 310 mm. The diameter of
the focal spot used in this study is 0.52 mm, and it can be modified by means of
a collimator fixed on the laser head. The main elements of the laser cell are pre-
sented in Figure 2. Figure 3 illustrates the four moving patterns considered in
this study.

—
Processing direction

Laser beam

60 mm

Figure 2. Experimental setup of steel plate’s laser surface hardening using laser cell.
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Linear Sinusoidal

Triangular Trochoid

Figure 3. Schematic illustration of the considered laser scanning patterns.

Table 1. Chemical composition of AISI 4340 steel.

Element Fe Ni Cr Mn C Mo Si S P Ce Cf

% 95.71 1.83 0.81 0.7 0.4 025 023 0.04 0.03 0.8 0.01

The main parameters selected in the present study are laser power (P), Scan-
ning speed (SS) and type of moving pattern. As shown in Figure 4, the measured
quantities are the hardened depth (HD) and the hardened width (HW), which
represent two properties to be optimized by the laser heat treatment process.
After the laser processing, the samples are analyzed using a standard metallo-
graphic approach that consists of carefully cutting the plates using an Abra-
si-Matic300 cutting machine, then coating and polishing the samples, then
measuring the hardness of the parts and finally performing the chemical etching
to measure the hardened depth and the hardened width. The chemical attack
was performed using Nital’s chemical solution (95% ethanol and 5% nitric acid).
The hardened depth and hardened width measurements are taken by a CLEMEX
precision microscope, and the hardness profile is determined based on the mi-

cro-hardness measurements using the Clemex machine.

2.2. Preliminary Tests

Due to the lack of a database in the literature that provides the ranges of varia-
tion of the laser hardening process parameters, preliminary tests were carried
out to define its intervals in order to ensure a hardened surface with a minimal
melting zone. By varying one parameter at a time, the combination of maximum
power and minimum scanning speed allows to have maximum hardened depth
and maximum hardened width but with some surface melting. On the other
hand, the combination of minimum power and maximum scanning speed allows
to have a minimum hardening depth and width but without melting the surface.
Consequently, the minimum and maximum limits for each processing parame-
ter are defined based on these preliminary tests, where the variation range of the
power is selected between 500 and 800 W and the speed varies between 20 and
40 mm/s.

2.3. Experimental Design

To establish experimental tests, it is essential to use an experimental design that
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Hardened Width
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I~  Micro hardness
indentations

Hardened depth

\ Laser scanned zone

Heat affected zone

Figure 4. Cross-section of the steel plate with the variables to be measured.

can provide relevant results with the minimum number of tests to be performed,
while respecting the ranges of variation already defined by the preliminary tests.
Depending on the number of factors and their assigned levels, a systematic de-
sign based on factor design is an excellent tool to use and leads to an under-
standing of the material's behavior towards this processing technique. Due to
their efficiency and simplicity, factorial designs are the most advised recom-
mended designs to use, although the number of tests increases exponentially
when an additional parameter or level is adopted at design, making the study
more expensive and time-consuming [18]. However, fractional designs can col-
lect statistically significant data on the studied phenomenon, on the effects of the
process parameters and even on the interactions between the factors with the
minimum number of tests [18]. Consequently, a Taguchi plan was established as
an experimental design for this study. For each moving trajectory, 2 factors,
3-levels L, matrix is used in order to determine the effect of power and scanning
velocity on the hardened depth and hardened width of the steel plates. Indeed,
the choice to introduce three levels for each parameter is intended to study the
nonlinearity of the parameter effects and the interactions between them. The se-
lected factors and their levels are identified in Table 2. The experimental design
that best fit this problem is illustrated in Table 3.

2.4. Preliminary Tests and Repeatability

To improve the accuracy and validity of the results, four tests were performed
under the same working conditions (power of 650 W and a scanning speed of 30
mm/s for a linear track), which also allows to estimate the overall and relative
errors of measurements. These errors can be caused by uncontrollable factors
such as a sudden change in ambient temperature during processing, non-unifor-
mity of the chemical composition of the base material, incorrect calibration or
use of measuring instruments, etc. The results presented in Table 4 show good
precision of the measurement since the variations are less than 6%. These results
then guarantee the validity of the measurement method and make it possible to
carry out the final tests with confidence.

3. Results Analysis and Discussion

The use of different laser scanning patterns leads to different hardened surfaces
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Table 2. Selected parameters and their levels for experimentation.

Factor Level 1 Level 2 Level 3
Power (W) 500 650 800
Scanning speed (mm/s) 20 30 40

Table 3. Experimental design used for each laser scanning patterns.

Tests Power (W) Scanning speed (mm/s)
1 500 20
2 500 30
3 500 40
4 650 20
5 650 30
6 650 40
7 800 20
8 800 30
9 800 40

Table 4. Results of the repetition tests.

Max Min Mean Relative error
HD (pJn) 665 626 653.75 5.86%
HW (pJn) 865 838 854 3.12%

topology in terms of hardened depth, hardened width and hardness homogenei-
ty. A slight surface fusion is also present in some cases but in a negligible and
acceptable gradation, since the selection of parameter variation ranges during
the preliminary tests contributed significantly to minimize this phenomenon.
Figure 5 shows typical hardness profiles achieved using various laser parameters
applied to the traditional linear scanning pattern. Images 5a, 5b and 5c present
the hardness profiles achieved using scanning velocity of 20 mm/s for power of
500, 650 and 800 W respectively. Images 5d, 5e and 5f illustrate the hardness
profiles at a fixed power of 800 W and at scanning speed of 20, 30 and 40 mm/s,
respectively. Figure 5(a) illustrates also the difference between the base metal
and the hardened zone at the microscopic level where it is clear that the metal-
lographic structure of the treated area is denser than that of the base metal. This
density is the result of the immigration of carbon grains into the austenite dur-
ing heating by the laser beam and its transformation into martensite during
cooling. From these figures, it is clear as expected that the laser power has a pos-
itive effect on the hardness zone dimensions, while the increase of the scan-
ning velocity has a negative effect. These observations confirm that both fac-
tors have direct effects on the hardness zone in terms of both hardened depth

and hardened width. However, these effects that are the consequences of spatial
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1 mm > 1 mm

Figure 5. Typical hardened zones achieved using linear scanning pattern at various laser
parameters.

temperature distribution can be completely transformed when using others
scanning patterns. This transformation modifies considerably the thermal to-
pology of the hardened surface.

Figure 6 shows typical hardness profiles achieved using various laser scanning
patterns. The variation of HD and HW from a scanning pattern to another is di-
rectly related to pattern specifications such as amplitude, frequency and focal
spot. The figure describes the variation of hardness profile for test 7 that uses a
scanning velocity of 20 mm/s and laser power of 800 W. The scanning pattern
geometry affects the exposure time of different portions of the part surface to the
laser radiation. Depending on the scanning pattern, some zones of the surface
can be exposed to the heat source repeatedly and for a longer time. An increase
of the exposure interval gives more time for the carbon to migrate homoge-
neously into the austenite producing a larger treated surface. However, this time
must not exceed certain limits to avoid melting zones and unwanted deforma-
tions of the treated surface.

Moreover, Figure 6 shows that the sinusoidal pattern presents the best com-
promise between hardened depth, hardened width and hardness distribution
uniformity. Trochoid pattern produces high HD and HW but with a very irre-
gular hardness distribution. The triangular pattern produces HD and HW with a
uniform distribution but remains less than that achieved by sinusoidal pattern.
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1mm

1 mm . 1 mm

(d

Figure 6. Typical hardened zones using a power of 800 W and a scanning speed of 20

mm/s for linear, sinusoidal, triangular and trochoid scanning patterns respectively.

Linear pattern presents, as anticipated, the maximum hardened depth and a
good hardness distribution but with the lowest HW. In the linear scanning pat-
tern, the laser power remains concentrated below the focal spot. HD is maxi-
mum but HW slightly exceeds the beam diameter. For the other patterns, the la-
ser power is distributed over the entire amplitude of the trajectory increasing the
width of the hardened surface. The increase of the HW results inexorably in a
decrease of HD.

Table 5 presents the hardened depths and hardened widths collected from the
experiments. These results are analyzed using several statistical indicators ex-
tracted from the analysis of variance (ANOVA) such as percent contribution of
each parameter in HD and HW variations, the average effects graphs, the corre-
lation between the measured characteristics and the laser parameters, and the
graphs of the response surfaces. Generally, the parameter with the highest per-
centage contribution represents the most significant parameter. The total sum of
the contributions of the considered parameters should reach 100%. The differ-
ence is usually attributed to uncontrolled factors or experimental errors.

The graphs of average effects consist of visualizing the effect of each parame-
ter on the hardened zone characteristics. These graphs allow easy comparisons
between the parameter’s effects and a better understanding of the connections
between these parameters and the characteristics to evaluate. The response sur-
face method (RSM) is adopted to explore the nature of relationships between the
experimental factors and the hardness profiles.

The results of ANOVA performed on the four L, are presented in Table 6.
The analysis of the parameter contribution reveals different results between
linear pattern and other scanning patterns. Generally, the laser power affects
HD more than the scanning speed regardless of the scanning pattern. Howev-
er, the scanning speed affects HW more than the power. An increase in power
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Table 5. Experimental results achieved using the four performed L,.

Linear pattern Sinusoidal pattern  Triangular pattern  Trochoid pattern
fests HD (um) HW (um) HD (pm) HW (um) HD (pm) HW (um) HD (pm) HW (pm)
1 623 946 263 2708 259 2486 613 2425
2 458 854 167 2550 180 2405 593 2341
3 392 755 125 2293 147 2312 457 2262
4 809 984 330 2779 490 2504 632 2493
5 661 862 243 2607 280 2436 619 2384
6 587 778 189 2478 224 2354 482 2302
7 1011 1154 456 2808 574 2516 802 2578
8 894 1027 308 2684 426 2483 757 2410
9 820 945 251 2507 306 2368 713 2359

Table 6. ANOVA analysis for the hardened depth and width for the four moving pat-

terns.
HD HwW
Pattern Source
Contribution (%)  F-value  Contribution (%) F-value
Power 78.20 20.09 42.91 2.22
Scanning speed 20.69 7.10 48.33 0.62
Linear
Power * SS 0.12 0.61 0.06 0.04
Error 0.99 - 8.70 -
Power 45.27 13.46 15.61 0.05
Scanning speed 50.11 0.03 80.43 16.81
Sinusoidal
Power * SS 1.44 2.27 1.52 3.09
Error 3.18 - 2.45 -
Power 51.15 16.91 10.42 0.10
Scanning speed 41.18 0.56 86.31 9.50
Triangular
Power * SS 3.60 4.43 0.39 0.68
Error 4.07 - 2.87 -
Power 58.20 0.31 22.65 7.73
Scanning speed 32.48 1.14 73.07 0.52
Trochoid
Power * SS 1.06 0.32 1.05 1.62
Error 8.26 - 3.23 -

mainly leads to an increase in HD and HW, while an increase in the scanning
speed leads to a decrease in HW and a decrease in HD.
For linear pattern, power contribution represents more than 75% in the HD

variation while it varies between 45% and 58% for the rest of the patterns. The
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contribution of the scanning speed in the HW variation is between 73% and 86%
for sinusoidal, triangular and trochoid patterns. However, it does not exceed
50% for linear pattern. The contribution of the error is minimal in most cases
and does not exceed 10%. This points out the accuracy of the achieved experi-
mental results and presumes good experimental planning and measurement.

These observations are confirmed by the graphs of the average effects pre-
sented in Figures 7-10. According to these figures, it is clear that the increase of
laser power affects positively the hardened depth and width, while the increase
of scanning speed affects negatively these two characteristics for the four scan-
ning patterns. The magnitude of these effects varies considerably from one pat-
tern to another. These results are confirmed by the correlation analysis between
laser parameters and hardened zone dimensions for the four scanning patterns
presented in Table 7. Strong correlation can be observed between power and
HD and between scanning speed and HW.

900 1050
1000
800 N
g £ 950
=700]
a B
== T 900
600
850
500
500 650 800 20 30 40 500 650 800 20 30 40
P (W) SS (mm/s) P (W) SS (mm/s)

Figure 7. Main effects of laser parameters on HD and HW for the linear moving pattern.

350 2750
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300 52650
2600
250 E 2550
2500
200 2450
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500 650 800 20 30 40 500 650 800 20 30 40
P (W) SS (mm/s) P (W) SS (mm/s)

Figure 8. Main effects of laser parameters on HD and HW for sinusoidal moving pattern.
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Figure 9. Main effects of laser parameters on HD and HW for triangular moving pattern.
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Figure 10. Mains effects of laser parameters on HD and HW for trochoid moving pat-

tern.

Table 7. Correlation analysis between laser parameters and hardened zone dimensions
for the considered scanning patterns.

Linear Sinusoidal Triangular Trochoid

HD HwW HD HW HD HwW HD HW

Power 88.43% 65.50% 67.28% 39.51% 71.52% 32.28% 76.29% 47.59%

Scanning speed  45.49% 69.52% 70.79% 89.68% 64.17% 92.91% 49.48% 85.48%

HD - 90.79% 92.56% 75.21% 9291% 70.12% 89.72% 81.46%
Linear

HW  90.79% - 95.48% 85.24% 91.24% 84.02% 93.33% 92.35%

HD 92.56% 95.48% - 87.56% 96.41% 84.38% 84.25% 96.39%
Sinusoidal

HW 7521% 85.24% 87.56% - 83.26% 98.10% 73.03% 93.34%

HD 9291% 91.24% 96.41% 83.26% - 80.32% 79.98% 91.89%
Triangular

HW 9291% 84.02% 84.38% 98.10% 80.32% - 71.15% 91.16%

HD 9291% 84.02% 84.25% 73.03% 79.98% 71.15% - 77.33%
Trochoid

HW 81.46% 92.35% 96.39% 93.34% 91.89% 91.16% 77.33% -

ANOVA is also used to develop linear multiple regression models in order to
establish a simplified empirical relationship to estimate or predict the hardened
depth and the hardened width as a function of the laser parameters for the four
moving patterns. Table 8 presents the achieved regression models for both HD
and HW that include the process parameters and their interactions. Curves
shown in Figures 11-14 present comparisons between measured and predicted
hardened depth and hardened width. The predicted HD and HW values follow
the measured values with an overall error of less than 10%.

Applying the same experimental design for the four scanning patterns pro-
vides the possibility to evaluate their direct effects on the hardened depth and
the hardened width. The experimental results reveal that linear scanning pattern
achieves the maximal HD and the minimal HW compared to other scanning
patterns. In the case of test 7 with a laser power of 800 W and a scanning speed
of 20 mm/s, the linear pattern produces a hardened zone characterized by
HD/HW of 1011/1154 pm, while the sinusoidal pattern produces a HD/HW of
456/2808 um. Under the same conditions and for the same test, the triangular
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Figure 11. Scatter plot—Measured and predicted HD and HW for linear scaning pattern.
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Table 8. Regression equations derived from ANOVA for the four moving patterns.

Patterns Hardened depth Hardened width
Linear HD =243 +1.19 P - 15.07 SS + 0.006 P * SS HW =755+ 0.724 P - 8.1 SS — 0.003 P * SS
Sinusoidal HD =-49+0.846 P - 0.81 SS-0.011 P * SS HW =3157-0.07 P —29.3SS + 0.019 P * SS
Triangular HD =-383 +1.58 P +6.13 SS - 0.026 P * SS HW = 2631+ 0.05 P — 10.6 SS + 0.004P * SS
Trochoid HD =605+0.34P - 13.8SS+0.011 P *SS HW =2269 + 0.63 P — 3.48 SS — 0.009 P * SS

DOI: 10.4236/jmmce.2020.82002

21 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2020.82002

B. Tarchoun et al.

900 2600
R?=0.8268 R2=10.9572
ey | ]
‘2800 |
E f:: 2500 |
a L =z [ ]
= 700 =
g = 2400 r
2 L
35600 | 5
3 ]
£ £ 2300 |
& 500 | =
a
400 : : ; ; 2200 ; : :
400 500 600 700 800 900 2200 2300 2400 2500 2600
Measured HD (um) Measured HW (um)

Figure 14. Scatter plot—Measured and predicted HD and HW for trochoid scaning pat-
tern.

trajectory reaches an HD/HW of 574/2516 pum, while the HD/HW of the tro-
choid trajectory reaches 802/2578 pum. Figure 15 presents an overview of the ef-
fect of each moving pattern on HD and HW. Figure 16 presents the mi-
cro-hardness measurement results in the form of hardness curves produced for
test 7 achieved using maximum power and minimum scanning speed for each
scanning pattern. The hardness curves confirm the same tendencies observed in
Figure 15. When using a sinusoidal scanning pattern, the laser beam spends much
more time in the peripheral areas of the surface to be treated compared to the
triangular or trochoid pattern, which concentrates more time and power in the
central zone that increases the hardened depth. Although the trochoid pattern
presents good result, it generates a non-uniform HD. This lack of uniformity can
cause several problems in the case of thin steel parts surface heat treatment.

When the dimensions of the surface to be treated are larger than the cross
section of the laser beam, some specific scanning patterns can be used to over-
come the problem caused by the multi-track approach. The objective of choos-
ing these scanning patterns is to maximize the surface of the hardened zone.
This consists of maintaining a maximum uniform hardened width while res-
pecting a minimum limit of hardened depth. In this perspective, if a minimum
threshold is set for HD, the HW/HD ratio can be used as an indicator to evaluate
the hardened zone surface according to the laser parameters for the different
scanning patterns. HW/HD ratio also provides useful information on how heat
is absorbed by the surface. A priori, if HW/HD increases, the hardened surface
increases on condition that HD is kept close to HD limit. Table 9 presents the
HW/HD ratio for various combinations of laser parameters and scanning pat-
terns. The global average HW/HD ratio is, of course, higher than the average
calculated excluding tests where HD is lower than 200 pm. In this table, it can be
observed that sinusoidal and triangular scanning patterns present the highest
HW/HD ratio. Therefore, these two patterns allow to achieve the largest har-
dened surfaces. With high HD and small HW, the linear pattern produces the
low and relatively constant HW/HD ratio.

Although producing a higher ratio and therefore a higher HW than linear
pattern, the trochoid pattern presents practically constant HW/HD ratio. These

observations are confirmed by the contour plot presented in Figure 17. These
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Figure 16. Micro-hardness measurements achieved using the considered scanning pat-
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Table 9. HW/HD ratio for various combinations of laser parameters and scanning pat-

terns.
Laser parameters HW/HD ratio for scanning patterns
fets Power Scanning speed Linear Sinusoidal ~ Triangular  Trochoid

1 500 20 1.52 10.30 9.60 3.96

2 500 30 1.86 15.27 13.36 3.95

3 500 40 1.93 18.34 15.73 4.95

4 650 20 1.22 8.42 5.11 3.94

5 650 30 1.30 10.73 8.70 3.85

6 650 40 1.33 13.11 10.51 4.78

7 800 20 1.14 6.16 4.38 3.21

8 800 30 1.15 8.71 5.83 3.18

9 800 40 1.15 9.99 7.74 3.31
Average 1.40 11.23 9.00 3.90

Average excluding HD < 200 mm 1.40 9.05 7.41 3.90
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Figure 17. Contour plot of HW/HD ratio vs P and SS for (a) linear; (b) sinusoidal; (c)
triangular and (d) trochoid scanning pattern.

graphs reveal that HW/HD ratio increases with SS and decreases with P. This is
typical because HW/HD tends to growth when HD decreases. If the laser para-
meters can be set to control a constant minimal HD close to 200 um, by adopt-
ing the maximum ratio, HW can reach a minimum of 385, 3670, 3145 and 990
pm for linear, sinusoidal, triangular and trochoid scanning pattern, respectively.
If the total generated heating energy is adjusted to maintain a constant minimal

HD, HW can reach higher values when using sinusoidal or triangular patterns.

4. Conclusion

This paper presents an experimental investigation of laser surface hardening of
AITSI 4340 steel using different laser scanning patterns. The experimentations are
carried out using a 3 kW Nd: YAG laser system and considering four laser
source moving patterns: linear, sinusoidal, triangular and trochoid pattern. The
effects of laser process parameters, such as laser power and scanning speed and
their interactions on the hardened depth and hardened width, for various laser
scanning patterns, are evaluated and analyzed using structured experimental de-
sign and improved statistical analysis tools. Graphs of main effects, percent con-
tributions, F-test, regression analysis, correlation analysis and response surface
methodology are programmed, implemented and discussed for each scanning
pattern. The results show that the laser power positively affects the hardened
depth more than the hardened width, while the scanning speed negatively affects
the hardened depth but more significantly the hardened width. However, the
parameter’s interactions have little effect on the hardness profiles. The results
show also that the sinusoidal pattern gives a maximum width with an acceptable

DOI: 10.4236/jmmce.2020.82002

24 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2020.82002

B. Tarchoun et al.

depth and a uniform hardness distribution, whereas the linear pattern gives a
maximum depth with a width. The trochoid pattern presents a relatively good
compromise between hardened depth and hardened width, but with an irregular
hardness distribution and a non-uniform hardened depth. Hence, if a maximum
of hardened width is required, it is recommended to use the sinusoidal pattern.
For an extensive evaluation of the laser scanning pattern effects, it will be inter-
esting to develop a numerical predictive model to conduct numerical investiga-

tions using a 3D thermal analysis.
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