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Abstract

This study proposes a multi-response optimization approach for the Nd: YAG laser cutting parameters of titanium superalloy sheet (Ti-
6Al-4V). The Box-Behnken design was utilized to plan the experiments, and response surface methodology was employed to develop
experimental models. Four input parameters, including pulse width, pulse energy, cutting speed, and gas pressure, were set during the
experiment, and kerf deviation and metal removal rate were considered as the performance characteristics. Pores, dross, and striation
lines were observed on the kerf wall of the laser-cut surface through scanning electron microscopy. With the suitable mathematical mod-
els established, a search optimization procedure based on the use of desirability function was used to optimize the performance character-
istics. A confirmation experiment was also conducted to validate the optimized process parameters. The relative error is less than £2 %,
thus confirming the feasibility and effectiveness of the adopted approach.
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1. Introduction

Laser cutting is a new advantageous process that breaks
through existing cutting technologies. A high potential benefit
of laser cutting is currently being applied in automobile, medi-
cal instrumentation, and aerospace fields [1]. Laser cutting is a
purely non-contact thermal process that transforms electrical
energy into high-intensity light energy for flushing materials
[2], as illustrated in Fig. 1.

As a result of laser cutting, the different kerf qualities are

considered as performance characteristics as depicted in Fig. 2.

Alternatively, the present manufacturing scenario is highly
advantageous for titanium- and nickel-based superalloys with
high complex parts, which include intricate shapes [3].
Among these materials, Ti-6Al-4V alloys are extensively used
in aerospace industries because of their inherent superior char-
acteristics, such as high corrosion resistance, high temperature
withstanding ability, and low thermal conductivity at elevated
temperatures [4]. Ti-6Al-4V alloys exhibit extremely poor
machinability because of their high chemical affinity and poor
thermal conductivity [5]. Under these circumstances, high-
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Fig. 1. Schematic of laser cutting.
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Fig. 2. Kerf qualities of laser cut.

precision laser cutting is an advantageous option for cutting
these alloys [6].
Pulsed Nd:YAG lasers are the best choice for effectively
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cutting difficult-to-cut materials because of their greatly im-
proved high beam intensity, fewer Heat-affected zones
(HAZs), and narrow-focusing characteristics [7]. However,
optimizing the cutting performance of lasers is challenging
because of the highly complex input parameters, such as laser
energy, pulse width, assist gas pressure, cutting speed, and
pulse frequency, in sheet metal cutting [8]. Many studies fo-
cused on the various input and output parameters of laser cut-
ting [9-17]. Stournaras et al. [9] experimentally investigated
the HAZs, Surface roughness (SR), and Kerf width (KW) in
CO, laser cutting of aluminum alloy sheet metal and reported
that cutting speed and laser power are the significant factors
affecting the quality of cut. Ghany et al. [10] cut stainless steel
with Nd:YAG laser aiming to achieve a sharp-cut and dross-
free surface. Almeida et al. [11] investigated the quality char-
acteristics in Nd:YAG laser cutting of titanium alloy by
changing various assisting gases. They reported that inert
gases, such as argon and helium, are used to obtain high-
quality cuts without any precipitation in cutting edges. Caydas
et al. [12] experimentally investigated the SR, kerf taper, and
HAZ in Nd:YAG laser cutting of structural 37 steel through
grey relational analysis. Yilbas et al. [13] examined the KW in
laser cutting of 7050 aluminum alloy reinforced with Al,Os
and B,C composites. The investigation results showed that
increasing laser power gradually increases the KW because of
the high melting and evaporation on the cutting zone, thereby
increasing material removal. Tiwari et al. [14] investigated the
influences of process parameters on kerf geometry and HAZ
in Nd:YAG laser cutting of nickel-based superalloy. Pandey et
al. [15] optimized the Nd:YAG laser cutting parameters, such
as SR, kerf taper, and KW, by using grey fuzzy methodology
on cutting duralumin sheet with a thickness of 1 mm. Sharma
et al. [16] investigated the SR and kerf taper in Nd:YAG laser
cutting of nickel-based SUPERNI 718 alloy by using grey
relational analysis with entropy measurement. Pandey et al.
[17] investigated the quality characteristics in laser cutting of
titanium alloy by using genetic algorithm. The group found
that cutting speed and pulse frequency are the most significant
factors affecting SR and that assist gas pressure and pulse
width are the most significant factors affecting kerf taper.
Hence, process parameters significantly influence cutting
quality. Various optimization approaches have been employed
to improve cutting quality characteristics in various engineer-
ing materials. Most researchers have focused on optimizing
various laser cutting quality characteristics, such as SR, HAZ,
and different kerf geometries. However, few studies have
attempted to investigate laser cutting performance characteris-
tics, such as Kerf deviation (KD) and MRR. Therefore, the
present study aims to optimize laser cutting parameters and
consequently enhance performance characteristics for maxi-
mum Metal removal rate (MRR) and minimal KD. Experi-
ments were designed using Box-Behnken experimental design
considering four process parameters, including pulse width,
pulse energy, cutting speed, and gas pressure, with each in
three levels.

Table 1. Process parameters and levels.

Process Actual Selected Coded level
parameter (unit) symbol symbol -1 0 +1
Pulse width (ms) X; A 1.5 1.75 2
Pulse energy (J) X5 B 2.5 4 55
Cutting speed
(mm/min) X; C 10 14 18
Gas pressure
(ke/om’) Xy D 6 7.5 9
2. Methodologies

2.1 Response surface methodology (RSM)-based box-Behnken
design

Myers and Montgomery [18] mentioned that RSM is the
sequential method for modeling and optimizing the response
variable models involving quantitative independent variables
in engineering problems. The Box-Behnken design (BBD) is
used in this study as an RSM design because this approach not
only can minimize the number of experiments but also evalu-
ate quadratic interactions between pairs of factors. The main
selection of BBD should be confined to a situation in which
prediction of extreme responses is not of interest. In the pre-
sent study, pulse width, pulse energy, cutting speed, and gas
pressure were selected as process parameters and designated
as X;, X5, X; and X/, respectively. The low, middle, and high
levels of each variable were labeled as —1, 0 and +1, respec-
tively, as shown in Table 1. The variables were coded by the
following equation:

X, - X, .
=t =123 1
T W

i

where x; is a dimensionless coded value of X, X is the actual
value of X; at the center point, and AX is the step change of
variable. Five replicates at the center of the design were used
to allow the estimation of a pure error sum of squares. The
mathematical models of the experimental data provide the
second-order polynomial equation for the optimization of the
process parameters. The following quadratic (second order)
polynomial model explains the behavior of the system:

k k
y:ﬂ0+2ﬂix, +Zﬂile +ZZﬁﬁxix, +& )
i1 i1 i

where y is the response and x; is the value of the i laser cut-
ting parameters; f, is the model constant; f; represents the
linear coefficient; f;denotes the quadratic coefficient; f;is the
interaction coefficient; & is the number of the process parame-
ters or variables; and ¢ is the statistical experimental error.
The data required for building empirical models are generally
collected from experimental design, followed by multiple
regression. ANOVA is adopted to justify the significance of
the empirical model.
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Fig. 3. Ti-6Al-4V superalloy sheet.

2.2 Desirability approach

When several responses were evaluated in an experimental
design, the optimum points reached individually for each
process parameter did not coincide in all cases [18]. The pre-
sent study is considered as a multi-response problem to opti-
mize the process parameters simultaneously by using the de-
sirability function approach proposed by Derringer and Suich
[19]. This technique is easy and efficient for finding the best
range of design space for performance. This approach is used
to convert multiple response values into a single dimen-
sionless measure called the overall desirability function. For
the scheme of optimization goal within the range, the overall
desirability D is defined by the equation

D=(d-d,-d,)" 3)

where m is the number of responses in the measure. For each
goal, a weight can be assigned to adjust the shape of the par-
ticular desirability function. Furthermore, the importance of
responses can be varied from zero (least desirable) to five
(most desirable). In numerical optimization, the goals are
combined to provide the overall desirability function. In gen-
eral, the obtained overall desirability D values lie between 0
and 1. A value of 1 represents the ideal case, and a value of 0
indicates that the responses or process parameters fall outside
the desirability range.

3. Experimentation and observations

In the present work, experiments were planned using the
BBD of RSM to obtain a quadratic model consisting of 29
trials, including five-center points. The sampled Ti-6Al1-4V
(grade 5) superalloy sheet with a thickness of 1 mm is de-
picted in Fig. 3. These alloys are advantageous options and
increasingly utilized in high temperature applications because
of their excellent heat transfer properties [20].

A series of experiments was performed on a high-precision
300 W pulsed Nd:YAG laser (JK300D model) with a maxi-
mum peak power of 16 kW supplied by JK Lasers, UK. An
experimental setup along with measurement systems is shown
in Fig. 4. Laser parameters nozzle diameter (I mm), focal
length of lens (50 mm), pulse frequency (10 Hz), and cutting
length (15 mm) were kept constant throughout the experiment.

il
‘..

1

Fig. 5. SEM Result of the 16™ trail laser cut.

Nitrogen, which was used as assist gas [21], was injected
through a conical nozzle to blow out the melted material and
protect the lens from the back-spatter of the molten metal of
the workpiece. The top KWs were measured at three locations
along the length of the cut. Each experiment was carried out
thrice, and their average value was obtained to manipulate the
performance characteristics and eliminate statistical errors.
KW values were measured using a Vision plus tool maker
microscope (Model: METZ-1395, Metzer optical Instruments,
India) with a magnification of 30%. Moreover, the result of the
16"™ experimental trial of the laser cut surface was observed
via Scanning electron microscopy (SEM) and is shown in Fig.
5. The KD is the difference between the maximum and mini-
mum top KWs along the cutting length was considered.
Mathematically, the KD can be written as

Kerf Deviation, KD(mm) @
= (Max.top kerf width — Min.top kerf width) .

The weight loss method was used to obtain MRR by weigh-
ing the specimen before and after the cutting using Contech
electronic balance (Model CAS 234). In addition, the follow-
ing empirical formula was used to calculate the MRR:
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Table 2. BBD layout and results. Table 3. ANOVA table for KD.
rRn| A | B C D dei:lt'ifon MRR Source SS df MS Fvalue | Prob>F
Model 0.0001495 |[14| 1.068E—05 | 198.647 | <0.0001
ms | J | mminin | kefor’ mm mg/min A 3.104E-05 | 1| 3.104E-05 | 577.248 | <0.0001
! 200 140 18 73 0.0146 16093 B 2.613E-06 | 1| 2.613E-06 | 48.598 <0.0001
2 2.00 | 4.0 14 6.0 0.0155 88.29
C 6.075E-07 | 1| 6.075E—07 11.297 0.0047
3 1.75 | 5.5 10 7.5 0.013 166.38
2 175 |25 10 75 00139 13233 D 1.47E-06 |1 1.47E-06 27.336 0.0001
5 175 | 40 14 75 00123 16138 AB 225E-08 |1 | 2.25E-08 0.4184 0.5282
6 175 | 55 14 90 00141 5620 AC 0.000025 1 0.000025 464.910 <0.0001
7 200 1355 " e 00142 16819 AD 0.000004 1 0.000004 74.385 <0.0001
BC 625E—08 | 1| 6.25E-08 1.1622 0.2992
8 |175]40] 18 60 0.0121 15548 BD 1.089E-05 | 1| 1.OS9E—05 | 202.514 | <0.0001
9 | 175 |40 14 75 0.0127 160.02 CD 361E-06 | 1] 361E-06 | 67.133 | <0.0001
10 | 1.50 | 4.0 14 6.0 0.0168 84.89 A? 295E-05 | 1| 295E-05 | 54855 | <0.0001
11 | 2.00 | 4.0 14 9.0 0.0144 66.73 B? 1.65E-05 1 1.65E—05 306.87 <0.0001
12 | 1.75 | 4.0 14 7.5 0.0123 174.55 C? 5.167E-06 |1 | 5.167E-06 96.084 <0.0001
13 1175155 18 75 0.0129 164.33 D? 2.329E-05 | 1| 2.329E-05 | 433.16 <0.0001
14 1150 |40 14 9.0 0.0197 28.37 Residual 7.528E—07 |14| 5.377E—08
5 1175 |40 10 90 00131 156.62 Lack of fit | 4.808E—07 [10| 4.808E—08 | 0.7071 0.7017
16 1 150 |25 14 75 0.0185 66.05 Pure error 2.72E—07 |4 6.8E-08
Cor total 0.0001503 (28
17 | 1.75 | 4.0 10 6.0 0.0145 110.54 Std. dov. 0.0002319 e 0.994
18 | 1.50 | 4.0 18 7.5 0.0125 74.68 Mean 0.0145172 Adj R 0.989
19 | 1.75 [ 4.0 14 7.5 0.0129 165.92 CV.% 1.5973545 Pred R? 0.978
20 | 1.75 [ 4.0 14 7.5 0.0126 171.37 Press 3.195E—06 AP 57.737
21 1.75 1 4.0 18 9.0 0.0145 66.73
22 1200 |25 14 7.5 0.0149 66.73
Table 4. ANOVA table for MRR.
23 | 2.00 (4.0 10 7.5 0.0101 161.38
24 | 175 | 2.5 18 7.5 0.0133 123.48 Source SS df MS F value Prob >F
25 | 1.50 | 5.5 14 7.5 0.0175 57.20 Model 62340.66 |14| 4452.9045 29.246 <0.0001
26 | 175125 14 9.0 0.0187 43.81 A 5347.09 | 1| 5347.0901 | 35.118 | <0.0001
27 | 175 |25 14 6.0 0.0147 77.17 B 4970.66 | 1| 4970.6554 | 32.646 | <0.0001
28 | 150 |40 10 75 0.018 147.76 C 130489 | 1| 1394.8864 | 9.161 | 0.0091
P 175155 14 60 0.0167 14141 D 476947 | 1] 47694723 | 31325 | <0.0001
AB 3042.17 |1 3042.166 19.980 0.0005
Metal removal rate, (MRR )(mg / min) AC 131890 | 1| 13188953 | 8662 | 0.0107
_ [ Loss of mass during each cut x cutting speed ®) AD 30546 | 1| 30545822 | 2.006 | 0.1785
_[ Length of each cut J ' BC 11.59 1| 11.591853 0.076 0.7866
BD 669.55 1| 669.54545 4.397 0.0546
The measured values of KD and MRR in each experimental CD 454447 | 1| 45444702 | 29.847 | <0.0001
run are shown in Table 2. A? 12460.76 | 1 | 12460.757 | 81.839 | <0.0001
B? 6771.65 |1 | 6771.6549 44475 <0.0001
4. Results and discussion C? 988.96 1| 988.95761 6.495 0.0232
4.1 Statistical analysis and development of models D? 2011648 | 1] 20116481 | 132.121 | <0.0001
Residual 2131.62 |14| 152.25856
Statistical Design Expert v7.0 software was used to evaluate Lack of fit | 197475 |10| 197.47538 | 5.036 0.0666
the effects of process parameters, data analysis, and quadratic Pure error 15687 |4 39216528
model building. On the basis of the model described in Eq. (2), Cortotal | 64472.28 |28
the ANOVA details at the 95 % significance level for KD and Std. dev. 12.34 R 0.966
MRR are depicted in Tables 3 and 4, respectively. Further- Mean 117.21 Adj R* 0.933
more, the sufficiency of the models was determined using R’ C.V. % 10.53 Pred R 0.819
values, lack-of-fit tests, and model analysis [18]. In general, Press 11619.69 AP 17.891
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Fig. 6. Normal probability plot for KD and MRR.

the p value was used as a tool to check the significance of the
interactions between variables. Statistical significance was
considered at p < 0.05. Two interaction term coefficients (AB
and BC) in Table 3 and three interaction coefficients (AD, BC,
and BD) in Table 4 were not significant, and the other term
coefficients were significant. Tables 3 and 4 demonstrate that
the calculated F and p values are 198.647 and < 0.0001 for
KD and 29.246 and < 0.0001, respectively. These F and p
values imply that the selected models are highly significant
and that the chance that these large F-values could be due to
noise is less than 0.01 %.

Moreover, Tables 3 and 4 show that the R* values for KD
and MRR are 0.994 and 0.966, respectively, indicating a high
agreement between the experimental and predicted values.
The Adj.R* value (0.989 for KD and 0.933 for MRR) is simi-
larly high, indicating a high correlation between the observed
and the predicted values. The deviations between Adj.R* and
Pre.R* are 0.017 and 0.147 for KD and MRR, respectively,
which are lower than the criterion value of 0.2. The lack of fit
p values of 0.7071 in KD and 0.0666 in MRR imply that the
lack of fit is not significant relative to pure error. The insig-
nificant lack of fit is good because a sufficiently good model
fitting is preferred. The adequacy index of the model and ade-
quate precision indicate the accuracy level in application of
the test data in building a model, and a value that exceeds 4
more markedly is preferred. In addition to adequacy precision
tests, the normal probability plot for KD and MRR is pre-
sented in Fig. 6. The figure reveals that the residuals fall on a
straight line, implying that the errors are distributed normally
and present no obvious pattern and unusual structure, support-
ing that the terms mentioned in the developed models are sig-
nificant. From the above analysis and after eliminating the
non-significant terms, the final model equations (i.e., in terms
of actual values) for KD and MRR are given as follows:

KD () (mm) = + 0.19725 — 0.14085A — 0.0004822B —
0.0040568C — 0.007016D + 0.0025AC — 0.002666AD —
0.0007333BD + 0.0001583CD + 0.03412A+ 0.0007088B>
-0.00005578C>+ 0.0008422D" )
MRR (y,) (mg/min) = —3146.55204 + 1990.512A -
0.2471B — 13.94C + 436.6D + 73.541AB + 18.158AC —
5.617CD — 701.27351A%— 14.360B*+ 0.7717C*— 24.75D*

0
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Fig. 7. 3D surface graph for kerf deviation: (a) Pulse width vs. gas
pressure; (b) pulse width vs. cutting speed.

where A, B, C and D are the pulse width, pulse energy, cutting
speed, and gas pressure, respectively. Overall, statistical
analysis reflects that the experimental values fit well with the
predicted values and that the accuracy of the model is ade-
quate for further optimization within the limit of the process
parameters considered.

4.2 Effect of process variables on KD

Fig. 7(a) shows the response surface and contour plot for
KD in relation to pulse width and gas pressure, with the cut-
ting speed and pulse energy values maintained at the middle
level. A high gas pressure and low pulse width increase KD.
This scenario may be due to the fact that the lower value of
pulse width provides intense energy to melt the sheet metal
with sufficient time and at a constant cutting speed [22]. In
addition, the corresponding cutting conditions of SEM analy-
sis on the laser cut of kerf wall (side view) reveal striation
lines, pores, and dross in the result of melting found in Fig. 8.
The minimum KD value is achieved at 1.88 ms pulse width
and 7.5 kg/em® gas pressure. Fig. 7(b) shows the combined
effect of pulse width and cutting speed on KD. KD increases
with decreased cutting speed and increased pulse width. Simi-
larly, the SEM image on the kerf wall reflects less surface
damage with microstriation lines as observed in Fig. 9.

4.3 Effect of process variables on the MRR

The influence of laser process parameters on the MRR is il-
lustrated in Figs. 10(a) and (b). As shown in Fig. 10(a), the
interaction effect of pulse width and pulse energy on the MRR
as a bell-shaped response surface is obtained. The maximum
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Fig. 8. Kerf wall of laser cut surface.
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Fig. 9. Kerf wall of laser cut surface.

MRR is recorded in the mid-levels of both process parameters,
whereas a further increase in levels gradually decreases the
MRR in any direction of pulse width and pulse energy. Fig.
10(b) shows the variation in MRR with pulse width and cut-
ting speed at constant pulse energy (4 J) and gas pressure (7.5
kg/em?). Cutting speed is a significant parameter that affects
the MRR over pulse width along with the range. Notably, any
value of cutting speed along the middle value of 1.75 ms pulse
width increases the MRR because the laser beam heat input is
totally utilized to melt the workpiece surface in the effect of
vaporization temperature [23]. By contrast, the lower value of
pulse width results in lower MRR because of lower laser en-
ergy hitting the workpiece.

4.4 Multi-response optimization using desirability approach

A single-response optimization algorithm yields a single op-
timal solution. However, most multi-response problems princi-
pally yield a set of optimal solutions instead of a single optimal
solution. Ultimately, the multi-response optimization algorithm
functions in maintaining a balance between two or more re-
sponses in terms of quality and productivity. The present work
considers two responses, namely, KD (quality consideration)
and MRR (productivity consideration). We observed that KD
increases with increasing MRR. Given the production purpose,
the optimal combination of parameter levels should produce

Table 5. Design of desirability function.

Name | Goal |Low limit| Up limit | L Wt. | U Wt. | Importance
A 1.5 2 1 1 3
B isin 25 5.5 1 1 3
c range 10 18 1 1 3
D 6 9 1 1 3
KD min 0.0101 0.0197 1 1 5
MRR | max | 283723 | 174.547 1 1 5

B PulseEnemgy 375

(b)

153 A Pulse Width

14.00
C:Cutling Speed 1200

1000 150

Fig. 10. 3D surface graph for metal removal rate: (a) Pulse width vs.
pulse energy; (b) pulse width vs. cutting speed.

the maximum MRR and the minimum KD. The desirability
approach is an improved and unique numerical optimization
technique used in the industry for the optimization of multiple
quality characteristics [19, 24]. The optimization module in
Design-Expert searches for a combination of process parameter
levels that simultaneously satisfy the requirements placed on
each of the responses and process parameters. The developed
KD and MRR model equations (3 and 4) were simultaneously
solved to yield the optimal process variables. The goal set,
lower limits, upper limits, weights used, and importance of the
factors given are shown in Table 5.

The minimum and maximum levels were provided for each
parameter included. The goals used for kerf deviation and
MRR are “minimize” and “maximize”, and the goal used for
the factors or process parameters is “within range”. A weight
was assigned to each goal to adjust the shape of its particular
desirability function. The importance of each goal was
changed in relation to other goals. The default was for all
goals to be equally important at a setting of three pluses (+++).
Optimization was carried out for a combination of goals. Dif-
ferent best solutions were obtained, and the solution with the
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Fig. 11. Desirability ramp for numerical optimization.
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Fig. 12. Estimated contour plot for desirability.

highest desirability is preferred. A linear ramp function was
created between lower or higher values to the goal. As illus-
trated in Fig. 11, the ramp desirability graph reached optimum
points through a numerical optimization procedure. The dot of
each ramp denotes the reflection of parameter setting, and the
amount of desirability is denoted by the height of the dot.

The optimized conditions are 0.010 mm and 181.604
mg/min in the ramp function graph indicated, with the highest
desirability value of 1 for KD and MRR under the following
optimum process parameters: Pulse width of 1.89 ms, pulse
energy of 4.40 J, cutting speed of 10.16 mm/min, and gas
pressure of 7.98 kg/cm”. The contour plots for overall desir-
ability are drawn as shown in Fig. 12 to understand the sensi-
tivity of the results. The optimal region is located at the right-
hand side, top part of the graph, which indicates a desirability
value of 1.000, which matches the target value.

5. Confirmation experiments

When the optimal levels of the input parameters were se-
lected, the final step was to verify the improvement of laser

Table 6. Confirmation experiments and their comparison with the
results.

Process parameters

A B C D
(ms) ] (mm/min) (kg/em’)
1.89 44 10.16 7.98
Responses
KD (mm) MRR (m/min)
Pred. | Actual | Error (%) Pred. Actual Error (%)
0.01 | 0.0102 1.942 181.604 180.325 -0.7092

Less molten metal flow
occurred along the
direction of laser cut

Kerf surface

Fig. 13. SEM images on confirmation experiments: (a) Along the
length of cut; (b) on the kerf surface.

cut performance by using the optimal levels.

The experiments were conducted in triplicates, and the av-
erage values are reported in Table 6. The confirmation ex-
periment results show that the differences between the pre-
dicted and experimental values are less than +2 %. Hence, this
closeness of values confirms excellent reproducibility of the
experimental conclusions.

In addition, Figs. 13(a) and (b) are SEM images that corre-
spond to the optimal values of KD and MRR. As shown in Fig.
13(a), small KW variations are observed along the length of
the laser cut surface. Moreover, close examination of the kerf
surface (i.e., side wall of the laser cut surface) demonstrates
the occurrence of a virtually less molten metal flow along the
direction of laser cut, as evidently shown in Fig. 13(b).

6. Conclusion

This study optimized the process parameters in Nd:YAG la-
ser cutting of Ti-6Al-4V alloy by using the desirability ap-
proach via BBD and RSM. The following conclusions can be
drawn from the investigations.

(1) Regression models that relate KD and MRR to the proc-
ess parameters were developed, and the predicted values
match with the experimental values reasonably well, with an
R’ 0f 0.994 for KD and an R* of 0.966 for MRR.

(2) A low cutting speed and a high pulse width produce a
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minimal deviation of kerf values.

(3) A low pulse width leads to striation lines, pores, and
dross as a result of melting on the kerf surface.

(4) From the multi-response optimization, the optimal pa-
rameter settings are as follows: Pulse width of 1.89 ms, pulse
energy of 4.40 J, cutting speed of 10.16 mm/min, and gas
pressure of 7.98 kg/cm”. These settings yield high MRR and
low KD.

(5) The confirmation experiment results indicate that the
predicted values obtained by the mathematical models agree
with the actual values.

(6) The confirmation study results show that a dross-free
cut can be observed along the kerf edge of the sheet.

(7) This study indicates the application feasibility of the
proposed optimization technique for continuous improvement
of laser cutting in the manufacturing industry.
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