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Abstract: At present, laser cutting is currently employed to cut metallic plates, due to their good
finish and dimensional quality, as well as because of the flexibility of the process to obtain different
shapes. In the present paper, surface roughness, dimensional accuracy, and burr thickness of thin
plates of 0.8 mm are studied as functions of different process parameters: pulse frequency, pulse
width, and speed. Eight different experiments were performed according to a full 23 factorial design,
with two replicates each. Square specimens of 10 mm × 10 mm were cut. Arithmetical mean
roughness Ra was measured with a contact roughness meter, and the dimensions and burr thickness
with a micrometer. Ra values ranged between 1.89 and 3.86 µm, dimensional error values between
0.22 and 0.93%, and burr thickness between 2 and 34 µm. Regression analysis was performed, and
linear models were obtained for each response. Results showed that roughness depends mainly
on frequency, on the interaction of frequency and pulse width and on pulse width. Dimensional
error depends on pulse width, frequency, and the interaction between pulse width and speed.
Burr thickness is influenced by frequency, pulse width, and the interaction between frequency and
speed. Multi-objective optimization showed that, in order to simultaneously minimize the three
responses, it is recommended to use high frequency (80 Hz), high pulse width (0.6 ms), and high
speed (140 mm/min). The present study will help to select appropriate laser cutting conditions in thin
plates, in order to favor good surface finish and dimensional accuracy, as well as low burr thickness.

Keywords: laser cutting; roughness; dimensional error; burr thickness; pulse frequency; pulse width;
feed speed

1. Introduction

Different kinds of lasers are used in industry, with light ranging from ultraviolet (UV)
radiation to infrared (IR) radiation. Within the group of IR radiation, three main categories
are known, CO2, Nd: YAG, and diode lasers. The first two ones provide high power, up
to 15,000 W for the CO2 lasers and to 2000 W for the Nd: YAG lasers. In recent years,
Nd: YAG lasers have gained increasing importance because their low wavelength around
1.06 µm guarantees higher energy absorptance than that of CO2 lasers [1]. Thus, Nd: YAG
lasers are appropriate to cut high reflectivity materials such as Al or Cu or allows including
Ni or Mo [2]. In addition, the high peak power of pulsed Nd: YAG lasers allows cutting
thicker plates.

Laser cutting with Nd: YAG has many advantages such as good dimensional quality
and surface finish, its flexibility to obtain different geometries without the need of tooling,
the possibility to cut a wide range of metallic (steel, superalloys, copper, aluminum, and
copper) and non-metallic materials (ceramics, thermoplastics, rubber, wood, and fabrics),
the fact that it is a cost-effective process to obtain good quality cut, a relatively high cutting
speed, etc. [3,4]. However, many different parameters will affect the surface quality of
the parts, such as the type of material to be cut, the sheet thickness, the voltage, the pulse
frequency, the pulse width, the beam diameter, the type of auxiliary gas, the pressure of
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auxiliary gas, the focal distance, etc. [5]. In addition, the edges of the plates may suffer
thermal damage in the so-called heat-affected zone (HAZ). Moreover, burr formation is
one of the main drawbacks of the laser cutting process. In order to monitor burr, sensors
are commonly added to the laser cutting machines [6].

Several authors have investigated the optimal parameters to be used in laser cutting
to improve the quality of the parts. As for CO2 lasers, Lamikiz et al. [7] varied the main
parameters of the process, such as power, gas pressure, feed speed, and focal position, in
order to study their influence on the quality and geometry of different Advanced High
Strength Steel (AHSS) plates. They considered two groups of plates, of more and less
than 1 mm thickness respectively. They recommended increasing the power to 300 W in
order to avoid the risk of rough areas on the surface, which increased with feed speed.
Regarding Nd: YAG lasers, Ghany and Newishy [8] evaluated the laser cutting process
of austenitic stainless steel of 1.2 mm thickness, with a Nd: YAG laser, both pulsed and
continuous, and with either nitrogen or oxygen as auxiliary gases. They observed that the
cut quality depended mainly on the laser power, the pulse frequency, the feed speed, and
the focal positions of the laser. Optimal values corresponded to a frequency of 200–250 Hz,
a power peak of 880–1100 W, a feed speed of 1–2 m/min, a focal position of 0.5–1 mm
under the surface, and a nitrogen pressure of 9–11 bar. Although nitrogen produced
brighter and smoother surfaces, it was more expensive than oxygen. Ramírez et al. [9]
presented a study on the influence of the laser processing parameters on the quality and
microstructure of austenitic AISI 304 stainless steel of 1 mm thickness. They used a Nd:
YAG laser with nitrogen as assistance gas. They observed that, for frequency values of 500
Hz and power values of 800 W, quality improved with speed. Grevey and Desplats [10]
compared the cutting performance in Nd: YAG laser cutting of metallic plates between 0.8
and 2 mm thickness, using oxygen as assistance gas They found that the highest optimal
speed corresponded to 5 m/min for continuous laser with the thinnest plate. They also
found that higher speed is required for continuous-wave lasers than for pulsed-wave ones.
Tahmouch et al. [11] performed an experimental study of stainless steel plates up to 20 mm
thickness without assistance gas in pulsed mode. Selected variables were frequency, peak
power, and feed speed. This study revealed that less power density is required in order
to cut without assistance gas when compared to conventional cutting. They also found
that low frequency and high peak power favor the use of high feed speed. Shanjin and
Yang [12] investigated the effect of varying the pulse energy, the frequency, the feed speed,
the gas pressure, and the type of assistance gas on the surface quality, the HAZ, and the
corrosion resistance, in titanium alloy plates of 1 mm thickness. They employed Nd: YAG
laser with pulsed mode. Their observations determined that medium mean pulse energy,
high speed, high pressure, and argon as assistance gas lead to a thinner HAZ. He et al. [13]
studied, both analytically and experimentally, the optimization of wavelength to machine
metals with the generation of harmonics of a Nd: YAG laser. Optimal wavelength can be
estimated by means of calculation of the absorptance efficiency. They found that, for metals
such as gold, silver, and copper, the maximal absorptance efficiency is found at the third,
fourth, and second harmonic respectively.

Surface roughness obtained in laser cutting processes has been specifically studied by
different authors. As for CO2 laser equipment, Jarosz et al. [14] studied the effect of cutting
speed on surface roughness of the cut area on AISI 316 stainless-steel disks of 50 mm
diameter and 10 mm thickness. They observed that, at high-speed values of 16.5 and
9.17 mm/s, roughness increased with the distance from the upper edge of the cut surface.
However, at the low-speed value of 1.84 mm/s, the lowest Ra values at around 2 µm were
measured in the middle of the cut surface. Nevertheless, such low speed resulted in a
damaged surface with an important HAZ. Patel and Bhavsar [15] studied the effect of speed
on the surface roughness of hard die steel EN-31 plates of 10 mm thickness. They found
that a speed of 1250 mm/min (20.83 mm/s), a power of 3000 W, a frequency of 1400 Hz, a
duty cycle of 95%, and a gas pressure of 0.10 bar provided a minimum Ra value of around
1.4 µm. Orishich et al. [16] studied the possibility to cut thick plates of low-carbon steel
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with oxygen-assisted CO2 laser cutting. They found that above 50 mm thickness it is not
possible to obtain good quality laser-cut parts. They also found that the higher the plate
thickness, the higher roughness is. In addition, the lower thickness, the higher speed is
required. Salem et al. [17] studied the effect of cutting conditions on the HAZ. They varied
power laser, cutting speed, and gas pressure. They found that the HAZ is significantly
affected by the gas pressure. Rajaram et al. [18] studied the effects of power and feed rate
on kerf width, surface roughness, striation frequency, and dimensions of the HAZ when
cutting 4130 steel. They found that feed rate had a more important effect on roughness
than power. Ahn and Byun [19] investigated the effect of cutting parameters on surface
roughness of Inconel 718, for thickness values between 1 mm and 2 mm. They observed
that surface roughness decreased with cutting speed in all cases. Riveiro et al. [20] obtained
Ra values between 1 µm and 3 µm when using a rectangular nozzle to cut 3-mm thick
plates of an Al-4.5%Cu (2024-T3) alloy. Several authors have studied the cutting process
of Al6061-T6 alloy. When cutting sheets of 1 mm and 3 mm respectively, Jiang et al. [21]
found that the lowest Ra values below 2.5 µm were obtained when a medium speed value
of 3 m/min was selected. Yongbin et al. [22] defined a neural network model. Studied
variables were cutting speed (between 2 and 4 m/min), laser power (between 1500 and
3000 W), metal sheet thickness (between 1.5 and 3 mm), and gas pressure (between 5 and
6 bar). Experimental Ra values ranged from 2.36 to 4.58 µm. The lowest roughness values
correspond to high laser power, high cutting speed, high pressure, and low sheet thickness.
Akbari [23] addressed the effect of cutting speed, laser power, sheet thickness, and nozzle
standoff distance on roughness. Metal sheet thickness was 1 mm or 3 mm. The lowest
roughness values correspond to the medium speed of 3 m/min, medium laser power of
3000 W, and medium standoff distance of 2 mm. They reported Ra values around 2 µm. In
another study about laser cutting of Ti-alloys with CO2 equipment, El Aoud et al. observed
that roughness decreased with cutting speed and with laser power. They reported Ra
values from 8 to almost 14 µm.

Regarding Nd-YAG laser equipment, for Al6061-T6 Alloy, Leone et al. [24] reported
Ra values around 4 µm. Sharifi and Kumar Pandey and Kumar Dubey [25] studied the
effect of assist gas pressure, pulse width, pulse frequency, and cutting speed on surface
roughness and kerf thickness in titanium plates. They employed low cutting speed values
between 15 and 25 mm/min, and pulse frequency between 7.5 and 12.5 Hz. They found
roughness values between 10 and 12 µm.

However, the surface roughness of metallic thin walls obtained with Nd-YAG laser has
been scarcely studied in the literature. For example, Pfeifer et al. [26] presented a method
to cut nitinol Ni-Ti plates of 1 mm thickness, which show the thermal memory effect, with
a Nd: YAG pulsed laser, with high mean power. Relatively good quality was obtained at
Rz = 10–30 µm, with a high feed speed between 2 and 12 mm/s (120 and 720 mm/min).

Determination of surface roughness of cut edges is not a direct task, especially in thin
walls. For example, some authors have estimated roughness from RGB (red-green-blue)
images of the edges [27]. In industry, sometimes roughness is checked by means of visual
inspection. If roughness is to be measured in contact roughness meters, specific supports
will be required, in order to avoid bending of the plates.

As for dimensional accuracy, Soltysak et al. [28] compared the performance of 6 mm
thick S235JR steel sheets with both fiber and CO2 lasers, with a cutting speed of 0.03667 m/s.
They found that fiber laser provided better dimensional accuracy and better roughness
than the CO2 laser. Girdu et al. [29] analyzed the influence of laser power, cut pressure,
and cutting speed on the cutting width of Hardox 400 parts obtained with a CO2 laser. In
order to obtain a fine cut, they propose to use the combination of laser power of 5000 W,
auxiliary gas pressure of 0.50 bar, and constant cutting speed of 1900 mm/min. Ninikas
et al. [30] found that, for CO2 laser cutting of PMMA plates, the most influential factors
on dimensional accuracy were laser speed and x position from the origin. However, few
papers address the dimensional accuracy of Nd-YAG laser-cut thin metallic plates. For
example, Josh and Sharma [30] considered gas pressure, cutting speed, pulse width, and
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pulse frequency as process parameters with a Taguchi analysis. They found pulse frequency
to be the most influential factor on dimensional accuracy. Pramanik et al. [31] studied
the effect of process parameters such as cutting wedge angle, power, duty cycle, pulse
frequency, and scanning speed on the quality of 1 mm stainless steel sheets.

In the present paper, the surface roughness of stainless-steel thin plates of 0.8 mm
thickness is assessed, as a function of different Nd: YAG laser cutting parameters: pulse
frequency, pulse width, and speed. For this, experimental tests were carried out according
to a 23 full factorial design, and a mathematical model for roughness was obtained. In
addition, the dimensional error, and the burr thickness were measured. Linear models
were obtained and a multi-objective optimization was carried out for the three responses.

2. Materials and Methods
2.1. Manufacture of Samples

AISI 304 stainless steel was used (equivalent to WNR 1.4301), of thickness 0.8 mm.
It is a common and standardized material in the metal sheet industry. It contains Ni and
Cr, which help to absorb the laser energy, while it dissipates heat slowly. For this reason,
it provides good results in laser cutting. Square samples were cut of 10 mm × 10 mm
(Figure 1). Ninikas et al. employed similar specimens when addressing laser cutting of
poly methyl methacrylate sheets [29].
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Figure 1. Laser-cut AISI 304 stainless steel specimens.

An AlphaLaser AC200 Nd-YAG laser cutting machine (Alpha Laser, Puchheim, Ger-
many) was used. The cutting conditions that are usually not modified at every cutting
operation were left constant. Their values are presented in Table 1.

Table 1. Factors that were not varied during the experimentation.

Factor Value

Lamp voltage (V) 250
Beam diameter (mm) 0.2
Focal distance (mm) 120

Type of gas Compressed air
Gas pressure (bar) 11

Nozzle diameter (mm) 0.8
Diameter of focal spot (µm) 200

Focal distance (mm) 160
Maximum lamp power (W) 200

Machine power (kW) 12

Lamp average power was estimated for each experiment from the information pro-
vided by the machine’s manufacturer and is provided in Table 3.

2.2. Roughness Measurement

Since the main objective of the paper is to maximize the final quality of the parts, the
surface roughness of the lateral edges was considered as the response. Roughness was
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measured with a Hommel ETamic WS roughness meter. Since very thin samples needed
to be measured, it was necessary to manufacture special tooling to fix the part. In the
support, the plates are placed vertically, so that the probe advances along a straight line
on the lateral edge of the samples. The support was obtained with the Fused Deposition
Modeling (FDM) technology, combined with metallic parts. The tooling design is shown in
Figure 2.
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Figure 2. Support used to fix the parts and roughness meter.

The specimens are placed in a vertical position so that the lateral surface where
roughness is to be measured remains in a horizontal position.

2.3. Measurement of Dimensional Error and Burr Thickness

The dimensional error of the samples and the burr thickness were measured with a
digital millesimal Mitutoyo IP65 Quantum Mike micrometer (Mitutoyo, Kawasaki, Japan).
The dimensional error is defined as the relative error between the nominal dimension of
10 mm and the measured dimension. The burr thickness is defined as a distance in µm.
Two measurements were performed on each specimen and the mean value was calculated
for each specimen.

2.4. Experimental Design and Mathematical Methods

Three variables were selected: frequency, pulse width, and speed. A full factorial
design 23 was selected. Table 2 contains the values for the low and high levels of all
variables. Two replicates were prepared for each experiment. As for speed, Chmelickova
and Polak [32] found that, for 1 mm stainless steel sheets, using frequency between 50 and
200 kHz and pulse width between 0.2 and 0.3 ms, appropriate speed values are within
the range of 0.9–1.5 m/min (54 and 90 mm/min), which are similar to those used in the
present study.

Table 2. Levels for the different variables.

Factor Low Level High Level

Frequency-FR (Hz) 50 80
Pulse width-PW (ms) 0.4 0.6
Speed-SP (mm/min) 80 140

Minitab19 was used to define the experimental design. Regression analysis was
carried out and mathematical models were obtained for average roughness Ra (µm), the
dimensional error (%), and the burr thickness (µm). Multiobjective optimization was
carried out with the desirability function method [33,34].
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3. Results
3.1. Ra, Dimensional Error, and Burr Thickness

Table 3 shows the conditions of the different experiments and the results of average
roughness Ra. They correspond to the average value of the two replicates.

Table 3. Roughness Ra results (average value of the two replicates). SD means standard deviation.

Exp. FR
(Hz)

PW
(ms)

SP
(mm/min)

Average
Power (W)

Ra
(µm)

SD Ra
(µm)

Dim.
Error (%)

SD Dim.
Error (%)

Burr
Thickness

(µm)

SD Burr
Thickness

(µm)

1 50 0.4 80 34 1.89 0.17 0.78 0.11 5 0.0
2 80 0.4 80 78 3.86 0.62 0.63 0.05 9 1.4
3 50 0.6 80 57 2.32 0.18 0.60 0.02 2 0.4
4 80 0.6 80 102 2.44 0.45 0.48 0.06 34 4.2
5 50 0.4 140 34 2.03 0.23 0.93 0.06 6 0.7
6 80 0.4 140 78 3.76 0.78 0.61 0.17 4 1.4
7 50 0.6 140 57 2.19 0.09 0.43 0.08 4 0.0
8 80 0.6 140 102 3.00 0.35 0.22 0.02 9 1.1

The highest Ra value of 3.86 µm corresponds to experiment 2, followed by experiment
6, with 3.76 µm. Both samples were manufactured with high pulse frequency and low
pulse width. The lowest roughness values of 1.89 µm and 2.03 µm were achieved for
experiments 1 and 5 respectively, which correspond to low frequency and low pulse width.
This suggests that frequency has an important effect on roughness in this case. Roughness
values obtained in the present work are similar to those reported by Jarosz et al. for AISI-
316 stainless steel [14] and by Rajaram et al. [18] for 4130 steel. On the contrary, for EN-31
steel, lower roughness values around 1 µm were obtained [15]. As a general trend, the
highest standard deviation was found in experiments 2, 4, 6, and 8, corresponding to high
frequency, compared to the rest of the experiments performed with low frequency.

The highest dimensional error of 0.93% was obtained in experiment 5, with low
frequency, low pulse, and high speed. On the contrary, the lowest dimensional error of
0.22% corresponds to experiment 8, with high frequency, high pulse, and high speed. As a
general trend, high frequency leads to lower dimensional error than low frequency, for a
certain combination of speed and voltage. As for dimensional accuracy, Soltysiak et al. [27]
reported dimensional error values of 0.36% and 0.30% for nominal dimensions of 9 mm
and 11 mm respectively, using a fiber laser. Such values are similar to those obtained in the
present work.

The lowest burr thickness of 2 µm corresponds to experiment 3, manufactured with
low frequency, high pulse width, and low speed, while the highest burr thickness of 34 µm
corresponds to experiment 5, obtained with the combination of low frequency, low pulse
width, and high speed. Xin and Wang [35] reported lower burr thickness below 8 µm at
low speed up to 200 m/min. However, burr thickness increases with speed up to more
than 20 µm when a high speed of 400 m/min is used. Those burr thicknesses are similar to
the ones obtained in the present paper.

3.2. Regression Model for Ra

The simplified model for Ra, with an R2-adj. value of 78.32%, is shown in Equation (1).

Ra = −6.68 + 0.1610·FR + 13.59·PW − 0.2425·FR·PW (1)

Figure 3 shows the Pareto Chart of the Standardized Effects for Ra.
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The main parameter affecting roughness is pulse frequency, followed by the interaction
between frequency and pulse width and by pulse width. Kumar Pandey and Kumar
Dubey [36] observed that surface roughness increased with pulse frequency. Moreover,
pulse frequency and speed were found to be significant factors in another study about
laser cutting of 1 mm thickness of AISI 316 stainless steel [31]. In the present work, within
the range of values that were considered for the different variables, feed speed had low
significance and does not appear in the simplified model for Ra (Equation (1)). This is
probably due to the fact that the selected values for speed are within the range of the correct
Nd-YAG laser cutting operation defined for thin stainless steel sheets [32]. Some authors
have defined that each material, thickness, and beam power has an appropriate range of
cutting speed [37]. Below this range, the high energy input leads to an intense material
removal because of vaporization, with high roughness values. Above this range, the process
becomes unstable because of insufficient melting of the material, with an irregular surface
and high surface roughness. In addition, high cutting speed leads to spot overlap, thus
increasing roughness [25]. As for pulse width, when cutting NiTi plates of 1 mm thickness,
Pfeifer et al. [25] observed that roughness decreased significantly when increasing pulse
width from 0.15 ms to 0.5 ms. Too low pulse width values imply higher intensity and this
leads to a higher temperature gradient in the material, with high roughness. They also
reported a slight increase in roughness for higher values of the pulse width. They used a
frequency of 100 Hz and a speed of 3.3 mm/s. In the present work, similar pulse width
values between 0.40 ms and 0.60 ms are employed, and also a slight increase in roughness
is observed with pulse width.

Figure 4 depicts the Contour Plot of Ra vs. frequency and pulse width.
The lowest roughness values correspond to low frequency and low pulse width.

However, selecting a low frequency of 50 Hz ensures relatively low roughness values
regardless of the pulse width. At low pulse width, roughness increases significantly with
frequency, between 50 and 80 Hz, as was found by Kumar Pandey and Kumar Dubey [36].

Other authors have studied the effect of process parameters on roughness. For ex-
ample, Ghany and Newishy [8] evaluated the laser cutting process of stainless steel of
1.2 mm thickness, with a Nd: YAG laser, both pulsed and continuous. They observed that
the quality of the cut depended mainly on the laser power, the pulse frequency, the feed
speed, and the focal positions of the laser. Thus, as was found in the present study, the
pulse frequency is an important factor influencing roughness. Optimal values in that case
corresponded to a frequency of 200–250 Hz, which is much higher than the one that is
recommended in the present study, of 50 Hz. Ramírez et al. [9] studied the influence of
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the laser processing parameters on the quality and microstructure of austenitic stainless
steels with a Nd: YAG laser. They observed that, for frequency values of 500 Hz and power
values of 800 W, quality improved with speed. In the present study, at lower frequency
values, feed speed seems to have a lower effect on roughness than at high-frequency values.
This suggestion is in accordance with the work of Tahmouch et al. [11], who performed an
experimental study of stainless steel plates up to 20 mm thickness without assistance gas
in pulsed mode. This study revealed that low frequency and high peak power favor the
use of high feed speed without significantly worsening surface finish.
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3.3. Regression Model for Dimensional Error

The simplified model for dimensional error is shown in Equation (2), with an R2-adj.
value of 84.47%, is shown in Equation (2).

Dim. Err. = 0.628 − 0.0669·FR + 1.073·PW + 0.01052·SP − 0.02365·PW·SP (2)

Figure 5 depicts the Pareto diagram for Dimensional error.

Metals 2021, 11, x FOR PEER REVIEW 

 9 of 14 
 

 

 

Figure 5. Pareto Chart of the Standardized Effects for Dimensional Error. 

The most influential factor on dimensional error is the pulse width, followed by fre-

quency and by the interaction between pulse width and speed. On the other hand, fre-

quency has been shown to affect the taper when cutting round holes with a Nd: YAG laser 

of gamma-titanium aluminide [38]. Pulse frequency was also found to be an influential 

factor in the dimensional accuracy of aluminum alloy [30]. 

Figure 6 depicts the Contour Plot of Dimensional error vs pulse width and speed. 

 

Figure 6. Contour plot of dimensional error vs. pulse width and speed. 

Figure 6 shows that high pulse width leads to low dimensional error values. If a 

speed value of 140 mm/s is selected, dimensional error is more sensitive to changes in 

pulse width than for a speed value of 80 mm/s. Kumar Pandey and Kumar Dubey [36] 

found that pulse width and assist gas pressure were the most influential factors on kerf 

thickness when cutting titanium sheets. They used a high pulse width between 1.50 and 

2.25 ms, and gas pressure between 6 and 9 kg/cm2. As a general trend, a low pulse width 

is recommended in order to reduce the kerf thickness. However, too low pulse width in-

creases the kerf thickness, leading to higher dimensional error. This is in accordance with 

the results of the present paper, in which dimensional error decreases with pulse width. 

Figure 5. Pareto Chart of the Standardized Effects for Dimensional Error.



Metals 2021, 11, 1224 9 of 13

The most influential factor on dimensional error is the pulse width, followed by
frequency and by the interaction between pulse width and speed. Frequency has been
shown to affect the taper when cutting round holes with a Nd: YAG laser of gamma-
titanium aluminide [38]. Pulse frequency was also found to be an influential factor in the
dimensional accuracy of aluminum alloy [30].

Figure 6 depicts the Contour Plot of Dimensional error vs. pulse width and speed.
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Figure 6 shows that high pulse width leads to low dimensional error values. If a
speed value of 140 mm/s is selected, dimensional error is more sensitive to changes in
pulse width than for a speed value of 80 mm/s. Kumar Pandey and Kumar Dubey [36]
found that pulse width and assist gas pressure were the most influential factors on kerf
thickness when cutting titanium sheets. They used a high pulse width between 1.50 and
2.25 ms, and gas pressure between 6 and 9 kg/cm2. As a general trend, a low pulse width
is recommended in order to reduce the kerf thickness. However, this leads to bigger parts.
This is in accordance with the results of the present paper, in which dimensional error
decreases with pulse width. Pfeiffer et al. [25] observed that increasing cutting speed leads
to a decrease in the available energy, and this reduces the kerf width, leading to higher
dimensional error. In the present work, on the contrary, dimensional error decreases with
speed at high pulse width.

3.4. Regression Model for Burr Thickness

The simplified model for burr thickness is shown in Equation (3), with an R2-adj.
value of 88.35%, is shown in Equation (3).

Burr thick. = −82.2 + 1.687·FR + 70.7·PW + 0.219·SP − 2.063·FR·PW − 0.00882·FR·SP + 0.948·PW·SP (3)

Figure 7 contains the Pareto chart of the standardized effects for Burr thickness.
The main term affecting burr thickness is frequency, followed by pulse width and by

the interaction between frequency and speed. In another research by Chien and Hung [39]
frequency was also found to be an important parameter influencing burr thickness when
cutting titanium alloy, together with the gas pressure and the focusing position, which
were kept constant in the present work. Figure 8 corresponds to a contour plot of burr
thickness vs. frequency and speed.

At a low frequency, burr thickness increases greatly with speed. However, at a high
frequency, low burr thickness values are obtained regardless of speed. The combination of
low frequency and high speed provides the highest burr thickness value.
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3.5. Multiobjective Optimization

The results of the multi-objective optimization by means of the desirability function
are presented in Table 4. The same importance value was given to each one of the three
responses.

Table 4. Results of the multiobjective optimization.

Solution Frequency (Hz) Pulse Width (ms) Speed (mm/min) Ra (µm) Dimensional Error (%) Burr Thickness (µm)

1 80 0.6 140 2.72 0.22 8

In order to simultaneously minimize roughness, dimensional error, and burr thickness,
a high frequency of 80 Hz, a high pulse width of 0.6 ms, and a high speed of 140 mm/min
is recommended. This provides low roughness, low dimensional error, and low burr
thickness.
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4. Conclusions

In the present paper, the effect of Nd-YAG laser cutting parameters on surface fin-
ish, dimensional error, and burr thickness of the lateral walls of stainless-steel plates is
addressed. Frequency, pulse width, and speed were considered as process variables. The
main conclusions are as follows:

Ra values below 4 µm, dimensional error values below 1%, and burr thickness values
up to 34 µm were obtained.

The most influential terms on roughness are frequency, followed by the interaction
between frequency and pulse width and by pulse width. Within the range studied, cutting
speed showed no significant influence on roughness.

The most influential terms on dimensional error are pulse width followed by frequency
and by the interaction between pulse width and speed. At low speed, the influence of
pulse width on dimensional error is not so important as at high speed.

The most influential terms on burr thickness are frequency followed by pulse width
and by the interaction between frequency and speed. At low speed, burr thickness is low
regardless of frequency employed. At high speed, burr thickness decreases with frequency.

According to the multiobjective optimization, in order to simultaneously minimize
roughness, dimensional error, and burr thickness it is recommended to use a high frequency
of 80 Hz combined with a high pulse width of 0.6 ms and a high speed of 140 mm/s.

In the future, the effect of the process parameters on the surface roughness of materials
that are more difficult to be cut, such as copper or aluminum, will be addressed. The
present study will help to select appropriate cutting conditions in order to improve the
quality of thin laser-cut plates.
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