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a b s t r a c t
Titanium (Ti) and its alloys machining has been a long standing issue in the manufacturing industry. The
extraordinary Ti machining costs restrict its used in the specialised applications. To achieve improved
surface quality, researchers are working tirelessly to optimize various cutting parameters. In this study,
high-power CO2 laser cutting of the 2 mm thick sheet of pure Ti is investigated. Additionally, effect of the
input laser conditions on the machine surface quality is also analysed. The arithmetic roughness Ra and
total roughness Rt of the cut work-pieces, produced by different cutting speed (V), laser power (Pu) and
gas pressure (p) are measured by the roughness tester. The machined or cut surfaces were analyzed at
several locations along the cutting surface. The Taguchi method was applied to minimize the surface
roughness of the cut parts and to optimize the cutting parameters. It was observed that surfaces roughness increases with the evolution of the thermal energy by laser power. However, surface roughness
decreases with faster cutting speeds. Finally, the optimum cutting conditions for the arithmetic roughness (Ra) was recorded at laser power Pu of 2 kW, V of 2400 mm/min and p of 14 bars. For total roughness
(Rt), Pu, V and p were 2 kW, 2400 mm/min and 2 bars respectively.
Ó 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
Laser cutting is one of the emerging manufacturing technologies in the industrial world. This is due to its excellent performance
in several important technical aspects including; cutting speed,
low values, good yield and kerf machining of difficult to cut materials. Nowadays, the laser cutting of metallic materials particularly
advanced composite materials used in many mechanical industries
has been adopted. Laser cutting is a non-contact mechanical type
machining process based on high thermal energy, which is used
extensively and efficiently in mechanical production industry and
is applied to several types of materials [1].
The quality of laser cutting can be achieved in terms of high cutting speed, minimal and limited material loss, high precision, high
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productivity, etc. [2-4]. These unique characteristics related to
mechanical production of the laser cutting make it efficient, industrial and adaptable than known conventional methods such as
mechanical cutting by Wire Electrical discharge machining WEDM
or machining [3]. Laser cutting process is also associated with several other advantages such as; cutting most high hardness metallic
materials, regardless of their mechanical strength and low running
cost and also, the reduction of the need for fixing during fabrication
[5].
Currently, there are several materials used in industry which
meet requirements of mechanical systems. Among the materials
of high mechanical properties Titanium and its alloys offer superior
and profitable properties for a wide range of applications, for
examples aeronautical, space, industrial, marine, medical and also
civil and military construction industries [6]. This is due to their
good combination of mechanical properties; for instance, excellent
specific strength, good rigidity, high resistance to all types of corrosion in a sea water environment [7]. Recently, in the mechanical
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industry, laser cutting has been adopted to cut many shapes of
aeronautical and general mechanical parts, also for a wide variety
of materials. Significant research has been done on laser cutting of
the S285 mild steel, low and high alloy steels, aluminum and its
alloys, nickel alloys, and hard materials including nitride boron
cubic CBN, which are difficult to machine by any other mechanical
or chemical manufacturing processes [8-12].
The output parameters of the system which depend on the
input and on the basis of which justifies the application of this
technology are: dimensional control, surface roughness, cutting
precision, striation frequency, change in micro-hardness, residual
stresses, change in the structure of the base material, width of
the heat affected zone HAZ, cutting width, cutting angle, system
efficiency, etc. [13,14]. The CO2 power laser is one of the best
known types of laser, for the machining of metallic materials used
in the mechanical industries. The CO2 lasers exhibit a dominance of
this application because of their good beam quality, output power
and high temperature values [14].
Recently, Boujelbene [15] optimized influence of the CO2 laser
cutting on the parameters and surface topographies of the
machined part in low carbon steel. The quadratic mean roughness
Rq and the effects of the variable laser machining parameters; cutting speed V and laser power P on the Rq were also investigated. In
this work author proposed via ANOVA a parametric approach
model according to the laser cutting conditions.
The most of the work carried out by the laser process takes into
account the physical parameters of the laser cut surface to describe
the surface quality of the mechanical parts produced. The most
used characteristics are essentially the topographic surface roughness of the parts and width of the HAZ. It can also be argued that
the nature and type of assist gas has a relatively small influence
on the quality of the cuts of the industrial parts produced. Key factors influencing the laser machining quality of the refractory materials were also studied in the above study. This provided the basis
for solving the problem of laser cutting, and their prediction methods [16].
In this study, main laser cutting parameters were investigated
to predict the Ti sheet roughness, and then improving the quality
level of the process. The maximum cutting speed (V) achieved in
CO2 laser cutting with stainless steel sheets of different dimensions
was carried out by Stelzer et al. [17]. The experimental results
reported by Cekic et al. [13] have shown the decrease in the value
of the roughness Ra with an assistance gas N2 and increased cutting speed of AISI 304 stainless steel. The surface topography is
an interesting parameter in the mechanical system, in tribology
and in fluid mechanics, due to its great effect on the movement
and the separation of the fluid in the micro-fluidic chip. This property was not previously taken into account specifically in systemic
studies in general [18-21].
This paper studies and analyzes the process of cutting the 2 mm
thick plane sheet of pure Ti via CO2 laser cutting process. This study
will focus on optimising the effect of laser manufacturing parameters that include; laser power (Pu), laser cutting speed (V) and gas
pressure (p) on the surface topography of the cut pieces. As an outcome of this study, optimised cutting conditions will be
determined.

Table 1
Mechanical and physical properties of Ti.
Fracture strength (MPA)
Elastic limit 0,2 (MPA)
Elongation %
Brinell hardness
Modulus of elasticity (GPA)
Modulus of rigidity (GPA)

345
275
20
160 HB/30
103
40

The laser cutting processing input variables were; Pu: 1 to 3 kW,
pressure p: 2 to 14 bars and V: 480 to 2400 mm/min. Table 2 summarise the input variables used in this study.
The cut surfaces of the fabricated part that were taken using the
WILD MAKROSKOP M420 with a 12.5  zoom and camera is shown
in Fig. 1. For each pieces produced three areas or places were studies that include;
 Start of entry of the laser beam into the machined material.
 Middle of the cut surface.
 End of the cut part by the laser radiation.
A Somocronic Surfascan measurement system connected to a
PC computer was used, in order to obtain the measurements
results of the machined surfaces, in the form of 2D profiles and
3D surface topographies. For reliability of the analysis, 3 roughness
measurements were taken from each samples produced in this
study. This will minimize measurement errors and ensure greater
analysis precision. However, the roughness parameters such as
Ra and Rt were critically analysed in this work.
Fig. 2 shows the measurement points taken along the surface of
the laser-machined parts
 0.3 mm below the upper cutting edge (IN)
 Center of the machined surface of the part (MIDDLE)
 0.3 mm above edge of bottom surface (OUT)
The distances of the elementary surfaces measured were
located from the upper machining edge of the part; for 0.3 mm
for IN, and 1 mm for MIDDLE and 1.7 mm for OUT as shown in
Fig. 2.

3. Results and discussion
The laser cutting operations generate a significant increase in
heat, and therefore cut by localized melting of the material and
rapid cooling of the cut surface. However, this type of cut generally
produces regular patterns called ridges on the machined part surface. The machined surface obtained by the unconventional CO2
laser process, presents remarkable streaks with significant amplitudes, and therefore have negative effects on the quality expected
by the manufacturer and the client. However, the surface roughness obtained is therefore the irregularity of the surface profile
and the irregularity of the topography of the manufactured surface.
Surface roughness is presented as the unevenness or irregularity of
the surface profile. In order to control and analyse the surface quality, the characteristics of the average roughness, or the arithmetic
roughness Ra and the total roughness Rt of the 2D profile of the
part surface produced were studied. The average measurement
results of the amplitude roughness parameters previously chosen
at a value of the laser power of Pu = 3 kW and at a gas pressure
p = 2 bars have been presented in Tables 3 to 5.
Fig. 3 and Fig. 4 show the plots of the results of the parts surfaces obtained after the laser cutting operations.
Tables 3, 4 and 5 and Fig. 3 and Fig. 4 present qualitative measurements of the surfaces cut by the laser beam. However, the

2. Experimental research
In this study, pure Ti sheet with following dimensions;
12 mm  8 mm and a thickness of 2 mm were used. The 4000
TLF TURBO CO2 laser machine was employed to carry out the laser
cutting procedures. Mechanical and physical characteristics of pure
Ti are given in Table 1.
2
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Table 2
Process variables and experimental design levels.
Cutting parameters

Symbol

Unit

Level 1

Level 2

Level 3

Laser power
Cutting speed
Gas pressure

Pu
V
p

kW
mm/min
bars

1
480
2

2
1440
8

3
2400
14

Fig. 1. Three zones of cutting surface for measurement.

Fig. 3. Ra as a function of distance from upper edge for different cutting speeds at
Pu = 3 kW and p = 2 bars.

Fig. 2. Procedure of roughness measurement.

Table 3
Surface roughness measurement at V = 480 mm/min.
Parameters

In

Middle

Out

Ra (mm)
Rt (mm)

5.755
47.968

12.198
62.324

15.036
86.339
Fig. 4. Rt as a function of distance from upper edge for different cutting speeds at
Pu = 3 kW and p = 2 bars.

Table 4
Surface roughness measurement at V = 1440 mm/min.
Parameters

In

Middle

Out

Ra (mm)
Rt (mm)

4.77
31.963

10.252
51.511

12.517
76.805

damage to the cutting precision and the surface quality of the produced parts.
On the other hand, if the cutting speed is increased enormously,
the latter may produce insufficient exposure of the part to the laser
beam and may cause problems in the machining of the mechanical
parts. In general, a compromise must be found between the meterial removal rate, MRR and the quality of the cutting surface for
machining materials by the laser process. The work is in agreement
with the experience on the cutting of mild steel confirmed that the
roughness value decreases marginally with growth or increase
with parameter V (cutting speed). However, this part also discusses
the influence of the principal input of the laser machining parameters process on the precision and geometric quality of machined
surface work pieces. A parametric study considers the greater
influence of the laser power on surface quality in CO2 laser cutting
process of pure Ti.
The 3D surface topography of the machined surface is shown in
Fig. 5 and Fig. 6. It is interesting to note that laser cutting leads to
topographic and micro geometric changes on the cutting surface.
The results of the study show that laser power predominantly
influence quality of the surfaces produced. However, to improve
the precision and the quality of the surface cut from the part by

Table 5
Surface roughness measurement at V = 2400 mm/min.
Parameters

In

Middle

Out

Ra (mm)
Rt (mm)

3.935
26.761

9.606
44.436

11.017
72.587

arithmetic mean roughness Ra and the total roughness Rt increase
as a function of the distance from the starting cutting surface (upper cutting edge), and this for all cutting speeds V equal to 480;
1440 and 2400 mm/min.
In addition, the cutting surfaces quality of the parts is improved
by increasing the cutting speed beyond 2400 mm/min. In fact, one
of the key attributes of producing mechanical parts by the laser
machining process is cutting speed. If the cutting speed V is relatively low, it results in a larger and wider kerf, and also greater
3
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Fig. 5. Machined surface at V = 480 mm/min and p = 2 bar and Pu = 2 kW; (a) 3D surface topography, (b) Contour of elementary filtered surface.

Fig. 6. Machined surface at V = 480 mm/min and p = 2 bar and Pu = 4 kW; (a) 3D surface topography, (b) Contour of elementary filtered surface.

laser beam, it is recommended to optimise laser power and cutting
speed simultaneously.
4. Optimization using Taguchi’s method
Laser cutting is similar to other machining and mechanical
manufacturing processes in general which require several inputs
and results in outputs. However, the answers must be optimized
according to the requirements of manufacturers in the laser or
mechanical industry. The objective of this research study is to control the topography and the desired values of the surface to obtain
optimal values for the inputs of the cutting parameters by the laser
cutting process. While keeping the gas pressure p fixed; Fig. 7 and
Fig. 8 show a remarkable influence of the laser beam power Pu and
the cutting speed V on the output responses, topography and surface quality Ra and Rt.
The plots shown in Fig. 7 and Fig. 8 indicate that the arithmetic
surface roughness and total surface roughness are significantly
affected by both the V and Pu. In order to obtain a good optimization of the output or the surface quality in this case, it is incumbent
to identify the input variables of the system or the cutting conditions by the power laser machining process. All parameters and
cutting conditions and their interactions were applied for the initial analysis with Root Mean Square, RMS. Equations (1) and (2)
represent the final quadratic models of the response with real
factors.

Fig. 7. Effect of V and Pu on Ra.

Ra ¼ 9:73 þ 0:773Pu

0:000977V

þ 0:0163Pu:p þ 0:000038V:p
Rt ¼ 62:50 þ 3:17Pu

0:00977V

þ 0:213Pu:p þ 0:000366V:p
4

0:082p

0:000186Pu:V

0:000009Pu:V:p
0:60p

ð1Þ

0:00012Pu:V

0:000110Pu:V:p

ð2Þ
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where y is the average of the observed data, n the number of observations, Ry2 the variation of y, and y the observed data or each type
of the characteristics.
Table 6 shows the results of S/N ratios while using Equation (3).
The result of the present study shows that the optimal values of the
S/N ratio are: 18.04 for Ra and –32.94 for Rt. In order to obtain the
mixed responses of the arithmetic roughness Ra and total roughness Rt, we find the following optimal parameters; V equal to
2400 mm/min, Pu equal to 2 kW and p equal to 2 bars.
Using the Taguchi design, Tables 6 and 7 represent the found
values of the levels factors for Ra. Also, the Fig. 9 shows the graphic
of mean of S/N ratios versus factor levels Ra.
In order to determine the most significant parameters on the
responses of the machining system, we worked on the scientific
Taguchi method. However, the result of the study shows that the
cutting speed V has the most important difference 2.45 between
values, and also we found a great variation of the S/N ratio values,
this specifies that there is a significant influence on roughness Ra.
Table 6 represent the results of experiments and S/N ratios values of the surface roughness Ra and Rt as function of the three
parameters. However, at the end of this study, we recorded the following optimal cutting parameters; Pu equal to 2 kW, V equal to
2400 mm/min and gas pressure p equal to 14 bars.
Consequently, the optimum cutting conditions determined
under the same conditions for the experiments will be: laser power
(Pu): 2 kW, cutting speed (V): 2400 mm/min and gas pressure (p):
14 bars. The Taguchi design was conducted to obtain Rt values. The
Table 8 clearly shows the values of the levels which were obtained
using the MINITAB 17 software, and also according to the Taguchi
method.
Fig. 10 and Table 8 show the following optimum values; V corresponds to the third level (2400 mm/min), Pu corresponds to the
first level (2 kW), and p corresponds to the first level (2 bars).
The critical analysis of this study showed that the optimal values of the cutting parameters are as follows: Laser beam power Pu:
2 kW, the cutting speed V: 2400 mm/min and finally the pressure
of gas p: 2 bars.

Fig. 8. Effect of V and Pu on Rt.

where the Average roughness Ra in (mm), the total roughness Rt in
(mm), the cutting speed V in (mm/min), the laser power Pu in (kW)
and the gas pressure p in (bar).
Among the experimental design techniques, the Taguchi
method which allows minimizing and reducing the number of
experiments and trials by using orthogonal tables was used. In
addition, attempts were made to minimize the influence of factors
out of control. However, among the advantages of the Taguchi
method are to minimize and to reduce the time allocated for the
experiments, also to reduce the cost and to determine the most significant factors of the system in an efficient way.
From Equation (3), the calculations of the levels values and the
S/N ratios were performed correctly of using the Minitab 17 program, while specifying ‘‘the smaller is the better”

S
¼
N

1 X 2
10 log ð
y Þ
n

ð3Þ

Table 6
The results of experiments and S/N ratios values.
Experimental number

Pu (kW)

V (mm/min)

p (bar)

Ra (lm)

Ra for S/Nratios

Rt (lm)

Rt for S/Nratios

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4

480
480
480
1440
1440
1440
2400
2400
2400
480
480
480
1440
1440
1440
2400
2400
2400
480
480
480
1440
1440
1440
2400
2400
2400

2
8
14
2
8
14
2
8
14
2
8
14
2
8
14
2
8
14
2
8
14
2
8
14
2
8
14

10.56
10.61
10.06
9.14
9.47
8.76
7.98
8.41
7.94
11.00
11.53
10.74
9.18
9.93
9.24
8.19
8.68
8.25
11.80
12.97
11.51
9.84
10.25
9.72
8.72
9.22
8.47

20.47
20.51
20.05
19.21
19.52
18.84
18.04
18.49
17.99
20.82
21.23
20.62
19.25
19.94
19.31
18.26
18.76
18.33
21.44
–22.26
21.21
19.85
20.21
19.75
18.81
19.29
18.55

63.21
67.53
61.17
50.46
58.62
53.02
44.37
49.74
45.38
65.54
71.96
64.95
53.43
60.81
55.81
47.93
52.09
48.85
69.52
77.68
73.48
57.61
63.18
57.22
49.22
56.38
51.16

36.02
36.59
35.73
34.06
35.36
34.49
–32.94
–33.93
–33.14
36.33
37.14
36.25
34.56
35.68
34.93
–33.61
34.33
–33.78
36.84
37.81
37.32
35.21
36.01
35.15
–33.84
35.02
34.18
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 The quality and the surface topography of the cut pieces were
influenced by the main input parameters such as the power of
the laser beam and the speed of movement of the nozzle.
 Cutting speed has a dominant effect on surface quality and
topography. However, several macro-irregularities for example;
the presence of slag, molten and burnt material were observed.
 A cutting speed of 2400 mm/min resulted in high quality surfaces after cutting process. The values of roughness parameters
grow with the increase in distance from upper cut edge.

Table 7
S/N response table for Ra factor.
Level

V (mm/min)

Pu (kW)

p (bars)

1
2
3
Delta

20.96
19.55
18.51
2.45

19.24
19.62
20.16
0.92

19.58
20.03
19.41
0.62

The Taguchi experimental design was used to obtain optimum
cutting parameters on CO2 Laser cutting. At the end of this research
work, we iterate the following additional outcomes;
 Ra and Rt‘s S/N ratios were found as a result of experiments conducted according to the L27 orthogonal array.
 The S/N ratio equation with ‘‘the smaller-the better” to find
maximum values was adopted. The maximum S/N ratio allowed
us to find optimal machining parameters.
 For the smallest value of the arithmetic roughness Ra, a maximum value of the S/N ratio is 18.04. The optimal values of
the parameters are; V: 2400 mm/min, Pu: 2 kW and the gas
pressure p: 14 bars.
 For the smallest value of the total roughness Rt, a maximum
value of the S/N ratio is –32.94. However, the optimal values
of the parameters are; Pu: 2 kW, V: 2400 mm/min and the gas
pressure p: 2 bars.

Fig. 9. The graphic of mean of S/N ratios versus factor levels Ra.
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Level
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2
3
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34.70
35.18
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