Materials Today: Proceedings Xxx (XXXX) XXX

journal homepage: www.else vier.com/locate/matpr

Materials Today: Proceedings

=

Contents lists available at ScienceDirect

materialstoday:
PROCEEDINGS

Effect of cutting conditions on surface roughness of machined parts in

CG; laser cutting of pure titanium

M. Boujelbene # , B. El Aoud®”, E. Bayraktar”, I. Elbadawi %, I. Chaudhry &, A. Khaliq ¢, A. Ayyaz?,

Z. Elleuch®

aUniversity of Ha'il, College of Engineering, Ha'il, Kingdom of Saudi Arabia

b Supmeca - Paris, School of Mechanical and Manufacturing Engineering, St-Ouen France

¢School of Engineering, RMIT University, Australia
d University of Ha'il, College of Community, Ha'il, Kingdom of Saudi Arabia

article info abstract

Article history:

Received 29 November 2020
Accepted 6 December 2020
Available online xxxx

Keywords:

CO, laser cutting
Cutting speed
Laser Power

Gas pressure
Surface roughness
Taguchi method

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 CO , 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
total roughness Rt of the cut work-pieces, produced by different cutting speed (
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 rough-
ness 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 rough-

Raand
V), laser power ( Pu) and

ness (Ra) was recorded at laser power Puof 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.

2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Laser cutting is one of the emerging manufacturing technolo-
gies 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 difbcult to cut mate-
rials. 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 efpciently 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 cut-
ting 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 efbcient, indus-
trial 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 sev-
eral 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 bxing 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 probtable 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
specibc strength, good rigidity, high resistance to all types of corro-
sion 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. Signibcant 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 difbcult 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 justibes 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
efpciency, etc. [13,14]. The CQ, power laser is one of the best
known types of laser, for the machining of metallic materials used
in the mechanical industries. The CO 5 lasers exhibit a dominance of
this application because of their good beam quality, output power
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CGO; 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 N , and increased cut-
ting speed of AISI 304 stainless steel. The surface topography is
an interesting parameter in the mechanical system, in tribology
and in Buid mechanics, due to its great effect on the movement
and the separation of the RBuid in the micro-Ruidic chip. This prop-
erty was not previously taken into account specibcally in systemic
studies in general [18-21] .

This paper studies and analyzes the process of cutting the 2 mm
thick plane sheet of pure Tivia CO , laser cutting process. This study
will focus on optimising the effect of laser manufacturing parame-
ters that include; laser power ( Pu), laser cutting speed ( V) and gas
pressure (p) on the surface topography of the cut pieces. As an out-
come of this study, optimised cutting conditions will be
determined.

2. Experimental research

In this study, pure Ti sheet with following dimensions;
12mm 8 mm and a thickness of 2 mm were used. The 4000
TLF TURBO Cg@laser machine was employed to carry out the laser
cutting procedures. Mechanical and physical characteristics of pure
Ti are given in Table 1.
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Table 1

Mechanical and physical properties of Ti.
Fracture strength (MPA) 345
Elastic limit 0,2 (MPA) 275
Elongation % 20

Brinell hardness 160 HB/30
Modulus of elasticity (GPA) 103
Modulus of rigidity (GPA) 40

Pu: 1to 3 kW,
Table 2 sum-

The laser cutting processing input variables were;
pressure p: 2 to 14 bars and V: 480 to 2400 mm/min.
marise the input variables used in this study.

The cut surfaces of the fabricated part that were taken using the
WILD MAKROSKOP M420 witha 12.5 zoom and camera is shown
in Fig. 1. For each pieces produced three areas or places were stud-
ies that include;
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Fig. 2.

3. Results and discussion

The laser cutting operations generate a signibcant 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 sur-
face. The machined surface obtained by the unconventional CO ,
laser process, presents remarkable streaks with signibcant ampli-
tudes, and therefore have negative effects on the quality expected
by the manufacturer and the client. However, the surface rough-
ness obtained is therefore the irregularity of the surface proble
and the irregularity of the topography of the manufactured surface.
Surface roughness is presented as the unevenness or irregularity of
the surface proble. In order to control and analyse the surface qual-
ity, the characteristics of the average roughness, or the arithmetic
roughness Ra and the total roughness Rt of the 2D proble 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=3KkW 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 sur-
faces obtained after the laser cutting operations.

Tables 3, 4 and 5 and Fig. 3 and Fig. 4 present qualitative mea-
surements of the surfaces cut by the laser beam. However, the
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Table 2
Process variables and experimental design levels.
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Cutting parameters Symbol Unit Level 1 Level 2 Level 3
Laser power Pu kw 1 2 3
Cutting speed mm/min 480 1440 2400
Gas pressure p bars 2 8 14
17
=—— V=480 mm/min
151 —a—V=1440 mm/min
13 A —@— V=2400 mm/min
g 11 4
2
]
& 94
7 4

Fig. 1. Three zones of cut

¥

Rt (mm) 47.968 62.324 86.339
Table 4
Surface roughness measurement at V = 1440 mm/min.
Parameters In Middle Out
Ra (mm) 4.77 10.252 12.517
Rt (nm) 31.963 51.511 76.805
Table 5
Surface roughness measurement at V = 2400 mm/min.
Parameters In Middle Out
Ra (mm) 3.935 9.606 11.017
Rt (mm) 26.761 44.436 72.587

arithmetic mean roughness Raand the total roughness Rtincrease
as a function of the distance from the starting cutting surface (up-
per 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 Vs rela-
tively low, it results in a larger and wider kerf, and also greater
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Fig. 4. R as a function of distance from upper edge for different cutting speeds at
Pu=3kW and p =2 bars.

damage to the cutting precision and the surface quality of the pro-
duced parts.

On the other hand, if the cutting speed is increased enormously,
the latter may produce insufpcient 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 mete-
rial 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 conbrmed that the
roughness value decreases marginally with growth or increase
with parameter V (cutting speed). However, this part also discusses
the inBuence of the principal input of the laser machining param-
eters process on the precision and geometric quality of machined
surface work pieces. A parametric study considers the greater
inBuence of the laser power on surface quality in CO , 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
inBuence quality of the surfaces produced. However, to improve
the precision and the quality of the surface cut from the part by
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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 bltered 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 bltered 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 con-
trol 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 bxed; Fig. 7 and
Fig. 8 show a remarkable inBuence of the laser beam power Puand
the cutting speed V on the output responses, topography and sur-
face quality Raand Rt

The plots shown in Fig. 7 and Fig. 8 indicate that the arithmetic
surface roughness and total surface roughness are signibcantly
affected by both the V and Pu. In order to obtain a good optimiza-
tion of the output or the surface quality in this case, it is incumbent
to identify the input variables of the system or the cutting condi-
tions by the power laser machining process. All parameters and
cutting conditions and their interactions were applied for the ini-
tial analysis with Root Mean Square, RMS. Equations (1) and (2)
represent the bnal quadratic models of the response with real
factors.

Fig. 7. Effect of Vand Puon Ra

Ra¥9:73 p 0:773Pu 0:000977V 0:082p 0:000186 Pu:V
p 0:0163Pup p 0:000038V:p 0:000009PuV:p alp

Rt%62:50 p 3:17Pu  0:00977V  0:60p 0:00012PuV
p 0:213Pupp 0:000366V:p 0:000110PuV:p &b
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Fig. 8. Effect of Vand Puon Rt

where the Average roughness Rain (mm), the total roughness Rtin
(mm), the cutting speed Vin (mm/min), the laser power Puin (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 inBuence 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 sig-
nibcant factors of the system in an efpcient way.

From Equation (3), the calculations of the levels values and the
S/N ratios were performed correctly of using the Minitab 17 pro-
gram, while specifying OOthe smaller is the betterO

S 1 X
1 = 2
—N/4 10Iogn6 y°p 3ap

Table 6
The results of experiments and S/N ratios values.
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where vy is the average of the observed data, n the number of obser-
vations, Ry? 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/Nratio are:  18.04 for Raand £32.94 for Rt. In order to obtain the
mixed responses of the arithmetic roughness Raand total rough-
ness Rt, we bnd the following optimal parameters; V equal to
2400 mm/min, Puequal to 2kW 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 signibcant parameters on the
responses of the machining system, we worked on the scientibc
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 specibes that there is a signibcant inBuence on roughness Ra.

Table 6 represent the results of experiments and S/N ratios val-
ues of the surface roughness Ra and Rt as function of the three
parameters. However, at the end of this study, we recorded the fol-
lowing 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 Rtvalues. 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 cor-
responds to the third level (2400 mm/min),  Pu corresponds to the
brst level (2 kW), and p corresponds to the brst level (2 bars).

The critical analysis of this study showed that the optimal val-
ues of the cutting parameters are as follows: Laser beam power Pu:
2 kW, the cutting speed V: 2400 mm/min and Pnally the pressure
of gas p: 2 bars.

Experimental number Pu (kw) V (mm/min) p (bar) R, (I m) R, for S/Nratios R (I m) R for S/Nratios
1 2 480 2 10.56 20.47 63.21 36.02
2 2 480 8 10.61 20.51 67.53 36.59
3 2 480 14 10.06 20.05 61.17 35.73
4 2 1440 2 9.14 19.21 50.46 34.06
5 2 1440 8 9.47 19.52 58.62 35.36
6 2 1440 14 8.76 18.84 53.02 34.49
7 2 2400 2 7.98 18.04 44.37 D32.94
8 2 2400 8 8.41 18.49 49.74 D33.93
9 2 2400 14 7.94 17.99 45.38 D33.14
10 3 480 2 11.00 20.82 65.54 36.33
11 3 480 8 11.53 21.23 71.96 37.14
12 3 480 14 10.74 20.62 64.95 36.25
13 3 1440 2 9.18 19.25 53.43 34.56
14 3 1440 8 9.93 19.94 60.81 35.68
15 3 1440 14 9.24 19.31 55.81 34.93
16 3 2400 2 8.19 18.26 47.93 D33.61
17 3 2400 8 8.68 18.76 52.09 34.33
18 3 2400 14 8.25 18.33 48.85 D33.78
19 4 480 2 11.80 21.44 69.52 36.84
20 4 480 8 12.97 D22.26 77.68 37.81
21 4 480 14 11.51 21.21 73.48 37.32
22 4 1440 2 9.84 19.85 57.61 35.21
23 4 1440 8 10.25 20.21 63.18 36.01
24 4 1440 14 9.72 19.75 57.22 35.15
25 4 2400 2 8.72 18.81 49.22 D33.84
26 4 2400 8 9.22 19.29 56.38 35.02
27 4 2400 14 8.47 18.55 51.16 34.18




M. Boujelbene, B. El Aoud, E. Bayraktar et al. Materials Today: Proceedings xxx (XXXX) XXX

Table 7 The quality and the surface topography of the cut pieces were
S/N response table for R, factor. inRuenced by the main input parameters such as the power of
Level V (mm/min) Pu (kW) p (bars) the laser beam and the speed of movement of the nozzle.
1 20.96 19.24 1958 Cutting speed has a dominant effect on surface quality and
2 19.55 19.62 20.03 topography. However, several macro-irregularities for example;
3 18.51 20.16 19.41 the presence of slag, molten and burnt material were observed.
Delta 245 0.92 0.62 A cutting speed of 2400 mm/min resulted in high quality sur-

faces after cutting process. The values of roughness parameters
grow with the increase in distance from upper cut edge.

The Taguchi experimental design was used to obtain optimum
cutting parameters on CO , Laser cutting. At the end of this research
work, we iterate the following additional outcomes;

Raand RtOs S/N ratios were found as a result of experiments con-
ducted according to the L27 orthogonal array.

The SIN ratio equation with OOthe smaller-the betterO to bnd
maximum values was adopted. The maximum S/N ratio allowed

us to bnd optimal machining parameters.

For the smallest value of the arithmetic roughness Ra a maxi-
mum value of the S/N ratio is 18.04. The optimal values of
the parameters are; V: 2400 mm/min, Pu: 2kW 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

Fig. 9. The graphic of mean of S/N ratios versus factor levels Ra pressure p: 2 bars.
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