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Abstract Inconel 718 has high strength, which makes it
difficult to cut using conventional cutting methods. In the
present study, the laser inert gas cutting of Inconel 718 was
simulated by finite element analysis software ANSYS. Finite
element method was used to predict thermal stress and kerf
width formation during the laser cutting process. ANSYS
Parameter Design Language was used to model the Gaussian-
distributed heat flux from the laser beam acting on the
workpiece. The removal of melted material during laser
cutting to form the kerf width was modeled by employing
the element death methodology in ANSYS. In addition, laser
cutting was simulated at continuous wave (CW) and the effects
of laser power and cutting speed on kerf width were
investigated. A series of experiments were carried out to verify
the predictions. The temperature fields on the workpiece were
measured using thermocouples. The kerf width size was
measured using a profile projector, whereas the metallurgical
and morphological changes at the cutting edge were examined
using scanning electron microscopy. A good correlation was
found between the simulation and experimental results.
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1 Introduction

Laser cutting is a non-contact thermal cutting process that
uses laser to cut the workpiece into the desired geometry. A
fully penetrated narrow cut kerf is generated by moving a
focused laser beam along the surface of the workpiece. The
most significant feature of laser cutting is its capability to
generate a highly concentrated heat power to perform fast
processing with high precision, resulting in high-quality
product. These characteristics make laser suitable for
cutting Inconel 718, intricate material to process due to its
high strength and quality, for application in the aerospace
and automotive industries. However, the high-temperature
gradient in the cutting edge results in excessive thermal
stress developed in this region and reduces quality [1]. This
characteristic is particularly important in high-end applica-
tions. In cutting nickel-based alloys such as Inconel 718,
high-pressure gas nitrogen is mostly used as an inert gas to
produce burr and oxide-free cuts. Nitrogen as an inert gas is
also used to eject the molten material without causing
chemical reaction unlike the use of oxygen as inert gas [2].
Therefore, the kerf width is possible to predict a sufficiently
strong nitrogen jet to blow the molten material out of the
cut kerf. Laser cutting generally involves a number of
variables: laser beam power, cutting speed, type of assist
gas, and assist gas pressure. Each of these parameters must
be fully specified and optimized. The model in the current
study utilizes the finite element simulation technique to
predict the thermal stress and kerf width developed during
laser cutting. Therefore, the experimental cost is reduced.
Numerous research studies have been carried out to
analyze the heat transfer during laser material processing. A
mathematical model was developed by Joseph et al. [3] to
estimate the heat conduction losses during laser cutting.
They predicted the cutting speed and the temperature field
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in the heat-affected zone (HAZ). The temperature field
during laser forming of sheet metal was modeled by Ji and
Wu [4]. The simulation results showed an increase in the
peak values of temperature with an increase in laser output
power. However, temperature was found to decrease with
an increase in cutting speed and workpiece thickness. The
temperature trends in cutting ceramics preheated by carbon
dioxide (CO,) laser were also analytically investigated by
Ho et al. [5]. They observed that the laser power level and
cutting speed rate have significant effects on temperature.

A number of researches have also been conducted in the
area of finite element-based numerical simulation techniques
to examine laser material processing. A numerical model was
developed by Paul and Vinay [6] to estimate HAZ formation
in the laser cutting of stainless steel. Their method identified
the optimum process parameters for laser cutting. The
evaporative laser cutting process was modeled by Meung
[7]. He evaluated the groove shapes and temperature
distributions during the laser cutting process. Thermal stress
developed during the laser cutting of ceramic was studied by
Akarapu et al. [8]. In their model, a probabilistic fracture
model was introduced to assess the failure possibility during
laser cutting and forming processes. Laser marking on an
eggshell was conducted by Chen et al. [9]. They established
the temperature model of the eggshell and predicted the heat-
affected area by applying a Gaussian-distributed laser beam
acted on the surface. The finite element model on the laser
removal of titanium nitride from coated carbide substrate
was developed by Sundar et al. [10]. In this model, the
ablation of the material was simulated by the removal of the
elements with a temperature higher than the melting
temperature of the material.

Comparatively, few research studies have been con-
ducted on the thermal stress of laser cutting at different
shapes and thicknesses of metals [I, 11-15]. Previous
research introduced a constant temperature heat source at the
melting temperature of the material for the laser beam in the
finite element simulation. In this study, a Gaussian-distributed
heat source is adopted as the laser heat source in modeling
laser cutting. The temperature and stress fields of the
workpiece are computed using finite element method
(FEM). This model is also capable of predicting kerf width
formation on laser inert gas cutting. The laser cutting
experiment was performed with the same cutting parameters
used in the simulation. Thermocouples were used to measure
the temperature of the workpiece, whereas the kerf width size
was measured using a profile projector and compared with the
simulation prediction. Meanwhile, a scanning electron micro-
scope (SEM) was used to inspect the metallurgical and
morphological changes in the cutting edge. Inconel 718 sheets
with the thicknesses of 1 and 2 mm were used in this study.
The simulations and experiment were done with five levels of
laser cutting powers and cutting speeds.
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2 Experimental

Experimental verification was performed to validate the
simulation model. Figure 1 shows a schematic illustration
of the laser cutting system and the temperature measure-
ment devices. The principal components are the laser, laser
beam, mirrors, focusing lens, gas nozzle, cutting gas, and
the workpiece. The laser beam passes through a mirror and
a guide mirror before reaching the focusing lens. At a
suitable standoff distance, the laser beam is focused on the
workpiece and performs the cutting operation. The cutting
gas assists the cutting by removing the molten metal from
the workpiece.

Trumatic L3030 CO, laser cutting machine with a
maximum power output of 2,700 watts was used in the
laser cutting experiment. A focal lens of 127 mm was used
to focus the laser beam to a diameter of 0.3428 mm.
Nitrogen emerging from a conical nozzle was used as an
assist gas. In the experiment, 50-mm straight cuts were
performed on Inconel 718 with the thicknesses of 1 and
2 mm. For each thickness, two experiments were carried
out. The objective of the first experiment is to study the
effect of laser power on the kerf width changes while the
value of cutting speed is fixed to a minimum. Meanwhile,
in the second experiment, the value of laser power was set
to a maximum in order to study the effect of the cutting
speed on the kerf width changes. The laser cutting
parameters are presented in Table 1. A total of three
exposed junction thermocouples (type K) connected to a
data logger system were used to record the temperature
history on the workpiece. The thermocouples named as
TC1, TC2, and TC3 were placed at the different locations
as shown in Fig. 2. On the top surface, thermocouple TC1
is installed at a distance of 8 mm from the generated cutting
line to avoid collision between the cutting head and the
thermocouple. While on the bottom surface, thermocouple
TC2 is installed at 2 mm and TC3 is installed at 8§ mm from
the generated cutting line. The temperatures at the top and
bottom surfaces were compared using TC1 and TC3.

A profile projector was used to measure the keft width of
the workpieces, and a SEM was employed to capture the
micrographs of the cutting edge after the laser cutting
process.

3 Theory and simulation

As mentioned earlier, laser cutting is a thermal cutting
process. The laser beam is focused on the workpiece which
is heated locally. Some of the laser energy is absorbed by
the material while the rest is reflected. The absorbed laser
energy is then conducted into the material and is lost as heat
through convection from the surface. The efficiency of laser
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Fig. 1 Schematic diagram illus-
trating the experimental set up
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energy absorbed by the material depends on the thermal
and optical properties of the material as well as, the
wavelength of the laser beam, its polarization, and the
temperature of the workpiece [7]. The molten material is
blown out, and a kerf develops due to the assist gas
pressure flow.

The parameters controlling the laser cutting operation are
the laser power, cutting speed, assist gas pressure, material
thickness, material reflectivity, thermo-physical properties,
and the beam diameter. All of these parameters have an
effect towards the cut quality and performance of the
cutting operation.

Table 1 Laser cutting parameters used in the study

Workpiece thickness Cutting speed Laser power

(mm/min) W)
1 mm Experiment 1 4,080 800
1,000
1,200
1,400
1,600
Experiment 2 4,080 1,600
5,100
6,120
7,140
8,160
2 mm Experiment 1 4,080 1,600
1,800
2,000
2,200
2,400
Experiment 2 4,080 2,400
4,620
5,160
5,700
6,240

Therefore, the following assumptions are made in
deriving the model in ANSYS:

1. The material is isotropic and opaque.

2. The spatial distribution of the laser beam is in Gaussian
at TEM, mode.

3. With an appropriate depth of focus, the laser energy
density is equal along the thickness of the workpiece.

4. The molten material is removed immediately from the
workpiece by an assist gas pressure. Thus, no vapor-
ization occurs.

5. Phase change is neglected due to small fraction of the
re-solidified region.

6. The cooling effect of the inert gas is negligible.

3.1 Laser heat source modeling

Heat source modeling is the most important part in the
thermal analysis of laser cutting. Various beam shapes
including Gaussian, circular, rectangular, etc., can be
obtained by using the beam-shaping method for different
kinds of applications in laser material processing. Among
these, the Gaussian energy distribution is the most preferred
mode for laser cutting because a very small diameter can be
focused, resulting in a higher power density [16]. The laser

Upper surface Lower surface

TCl TC2 TC3
o o o

Fig. 2 Locations of the thermocouples at the top and bottom surfaces
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energy that is transmitted to the target material at a depth, z,
is governed by the Beer—Lambert law given by:

S,(z) = Le " (1)
where:

P Laser beam power output (W)
I, P/m?, laser intensity at (0, 0) (W m™?)
&  Absorption coefficient (m ")

However, for metals, the absorption coefficient is around
5x10” m'. Therefore, the absorption of laser energy takes
place in a very shallow region with a depth of only a fraction
of the wavelength of the incident radiation [17]. Surface heat
flux (W m ?) is adequate in presenting the heat source from
the laser beam in the calculation expressed follows:

So(,3) = Ip(1 = R)el = 0)/%) (2)
where:

r Radius of the beam (m)

R Surface reflectivity

x, ¥ Distance from center (0, 0) of the laser beam in
x- and y-direction (m)

Equation 2 is used for CW cutting condition. The
Gaussian beam profile as shown in Fig. 3 is used as the
heat source at TEMy, mode. The absorptivity of Inconel
718 at 10.6 pum (CO,) wavelength determined by Sainte-
Catherine et al. [18] is used in the calculation.

3.2 Heat transfer analysis

Heat transfer in the laser cutting process is modeled as
transient and three dimensional (3D). The general mathe-
matical model for transient temperature is written as:

or 0 oT 0 oT 0 oT
pen) 5 = o (KO G0) + 5 (KOG ) + 5 (D G +
(3)
where:
p Material density (kg m )
¢(T) Specific heat as a function of temperature
(kg K

k(T) Thermal conductivity as a function of temperature
(Wm™' K™

Qi Internal heat generation rate (W m>)

To solve the above differential equation, the boundary
and initial conditions must be identified. Free convection to
the atmosphere is assumed to be present on the surfaces of
the workpiece. The general boundary condition is presented
in the following Eq. 4 below:

{freeconv — hfreeconv(Ts =T amb) (4)
where:
T Surface temperature of the workpiece

Tamb Ambient temperature (307 K)
Convective heat transfer coefficient of air (15 W
K m?)

hfreeconv

Initially, the workpiece is assumed to be at constant
ambient temperature, i.e., 7 = T,np. The temperature-
dependent thermal properties of Inconel 718 used in the
calculation are shown in Table 2. Equation 3 is solved
numerically with the appropriate boundary conditions to
predict the temperature field in the workpiece.

3.3 Material removal

The laser energy absorbed by the workpiece caused the
temperature values to reach the melting point due to the
laser focused radiation. The molten material is ejected
immediately by an assist gas pressure and forms the kerf
avoids a further increase in temperature to the boiling point
or beyond. Subsequently, a small fraction of a liquid layer
re-solidifies at the cutting edge.

The melting speed or penetration speed can be
calculated based on the energy balance of the material
removed. Heat flow is assumed to be one dimensional
and is used in the melting process (the heat conduction
is zero). This fairly gross assumption is rational if the

Table 2 Thermal properties of Inconel 718 used in the simulation
[24]

Fig. 3 Gaussian-distributed
heat flux of a laser beam
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Temperature  Thermal conductivity — Specific heat Melting range
) (Wm ' K™ Tk 'K (®)

273 11 425 1,533-1,609
473 14 468

673 18 511

873 20 561

1,073 23 594

1,273 26 644

1,473 29 683

1,673 32 728

1,873 35 772
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5 1600 ———  —=—1000 W
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2 1400 —
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~ 1300
1200 / —#—=1600 W
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1000
Fig. 4 a Cylinder with diameter, d. b Model to determine cutting 0.4 0.2 0.1 0.05 0.025 0.0125
speed, v (modified from Ref. [19]) Size of the elements - y direction (mm)
melting speed is similar to or faster than the rate of b 2000 Thickness = 2 mm, Speed = 4080 mm/min
conduction [2]. 1900
The energy required to melt a mass, m of a material in a -
1© FneTey et L . g 1o V ———
cubic element (see Fig. 4) at an initial temperature (ambient 5 1700 I — = 1600 W
: : 5 2 ——
temperature) is written as [19]: 2 1600 . P A
5 1500 - —=—1800 W
2 S 1400 ‘Z:;[
nd £ 2000 W
En =——pVnt[Cs(Tw — Tams) + Ly (5) 2 13003
m 4 PVm s\4m am f = 1200, 2200 W
where: 1100 ——2400 W
1000
0.4 0.2 0.1 0.05 0025 0.0125

E, Energy required to melt the material (J)

Table 3 Mechanical properties of Inconel 718 used in the simulation
[23]

Temperature Young’s Poisson’s Thermal expansion Density

(K) modulus ratio (v) coefficient (p (kg m ™))

(E (GPa)) (ax107¢
K1)

294 199.95 0294 - 8,200

311 198.56 0291 -

366 195.81 0.288 132

422 193.05 0280 -

478 190.29 0.280 13.6

533 186.85 0275 -

589 184.09 0.272 139

644 180.64 0273 -

700 177.88 0271 143

755 174.44 0272 -

811 170.99 0.271 146

866 166.85 0276 -

922 163.41 0.283 15.1

978 158.58 0292 -

1,033 153.75 0.306  16.0

1,089 146.86 0321 -

1,144 139.27 0331 -

1,200 129.62 0334 -

1,255 119.97 0341 -

1,311 109.63 0366 -

1,366 98.60 0.402 -

Size of the elements - y direction (mm)

Fig. 5 Temperature plot for the mesh convergence parametric study of
different laser powers for two thicknesses of Inconel 718:a 1 and b 2 mm

a Thickness = 1 mm, Power = 1600 W

2000

1900
o 1800 % —+—4080 mm/min
~ 1700 < i
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5 1600 y /4 L
S 1500 // 6120 mm/min
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1400 ——7140 mm/min

——8160 mm/min

1200 &

1100

1000

0.4 0.2 0.1 0.05 0.025 0.0125
Size of the elements - y direction (mm)

b Thickness = 2 mm, Power = 2400 W

2000

1900 .
< 1800 )_Q ——4080 mm/min
o 1700 ﬂ —8—4620 mm/min
% 1600 74 " 5160 mm/min
= 1500 .
3 1400 / ——5700 mm/min
§ =/
2 1300 —¥—6240 mm/min

1200 ://“— x

1100

1000

0.4 0.2 0.1 0.05 0.025 0.0125
Size of the elements - y direction (mm)

Fig. 6 Temperature plot for the mesh convergence parametric study of
different cutting speeds for two thicknesses of Inconel 718:a 1 and b 2 mm
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Fig. 7 Details of the mesh and
the dimensions (unit in milli-

meters) of the elements at the 0.025
boundary of the laser heat flux o
(1-mm-thick workpiece)
0.25
0.1
N
=
N
N
NS
S8

d Laser spot diameter (m) t Time (s)
P Mass density (kg m ) C Specific heat capacity of solid
Vin Melting speed (m s ') (Jkg 'K
- - AN NODAL SOLUTION
NODAL SOLUTION STEP =251
STEP =251 SUB=1
SUB=1 TIME = 367648
TIME =.367648 ;ll':tl'_ o (AVG)
TR, . VD) SMN - 307
RSYS=0 SMX = 2101
SMN=307
SMX=2524

Deactivated elements removed,
cut edge at melting temperature

2 - |
a7 s30T h0ke 139 % g0m2 P aeag 503 1902
Axis of Symmetry
Kerf Width /2
A y
c Before laser cutting After laser cutting

Fig. 8 a Deactivated elements. b Removal of deactivated elements and the cutting edge at the melting temperature of the material. ¢ Kerf width

calculation
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T Melting temperature (K)
Tomp Ambient temperature (K)
Ly Latent heat of fusion (J kg™")

In addition, the power required to melt the material is
given by:

Py=(1-RP="" (6)

Therefore, the volume removed per second per unit area
(melting speed) is determined by:
4(1 —R)P
Vm = —>
7d*p[Cy(Tw — Tamb) + Ly]

(7)
3.4 Thermal stress analysis

As the laser spot moves, the heated zone cools down due to
radial heat conduction and convection from the surfaces.
Thermal stress develops from the rapid cooling rate of high
temperature. The thermal stress caused by the temperature
difference AT is written as:

EaAT

Othem =— 7
1—v

(8)
where:

E  Young’s modulus
« Thermal expansion coefficient
v Poisson’s ratio

Time step = i

Thermal analysis ‘

(=) ‘

‘ Temperature distribution ‘

!

’ Deactivate elements (T = Tieliing)
1<i <ipg i
’ Select all active elements H Kerf Width

!

Structural analysis

!

Thermals tress field

T
e D

Fig. 9 Flow chart of the finite element simulation

a Thickness = 1 mm, Speed = 4080 mm/min

0.4 X 1800
£ 0s A\ _,f ot 0 o Kerfwidin

0.3 ) erf width -
£ 0.25 —//.* \ 1700 3 experiment (mm)
% 0.2 \ / \ 1650 3 Kerf width -
A V ] simulation (mm)
5 0P 1600 8 — Cutedge
x 0 1550 2 temperature (K)

0.05 r

1500

800 1000 1200 1400 1600

Laser power (W)

b Thickness = 2 mm, Speed = 4080 mm/min
0.45 1800

0.4 X |
- 1750
T 035 AN -
E o3 H_-—7L")\ 1700 3 —=—Kerf width -
£ 025 N / 2 experiment (mm)
2 02/ N/ - 1650 = Kerf width -
t % id simulation (mm)
G 0.15 1600 =
X £ —«Cutedge
01 L 1550 temperature (K)
0.05
500

1600 1800 2000 2200 2400
Laser power (W)

Fig. 10 Kerf width at different laser powers and temperatures of the
cutting edge for two thicknesses of Inconel 718: a 1 and b 2 mm

a Thickness = 1 mm, Power = 1600 W
0.4 1800
= 0.35 —& - 1750 o
£ %% ' 1700 3 — Top kerf width -
£ 0.25 / — % experiment (mm)
2 02 ~~__/ 1650 £ Kerf width -
@ simulation (mm)
T o5 L 1600 R
% 04 L —« Cut edge
’ L temperature (K)
0.05 1550
1500
4080 5100 6120 7140 8160
Cutting speed (mm/min)
b Thickness = 2 mm, Power = 2400 W
0.45 1740
- AN
. 0.4 = 1720 -
€ 0.35 + 1700 ‘3" X
£ 5 —#— Top kerf width -
= 03 - 1680 @ .
< o5 1660 3 experiment (mm)
g 0. N/ g Kerf width -
< 0.2 \/ 1640 o simulation (mm)
g 015 1620 2 ___ cut edge
0.1 1600 temperature (K)
0.05 1580
1560

4080 4620 5160 5700 6240
Cutting speed (mm/min)

Fig. 11 Kerf width at different cutting speeds and the temperatures of
the cutting edge for two thicknesses of Inconel 718: a 1 and b 2 mm
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Fig. 12 3D view of the temper-
ature distribution after the cut-

ting process is complete for the
workpiece with 1-mm thickness,

NODAL SOLUTION

STEP=499

SUB =1
TIME=.732354
(AVG)

1,200 W laser power, and TEMP
RSYS=0
SMN =307
SMX =1706

4,080 mm/min cutting speed

AN

307

462.41

The equivalent von Mises stress is given by the
following expression:

(o1 —02)2+(02—203)2+(01 —03)2 9)

Oy =

where o1, 0,2, 03 are the three principal stresses from any
point in the x, y, or z directions of the principal axis
obtained from Eq. 8. Plastic deformation occurs when oy,
reaches the yield strength of the material. The temperature-
dependent mechanical properties of Inconel 718 used in the
calculation are shown in Table 3. No external loads acting
on the workpiece are assumed. The workpiece is clamped
on one side, parallel to the cutting line.

Thickness = 1 mm, Power = 1200 W, Speed = 4080
mm/min, X =25 mm, z=0 mm, t = 0.36765 s
1800
1600
1400
1200 x
1000
800 \
600 \
400 \\‘&.___,

200

Temperature (K)

L 4

o
v v

0 02 04 06 08 1 1.2
y - axis (mm)

Fig. 13 Temperature distribution along the y-axis in the middle of the
workpiece
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819 928.639 1239 1550
773.

229 1084 1395 1706

3.5 Finite element simulation

Finite element simulations were performed using the same
cutting parameters adopted in the experiment as shown in
Table 3. The laser beam travels along the x-axis, (i.e., the
symmetrical axis of the workpiece) (Fig. 7), only half of the
workpiece is modeled to reduce the computational time.
The effect of mechanical deformation on heat flow during
laser cutting is found to be insignificant [13]. Therefore, a
sequentially coupled physics analysis using FEM software
ANSYS is performed to determine the temperature distri-
bution and the resulting thermal stress in the workpiece.
The results of the thermal analysis are treated as input for
the structural analysis using ANSYS Parameter Design

Thickness = 1 mm, Power = 1200 W, Speed = 4080 mm/min, z = 0
mm, y =0 mm

1800

1600
1400 —X =0mm
% 1200 ——X=12.5mm
3 1000 X =25mm
i 800 \ \ \ ——Xx =37.5mm
g 600 =X = 50mm
F 400 ——

200

0
0.00E+00 2.00E-01 4.00E-01 6.00E-01 8.00E-01
Time (s)

Fig. 14 Temporal variation in temperature at different locations of the
cutting edge
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a Thickness = 1 mm, Speed = 4080 mm/min
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o 350 —a—TC2 - Exper!ment
5 \ TC3 - Experiment
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a 330
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= 320
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300

02 4 6 8 1012141618202224 2628 30
Time (s)

b Thickness = 2 mm, Speed = 4080 mm/min

380

370 ——TC1 - Experiment
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‘@ 350 ——TC1 - Simulation
2 340 \ —«—TC2 - Simulation
g" \h;_
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320

310

300

02 46 810121416182022242628 30
Time (s)

Fig. 15 Time-temperature curves: and comparison between the
experimental and simulation results for two thicknesses of Inconel
718:a 1 and b 2 mm

Language (APDL) programming language. Both analyses
are performed with the same mesh but different element
types. Thermal element SOLID70 is used in the transient
thermal analysis, whereas an equivalent structural element
SOLID45 is adopted in the structural analysis. A detailed
description of the elements can be found in [20].

Grid density is very important in finite element analysis
because the coarseness of the grid can result in large errors.
However, if the grid is too fine, the computational time
increases. To determine an acceptable compromise between
accuracy and computational time, mesh convergence para-
metric studies were conducted to obtain the appropriate
element sizes, which are presented in Figs. 5 and 6. The
figures clearly show that the size of the element at 0.025 mm
is sufficient to achieve reasonable accuracy at different
cutting parameters for both thicknesses. Hence, to optimize
and balance the simulation accuracy and computational
efficiency, 0.025 mm is selected as the size of the element
in the y-direction at the boundary of laser heat flux. Further,
variable meshes, with a very dense mesh at the boundary of
the laser heat flux and a coarser mesh expanding gradually
away from the cut edge were designed. A short cut of 50 mm
was found to be adequate in the present study [1]. Therefore,
with the workpiece dimension of 50x20 mm, the mesh

comprises about 60,000 and 120,000 eclements for the
thicknesses of 1 and 2 mm, respectively. The details about
the mesh are presented in Fig. 7.

Element death methodology was applied in the
simulation by deactivating the elements when the
element temperature, 7 is higher than the melting
temperature, Tieiing. These elements are deactivated or
considered to be dead, (i.e., with insignificant effect in the
subsequent time steps by setting the conductance to
approximately zero) [20]. With the element death meth-
odology applied in the simulation, the temperature of the
cutting edge should be close to the melting temperature
(1,609 K) of the material for all cutting parameters. From
Figs. 5 and 6, the temperatures of the cutting edge vary for
different cutting parameters as an element can only be
deactivated if the average temperature of the element
achieves the melting temperature of the material. In sum, a
higher power and lower cutting speed increase the
workpiece temperature and cause more elements to be
heated at a temperature higher than the melting tempera-
ture of the material. Therefore, more eclements are
deactivated by the element death methodology applied in
the simulation.

The position of the heat flux vector produced by the
laser beam varies with time. In this study, the Gaussian-
distributed heat flux (Fig. 3) was modeled using ANSYS
APDL programming language. The position of the laser
spot at time, ¢ is defined using a table. The laser heat flux
moves in the x-direction with a cutting speed, v and
simultaneously penetrates into the workpiece in the z-
direction with a melting speed, v,,. The laser beam power
and cutting speed can be easily manipulated in the
program.

To model the removal of molten material, the element
death methodology (available in ANSYS) was employed in
the simulation. At each time step, the elements with a
temperature higher than the melting temperature (7> 7 yciting)
of the material were deactivated. The deactivated elements
represent the material that has been removed by the inert gas
and thus forms the cut kerf. By setting the conductivity to
approximately zero, these elements are considered to be
dead, with an insignificant effect in on the subsequent time
steps (Fig. 8a) [20]. The maximum temperature of the cutting
edge (remaining) is about the same as the melting temper-
ature of the material. This forms the constant temperature
heat source of the melting temperature of the material
moving at the cut edge as shown in Fig. 8b. The kerf width
size is calculated using Eq. 10 (Fig. 8c):

Kerf width size
= 2(original workpiece size — remaining workpiece size)

(10)
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At the boundary of the laser heat flux, the element size in
the y-direction is 0.025 mm. Therefore, the estimated kerf
width has an accuracy of £0.05 mm. The kerf width size at
the top and bottom surfaces are the same due to a similar
laser energy density along the thickness direction.

An overview the finite element simulation is presented in
the flow chart in Fig. 9.

4 Results and discussions

The laser inert gas cutting of Inconel 718 sheet with
the thicknesses of 1 and 2 mm were considered in this
work. ANSYS finite element simulation with element
death methodology was used to predict the kerf width,
temperature fields and thermal stress developed during

Fig. 16 3D view of the von

Mises stress distribution for two HODAL SOLUTION
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Fig. 17 Temporal variation in von Mises stress at different locations
of the cutting edge

laser cutting. Experiments were conducted to verify the
present predictions. In general, a higher laser power
and lower cutting speed are required to perform a full
penetration cut on the workpiece with a thickness of
2 mm compared with that which has a 1-mm thickness.
A higher laser power is also required for high-speed
cutting [2]. Therefore, to study the effect of laser powers
on kerf width changes, the cutting speed is fixed at the
minimum speed enough to produce a through cut.
Meanwhile, laser power is fixed at its maximum in order
to study the effect of cutting speeds on kerf width
changes.

Figure 10 shows both the kerf width predicted from the
finite element simulation and obtained from the experi-
ment with different laser powers. The results of different
cutting speeds are shown in Fig. 11. The predicted results
showed good agreement with the experimental results.
The predicted maximum temperature of the cutting edge
is also presented in the figures. By increasing the laser
power, the kerf width increases. By contrast, the kerf
width decreases as the cutting speed increases. This trend
is true for both workpiece thicknesses (1 and 2 mm). This
is because higher power intensity increases the material
removal rate from the kerf. In addition, increasing the
laser cutting speed and maintaining the laser power
reduce the material removal rate from the kerf [21]. From
Figs. 10 and 11, the temperatures of the cutting edge are
within the range of 1,614—1,785 K. This result is due to
the element death methodology applied to deactivate the
element when the temperature is higher than the melting
temperature (1,609 K) of the material and when the
element size is 0.025 mm. The material in this tempera-
ture range is in liquid form. This thin layer of liquid is re-
solidified to form the recast layer, which shows good
agreement with theory. For example, for laser power of
800 W, the predicted kerf width is 0.25 mm, and the
temperature of the cutting edge is 1,660 K (Fig. 10a). As
the laser power increases to 1,000 W, the predicted kerf

width is maintained at 0.25 mm, the temperature of the
cutting edge increases to 1,745 K. This result is due to the
increase in the temperature of the elements as the laser
power increases. However, this increase is not sufficient
to cause more elements to be deactivated. For a laser
power of 1,200 W, the predicted kerf width increases to
0.30 mm, and the temperature of the cut edge drops to
1,614 K as more elements are deactivated. This finding is
true with an increase in cutting speed as shown in Fig. 11.
Therefore, the predicted kerf width has an accuracy
of £0.05 mm.

For the workpiece with a thickness of 1 mm, the
cutting parameters, such as a laser power of 1,200 W
and cutting speed of 4,080 mm/min were selected for
the further analysis of temperature and developed
thermal stress. This choice is due to the close peak
temperature of the cutting edge (1,614 K) to the
melting temperature (1,609 K) of the material. The
cutting edge temperature is controlled at 1,614 K for
both thicknesses for comparison and the temperature
profiles are also the same. Therefore, Figs. 12, 13, and
14 only show the thermal analysis results for 1-mm
thickness. Fig. 12 also shows the 3D distribution of
temperature after the cutting process was completed. The
cutting edge temperature is the same as the melting
temperature of the material, and it is decreased as it
moves in the y-direction. The temperature along the y-axis
is reflected in Fig. 13. The temporal variation in
temperature at five locations of the cutting edge is shown
in Fig. 14. At x=0, the temperature increased from 307 to
1,468 K. This increase comprises the initial transient
stage. The peak temperature value, which remains
constant at 1,614 K, is called the quasi-stationary stage.
When the laser heat source reaches the end of the cutting
process (x=50 mm), the peak temperature (1,706 K)
becomes higher as the heat conduction is weak at the
boundary of the workpiece.

Speed = 4080 mm/min, x =25 mm, z =0 mm
2.50E+09

2.00E+09
1.50E+09 \
1.00E+09

5.00E+08 %

0.00E+00
0

—4— 1mm thickness

—o—2mm thickness

Von Mises Stress (Pa)

0.5 1 1.5 2
y - axis (mm)

Fig. 18 Peak von Mises stress variation along the y-axis for two
thicknesses
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Table 4 Peak von Mises stress at the top, center, and bottom surfaces
for two thicknesses (x=25 mm, y=0 mm)

Thickness Peak von Mises stress (Pa)
(mm)
Top Center Bottom
(z=0 mm) (z=thickness/2) (z=thickness)
2.05E+09 2.06E+09 2.05E+09
2 2.08E+09 2.48E+09 2.08E+09

Figure 15 shows the comparison of temperature trends
for the workpiece with 1- and 2-mm thicknesses. To verify
the temperature measured by the thermocouples, the
calculation of thermal analysis is accomplished at 30 s,
which includes the cooling stage after the completion of
laser cutting. In both simulations, the peak temperature of
the cutting edge is controlled at 1,614 K, which is the
melting temperature of the material. The simulation and
the experiment showed similar results. By comparing
Fig. 15a and b, the temperature of the workpiece with 2-
mm thickness is slightly higher than that with 1-mm
thickness.

Figure 16 shows the 3D view of the von Mises stress
distribution for 1- and 2-mm-thick Inconel 718 sheet.
Figure 17 shows the temporal variation in von Mises
stress at different locations of the cutting edge. The
highest stress level was observed at the central region of
the workpiece (x=25 mm) as the material is constrained
to expand at both ends. Figure 18 shows the comparison
of the peak von Mises stress variation along the y-axis for
the two thicknesses. The graph shows that the peak stress
level at the cutting edge (y=0 mm) for the 2-mm
thickness is 2.08E+09 Pa, which is slightly higher than
the peak stress for the 1-mm thickness, 2.05E+09 Pa.
However, the results in Table 4 clearly shows that the

Fig. 19 SEM micrographs of
the cutting edge

Mag= 100 KX
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peak stress levels at the center (z=thickness/2) of
workpiece with 2 and 1-mm thicknesses are 2.48E+09
and 2.06E+09 Pa, respectively, indicating a 21% differ-
ence. This result is due to the energy stored in the cutting
edge region of the thicker workpiece, which is higher
during the cutting process and thereby resulting in a
higher stress level [12].

Some shallow surface cracks were found at the
cutting edge as shown in Fig. 19. The causes of the
cracks may be complicated. One of the causes is the rapid
temperature change at the cutting edge, which causes the
stress to exceed the strength of the material [12, 13, 22].
In the experiment, surface cracking was found to be more
pronounced at the central region. This result may be due
to the higher stress in this region as shown in Table 4
above.

5 Conclusions

Laser inert gas cutting of 1- and 2-mm-thick Inconel 718
was conducted using finite element simulation. The cutting
process was simulated by applying Gaussian-distributed
moving heat flux as the laser heat source and element death
methodology in ANSYS to remove the molten material.
The simulation results show that the kerf width increases
with an increase in laser power and decreases with an
increase in cutting speed, which is in good agreement with
the experimental results and theory. Thermal analysis
results also show that the temperature rises sharply in the
region close to the laser heat source. However, the
temperature gradient reduces sharply and gradually when
the distance increases from the cutting edge. In addition, the
high-temperature gradient in the cutting edge causes the
high thermal stress in the region. The stress level is highest

Surface cracks
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at the central region as the material is constrained to expand
at both ends. Further, the stress level is higher for the 2-
mm-thick workpiece compared with 1-mm-thick one.
However, the stress levels at the surfaces, (i.e., top and
bottom) of both are similar. Therefore, significant changes
in thermal stress occur at the central region in the z-
direction. A similar situation is also observed from SEM
analysis as the surface cracking is more pronounced at the
central region.
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