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Laser cutting of rectangular blank in thick sheet steel is considered and temperature as well as stress fields
in the cutting section are predicted using the finite element method. The influence of cutting speed on
temperature and stress levels is examined while the XRD technique is introduced to measure the residual
stresses after the laser cutting process. The morphological and metallurgical changes in the cutting section
are examined using the SEM and XRD. Microhardness across the cut cross section is measured. It is found
that the temperature gradient along the y-axis changes, which modifies von Mises stress distribution along
the y-axis. The residual stress predicted agrees with the measured data for all the cutting speeds employed
in the present study.
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1. Introduction

Laser machining has several advantages over the conven-
tional machining processes due to the short processing time
precision of operation, local thermal affects, and acceptably
good end product quality. Laser cutting is one of the widely
used laser machining processes in industry. However, when
cutting high aspect ratio (length to width) parts in thick sheet
metals, thermal stress developed around the cut edges becomes
important, particularly in the corners of the rectangular shapes.
Controlling the cutting speeds in such cutting situation may
improve the stress levels around the cut edges. Consequently,
investigation into laser cutting of high aspect ratio rectangular
shapes in thick sheet metal and influence of cutting speeds on
the resulting stress fields becomes essential.

Considerable research studies are carried out to examine the
laser cutting process and thermal stress development. Li and
Sheng (Ref 1) investigated stress developed during laser cutting
of ceramics using the plane stress model. They analyzed the
fracture initiation quantitatively and indicated that the surface
fracture occurred at high intensity irradiation. The intensity
factor for semi-infinite crack formed by a moving thermal
source was examined by Kotousov (Ref 2). They developed
analytical solution for the stress intensity factor in the tip of the
cut. The thermal stress development during laser treatment of
ceramics was investigated by Modest and Mallison (Ref 3). The
analysis adopted covered three pulse and continuous modes of
heating and they indicated that tensile stress was developed
over a thick layer below the surface. Thermo-mechanical
modeling of laser cutting was carried out by Hardjadinata and

Doumanidis (Ref 4). They used a flexible thermo-mechanical
finite element model to determine the layer deformation due to
the thermal gradients. Laser cutting of ceramics and thermal
stress development were examined by Tsai and Chen (Ref 5).
They obtained the relationship between stress levels, laser
power, cutting speed, and specimen geometry. A probabilistic
model for the crack formation in laser cutting of ceramics was
introduced by Lee and Ahn (Ref 6). They used a Bayesian
model for crack formation over a thin aluminum plates during
the laser cutting process. The propagation of crack tip during
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the laser cutting of glass sheets was investigated by Paterson
et al. (Ref 7). They showed that stress levels were high in the
immediate vicinity of the crack tip and heating/cooling loading
conditions were favorable for straight line cutting. The thermal
stress distribution and failure mode analysis for laser cutting
process were examined by Akarapu et al. (Ref 8). They showed
that the groove shapes as well as the temperature and stress
distributions were similar in front of the cutting section. Thermal
stress analysis during laser treatment of cemented carbide
cutting tool was carried out by Yilbas et al. (Ref 9). They
indicated that multidirectional cracks were formed at the surface
and tungsten nitride was formed in the surface region after the
laser treatment process. Thermo-mechanical effect during laser
assisted machining was examined by Germain et al. (Ref 10).
They indicated that the diffusion in the machined section
reduced the residual stress levels in the workpiece. Thermal
stress development during laser heating process was examined
by Yilbas and Al-Ageeli (Ref 11-14). They developed analytical
solution for temperature and stress fields; however, the formu-
lation was limited to the one-dimensional heating situation.

Arif and Yilbas (Ref 15) investigated thermal stress
development during laser cutting of steel. They showed that
the high stress levels were developed in the vicinity of the cut
edges. However, the study was limited with the thin sheet metal
cutting applications and the modeling for thermal stress
development due to corner cutting was not considered.
Consequently, in the present study, thermal stress field devel-
oped during laser cutting of high aspect ratio (length-to-width
ratio) rectangular blank in thick sheet metal is considered.
Temperature and stress fields in the cutting sections are
computed using the finite element model. The laser cutting
experiment is carried out using the identical cutting conditions
adopted in the simulations. The residual stress developed in the
cutting section is measured using the XRD technique. The
results are, then, compared with the predictions. The morpho-
logical and metallurgical changes in the cutting sections are
examined via SEM. The experiment and simulations are
repeated for three laser cutting speeds. A mild steel sheet with
5 mm thickness is used as a workpiece.

2. Heat Transfer Analysis

The transient diffusion equation based on the Fourier
heating model can be written in the Cartesian coordinates as:
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where x, y, and z are the axes (Fig. 1), u is the scanning
speed of the laser beam, q is the density, Cp is the specific
heat capacity, and k is the thermal. It should be noted that the
laser heating situation is considered to be a constant tempera-
ture line heat source with a radius a (laser beam radius at
focused surface) in the x-y plane and a thickness w along the
z-axis. This setting represents the situation that at the kerf
surface temperature is assumed to be at melting temperature
of the substrate material along the z-axis in the x-y plane
where laser beam is located (Fig. 1).

At the free surface (in x-y plane at z = 0), a convective
boundary is assumed, therefore, the corresponding boundary
condition is:

At z ¼ 0 ðat the surfaceÞ ! @T

@z
¼ h

k
ðTs � ToÞ

where h is the heat transfer coefficient and Ts and To are the
surface and reference temperatures, respectively. In addition,
at a distance far away from the surface in the x-y plane tem-
perature becomes the same as the reference temperature. This
yields the boundary condition of:

At x and y ¼ 1! T ¼ To ðTo ¼ 300 KÞ

Initially, the substrate material is assumed to be at a
reference temperature (To), therefore, the initial condition
becomes:

At t ¼ 0! T ¼ To ðTo ¼ 300 KÞ

3. Modeling of Thermal Stresses

From the principle of virtual work (PVW), a virtual (very
small) change of the internal strain energy (dU) must be offset
by an identical change in external work due to the applied loads
(dV). Considering the strain energy due to thermal stresses
resulting from the constrained motion of a body during a
temperature change, PVW yields:

fdugT
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Z
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¼ fdugT
Z
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Noting that the {du}T vector is a set of arbitrary virtual
displacements common in all of the above terms, the condition
required to satisfy above equation reduces to:

½K�fug ¼ fF thg þ fFprg þ fFng ðEq 3Þ

where

½K� ¼
Z
vol

½B�T½D�½B�dv ¼ element stiffness matrix

fF thg ¼
Z
vol

½B�T½D�½eth�dv ¼ element thermal load vector

fethg ¼ fagDT ¼ thermal strain vector

fag ¼ vector of coefficients of thermal expansion

fFprg ¼
Z

Area

½Ns�TfpgdS ¼ element pressure vector

fFng ¼ nodal force vector

In the present study, the effect of mechanical deformation on
heat flow has been ignored and the thermo-mechanical
phenomenon of melting is idealized as a sequentially coupled
unidirectional problem. For thermal analysis, the given struc-
ture is modeled using thermal element (SOLID70). SOLID70
has a 3D thermal conduction capability (ANSYS code). The
element has eight nodes with a single degree of freedom,
temperature, at each node. The element is applicable to a 3D,
steady-state or transient thermal analysis. Since the model
containing the conducting solid element is also to be analyzed
structurally, the element is replaced by an equivalent structural
element (such as SOLID45) for the structural analysis.
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SOLID45 is used for the 3D modeling of solid structures. The
element is defined by eight nodes having three degrees of
freedom at each node: translations in the nodal x, y, and z
directions. The element has plasticity, creep, swelling, stress
stiffening, large deflection, and large strain capabilities.

The thermal and mechanical properties used in the simula-
tions are given in Table 1.

4. Experimental

The laser used in the experiment is a CO2 laser (LC-aIII-
Amada) and delivering nominal output power of 2000 W at the

Table 1 Mechanical and thermal properties of the mild
steel used in the simulations

Temperature, K 373
a 9 10�6, 1/K 63
t 0.29
E, GPa 210
q, kg/m3 7854

Temperature, K

300 400 600 800 1000

k, W/m K 60.5 56.7 48 39.2 30
Cp, J/kg K 434 487 559 685 1169

Three-dimensional view of the solution domain. 

y-axis t = 0.31 s when cutting speed is 5 cm/s
t = 0.155 s when cutting speed is 10 cm/s
t = 0.103 s when cutting speed is 15 cm/s

(-25, 25) (25, 25)

X-axis

(-25, -25) (25,-25)

s/mc 5 si deeps gnittuc nehw s 45.1 = ts/mc 5 si deeps gnittuc nehw s 96.0 = t
s/mc 01 si deeps gnittuc nehw s 77.0 = ts/mc 01 si deeps gnittuc nehw s 543.0 = t
s/mc 51 si deeps gnittuc nehw s 15.0 = ts/mc 51 si deeps gnittuc nehw s 32.0 = t

A (b/2, -d/2)

B (b/2, d/2)C (-b/2, d/2)

D (-b/2, -d/2)

b = 4 mm
d = 15 mm
Thickness = 5 mm

(0,0)

Cutting Direction

x

y

z

Fig. 1 Geometric arrangements of the cut square cutting
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pulse mode with adjustable frequencies. Nitrogen emerging
from a conical nozzle and co-axially with the laser beam is
used. The 127 mm focal lens is used to focus the laser beam.
The laser cutting parameters are given in Table 2.

JEOL JDX-3530 scanning electron microscope (SEM) is
used to obtain photomicrographs of the cross section and
surface of the workpieces after the tests. The Bruker D8
Advance having MoKa radiation is used for XRD analysis. A
typical setting of XRD was 40 kV and 30 mA. It should be
noted that the residual stress measured using the XRD
technique provides the data in the surface region of the
specimens. This is because of the penetration depth of Mo-Ka
radiation into the coating, i.e., the penetration depth is in the
order of 10-20 lm. The measurement relies on the stresses in
fine-grained polycrystalline structure. The position of the
diffraction peak undergoes shifting as the specimen is rotated
by an angle w. The magnitude of the shift is related to the
magnitude of the residual stress. The relationship between the
peak shift and the residual stress (r) is given (Ref 16):

r ¼ E

ð1þ tÞSin2w
ðdn � doÞ

do
ðEq 4Þ

where E is Young�s modulus, t is Poisson�s ratio, w is the tilt
angle, and dn are the d spacing measured at each tilt angle. If
there are no shear strains present in the specimen, the d spac-
ing changes linearly with sin2w.

The square envelope was cut in 159 4 mm2, as shown in
Fig. 1, from a steel sheet with 5 mm thickness. The sheet metal
was cleaned chemically prior to laser cutting process.

5. Results and Discussion

Laser cutting of rectangular blanks in mild sheet metal is
considered and the influence of cutting speed on temperature
and thermal stress fields is examined. Finite element method
(FEM) is used to predict temperature and stress fields in the
cutting regions while the XRD technique is introduced to
measure the residual stress developed after the cutting process.

Figure 2 shows temperature variation along the y-axis at two
locations at the cut surface (Fig. 1) for three different cutting
speeds while Fig. 3 shows the plane view of temperature
distribution around the cut edges. It should be noted that the
coordinates of the first location x = �2.75 mm, y = 7.5 mm,
and z = 0 mm is the region very close to the point ‘‘D’’ as
shown in Fig. 1 while x = �2.75 mm, y = �7.5 mm, and
z = 0 mm is the region very close to the point ‘‘A’’ as shown in
Fig. 1. Since the laser cutting speed is different, time taken to
reach points A and B are different for the each speed.
Temperature attains high value in the region close to the
maximum laser power intensity. Temperature decays sharply
from its maximum along the y-axis; however, temperature
decay becomes gradual as the distance from the laser source
increases further along the y-axis. This situation is true at
location x = �2.75 mm, y = 7.5 mm, and z = 0 mm. The

influence of laser scanning velocity on the behavior of
temperature is not significant; expect the values of temperature
and decays rates, which differ for the different cutting speeds.
In this case, increasing cutting speed reduces the peak value of
temperature. It should be noted that the maximum temperature
is 1600 K at the cutting edge and location x = �2.75 mm;
y = 75 mm, and z = 0 mm is slightly away from the edge
(x = �2.0 mm, y = 7.5 mm, and z = 0 mm). Consequently,
changing in the peak temperature reveals that conduction
heating on the region considered is less for the high cutting
speed while lowering the peak value of temperature. This is
also true for the temperature gradient along the y-axis, in
particular in the neighborhood of the laser peak power intensity.
In this case, increasing cutting speed lowers the temperature
gradient along the y-axis in this region. In the case of location
x = �2.75 mm, y = �7.5 mm, and z = 0 mm, temperature
remains low for all the cutting velocities. This is because of
the completion of the cutting process. The conduction cooling
in the region x = �2.75 mm, y = �7.5 mm, and z = 0 mm
results in the attainment of low temperature in this region. It
should be noted that the time shown for each laser cutting speed
indicates the completion of the cutting process for particular
speed at this location, i.e., the cutting of the rectangular tailored
blank ends at point A (Fig. 1).

Table 2 Laser cutting parameters

Feed rate, m/s Power, W Frequency, Hz Nozzle gap, mm Nozzle diameter, mm Focus diameter, mm N2 pressure, kPa

0.05, 0.1, 0.15 1800 300 1.5 1.5 0.3 500

Laser beam location is at D
x = - 0.275 mm : y = 7.5 mm ; z = 0 mm 

300

500

700

900

1100
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u = 15 cm/s and t = 0.23 s
u = 10 cm/s and t = 0.345 s
u = 5 cm/s and t = 0.69 s

Cutting completed at  A
x = -2.75 mm : y = - 7.5 mm ; z = 0 mm
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u = 5 cm/s and t = 1.54 s

Fig. 2 Temperature distribution along the y-axis for different cut-
ting speeds
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Figure 4 shows von Mises stress along the y-axis for three
laser cutting speeds at the same locations shown in Fig. 2 while
Fig. 5 shows the plane view of von Mises stress in the cutting
sections. Von Mises stress reaches the maximum in the close
region of the maximum temperature (Fig. 2). However, the
location of the maximum von Mises stress is further away from
the location of the maximum temperature. It should be noted
that the temperature gradient in the region next to the maximum
temperature is the highest along the y-axis resulting in high
stress levels in this region. Consequently, von Mises stress
becomes high. Moreover, as the temperature gradient changes
from sharp to gradual decay along the y-axis, von Mises stress
reduces to its minimum. This may be associated with the
thermal strain developed in this region, which is low due to
compressive and tensile stresses merge in this region. As the
distance along the y-axis increases further, von Mises stress
increases despite the fact that the temperature gradient change
is gradual in this region. This is because of the thermal strain,
which increases along the y-axis. The influence of cutting speed
on von Mises stress is considerable; in which case, low cutting
speed results in high level of von Mises stress. This is
particularly true at the distance away from the laser beam

intensity ðy � � 2:0mmÞ: This is because of the high temper-
ature gradient developed along the y-axis for the low cutting
speed ðu � 10 cm/s): In the case of von Mises stress at location
x = �2.5 mm; y = 7.5 mm, and z = 0 mm, it increases sharply
and remains high. Since temperature at this location is low due
to cooling, the stress level represents the residual stress in this
region. Consequently, the residual stress levels remain high
along the y-axis which is less than the yield limit of the
substrate material, i.e., it is in the order of 280 MPa. The
influence of cutting speed on the residual stress is not
significant. In this case, the cooling rate of the substrate
material does not alter significantly along the y-axis resulting in
almost the same magnitude of the residual stress for all cutting
speeds.

Figure 6 shows temporal variation of temperature at the
location when laser beam is at point ‘‘D’’ (Fig. 1) for three laser
scanning speeds. The maximum temperature occurs at different
times for different speeds in location ‘‘D’’. This is because of
the laser beam intensity reaching at point ‘‘D’’ differs for
different cutting speeds. The temporal decay rate of temperature
from its maximum changes with time; in which case, the decay
rate becomes high immediately after reaching the maximum
temperature. As the time progresses further, the decay rate
becomes gradual. However, the decay rate changes with the
cutting speed particularly at the time period immediately after
the maximum temperature. Temperature decay rate is higher for
the high cutting speed than that corresponding to the low
cutting speed (5 cm/s). The maximum temperature remains the
same for all the speeds considered in the simulations. This is

Laser beam location is at D
x = - 2.75 mm : y = 7.5 mm ; z = 0 mm
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Cutting completed at A
x = - 2.75 mm : y = - 7.5 mm ; z = 0 mm
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u = 5 cm/s and t = 1.54 s

Fig. 4 Von Mises stress distribution along the y-axis for different
cutting speeds

Fig. 3 The plane view of temperature contours after laser cutting is
completed

Journal of Materials Engineering and Performance Volume 19(2) March 2010—181



because of the resulting maximum temperature in the substrate
material, which remains the same for all the simulation
conditions, i.e., the maximum temperature at the cut surface
between the liquid metal and solid remains at the melting
temperature of the substrate material.

Since the variation of von Mises stress is almost the same at
each corner of the rectangular cut, only one corner is discussed

in Fig. 7, in which temporal variation of von Mises stress for
different laser cutting speeds at the same location of Fig. 6 is
shown, i.e., location ‘‘D.’’ Von Mises stress rises rapidly to
reach its maximum for the high cutting speed (15 cm/s). This is
because of the rapid decay of temperature during the time
period immediately after reaching the maximum temperature.
Moreover, the rise of stress is relatively lower for the low
cutting speed than that corresponding to the high cutting speed.
The decay of the stress levels from its maxima is gradual due to
gradual decrease of temperature during this duration. Once the
low temperature is attained after cooling, the stress level
remains almost steady with progressing time. This situation is
true for all the cutting speeds. This indicates that the stress
formed after the cooling period becomes a residual stress at
location ‘‘D’’ in the cutting section. The magnitude of residual
stress remains almost the same for all the cutting speeds. The
residual stress developed is in the order of 180 MPa, which is
less than the elastic limit of the substrate material. Conse-
quently, the crack formation in the corner of the rectangular cut
is not probable due to low stress levels developed in this region.
Table 3 gives the residual stress predicted from the present
simulation and measured using the XRD technique. It can be
observed that the predictions agreed with the experimental data
for all cutting velocities considered in the present study.
However, the influence of the cutting speed on the residual
stress levels is negligibly small.

Figure 8 shows optical and SEM micrographs of the cut
sections for the different cutting speeds. The depth of strias
increases slightly with reducing cutting speed. However, the
stria length is almost the same for all the cutting speeds. It
should be noted that the side ways burning and thermal erosion
are responsible for the formation of deep strias. Consequently,
at low cutting speeds, the rate of energy transfer to the cut

Table 3 Predictions and measured values of residual
stresses in the region around the location D along
the cut edge

Speed, m/s
Residual stress
predictions, MPa

Residual stress
experiment, MPa

0.05 220 230
0.1 200 210
0.15 180 170

When laser beam location is at D

0
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Fig. 6 Temporal variation of temperature for three cutting speeds
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Fig. 7 Temporal variation of von Mises stress for three cutting
speeds

Fig. 5 The plane view of von Mises contours after laser cutting is
completed
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section from the laser heat source increases, which in turn
enhances the thermal erosion along the cut surfaces. The rapid
solidification of thin molten layer on the solid at the cut surface
results in fine and shallow surface cracks. Moreover, the
contribution of oxygen diffusion in the molten zone contributes
the fine cracking at the surface onset of the rapid solidification.
The existing of oxide compounds at the surface is also evident
from the XRD plot (Fig. 9). The fine surface cracking is more
pronounced at high cutting speeds due to the rapid temperature
decay in the surface region. However, some liquid buildup at
the surface is observed at the bottom region of the cutting
surface. The small molten buildup and later solidification is the
indication of the high rate of the thermal erosion. In this case,
thickening of the molten layer increases the shear stress against
the assisting gas inertia force. The surface tension, then, rounds

the molten buildup in this region. Moreover, no dross
attachment is observed at the bottom region of the cut surface.
The grain coarsening in the heat-affected zone is evident from
the micrograph (Fig. 10). In addition, nucleation of pearlite
results in partial formation of cementite lamellae structure in the
neighborhood of the re-solidified region. However, the grains
mainly consist of ferrite and fine pearlite structure. Figure 11
shows microhardness results across the cutting surface cross
section. It is evident that hardness attains almost 60% of the
base material hardness in the resolidified region and reduces
sharply in the heat-affected zone. As the distance increases
away from the cutting surface hardness reduces to the base
material hardness indicating the narrow heat-affected zone. The
influence of the cutting speed on the hardness is not significant,
provided that the depth of heat-affected zone is slightly
extended for the low speed. This is attributed to the heat
conduction from the cutting surface during the heating and
cooling periods of the cutting process.

6. Conclusions

Laser cutting of rectangular blank into mild steel sheet is
considered and temperature as well as thermal stress fields are
predicted using the FEM. The influence of laser cutting speed
on temperature and stress fields is examined while the residual
stress developed in the cutting region is measured using the

Fig. 8 SEM micrographs of the cutting surfaces
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Fig. 9 XRD result for the cut edge

Fig. 10 SEM micrograph of cutting edge cross section in the
region of heat-affected zone
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Fig. 11 Microhardness distribution across the cutting edge
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XRD technique. The morphological and metallurgical changes
in the cutting region are examined using the SEM and XRD. It
is found that the maximum temperature attains slightly higher
values along the y-axis for the low cutting speed (5 cm/s) than
those correspond to the high cutting speeds. This is in turn,
modifies the temperature gradient slightly along the y-axis. As a
consequence of this, von Mises stress distribution along the
y-axis changes with the cutting speed such that von Mises stress
attains higher values for high cutting speeds than the low
cutting speed. Von Mises stress reduces to a local minimum
along the y-axis for all the cutting speeds because of the change
in the temperature gradient in this region. The temporal
behavior of von Mises stress reveals that the rate of increase in
von Mises stress is higher for the high cutting speed than the
low cutting speeds (10 and 5 cm/s). However, the magnitude of
residual stress remains the same in the corner of rectangular cut
for all the cutting speeds. The residual stress developed in the
region of the cut edges agree with the experimental data for all
cutting speeds employed in the present study. The depth of stria
is slightly larger for low cutting speed then the high cutting
speed. The thermal erosion is responsible for this enlargement.
The scattered fine surface cracks are observed on the cutting
surface. The oxygen diffusion in this region contributes to the
crack formation. The hardness profile across the cutting cross
section shows that the heat-affected zone is narrow for all the
cutting speeds, except it extends slightly for the low cutting
speed. The maximum hardness occurs in the resolidified zone
in the vicinity of the cutting surface and the maximum hardness
reaches almost 60% of the base material hardness in this region.
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