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Abstract

New experimental results show that laser bending can be extended to generate a bending angle not only towards but also away
from the laser beam, giving more flexibility to the process. In order to explain this buckling instability, a series of experiments
have been carried out with real-time measurement of the bending angle for different materials, thicknesses, scanning speeds, laser
beam diameters and laser powers, pre-bending conditions, and cooling conditions. Furthermore, a 3-D FEM simulation has been
performed that includes a non-linear, transient, indirect coupled, thermal–structural analysis accounting for the nonlinear geometric
and material properties. The buckling deformation, bending angle and distribution of stress–strain and temperature, as well as
residual stresses, have been obtained from the simulations. The bending angle is affected by the temperature distribution and
gradient, the mechanical and thermal properties of the sheet metal material, and the process parameters, such as the laser power,
the laser beam diameter, the scanning speed, the material, the sample geometry, and other bending conditions. The buckling mech-
anism can be illustrated by the simulation results. 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In addition to cutting, welding, drilling, surface treat-
ment, and primary shaping, laser-forming is one of the
new applications of the laser. Laser-forming may be
used for automated production because it can be con-
trolled very well. Experimental results show that the
material can be made to bend not only towards but also
away from the laser beam; in this way, laser-bending
can be extended to generate concave or convex shapes;
even very complex shapes can be generated. The possi-
bility of bending the material either towards or away
from the laser beam opens new ranges of applications.
The recent increase in laser bending research and devel-
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opment reflects the industrial interest in the process [1–
6], but until now the process has been developed on the
basis of empirical knowledge. Several research groups
are currently investigating the fundamentals and appli-
cations, and the knowledge base is growing rapidly.
Some of the physical and numerical models have been
established. In the following section, three mechanisms
are described that are generally considered to be the most
significant in demonstrating the laser-forming behavior.

1.1. Temperature gradient mechanism

The temperature gradient mechanism (TGM) is the
most widely reported laser-bending mechanism [1,7–23].
This mechanism is shown in Fig. 1. Due to the rapid
heating of the surface by a laser beam and the slow heat
conduction into the sheet (usually for the thick sheet),
a steep thermal gradient into the material results in a
differential thermal expansion through the thickness. As
the material is heated, initially the thermal expansion on
the heated surface (top surface) is greater than that on
the cold surface (bottom surface). Counter-bending
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Nomenclature

A heat absorptivity of laser beam on sheet metal surface
c specific heat (J/kg K)
I thermal flux density of laser beam (J/s m2)
k heat conductivity (J/m s K)
p surface pressure vector (N/m2)
P laser beam power (J/s)
q body force vector (N/m3)
q̇ rate of heat generation (J/s m3)
r distance from the center of the laser beam (m)
Rl effective laser beam radius (m)
S area (m2)
t time (s)
T temperature (K)
Ṫ cooling rate (K/s)
u displacement vector (m)
u, v, w displacement components in the x, y, z directions, respectively (m)
V volume (m3)
�t incremental time (s)
e strain tensor in updated Lagrange configuration
r density (kg/m3)
s stress tensor in updated Lagrange configuration (N/m2)
x, z, c local coordinates

Fig. 1. Process steps of laser-bending by the temperature gradient mechanism (TGM): (a) model of laser bending; (b) heating process (counter
bending); (c) cooling process (positive bending).

occurs due to the bending moment created, resulting in
a small amount of plastic tensile strain at the heated sur-
face. With continued heating the bending moment
opposes the counter-bending away from the laser beam,
and the mechanical properties of the material are reduced
with the temperature increase. Once the thermal stress
reaches the temperature-dependent flow stress, any
additional thermal expansion is converted into a plastic
compressive strain because free expansion is restricted
by the surrounding material. During cooling the material
contracts again in the upper layers, and because it has
been compressed, there is a local shortening of the upper

layers of the sheet, and a bending angle develops that
bends the specimen towards the laser beam.

Generally, the TGM may be used for bending thick
sheets along straight lines towards the laser beam. The
radiation of the surface may be repeated in order to
increase the bending angle.

1.2. Buckling mechanism

If the process parameters are changed, there can be a
transition to the buckling mechanism (BM) [1,7,24–27].
The BM is explained in Fig. 2. Usually in the case of
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Fig. 2. Process steps of laser-bending by the buckling mechanism
(BM): (a) initial heating; (b) bulging; (c) growth of buckle; (d) devel-
opment of bending angle.

the BM, the laser beam diameter is much larger than the
sheet thickness. The diameter of the heated area is equal
to the sheet thickness for the TGM, while this diameter
is ten times the sheet thickness for the BM. There is
no steep temperature gradient (exactly, negligibly small
compared to the gradient when working with the TGM)
through the sheet thickness. The BM is activated by laser
parameters that do not yield a temperature gradient in the
z direction. Due to heating, thermal compressive stresses
develop in the sheet which results in a large amount of
thermo-elastic strain which in turn results in local
thermo-elasto-plastic buckling of the material. This buc-
kle is generated along the moving direction of the laser
beam scanning. When the laser beam leaves the sheet
surface, the buckle is generated across the whole sheet.
The direction of the bending angle is not defined by the
process itself as it is for the TGM. The part can be made
to bend in either the positive or the negative z directions
depending on a number of factors including the process
parameters, the pre-bending orientation of the sheet, the
pre-existing residual stresses, the direction in which any
other elastic stresses are applied (i.e., by a forced air
stream acting on the bottom of the sheet), internal
stresses, and external or gravitational forces. These para-
meters define the direction of the buckling in a complex
manner. However, it is possible to control the BM in
such a way as to make it a reliable forming process.

The BM may be used for bending thin sheets along
straight lines towards or away from the laser beam. It
has also been suggested that BM may be used for tube
forming [27]. Like the TGM, the bending angle can be
increased by repeating the process.

1.3. Upsetting mechanism

The upsetting mechanism (UM) [1,7,28] is shown in
Fig. 3. For the UM, the process parameters are taken in

Fig. 3. Process steps of laser-bending by the upsetting mechanism
(UM): (a) heating; (b) cooling.

a way similar to the BM, but the dimension of the heated
area is much smaller compared to the sheet thickness.
Due to nearly homogeneous heating of the sheet and the
restrictions in thermal expansion from the surrounding
material, the sheet is compressed with an almost constant
strain along the thickness, causing a shortening of the
sheet and an increase in thickness. If the sheet is heated
along a line across its width, the compressive strains will
remain. Repeating the process will lead to an increase
in overall thickness. With the upsetting mechanism
(UM), the geometry of the workpiece prevents buckling;
that is to say, the thickness of the workpiece at the area
irradiated by the laser beam can only thicken; it can be
used to bend a pipe with various kinds of cross sections.
Some of these mechanisms can accompany each other,
or switch from one mechanism to another.

Though the mechanism for laser-forming is heating
and cooling, Frackiewicz [29] stated that about 25 vari-
ations of such mechanisms have been investigated in the
Center for Laser Technologies of Metals (CLTM) of the
PASc. and TU of Kielce, Poland. The parameters caus-
ing the instability were identified as the lower sheet
thickness, higher heat conductivity of the material, wider
beam diameter, higher laser power, and lower scanning
speed. Such a combination results in a large heated area
and a small temperature gradient perpendicular to the
surface of the sheet. The author’s new experimental
results also reflect the instability in such cases. Given
the complexity of analytical modeling of laser-forming
processes, a numerical approach is often more beneficial
for modeling these situations [1,7,14–16,20–24,26,30–
36]. The improvement in computational efficiency in
recent years has made such large-scale numerical studies
more viable. The Boeing Company produced a finite
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element model of laser-forming [14] in which two steps
were adopted to simulate separately the thermal and
mechanical response. The mechanical properties for
structural metals at high temperatures were not available;
therefore, lacking data, the properties were extrapolated.
The results from the mechanical analysis were close in
some cases, but in other cases were considerably less
than the measured laser-forming angle data. The Massa-
chusetts Institute of Technology (MIT), who maintained
close contact with the Boeing team, produced an analyti-
cal method that was essentially the same [14,15]. MIT
found similar trends in the laser-forming FEM that pro-
duced lower computed values for the laser-forming angle
than the experimental results and provided useful infor-
mation regarding trends on the effects of various process
variables on the bending angle.

Laser sheet-forming, especially for the buckling
mechanism, has features that are different from other
forming processes. One feature is that the forming
occurs along with large deformations such as a large
deflection, large rotation, and/or large strain due to the
thinness of the material and the large heating area.
Another feature is the strong nonlinearity of the material
and the process. Based on accurate data about the tem-
perature-dependent mechanical properties and an accur-
ate description of the deformation, the FEM model can
predict the bend angles with a reasonable accuracy.

In order to demonstrate the unstable behavior occur-
ring at certain parameters in the laser sheet-forming pro-
cess, in this paper, the sheet metal-bending has been per-
formed experimentally for different materials,
thicknesses, scanning speeds, laser-beam diameters and
laser powers, pre-bending conditions, and cooling con-
ditions. A real-time measurement of the bending angle
has been carried out. A 3-D finite element simulation
has been performed that includes a non-linear transient
indirect coupled thermal–structural analysis accounting
for geometric nonlinearities (large deformation effects
such as large deflection, large rotation and large strain)
and material nonlinearities (the temperature dependency
of the thermal and mechanical properties of the
materials), in order to enhance the understanding of the
process and thereby to increase its usage.

2. Governing equations

In order to analyze the movement and deformation of
the configuration using FEM, suppose that the equilib-
rium states at all the time steps from time 0 to t have
been obtained. The equilibrium equation at time t �
�t can then be expressed as follows, according to the

virtual work principle [37]:

�
V

s·de·dV � �
V

q·du·dV � �
S

p·du·dS (1)

To account for the large deformation including a large
deflection, large rotation and large strain, the following
shape functions for the 3-D eight-node brick element
are used:

u �
1
8
[uI(1�x)(1�z)(1�c) � uJ(1 � x)(1�z)(1�c)

� uK(1 � x)(1 � z)(1�c) � uL(1�x)(1 � z)(1�c)

� uM(1�x)(1�z)(1 � c) � uN(1 � x)(1�z)(1 � c)

� uO(1 � x)(1 � z)(1 � c) � uP(1�x)(1 � z)(1 � c)

� u1(1�x2) � u2(1�z2) � u3(1�c2)

v �
1
8

[vI(1�x)… (analogous to u)

w �
1
8
[wI(1�x)… (analogous to u)

(2)

where uI (I � I, J, K, L, M, N, O, P) are nodal displace-
ments

A discretization of this problem is accomplished by
means of the standard finite element procedure. After
aggregation, we have a group of nonlinear equations that
require the Newton–Raphson method to linearize them:

[K]{�u} � {Fa}�{Fnr} (3)

where [K] � �
V

[B]T[Dep][B]dV is the tangential stiffness

matrix, [B] is the general geometric matrix, [Dep] is the
elasto-plastic stress–strain matrix, {�u} is the displace-
ment incremental vector at the element nodes, {Fa} is

the applied force vector, and {Fnr} � �
V

[B]T{s}dV is the

Newton–Raphson restored force vector.
For the thermo-mechanical coupled system, the ther-

mal equilibrium equation for analyzing heat transfer can
be written as

k�∂2T
∂x2 �

∂2T
∂y2 �

∂2T
∂z2� � q̇ � rcṪ (4)

Here, q̇ is mainly considered as the heat source generated
by the laser beam scanning given in the form of the ther-
mal flux density that obeys normal distribution as fol-
lows [26]:

I(r) �
2APl

pR2
l

exp��
2r2

R2
l
� (5)

To obtain the solution to the thermal equilibrium equ-
ation, boundary conditions and initial conditions are
needed. The basic FEM equations for the thermal prob-
lem can be derived from the thermal equilibrium equ-
ation

[C]{Ṫ} � [KT]{T} � {Q} (6)
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where [C] � �
V

rc[N][N]TdV is the heat capacity matrix,

[N] is the shape function matrix, [KT] � �
V

k[B][B]TdV is

the heat conduction matrix, {T} and {Ṫ} are the nodal
temperature vector and nodal temperature rate vector,
respectively, and {Q} is the heat flux vector.

The basic equation for thermo-mechanical coupled
calculation is as follows:

�[0] [0]

[0] [C]
��{u̇}

{Ṫ}
� � �[K] [0]

[0] [KT]
��{u}

{T}
� � �{F}

{Q}
� (7)

where {F} is the force vector, including applied nodal
force and the force caused by thermal strain. The indirect
thermo-mechanical coupled method is used in the
above equation.

3. FEM model

A computer simulation of the laser-forming process is
complex. The main steps of the analysis are the thermal
analysis step and the structural analysis step. In these
analyses, the finite element code ANSYS was used. In
order to calculate the thermo-structural coupled field
with a large plastic deformation in ANSYS, an indirect
coupled-field analysis (i.e., two sequential analyses) was
performed. The flow chart of the FEM simulation is
shown in Fig. 4. In this method, the results from the
transient thermal analysis for nodal temperatures were
read and applied as loads for the structural analysis.
Therefore, the calculation of the temperature distribution
is critical for the calculation of the stress–strain distri-
bution. In this paper, the parameters for the thermo-

Fig. 4. Flow chart of FEM simulation.

structural calculation were obtained from Refs.
[14,16,34,38,39], and the full model was calculated for
the non-symmetric problem, as shown in Fig. 5. It is
assumed that the sheet is flat and free of residual stresses.
The elements used were the thermal analysis element
SOLID70 (eight-node 3-D thermal solid with thermal
conduction, and convection, and material nonlinearities)
and the structure analysis element SOLID45 (eight-node
3-D solid with extra shape functions, large elasto-plastic
deformation, and geometric and material nonlinearities).
An ANSYS Parametric Design Language (APDL) was
used to model the moving heating source according to
Eq. (5). The total elements are 12,000, i.e., 40 elements
along the x-direction (in length)×50 elements along the
y-direction (in width)×6 elements along the z-direction
(in thickness). The dimensions are 50 mm(length)×100
mm(width)×0.75 mm (thickness). In order for the steep
temperature gradient to fit well, non-uniformed elements
were meshed along the y-direction.

4. Experimental set-up

The experimental set-up for sheet-metal bending by
laser beam scanning is shown in Fig. 6. The CW Nd-
YAG laser is controlled by a computer system. The sheet
metal sample was scanned forward and backward by
moving the sample with respect to the stationary laser
beam. The width of the samples was 50 mm, and the
scanning width was 80 mm, 15 mm wider than the
samples on each side. The output of the laser power and
the irradiation speed were varied. Two kinds of sheet
materials, carbon steel AISI 1008 and stainless steel
AISI 304, were used. The experimental conditions are
listed in Table 1.

The bending angle was measured on-line with an inte-
grated machine-vision measuring system as shown in
Fig. 6. The system consisted of a CCD camera (IK-
M41MA) and a laser diode with a line generator. The
image was acquired by using 768 (horizontal)×494
(vertical) pixels of a CCD camera with a focal length of
15 mm. The CCD image-plane size is 6.54 mm

Fig. 5. FEM model.
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Fig. 6. Schematic configuration of the laser-bending and the bending angle measuring system.

Table 1
The experimental conditions

Materials Size (mm3) Laser power P Laser beam diameter Scanning speed v (mm/s) Bending condition
L × W × Ta (W) d (mm)

Carbon steel 50×100×0.75 750 4.2 50.8 No pre-bending, and pre-bending
AISI 1008 (convex, concave)

50×100×0.75 600 10.6 15.24, 20.32, 22.86, 24.13, 24.89, Pre-bending (convex, concave)
25.40 and no pre-bending

50×100×0.75 500 10.0 15.24, 20.32, 30.48, 38.10
50×100×0.75 300 10.0, 7.0, 4.0 5.08, 7.62, 10.16, 12.70, 15.24, Pre-bending (convex) and no pre-

17.78, 20.32, bending
50×100×1.5 700, 500, 300 13.0, 10.0, 7.0 2.54, 3.81, 5.08, 7.62, 10.16,

15.24, 17.78
Stainless steel 50×100×0.75 500 7.0 12.70, 17.78, 22.86, 30.48, 38.10
AISI 304

50×100×0.75 300 7.0 7.62, 12.70, 17.78, 22.86
50×100×0.75 300 4.0 5.08, 7.62, 8.13, 8.51, 8.56, 8.60,

8.64, 8.89, 10.16
50×100×0.75 100 2.0 7.62, 12.7, 25.4
50×100×1.5 1000 10.0 5.08, 12.7 Without cooling, cooling at

bottom, cooling at top
50×100×1.5 750 10.0 2.54, 5.08, 10.16

a L × W × T means length×width×thickness.

(horizontal)×4.89 mm (vertical). A narrow-band optical
interference filter, with a central wavelength of 674 nm
and FWHM of 5 nm, was used to block most of the
ambient light. A frame grabber was used to deliver
images to a PC with an acquisition rate of 30 frames per
second. Each image was composed of eight bits of 640
(horizontal)×480 (vertical) pixels.

5. Results and discussion

Presented here is a description of all the results
obtained in the experiments and the computer simula-
tions on the buckling deformation of the laser-forming
process. Every attempt is made to provide any infor-
mation that could give insightful advice to potential
users of the laser-forming technology.

5.1. Experimental results

In order to study the effects of the process parameters
on the instability of the laser sheet-bending under the
buckling mechanism, a series of experiments have been
carried out. The bending angle history and the relation-
ships between various parameters are shown in Figs.
7–11.

Fig. 7 shows the relationship between the scanning
speed and the bending angle in the first scanning pass
for carbon steel and stainless steel with various para-
meters. From the results, it can be seen that buckling
deformation for stainless steel is easier and larger than
for carbon steel, because stainless steel, a poor conductor
of heat, can generate a higher peak temperature, which
can produce higher thermal stresses to generate the buck-
ling deformation. From the results, it can also be seen
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Fig. 7. Experimental relationship between scanning speeds and bend-
ing angle in the first scanning pass.

that an unstable deformation (bending convex or
concave) can occur with the deformation changing from
one style into another. This deformation changing is
illustrated for the material AISI 304 with a power P �
300 W, laser diameter d � 4 mm, and sheet thickness

T � 0.75 mm. In this case, when the laser scanning
speed is changed from 8 to 9 mm/s, the bending angle
is changed from 6 to �6°, and the deformation is
changed from bending concave to bending convex due
to the buckling mechanism. But in the case of the larger
laser diameter, the deformation style is stable enough to
bend convex. This deformation style is a very interesting
phenomenon in which, under some conditions, a convex
bending takes place at a higher scanning speed while
concave bending takes place in the lower scanning
speed. This phenomenon has not been reported in any
published literature. Generally speaking, a higher heat
input usually produces a larger angular distortion for the
buckling deformation because the higher heat input can
produce a larger temperature differential, generating
greater thermal stress and buckling [24–27].

Figs. 8 and 9 show the relationship between the num-
ber of scanning passes and the bending angle with differ-
ent scanning speeds for carbon steel and stainless steel,
respectively. At high scanning speeds the thermal cycle
is very short, which means that the heat input is very
low, so the angular distortion for the buckling defor-
mation is relatively small; while in the case of a lower
travel speed, the angular distortion is much greater, as
shown in Figs. 8 and 9.

In the case of a thin plate of carbon steel and a rela-
tively small laser diameter (d � 4 mm), Fig. 8(a) illus-
trates that as the scanning speed increases, the bending
angle first decreases from positive (bending towards the
laser beam) to negative (bending away from the laser
beam); then, it increases to zero due to a lack of enough
heat energy to generate buckling. In the case of d �
7 mm, see Fig. 8(b), the bending angle increases from

negative to zero as the scanning speed increases. In the
case of the larger diameter, d � 10 mm and P �
300 W, see Fig. 8(c), the bending angle increases from

negative to positive and then to zero due to the lack of
enough heat energy for the deformation as the scanning
speed increases; bending away from the laser beam eas-
ier occurs in the case of a lower scanning speed. But
when laser power increases from 300 to 500 W, see Fig.
8(d), the bending angle changes from negative to zero
as the scanning speed increases. When the laser power
increases to 600 W, see Fig. 8(e), the bending angle
increases from negative to positive as the scanning speed
increases. In the case of a thick plate, see Fig. 8(f), the
plate can also be bent towards the laser beam or away
from the laser beam, but sometimes more than one pass
is needed to set up the proper temperature distribution
for buckling. In general, the absolute value of the bend-
ing angle for carbon steel can increase by repeating
the process.

In the case of a thin plate of stainless steel and a rela-
tively small laser diameter (d � 2 mm), see Fig. 9(a),
the bending angle decreases from positive to zero as the
scanning speed increases. In the case of d � 4 mm, see
Fig. 9(b), the bending angle decreases from positive to
negative as the scanning speed increases, and in the case
of d � 7 mm, see Fig. 9(c) and (d), the bending angle
increases from negative to zero as the scanning speed
increases. However, in the case of the thick plate, see
Fig. 9(e), it is difficult to bend the angle away from the
laser beam. In general, the absolute value of the bending
angle for stainless steel can also increase by repeating
the process, and the effects of the process parameters on
the bending directions for stainless steel are more com-
plex due to its poor conduction of heat.

Fig. 10 shows the relationship between the number of
scanning passes and the bending angle with the different
pre-bending conditions for carbon steel. For pre-bending
conditions, the materials were bent to form an angle
around 10° with a bending radius of about 50 mm in
order to produce a plastic deformation with residual
stresses in it. It can be seen that the bending angle
decreases by both convex and concave pre-bending, and
the bending angle decreases much more by the convex
pre-bending than by the concave pre-bending.

Fig. 11 shows the relationship between the number of
scanning passes and the bending angle under the differ-
ent conditions, including with different cooling con-
ditions (cooling at the top surface and the bottom sur-
face, respectively) for stainless steel, different materials
(carbon steel and stainless steel), different thicknesses (
T � 0.75 and 1.5 mm), and different laser diameters (
d � 4~10 mm). It can be seen that the strong cooling at
the bottom of the thick plate can contribute to the tem-
perature gradient mechanism so that a larger bending
angle is achieved, as shown in Fig. 11(a). The bending
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Fig. 8. Experimental relationship between scanning passes and bending angle with different scanning speeds for carbon steel.

deformation is quite different between the two materials
with the same process parameters in most of the cases,
as shown in Fig. 11(b). However, the bending angle
depends on the thermal stresses produced by the tem-
perature distribution governed by the thermo-mechanical
properties and the process parameters. In the case of
stainless steel, a poor conductor of heat, a higher peak
temperature and temperature gradient can be generated
during the heating process, so bending away from the

laser beam can occur more easily, and a larger bending
angle, therefore, can be achieved in this case rather than
for that of carbon steel. It can also be seen that the buck-
ling mechanism contributes little to the thick plate in
most of the cases, as shown in Fig. 11(c). In the case of
different laser diameters, it also can be seen that each
different laser diameter has quite a different effect on
the bending angle as in the case of stainless steel, which
is a poor heat conductor. But in the case of carbon steel,
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Fig. 9. Experimental relationship between scanning passes and bending angle with different scanning speeds for stainless steel.

which is a better conductor, the laser diameter has gre-
atly affected the bending angle only after a number of
passes when the temperature distribution has been set up
for the buckling mechanism.

5.2. FEM analysis

Fig. 12 shows the temperature at the central points
(x � 0; y � 0; z � 0 (top surface) and �T (bottom

surface)) changed with the scanning time for carbon steel
and stainless steel. During a laser-forming process, a
typical uneven temperature distribution during a heating
stage is shown in the figure for carbon steel and stainless
steel. The temperature in the top surface (irradiated
surface) is almost the same as, although consistently
slightly higher than, that in the lower one, due to the
large beam diameter, slow scanning speed, and the thin-
ness of the sheet. The temperature gradient of the leading
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Fig. 10. Experimental relationship between scanning passes and
bending angle with different pre-bending conditions for carbon steel.

edge of the laser beam is steeper than that of the trail;
the maximum temperature occurs in the rear of the beam,
and the temperature near the heating line is higher than
away from the heating line. However, the maximum
temperature and temperature gradient for stainless steel
are higher than those for carbon steel under the same
process parameters due to the poor heat conductivity of
stainless steel. It is also evident that in the case of carbon

steel, a good conductor of heat, the temperature rises
slowly when it is heated and drops down rapidly when
the heating source leaves it; while in the case of stainless
steel, a poor conductor of heat, the temperature rises
quickly when it is heated and drops down slowly when
the heating source leaves it.

Fig. 13 shows how the plastic strain at the central
points (x � 0; y � 0; z � 0 (top surface), �T/2 (middle
layer) and –T (bottom surface)) changes with the scan-
ning time for carbon steel and stainless steel. Initially,
the plastic strain occurs only near the heated region. The
plastic region then expands to a larger region along the
heating line as the heating continues and the bending
angle is generated. The final deformed shape bends away
from the laser beam; a residual strain can be found after
cooling. As may be seen in the case where the sheet
bends in a convex direction away from the laser beam,
the plastic strain at the non-irradiated side of the sheet
is greater and is concentrated in the region near the heat-
ing line. The plastic strain in the stainless steel is higher
than that in the carbon steel; then, the bending angle
for stainless steel is larger than the bending angle for
carbon steel

Fig. 14 shows the comparison of the bending angles
by FEM simulations with experiments. The experimental
results are in agreement with the simulated ones. In the
case of AISI 304, P � 250 W, d � 2 mm, T �
1.5 mm and v � 10 mm/s, TGM plays the most

important role; the bending angle is in the direction
toward the laser beam under the given process para-
meters and the experimental conditions. The bending
angle increases almost linearly with the scanning passes.
In the case of P � 300 W, d � 2 mm, T � 0.75 mm
and v � 10 mm/s, BM plays the major role; the bending
angle is in the direction away form the laser beam under
the given process parameters and the experimental con-
ditions. The bending angle decreases nonlinearly with
the scanning passes. In this case, the experimental con-
ditions are much more sensitive to the results due to the
unstable buckling behavior.

6. Conclusions

A 3-D computer simulation and an on-line experi-
mental investigation of sheet metal-bending using laser
beam scanning have been performed on the instability
of the buckling mechanism. The following conclusions
have been reached:

1. A 3-D FEM simulation system has been developed
that includes a nonlinear transient indirect coupled
thermal–structural analysis accounting for geometric
and material nonlinearities. The buckling defor-
mation, the bending angle, the distribution of stress–
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Fig. 11. Experimental relationship between scanning passes and bending angle with the different conditions.

Fig. 12. Temperature distribution with scanning time at the central
points [x � 0; y � 0; z � 0 (top surface), and �T (bottom surface)]
for carbon steel and stainless steel by FEM simulation (P=300 W,
d=10 mm, v=10 mm/s and T=0.75 mm).

Fig. 13. Distribution of plastic strain with scanning time at the central
points [x � 0; y � 0; z � 0 (top surface), �T/2 (middle layer) and
�T (bottom surface)] for carbon steel and stainless steel by FEM
simulation (P=300 W, d=10 mm, v=10 mm/s and T=0.75 mm).
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Fig. 14. Comparison of the bending angles by FEM simulations with
experiments.

strain, the temperature and residual stress can all be
obtained by computer simulation.

2. The sheet can be made to bend in either the positive
or negative z directions by a buckling deformation.
The direction of the bending angle is defined by not
only the process itself, but also by a number of factors
such as the power, the scanning speed, and the diam-
eter of the laser, the material and the geometry of the
sheet, and the pre-bending orientation of the sheet and
the cooling conditions. These parameters define the
direction of the buckling in a complex manner.

3. The buckling mechanism is activated by laser para-
meters that do not yield a temperature gradient along
the direction of the sheet thickness, especially for the
thin sheet, wide energy beam and the slow scanning
speed. This mechanism results in a large amount of
thermo-elastic strain, which in turn results in a local
thermo-elasto-plastic bulging of the material starting
from the edge heated first due to the thermal com-
pressive stresses. Being continuously heated, the ther-
mal compressive stresses develop in the sheet, and a
buckle generates and develops along the heating line.

4. A poorer conductor of heat, like stainless steel, a
larger beam diameter and a thinner sheet thickness, a
higher heat input, a lower scanning speed, and more
scanning passes can more easily produce a larger
buckling deformation. In this case, greater thermal
stress can be achieved due to the higher peak tempera-
ture and greater temperature gradient that contribute
to the buckling deformation.
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