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Laser forming as a springback-free and noncontact forming technique has been
active investigation over the last decade. Previous investigations are mainly focus
forming of large and thick workpieces using high power lasers, with less work on p
sion, micro-scale bending of small and thin sheets. In this work, a 4 Wcontinuous wave
argon ion laser is used as the energy source, and the laser beam is focused to a
diameter of tens of micrometers to induce bending of thin stainless steel sheets. Wh
laser scanning velocity is above 8 mm/s, bending can be explained by the tempe
gradient mechanism, while decreasing the scanning velocity leads to the buckling m
nism of bending. The bending angle is measured at various processing conditions. A
3D finite element analysis is performed to simulate the thermo-elasto-plastic deform
process during laser forming. Experimental measurements and computational re
agree in trend, and reasons for the deviation are discussed.@DOI: 10.1115/1.1347036#
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1 Introduction
Laser forming as a springback-free and noncontact form

technique has been under active investigation over the last de
Instead of applying external forces with forming tools, laser for
ing is achieved by plastic deformation induced by thermal stres
resulted from rapid laser heating and cooling@1,2#. A schematic of
the laser forming process is shown in Fig. 1~a!. A focused laser
beam irradiates the target surface and moves with a scanning
locity along a path called the ‘‘bending edge.’’ After the las
beam passes the target and the temperatures of the target ret
ambient temperature, a permanent bending angle will be de
oped as shown in Fig. 1~b!. The bending mechanisms are dete
mined by the transient temperature field, which in turn is infl
enced by the thickness and thermophysical properties of
workpiece, the scanning velocity of the laser beam, the laser b
path, the laser power, etc. Three laser bending mechanisms
been discussed in the literature: the temperature gradient me
nism, the buckling mechanism, and the upsetting mechan
@3,4#.

Previous investigations on laser forming are mainly imp
mented using high power lasers on large and thick workpie
@5–7#, with less work on the bending behavior of thin sheets us
low power lasers@8,9#. Low power laser forming is ideal for ap
plications in microelectronics where high accuracy in bending
curvature modification is needed. For example, Chen et al.@1#
employed a pulsed laser-based technique to adjust the curvatu
a disk head, with precision better than 1 microradian. They a
developed a two-dimensional numerical model to simulate h
transfer and deformation processes during laser bending@2#. Other
applications of laser forming include adjusting alignments of o
tical components in CD, DVD, and MEMS devices. As the d
mensions of microelectronic and opto-electronic components c
tinue to be reduced, laser-based high precision curva
modification technique will find more applications in their man
facturing processes.

The goal of this work is to better understand the laser form
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process through experimental and numerical studies. It is ne
sary to establish a 3D numerical procedure since temperature
stress developments in the laser forming process as shown in
1 are three-dimensional. In this paper, a fully 3D finite eleme
model is developed to simulate the laser forming process. Bend
of a thin stainless steel sheet is investigated experimentally u
a 4 W continuous wave~CW! argon ion laser. Localized, preci
sion bending is obtained by focusing the laser beam to tens
micrometers to produce localized stress and strain. The ben
angle is measured at different laser power, laser scanning velo
and beam diameter. Computational results are compared with

e
Fig. 1 Schematic of the laser bending process „a… during heat-
ing „b… development of bending angle after cooling
2001 by ASME Transactions of the ASME
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perimental measurements. Note that although an argon ion las
used, results of this work can be extended to other types of la
such as the newly available diode pumped solid state lasers w
are more compact and easier to be integrated into manufactu
processes.

2 Experimental
Figure 2 illustrates the experimental set-up for CW laser be

ing as well as for measuring the bending angle. The laser use
a 4 W CW argon ion laser~Lexel Corporation, Model 95! with
multiple wavelengths at 488.0 nm~20 percent of total power!,
514.5 nm ~43 percent of total power!, etc. The laser beam i
expanded by two lenses and focused onto the target using
cusing lens. The laser beam diameter on the target surface v
from 40 to 120mm. To avoid melting, the laser power needs to
kept below 2 W and the scanning velocity higher than 8 mm/s
One end of the target is clamped. A mirror is mounted on a ro
ing motor, which scans the laser beam over the target surfac
they-direction~the direction perpendicular to the paper!. Bending
is mainly achieved around they-axis into thez-direction ~Fig.
1~b!!.

A He-Ne laser is used to measure the bending angle in
z-direction. The He-Ne laser beam is focused at the free end o
specimen. The reflected He-Ne laser beam is received by a p
tion sensitive detector with a position sensitivity of 1mm. When
the distance between the position sensor and the specimen is
enough, a small movement at the free end of the specimen
duces a measurable displacement of the laser beam at the po
sensor. The position change of the He-Ne laser beam at the
tion sensor can be converted to the bending angle of the spec
using straight-forward geometrical calculations. Using a 0.2
distance between the position sensor and the specimen, the s
tivity of the bending angle measurement is about 2.5mrad. The
whole apparatus is set on an optical table to isolate vibration

For most of the experiments in the work, the target is allow
to cool by free convection and radiation. The influence of forc
convection cooling on the obtained bending angle is investiga

Fig. 2 Experimental setup

Table 1 Laser and specimen parameters used in experiments
and finite element analysis
Journal of Manufacturing Science and Engineering
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with the use of a 99.99 percent pure nitrogen gas jet. The ou
gas pressure is 43104 Pa~6.0 psi! and the gas blows in the direc
tion parallel to the target surface. Bending angles obtained w
and without using the gas jet are measured and compared.

The specimen used is full-hard 301 stainless steel. The l
and specimen parameters are summarized in Table 1.

3 Numerical Simulation
Bending induced by the temperature gradient mechanism

simulated in this work. When the duration of laser heating
relatively short, a sharp temperature gradient is produced nea
surface, inducing compressive plastic deformation since the t
mal expansion of the heated area is constrained by the co
material that surrounds it. During cooling, tensile stresses aris
the plastically compressed zone due to the bulk constraint of
material contraction. However, the compressive plastic strain
not completely canceled out because heat flows into the adja
zone and the yield strength increases with decreasing tempera
Therefore, after cooling, the heated surface layer is shrunk, c
ing the workpiece to bend toward the laser beam. Since bendin
obtained due to the nonuniform temperature distribution~the tem-
perature gradient! through the thickness, the bending mechani
is termed the temperature gradient mechanism. In most exp
ments conducted in this work, the heating period is short an
temperature gradient exists. This will be shown later by the
merical results.

The above description indicates that bending is caused by
plastic deformation induced by thermal stresses and tempera
dependent materials properties, and is strongly dependent on
transient temperature field. The CW laser bending process sh
in Fig. 1 causes 3-dimensional temperature and stress fields, t
fore, 3D modeling is necessary to compute laser-induced bend
In this work, a 3D finite element analysis is applied to simula
the CW laser bending process induced by the temperature gra
mechanism. The nonlinear finite element solver, ABAQUS~HKS,
Inc., Pawtucket, RI!, is employed to investigate both the therm
and the mechanical parts of the process.

3.1 Mesh Generation. The computational domain is th
same as the dimension of the steel sheet used in the experim
i.e., 10 mm31 mm30.1 mm. Because of the high temperature a
stress gradients around the laser path, a dense mesh is nece
there. In order to limit the total number of elements in the sim
lation, a coarse mesh is used outside the primary processing
gion, and transition elements in appropriate locations are cre
to connect the dense mesh and the coarse mesh, as shown i
3~a! and Fig. 3~b!. The Cartesian coordinate system is attached
the computational domain as shown in Fig. 3~b!. The center of
laser beam moves along they-axis atx50.

Eight-node linear brick elements are used. As shown in F
3~b!, a fine mesh of elements is placed under the laser irradia
surface, with a length of 120mm from the center-plane in the
x-direction. The total element number in this region~Region I! is
~in x, y, z!: 23@839939#. In the laser path direction~y-direction!,
the mesh is uniform and the element size is 10mm in order to
accurately capture the flux distribution of the moving laser bea
In the x and z-directions, the element sizes are increased
stretching. From the dense mesh outwards, the meshes are~in x, y,
z!: a transitionxz mesh pattern blended with the reduced numb
of grids in thez-direction in Region II: 23@1399312#; a coarser
mesh in Region III: 23@139933#; a transitionxy mesh pattern
blended with a reduced number of grids in they-direction in Re-
gion IV: 23@1313233#, and a coarsest mesh in Region V: 23@14
33333#. The total element number is 20,790.

A mesh refinement test was performed. If 16 nodes instea
10 nodes are used in the thickness direction, the temperature
and history are almost not affected, with the maximum tempe
ture difference less than 5 K. Decreasing the element length in
y-direction from 10mm to 6 mm, the maximum temperature dif
FEBRUARY 2001, Vol. 123 Õ 67
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Fig. 3 Mesh for the 3D simulation of laser bending process: „a… the total mesh
„b… the dense mesh around the laser path and the transition mesh pattern
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ference is less than 10 K. No change in the subsequent the
mechanical stress analysis is caused by these temper
differences.

3.2 Thermal Analysis. Compared with the high laser en
ergy involved in the process, dissipation of energy by plastic
formation is negligible. Therefore, the mechanical calculation
be decoupled from the thermal calculation. The thermal prob
is solved first with the 3D heat conduction equation to obtain
temperature field, which is then used as the thermal loading
the mechanical problem. On the other hand, since only small
formation of the target occurs in this work, it is assumed t
variations of geometry during the laser bending process have
influence on heat transfer, and the temperature field can be d
mined on the undeformed mesh. The same mesh is used for
thermal and mechanical calculations.

Laser heating is considered as a volumetric heat source mo
at a constant velocity. By assuming the laser flux has a Gaus
distribution, the moving laser flux can be expressed as:

I ~x,y,t !5I 0e22~x21~y2vet22r 0!2/r 0
2! (1)

whereve is the velocity of the scanning laser beam andr 0 is the
laser beam radius. The laser flux at the beam center,I 0 , can be
expressed as:
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2P

pr 0
2 (2)

whereP is the laser power. In Eq.~1!, the term22r 0 is added
because the simulation begins when the laser beam is at a dis
of 2r 0 from the sample edge. This is to capture the initial heat
of the target by a partial laser beam. Similarly, after the la
beam completely passes the target and reaches the location or 0
away from the other edge, the laser flux does not irradiate
target anymore and is terminated in the simulation.

The laser flux in the target is:

q~x,y,z,t !5~12Rf !I ~x,y,t !e2az (3)

wherea is the absorption coefficient of steel.Rf is reflectivity,
which is measured to be 0.2 for the oxidized steel surface. O
dation occurs at the top surface of the workpiece due to the h
temperature achieved during laser heating. To better estimate
reflectivity of the steel surface, the reflectivity should be measu
in-situ, during the heating process. Thus, the oxidation effect a
the temperature dependency can all be accounted. However,
measurements are rather involving and the experimental appa
is not readily available. In the calculation, the measured reflec
Transactions of the ASME



Journal of Man
Fig. 4 Thermal and mechanical properties of full-hard 301 stainless steel
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ity of the oxidized surface is used since at any instant dur
scanning, most laser energy is applied to an area that is alr
raised to a high temperature.

The volumetric distribution of the absorbed laser energy,Qab ,
can be expressed as:

Qab52
dq~x,y,z,t !

dz
5~12Rf !aI ~x,y,t !e2az (4)

With the laser energy treated as volumetric heat absorpt
Qab , the three-dimensional transient heat conduction equa
can be expressed as:

rcṪ5¹•~k¹T!1Qab (5)

where the upper dot denotes time derivative. The continuous l
scanning is simulated by a discrete laser source with its ce
advancing with time. The time step must be small enough so
continuously moving of the laser flux can be accurately appro
mated. In the calculations, the time step is less than 131024 s,
during which the laser source moves a distance less than 1mm,
much smaller than the element length of 10mm in they-direction.
The calculated temperature field is continuous. The time ste
controlled according to the criterion that the temperature cha
between any two adjacent time steps is less than 20 K. No dif
ence is found when 5 K is used. The analysis is proceeded up
the time when the specimen is expected to cool to the room t
ufacturing Science and Engineering
ing
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on,
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nter
hat
xi-

is
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perature of 300 K. In the analyses, the laser parameters are ch
in such a way that the peak temperature achieved is below
melting temperature of steel, 1670 K. Processes involving mel
are not considered in the numerical calculation.

Free convection and radiation boundary conditions are app
to all boundaries, and are expressed as:

2k¹T•nW 5h~Ts2T`!1«s~Ts
42T`

4 ! (6)

wherenW is the outward normal at each surface. The convect
heat transfer coefficient is taken as 10.0 W/m2K for free convec-
tion and an emissivity value of 0.8 is used for calculating t
radiative heat flux. Optical reflectivity and emissivity data us
are temperature independent since temperature-dependent da
not available in literature, while other thermal properties used
temperature dependent as shown in Fig. 4. The free convec
heat transfer coefficient is taken as constant although it varies
temperature. The effect of these assumptions and simplificat
on the computation results will be discussed later.

Initially, the temperature of the specimen is at the roo
temperature:

T5T` (7)

3.3 Stress Analysis. After the temperature field is obtained
the stress and displacement fields can be calculated as a res
FEBRUARY 2001, Vol. 123 Õ 69
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to the thermal loading. Neglecting the dynamic effect, the qu
static mechanical problem to be solved includes the str
displacement relations and force equilibrium equations:

« i j 51/2~ui , j1uj ,i ! (8a)

s i j , j1 f i50 (8b)

The incremental plasticity method is employed. The total str
rate is assumed to be the summation of the elastic, plastic
thermal components:

«̇ i j 5 «̇ i j
e 1 «̇ i j

p 1 «̇ i j
th (9)

Using the von Mises yield criterion and considering the te
perature dependency of material properties, the total strain
can be expressed as@10#:

«̇ i j 5
122n

3E
ṡkkd i j 1

ṡ i j8

2G
1

3s i j8

2s̄H8
sG 1 «̇ thd i j 2

122n

3E2 Ėskkd i j

2
1

2G2 Ġs i j8 1
3s i j8

2s̄H8

]F

]T
Ṫ (10)

where s i j8 is the deviatoric stress tensor,s̄ is defined as
A3/2As i j8 s i j8 , H8 is defined as2]F/]«̄p, «̄p5A2/3A« i j

p « i j
p , the

equivalent strain, andF is the von Mises Yield function.
It is assumed that the steel specimen has a thermo-elasto-p

behavior with isotropic hardening. Viscous phenomena are
glected because the process is so rapid that high temperature
shortly in the target. In the laser bending process, the strain ra
high and the yield strength may be strain rate dependent. H
ever, the strain rate dependent yield strength for full-hard~high
yield strength! stainless steel is not available. The strain-rate
fect is not considered in this analysis. Phase transformation, tr
formation plasticity and volume change during phase transfor
tion can have a large influence on the stress field in low-alloy s
and mild steel. These effects are not considered in the cur
simulation for stainless steel 301, which is a high-alloy austen
steel ~18Cr-8Ni! with the martensite start temperatureMs lower
than room temperature@11#.

The boundary condition is zero displacement at the end of
workpiece that is fully constrained, and the other surfaces
stress free:

ui , j50, at x525 mm (11a)

s i , j50, at x55 mm, y560.5 mm,

z50, and z50.1 mm (11b)

Initially, it is assumed that the specimen is stress and st
free:

s i , j50, « i , j50 (11c)

The validity of assuming zero initial stress and strain will
discussed later. Whenever possible, the materials mecha
properties are considered as temperature-dependent as sho
Fig. 4 @12#. The thermal expansion coefficient for full-hard steel
unknown to the authors, and the data for an extra-hard specim
used~which is lower than that of full-hard steel!. The data given
@12# for the Young’s modulus and the yield strength are in
certain range, and the averaged values for Young’s modulus
the lower bound of the yield strength are used in the calculat
The room temperature value of the Poisson’s ratio of 0.3@12# is
used throughout the calculations since the temperature-depen
data are unknown to the authors. Influences of uncertaintie
these data have been studied using a numerical uncertainty a
sis of two-dimensional pulsed laser bending of steels@2#. It was
found that a 10 percent difference in thermal expansion coeffic
changes the bending angle by about 10 percent, while the un
70 Õ Vol. 123, FEBRUARY 2001
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tainties in other thermophysical properties and in extrapolation
high temperatures~shown in Fig. 4 as the dashed lines! yielded
results within a few percent.

4 Results and Discussions
The result of a benchmark case is presented first to provide

general trends of temperature, stress and strain developm
Then, bending angles calculated with different laser parame
are presented and compared with the measured data.

4.1 Numerical Results of a Benchmark Case. A bench-
mark case with laser power of 2 W, beam diameter of 80mm and
scanning velocity of 8.0 mm/s is simulated to show the transi
temperature, stress, strain and displacement development.
temperature distributions on the top and bottom surfaces along
line x50 are shown in Figs. 5~a! and 5~b!. When the laser beam
starts to irradiate from one edge (y50) and moves forward, the
temperature at the other edge (y51 mm) increases before th
laser beam arrives because of heat diffusion. At the beginnin
laser heating, the peak temperatures on the top and bottom
faces increase gradually as shown by the peak temperatures
0.03 s to 0.096 s in Figs. 5~a! and 5~b!. When the laser beam
moves closer to the other edge and just before the laser b
leaves the target at 0.128 s, the peak temperatures at both th
and the bottom surfaces rise quickly as can be seen by compa
the peak temperatures att50.096 s andt50.128 s. This is be-

Fig. 5 Temperature distributions along the y -direction at x
Ä0 at different times „a… at the top surface „b… at the bottom
surface
Transactions of the ASME



s

e

a

g

e

d

r

rma-

ree

de-
et is
cause the boundary aty51 mm restricts the laser heat flux from
being dissipated and thus accelerates the temperature increa
the target.

Figure 6 shows the temperature distribution along t
z-direction underneath the laser beam center att50.063 s, which
is at x50 mm, y50.42 mm. The temperature gradient decrea
gradually from the top to bottom surfaces. The temperature g
dient near the heated surface is as high as 2.23107 K/m. A large
temperature difference exists between the top and the bottom
face, varying from 1200 K to less than 700 K. Therefore, t
temperature gradient mechanism is the bending mechanism.

The developments of stressessxx andsyy at the surface along
the beam path (x50) are shown in Figs. 7~a! and 7~b!, respec-
tively. The circles on the curves indicate the locations of the c
ter of the laser beam. At time instants of 0.063 s and 0.096
compressive stresses are developed in the regions right ahe
the laser source, which is in the heating period; while tens
stresses are presented in the regions behind the laser so
which is in the cooling period. After the workpiece cools dow
completely to the ambient temperature, residual stresses alon
entire laser path are tensile, while compressive residual pla
strains are distributed at the surface of the workpiece along
laser path atx50 as shown in Fig. 8. The compressive residu
plastic strains cause shrinkage in the laser irradiated area and
to bending of the workpiece.

The residual stress distribution at the surface of the workpi
along the liney50.5 mm is shown in Fig. 9. Very high tensile
stresses are generated narrowly around the laser path.

Deformation of the workpiece during laser heating is illustrat
in Fig. 10, which shows the displacementuz along three lines at
y50.12, 0.69, and 0.90 mm att50.096 s. At this time instant, the
laser beam center is aty50.69 mm, the temperature aty
50.12 mm is increasing, and the temperatures aty50.69 and 0.90
mm are decreasing. The peak temperature is located ay
50.69 mm. From Fig. 10, it can be seen that a bump is forme
y50.69 mm because the center of the laser beam is located t
at that time instant, and the thermal expansion is the greatest.
target deformation occurs in the region 0.5 mm from the cente
the laser beam (x50), with convex curvatures alongy
50.69 mm andy50.90 mm, and a concave curvature alongy
50.12 mm. Outside the central region (x.0.5 mm), the displace-
ments along the above three lines are the same. As shown in
10, the same amount of displacement occurs atx55 mm.

The history of the displacementuz at the center of free end~x
55 mm, y50.5 mm! is shown in Fig. 11. Bending is away from
the laser beam at first, then reverses its direction att50.085 s.
Bending is towards the laser beam after the workpiece has co

Fig. 6 Temperature distribution along the z-direction under-
neath the laser beam center „xÄ0 mm, yÄ0.42 mm, tÄ0.063 s…
Journal of Manufacturing Science and Engineering
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down. Although the laser passes the target in 0.14 s, the defo
tion process ends at 0.16 s in thez-direction due to the slow
cooling process.

In the above calculations, the heat transfer coefficient of f
convection and emissivity are taken to be 10 W/m2K and 0.8,
respectively. If 1000 W/m2K is used instead of 10 W/m2K for the
convection heat transfer coefficient, the peak temperature
creases by less than 40 K. Note that when the nitrogen gas j

Fig. 7 Stress distribution at the top surface along the line x
Ä0 „a… sxx , „b… syy

Fig. 8 Residual plastic strain distribution at the top surface
along the laser path at xÄ0
FEBRUARY 2001, Vol. 123 Õ 71
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used in the experiment for forced convection cooling, the conv
tive heat transfer coefficient should still be less than 1000 W/m2K.
The major temperature difference between the simulations u
10 W/m2K and 1000 W/m2K occurs during cooling after the lase
beam passes the specimen. The calculated bending angle
creases by 9 percent when the heat transfer coefficient of con
tion is increased from 10 W/m2K to 1000 W/m2K. This shows
that, assuming a constant free convection coefficient of 10 W/m2K
would not cause a significant error in computing the bend
angle since the free convection coefficient should be less than
of W/m2K. Similarly, because of the much smaller radiative flu
at the surfaces compared with the laser heat flux, bending res
are not sensitive to the emissivity value. The decrease of the b
ing angle by a large increase in the convection heat transfer c
ficient is verified by the experiments. When the gas jet is us
depending on laser parameters, the decrease of the bending
is between 6 and 10 percent.

4.2 Comparison between Experimental and Numerical
Results. Bending angles are measured at different laser pow
beam diameters and scanning velocities. Figure 12~a! shows the
measured bending angle as a function of laser power at a con
scanning velocity of 8 mm/s and a constant beam diameter o
mm. The bending angle increases linearly with the laser pow
because of the increase of temperature. The error bars in the fi
indicate the repeatability of the measurements. When the la
power is higher than 1.5 W, the surface is melted. Figure 12~b!
shows the measured bending angle as a function of the b

Fig. 9 Residual stress distribution at the top surface along the
line yÄ0.5 mm

Fig. 10 Displacement „u z… along the x -axis at tÄ0.096 s
72 Õ Vol. 123, FEBRUARY 2001
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diameter at a constant laser power of 2 W and a constant scanning
velocity of 8 mm/s. The bending angle decreases with the incre
of the beam diameter because of the decrease of the laser
which leads to lower temperatures. At a beam diameter of 40mm,
the obtained bending angle is much higher. Melting occurs wh
the beam diameter is less than 50mm.

Fig. 11 History of the displacement u z at the center of the free
end

Fig. 12 „a… Measured bending angle as a function of laser
power at a constant scanning velocity of 8 mm Õs and a con-
stant beam diameter of 40 mm „b… measured bending angle as a
function of the laser beam diameter at a constant laser power
of 2 W and a constant scanning velocity of 8 mm Õs
Transactions of the ASME
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As can be seen from Figs. 12~a!, ~b! as long as the peak tem
perature is kept below the melting point, the repeatability of
obtained bending angle is better than 0.004 deg, indicating tha
laser based technique can be used to achieve high precisio
bending.

Figure 13 compares measured and calculated bending ang
a laser power of 2 W and a beam diameter of 80mm, but at
different scanning velocities. Increasing the scanning velocity
creases the bending angle because of the decrease of the e
input. The calculated bending angle agrees with the trend of
measured results, but is about 20 percent lower. A numbe
factors can contribute to the discrepancy between experime
results and simulations, including the temperature dependenc
optical reflectivity which is not known and is not considered in t
simulations, the use of the thermal expansion coefficient of ex
hard steels, and negligence of initial compressive residual stre
in the target. It has been shown@2# that both neglecting the initia
compressive stresses and using the expansion coefficient of e
hard steel which is smaller than that of the full hard steel wo
underpredict the bending angle.

With the laser parameters described above, bending is indu
by the temperature gradient mechanism. Bending angles ar
developed toward the laser beam. If the scanning velocity is
duced, then the buckling mechanism could play a role. The bu
ling mechanism occurs when the laser scanning velocity is s
and the target is thin, and the heat diffusion length is much lar
than the target thickness@13#. Therefore, the region around th
laser path is heated almost uniformly in the thickness direction
this case, similar to a beam under compression, the nearly ho
geneously heated section will buckle and the target may be
either toward or away from the laser beam depending on the
curvature of the target and the initial residual stresses. In the
periment, it has been seen that if the scanning velocity is redu
to 0.15 mm/s, the bending direction depends on the pre-curva
of the target: bending is toward the laser beam when the

Fig. 13 Measured and calculated bending angles as a function
of the scanning velocity at a constant laser power of 2 W and a
constant beam diameter of 80 mm
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curvature is concave and is away from the laser beam when
pre-curvature is convex. The bending angle is as high as 10
for the first laser scan. Additional bending from subsequent la
scans decreases gradually. After about 40 scans, bending b
deg is obtained. These phenomena show that bending at a
laser scanning velocity is dominated by the buckling mechani

5 Conclusions
Continuous wave laser forming of thin stainless steel sheet

studied. Experimental studies were conducted to find out relat
between bending angles and processing parameters, includin
laser power, beam diameter and scanning velocity. When the
face of the workpiece was kept below the melting point, the
peatability of the obtained bending angle was better than 0.01
The laser forming process was simulated using a fully 3D fin
element model to illustrate the transient temperature, stress, s
and displacement development. The calculated results agreed
the trend of the experimental data. When the laser scanning
locity was high, bending was due to the temperature grad
mechanism, while decreasing the scanning velocity led to bend
by the buckling mechanism.
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