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This work developes a finite element model to compute thermal and thermomech
phenomena during pulsed laser induced melting and solidification. The essential ele
of the model are handling of stress and strain release during melting and their retri
during solidification, and the use of a second reference temperature, which is the m
point of the target material for computing the thermal stress of the resolidified mate
This finite element model is used to simulate a pulsed laser bending process, during
the curvature of a thin stainless steel plate is altered by laser pulses. The bending
and the distribution of stress and strain are obtained and compared with those w
melting does not occur. It is found that the bending angle increases continulously a
laser energy is increased over the melting threshold value.@DOI: 10.1115/1.1753268#
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1 Introduction
Laser bending~or laser forming! is a non-contact techniqu

capable of achieving very high precision. The schematic of a la
bending process is illustrated in Fig. 1. A target is irradiated b
focused laser beam passing across the target surface. Heatin
cooling cause plastic deformation in the laser-heated area,
change the curvature of the target permanently. The mechanis
laser bending has been explained by the thermo-elasto-pl
theory,@1–3#. Three laser bending mechanisms, i.e., the temp
ture gradient mechanism, the buckling mechanism, and the up
ting mechanism have been discussed in the literature,@4,5#. For
the temperature gradient mechanism, a sharp temperature gra
is generated by laser irradiation and the residual compres
strain causes permanent bending deformation toward the dire
of the incoming laser beam. Most of the pulsed laser bend
processes are attributed to the temperature gradient mecha
since the short pulse heating duration induces a very sharp
perature gradient near the target surface.

Using a pulsed laser for bending is of particular interest in
micro-electronics industry, where high precision bending, cur
ture adjustment, and alignment are often required. Chen et al@6#
achieved bending precision on the order of sub-microradian
stainless steel and ceramics targets, which is higher than any
bending techniques. The relations between the bending angle
laser processing parameters were studied with the use of a
dimensional finite element method,@7#. In that study, the lase
energy was controlled so that no melting and solidification h
pened during the bending process. However, in some laser b
ing processes where larger bending angles are needed, the
energy used could be high enough to cause melting,@8#.

The finite element method is a general and powerful tool
investigating the complex thermal and thermomechanical pr
lems involved in laser bending,@9–12#. When an unconstrained
material melts, its stress and strain will be completely releas
and then begin to retrieve when solidification starts. In this
spect, the main challenge of simulations is the handling of
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stress and strain release and retrieval during melting and soli
cation. The stress release is usually approximated by specif
the temperature dependent material properties, for example,
creasing Young modulus and yield strength significantly near
melting point, @9–12#. On the other hand, the strain release
hardly being considered due to the difficulty involved in the n
merical simulation.

In this paper, a finite element model for simulating pulsed la
bending involving melting and solidification is developed usi
the uncoupled thermal and thermomechanical theory. It is
sumed that the pulsed laser beam is uniform across the widt
the specimen~the x-direction in Fig. 1!. Thus, a two-dimensiona
thermal-stress model can be applied, which greatly reduces
computational time. In order to release and retrieve the stress
strain during melting and solidification, the element removal a
reactivation method is applied to each melted element. In a
tion, in order to compute the stress of the solidified element c
rectly, a second reference temperature for the thermal stress
culation is used. The bending angle, residual stress, and res
strain are obtained and compared with the results of pulsed l
bending without melting.

2 Simulation Procedure
In order to calculate laser bending, a thermal analysis an

stress and strain analysis are needed, which are considere
uncoupled since the heat dissipation due to plastic deformatio
negligible compared with the heat provided by laser irradiation
an uncoupled thermomechanical model, a transient tempera
field is obtained first in the thermal analysis, and is then used
thermal loading in the subsequent stress and strain analys
obtain the transient stress, strain, and displacement distributi
The finite element code, ABAQUS~HKS, Inc., Pawtucket, RI! is
used. As shown in Fig. 2, a dense mesh is generated aroun
laser path and then stretched away in the length and thick
directions~the y andz-directions!. The domain size and laser pa
rameters used in the simulations are given in Table 1. The s
mesh is used for both the thermal and stress analyses. A tot
1200 elements are used in the mesh. Mesh tests are conduct
increasing the number of elements until the calculation resu
independent of the mesh density.

2.1 Thermal Analysis. The thermal analysis is based o
solving the two-dimensional heat conduction equation:

r c̃
]T

]t
5¹•~k¹T!1Q̇ab (1)
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wherek is the thermal conductivity,r is the density of the stain
less steel,c̃ is the derivative of the enthalpy with respect to tem
perature, andQ̇ab is the volumetric heat source term resulted fro
irradiation of a laser pulse. The temperature-dependent prope
of stainless steel 301,@13#, are used in the calculation.

The parameterc̃ is equal to the specific heatcp in solid and
liquid regions. When an impure metal, like stainless steel
heated from a solid state, it begins to melt at the solidus temp
ture Ts and melts completely at the liquidus temperatureTl . In
the mushy zone, i.e., the region where the temperature is betw
Ts andTl , c̃ is defined by

c̃5cp1
L

Tl2Ts
(2)

whereL is the latent heat. Values ofTs , Tl , and L of stainless
steel 301 are listed in Table 2,@13#. By using c̃, the effective
specific heat, the phase change problem can be solved with
single domain. Solid and liquid material are treated as one c
tinuous region and the phase boundary does not need to be c
lated explicitly,@10#.

The laser intensity is uniform in thex-direction and has a
Gaussian distribution in they-direction, expressed as

I s~y,t !5I 0~ t !e28y2/w2
(3)

whereI 0(t) is the time-dependent laser intensity at the cente
the laser beam andw is the laser beam width at the target surfac
The temporal profile of the laser intensity is treated as increa
linearly from zero to the maximum at 60 ns, then decreasing
early to zero at the end of the pulse at 120 ns. Therefore,
volumetric heat sourceQ̇ab in Eq. ~1! can be expressed as

Fig. 1 Schematic of the laser bending process

Fig. 2 Computational mesh

Table 1 Domain size and pulsed laser parameters

Specimen length~y! 600 mm
Specimen thickness~z! 100 mm
Laser wavelength 1.064mm
Laser pulse full width 120 ns
Laser pulse energy 200–300mJ
Laser line width 30mm
Laser line length 1.3 mm

Table 2 Thermal properties of stainless steel 301

Solidus temperature,Ts 1673 K
Liquidus temperature,Tl 1693 K
Latent heat,L 265 J/g
322 Õ Vol. 71, MAY 2004
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Q̇ab5~12Rf !aI 0~ t !e28y2/w2
e2az (4)

whereRf is the optical reflectivity measured to be 0.66 for th
stainless steel specimens.a is the absorption coefficient given b
a54pk/l. The imaginary part of the refractive indexk of stain-
less steel 301 at the laser wavelength 1.064mm is unknown, and
k54.5 of iron is used. The initial condition is that the who
specimen is at the room temperature~300 K!. Since the left and
right boundaries as well as the bottom surface are far away f
the laser irradiated area, the boundary conditions at these bo
aries are prescribed as the room temperature. Convection an
diation with the surrounding are neglected.

Analyses are carried out with the laser pulse energy of 260mJ,
270 mJ, 280mJ, and 300mJ, respectively. The peak temperatu
obtained by a 270mJ pulse is 1703 K, higher than the liquidu
temperatureTl ~1693 K!. For comparison, thermal analyses
three cases without melting are also performed; the laser p
energies are 200mJ, 230mJ, and 250mJ, respectively. The peak
temperature obtained by a 250mJ pulse is 1649 K, lower than the
solidus temperatureTs ~1673 K!.

2.2 Stress and Strain Analyses. In the stress and strain
analysis, the material is assumed to be linearly elastic-perfe
plastic. The Von Mises yield criterion is used to model the on
of plasticity. The left edge is completely constrained, and all ot
boundaries are force-free. Eight-node biquadratic plane-strain
ements are employed.

As in the thermal analysis, the temperature dependent mat
properties are used,@13#. Poisson’s ratio of stainless steel AIS
304, @14#, is used. Considering the incompressibility in the liqu
phase, the Poisson ratio of 0.4999 is used when the temperatu
higher thanTs . The strain rate enhancement effect is neglec
since temperature dependent data are unavailable. Sensitivi
unknown material properties on the computational results
been discussed by Chen et al.@7#.

2.3 The Method of Element Removal and Reactivation
In order to model the phenomena of melting and solidification,
element removal and reactivation method,@15#, is applied. An
element will be excluded from the stress and strain analysis w
its temperature is higher thanTs , i.e., the element is remove
from the domain after being melted and its stress and strain
released to zero. During cooling, the removed elements are r
tivated in the calculation when their temperatures are lower t
Ts and the stress and strain start to retrieve.

For the elements starting to solidify, the initial temperature
the thermal stress calculationTi is replaced with a new initial
temperature equal to the temperature at the moment when
reactivated, i.e.,Ts . This procedure is carried out for each el
ment experiencing melting and solidification with the aid of t
temperature history data obtained from the thermal analysis.

The reason for using a new initial temperature for a reactiva
element is explained as follows. As mentioned before, the ther
stain of an unconstrained element is totally released after it m
During solidification, the thermal strain will change gradua
only if Ts is used as the initial temperature. Otherwise, if the ro
temperatureTi is still used as the initial temperature, the therm
strain will experience a sharp jump from zero to a high valu
which is physically incorrect. Therefore, two initial temperatur
should be used for each element involving melting and solidifi
tion.

The element removal and reactivation would not affect the th
mal analysis since the thermal and the stress analysis are
coupled, and the thermal analysis is performed before the st
analysis. The forces in the element reaching the melting point
reduced to zero gradually before the element is removed, whic
determined by the temperature-dependent stress-strain relat
Therefore, there is no sudden change of stress in element
volved in phase change. On the other hand, when the eleme
reactivated with zero stress, it exerts no nodal forces on the
Transactions of the ASME
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rounding elements. Thus the element removal and reactivatio
not have any adverse effect on the thermal and stress calcula

Based on the above description, the stress and strain for
elements involved in phase change are computed by the meth
element removal and reactivation and the use of a new in
temperature atTs to calculate the stress/strain of the solidifie
elements. During the calculation, element removal and react
tion are tracked for each element since each melted elemen
gins to melt and solidify at different times. Hence, the compu
tion is intensive even for the two-dimensional problem conside
in this work.

3 Results and Discussion
Calculations are first conducted to verify the finite eleme

analysis of melting and solidification. Results of finite eleme
analysis are compared with exact solutions of solidification a
melting problems given by Carslaw and Jaeger@16#. For the so-
lidification case, the target is initially at the liquid state with
uniform temperature. Att50, the temperature at the surfacex
50) is changed and held at a temperature lower than the me
point. Freezing thus starts and proceeds into the material.
position of the solid-liquid interfaced can be calculated with
known material properties, and its expression is given in the in
of Fig. 3~a!. Figure 3~a! shows the comparison of the results.
can be seen that the result of the finite element analysis mat
exactly with the analytical solution. Similarly, results of the me
ing case are also compared. In this case, the target is initiall

Fig. 3 Comparison between the results of FEA and an exact
solution for „a… solidification, „b… melting
Journal of Applied Mechanics
do
tion.
the
d of
tial
d
iva-

be-
ta-
red

nt
nt
nd

a

ting
The

ert
It
hes

lt-
at

the solid state at the melting point. Att50, the surface tempera
ture is increased to and kept at a constant temperature higher
the melting point. Again, exact match between the finite elem
result and the analytical solution is obtained, as shown in F
3~b!.

The above calculations are the only ones relevant to the p
lem studied here which have analytical solutions. There are
analytical solutions for thermomechanical problems with so
liquid phase change since these problems are highly nonlin
The rest of this work is focused computing the laser bend
problem involving melting and solidification. We first present d
tailed temperature and residual stress distributions induced
laser pulse at a fixed energy~270mJ!. Then, the laser pulse energ
is varied, and bending with and without melting is compared
terms of the thermal strain, plastic strain, total strain, and str
The dependence of the bending angle on the laser energy is
presented.

3.1 Results of Laser Bending With a Pulse Energy of 270
mJ. The transient temperature distribution in the target in fi
calculated. Figure 4 shows temperature distributions along thx
and z-directions at different times. It can be seen that the ma
mum temperature,Tmax, is obtained at the pulse center an
reaches its peak value of 1703 K at 82.9 ns, and then drops slo
to 446 K at 3.6ms. It can be estimated that the heat affected zo
~HAZ! is around 40mm wide ~the laser beam is 30mm wide!.
Figure 4~b! is the temperature distribution along thez-direction,

Fig. 4 Temperature distributions at different moments „E
Ä270 mJ… „a… along the y -direction on the top surface, „b… along
the z-direction „at yÄ0…
MAY 2004, Vol. 71 Õ 323
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beginning from the upper surface of the target. It can be seen
the temperature gradient during heating period is higher than
K/mm.

Distributions of the transverse residual stresssyy along they
andz-directions are shown in Fig. 5. It can be seen from Fig. 5~a!
thatsyy is tensile, and has a value larger than 1.0 GPa. The str
affected zone in they-direction is about 30mm. In thez-direction,
syy is more than 1.0 GPa within 1.0mm from the surface. It
becomes compressive at a depth of 1.5mm from the surface. The
maximum value of the compressive stress is about 250 MPaz
52.5mm, and it gradually reduces to zero in the deeper regio

Figure 6 shows the deformation distribution along t
y-direction. It can be seen that the permanent bending deforma
is in the direction toward the incoming laser beam and the defl
tion is 42 nm at the free edge (y5300mm). There is a ‘‘L’’ shape
surface deformation aroundy50 mm, the center of the lase
beam. This is produced by thermal expansion along the nega
z-direction because the surface is not constrained.

Detailed information about the thermal strain, the total stra
and the stress for the elements involved in melting and solidifi
tion and computed using the element removal and retrie
method is presented next, together with the case without me
for comparing their values.

3.2 Comparison Between Laser Bending With and With-
out Melting. Strain and stress histories during laser bend
with melting ~270 mJ! are compared with those without meltin

Fig. 5 Residual stress syy distributions „EÄ270 mJ… „a… along
the y -direction on the top surface, „b… along the z-direction
„at yÄ0…
324 Õ Vol. 71, MAY 2004
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~250mJ!. With the pulse laser energy of 270mJ, the target begins
to melt at about 70 ns and is completely solidified after 200
Results of the center element on the top surface are compare

Figure 7 shows histories of the thermal strain. For laser bend
without melting, the thermal strain first increases as the temp
ture rises due to laser irradiation, and reaches a maximum valu
0.0228 at 82.03 ns. It then reduces to zero as the target cools t
room temperature. However, for bending involving melting, the
are three periods in the thermal strain development: heating, m
ing and solidification, and cooling. The thermal strain reaches
peak value of 0.0232 at 69.52 ns. At this time, the correspond
average temperature of the element is 1673 K, which equals
solidus temperature. The element is excluded from the stress
strain analyses when it melts, which lasts for more than 28
When it starts to solidify at 97.52 ns, the initial temperature of
element is replaced by the solidus temperatureTs , and then the
thermal strain starts from zero to retrieve a negative value, wh
decreases continuously and reaches a residual value of20.0229.
The final thermal strain is very different from that of the nonme
ing case because of the use of a second initial temperature.

Transverse plastic strains with and without melting are sho
in Fig. 8. The compressive plastic strains are created during

Fig. 6 Bending deformation along the y -direction „E
Ä270 mJ…

Fig. 7 Transient thermal strain at the center point on the top
surface
Transactions of the ASME
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heating period since the thermal expansion of the heated ar
constrained by the surrounding cooler materials. In the subseq
cooling period, the plastic strain decreases gradually, and is
tially canceled with a residual value of20.0047 for the case with-
out melting. For bending involving melting, the compressive pl
tic strain is created during heating and it is released to zero du
melting. This represents a significant difference between the
cases. Physically, the melted material can not support any s
due to the free surface while the material not melted can supp
relatively large strain because of the surrounding cooler mate
which is exactly what modeled here and shown in the resu
After the melted element begins solidified, a tensile plastic str
develops, and a residual plastic strain of 0.0185 is obtained.

The history of the total transverse strain«yy up to 2000 ns is
shown in Fig. 9. Despite the differences in the thermal and pla
strains, it can be seen that the total strains in both cases ha
similar trend. The total strain increases and then decreases, a
about 100 ns it increases rapidly and reaches the maximum v
at around 400 ns as the target bends away from the laser b
After that, it decreases slowly and the residual value is ab

Fig. 8 Transient plastic strain at the center point on the top
surface

Fig. 9 Transient total strain «yy at the center point on the top
surface
Journal of Applied Mechanics
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20.0015 for bending without melting and20.0017 for bending
with melting ~not shown in the figure!. In both cases, the fina
bending angle is positive, meaning in the direction toward
laser beam.

Unlike strain, the overall trend of the stress development is
much affected by melting and solidification. As shown in Fig. 1
the development of the transverse stress follows a similar tr
and a tensile residual stress of about 0.97 GPa is obtained in
cases. This is because the yield stress and the Young’s mod
are reduced significantly at high temperature. Fort the case w
out melting, the stress is released to almost zero near the me
point, while the stress is reduced to zero for the case with melt

Figure 11 shows the relation between the bending angle and
pulse energy. Bending angle increases almost linearly with
pulse energy. The dash line is the fitted line for laser bend
without melting and is extracted to compare with the data w
melting. There is no discontinuity or large change in the relat
between the bending angle and the laser energy when the
energy is increased across the melting threshold. This is in c
sistent with the results of total strain calculations since bendin

Fig. 10 Transient transverse stress syy at the center point on
the top surface

Fig. 11 Bending angle as a function of laser pulse energy
MAY 2004, Vol. 71 Õ 325
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directly related to the total residual strain. As discussed pre
ously, no large change of the total strain is found when the la
energy is increased across the melting threshold.

4 Conclusion
A two-dimensional finite element model for calculating puls

laser bending with melting and solidification is developed. T
element removal and reactivation method is applied to e
melted element to account for the stress and strain release i
melted material. A second initial temperature is necessary for
reactivated elements in order to compute the stress and strai
velopment correctly. The bending angle and the residual stress
strain distribution of stainless steel irradiate by a laser pulse
obtained using this model. Results are also compared with th
of laser bending without melting. No sudden change of the to
residual strain, stress, and the bending angle is found when
laser energy is increased across the melting threshold.
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Nomenclature

E 5 laser pulse energy
I 0 5 laser intensity at the center of the laser beam
I s 5 laser flux
L 5 latent heat

Q̇ab 5 volumetric heat source term induced by irradiation
a laser pulse

Rf 5 optical reflectivity
T 5 temperature

Tl 5 liquidus temperature
Ts 5 solidus temperature
c̃ 5 effective specific heat

cp 5 specific heat
k 5 thermal conductivity
t 5 time

w 5 laser beam width
x, y, z 5 Cartesian coordinates

a 5 absorption coefficient
326 Õ Vol. 71, MAY 2004
vi-
er-

d
he
ch
the

the
de-

and
are
ose
tal
the

n

f

d 5 position of solid-liquid interface
«yy 5 total strain along they-direction
«yy

p 5 plastic strain along they-direction
«yy

th 5 thermal strain along they-direction
k 5 imaginary part of the refractive index
l 5 wavelength
r 5 density

syy 5 stress along they-direction
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