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phenomena during pulsed laser induced melting and solidification. The essential elements

School of Mechanical Engineering, of the model are handling of stress and strain release during melting and their retrieval
Purdue University, during solidification, and the use of a second reference temperature, which is the melting

West Lafayete, IN 47907-1288 point of the target material for computing the thermal stress of the resolidified material.

This finite element model is used to simulate a pulsed laser bending process, during which
the curvature of a thin stainless steel plate is altered by laser pulses. The bending angle
and the distribution of stress and strain are obtained and compared with those when

melting does not occur. It is found that the bending angle increases continulously as the
laser energy is increased over the melting threshold va]i®l: 10.1115/1.1753268

1 Introduction stress and strain release and retrieval during melting and solidifi-
. I . cation. The stress release is usually approximated by specifying
Laser bending(or laser forming is a non-contact technlquethe temperature dependent material properties, for example, de-

capable of achieving very high precision. The schematic of a lascef'reasin Yound modulus and vield strenath sianificantly near the
bending process is iIIustrated in Fig. 1. A target is irradiated.byr,;-)'el inggpoint, [99—12]. On the )(/)ther hang, thegstrain rglease is
focused laser beam passing across the target surface. Heating ly being considered due to the difficulty involved in the nu-
cooling cause plastic deformation in the laser-heated area, ti?H rical simulation

change the curvature of the target permanently. The mechanism of,, this paper, a finite element model for simulating pulsed laser

laser bending has been explained by the thermo-elasto-plagjic,jing involving melting and solidification is developed using
theory,[1-3]. Three laser bending mechanisms, i.e., the tempef@e yncoupled thermal and thermomechanical theory. It is as-
ture gradient mechanism, the buckling mechanism, and the upsgfimed that the pulsed laser beam is uniform across the width of
ting mechanism have been discussed in the literafdi®]. For e specimerithe x-direction in Fig. 2. Thus, a two-dimensional
the temperature gradient mechanism, a sharp temperature gradiggfmal-stress model can be applied, which greatly reduces the
is generated by laser irradiation and the residual compressi@mputational time. In order to release and retrieve the stress and
strain causes permanent bending deformation toward the directigmin during melting and solidification, the element removal and
of the incoming laser beam. Most of the pulsed laser bendiRgactivation method is applied to each melted element. In addi-
processes are attributed to the temperature gradient mechanigm, in order to compute the stress of the solidified element cor-
since the short pulse heating duration induces a very sharp teictly, a second reference temperature for the thermal stress cal-
perature gradient near the target surface. culation is used. The bending angle, residual stress, and residual
Using a pulsed laser for bending is of particular interest in thetrain are obtained and compared with the results of pulsed laser
micro-electronics industry, where high precision bending, curvéending without melting.
ture adjustment, and alignment are often required. Chen gélal.
achieved bending precision on the order of sub-microradian . .
stainless steel and ceramics targets, which is higher than any other Simulation Procedure
bending techniques. The relations between the bending angle anth order to calculate laser bending, a thermal analysis and a
laser processing parameters were studied with the use of a twtress and strain analysis are needed, which are considered as
dimensional finite element methofi7]. In that study, the laser uncoupled since the heat dissipation due to plastic deformation is
energy was controlled so that no melting and solidification hapegligible compared with the heat provided by laser irradiation. In
pened during the bending process. However, in some laser befd-uncoupled thermomechanical model, a transient temperature
ing processes where larger bending angles are needed, the I§gkt is obtained first in the thermal analysis, and is then used as a
energy used could be high enough to cause melfiig, thermal loading in the subsequent stress and strain analysis to
The finite element method is a general and powerful tool f@btain Fhe transient stress, strain, and displacement distriputions.
investigating the complex thermal and thermomechanical probbe finite element code, ABAQUEBHKS, Inc., Pawtucket, Rlis
lems involved in laser bending9—12. When an unconstrained Used. As shown in Fig. 2, a dense mesh is generated around the
material melts, its stress and strain will be completely releasd@Ser path and then stretched away in the length and thickness
and then begin to retrieve when solidification starts. In this rélirections(they andz-directions. The domain size and laser pa-

spect, the main challenge of simulations is the handling of tf@meters used in the simulations are given in Table 1. The same
mesh is used for both the thermal and stress analyses. A total of
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Qap=(1-Ryp)alg(t)e ¥ "We a2 @)
whereR; is the optical reflectivity measured to be 0.66 for the
stainless steel specimensis the absorption coefficient given by
a=4mk/N. The imaginary part of the refractive indexof stain-

X less steel 301 at the laser wavelength 1.p64 is unknown, and
Bending angle ﬁ’ 4
z

Clamped end Focused laser beam

Scanning line k=4.5 of iron is used. The initial condition is that the whole

specimen is at the room temperaty890 K). Since the left and
right boundaries as well as the bottom surface are far away from
the laser irradiated area, the boundary conditions at these bound-
Fig. 1 Schematic of the laser bending process aries are prescribed as the room temperature. Convection and ra-
diation with the surrounding are neglected.

Analyses are carried out with the laser pulse energy of 250
wherek is the thermal conductivityp is the density of the stain- 270 uJ, 280uJ, and 300uJ, respectively. The peak temperature
less steelf is the derivative of the enthalpy with respect to temobtained by a 27QuJ pulse is 1703 K, higher than the liquidus
perature, an@,, is the volumetric heat source term resulted fronjeMperatureT; (1693 K. For comparison, thermal analyses of

irradiation of a laser pulse. The temperature-dependent properfidi§€ cases without melting are also performed; the laser pulse
of stainless steel 30113], are used in the calculation. energies are 20@J, 230.J, and 250uJ, respectively. The peak

The parametet is equal to the specific heat, in solid and temperature obtained by a 20 pulse is 1649 K, lower than the
liquid regions. When an impure metal, like stainless steel, folidus temperaturg; (1673 K).
heated from a solid state, it begins to melt at the solidus tempera; 2 Stress and Strain Analyses. In the stress and strain
ture Ts and melts completely at the liquidus temperatlife In  gnalysis, the material is assumed to be linearly elastic-perfectly
the mushy zone, i.e., the region where the temperature is betwegsstic. The Von Mises yield criterion is used to model the onset

Target

TsandT,, ¢ is defined by of plasticity. The left edge is completely constrained, and all other
L boundaries are force-free. Eight-node biquadratic plane-strain el-

C=cp+ S~ (2) ements are employed.
I s As in the thermal analysis, the temperature dependent material

wherelL is the latent heat. Values df,, T,, andL of stainless properties are used13]. Poisson’s ratio of stainless steel AlSI
steel 301 are listed in Table 213]. By usingC, the effective 304,[14], is used. Considering the incompressibility in the liquid
specific heat, the phase change problem can be solved withiph@se, the Poisson ratio of 0.4999 is used when the temperature is
single domain. Solid and liquid material are treated as one cdtgher thanTs. The strain rate enhancement effect is neglected
tinuous region and the phase boundary does not need to be cafiice temperature dependent data are unavailable. Sensitivity of
lated explicitly,[10]. unknown material properties on the computational results has

The laser intensity is uniform in the-direction and has a been discussed by Chen et [a].

Gaussian distribution in theg-direction, expressed as
I(y,H)=I (t)e_gyz/wz 3) 2.3 The Method of Element RemO\_/aI and Rga_c_tiva_tion
s\ 0 In order to model the phenomena of melting and solidification, the
wherel(t) is the time-dependent laser intensity at the center efement removal and reactivation meth¢d5], is applied. An
the laser beam and is the laser beam width at the target surfaceslement will be excluded from the stress and strain analysis when
The temporal profile of the laser intensity is treated as increasiitg temperature is higher thafg, i.e., the element is removed
linearly from zero to the maximum at 60 ns, then decreasing lifrom the domain after being melted and its stress and strain are
early to zero at the end of the pulse at 120 ns. Therefore, theeased to zero. During cooling, the removed elements are reac-
volumetric heat sourc®,;, in Eq. (1) can be expressed as tivated in the calculation when their temperatures are lower than
T, and the stress and strain start to retrieve.
For the elements starting to solidify, the initial temperature for
o the thermal stress calculatiohy is replaced with a new initial
y temperature equal to the temperature at the moment when it is
reactivated, i.e.T¢. This procedure is carried out for each ele-
ment experiencing melting and solidification with the aid of the
temperature history data obtained from the thermal analysis.
The reason for using a new initial temperature for a reactivated
element is explained as follows. As mentioned before, the thermal
stain of an unconstrained element is totally released after it melts.

Fig. 2 Computational mesh During solidification, the thermal strain will change gradually

o only if T is used as the initial temperature. Otherwise, if the room

Table 1 Domain size and pulsed laser parameters temperatureT; is still used as the initial temperature, the thermal
Specimen lengthy) 600 zm strain \_N|II experience a sharp jump from zero to a high value,
Specimen thicknes&) 100 um which is physically incorrect. Therefore, two initial temperatures
Laser wavelength 1.064m should be used for each element involving melting and solidifica-

Laser pulse full width 120 ns tion.

Laser pulse energy 20030 ot _
Laser fine width 30um The element removal and reactivation would not affect the ther

Laser line length 1.3 mm mal analysis since the thermal and the stress analysis are not
coupled, and the thermal analysis is performed before the stress
analysis. The forces in the element reaching the melting point are
Table 2 Thermal properties of stainless steel 301 reduced to zero gradually before the element is removed, which is

- determined by the temperature-dependent stress-strain relations.
Eiglb?gjst?é“nﬂ)sg?;%ii %gggﬁ Therefore, there is no sudden change of stress in elements in-
Latent heatL 265 J/g volved in phase change. On the other hand, when the element is
reactivated with zero stress, it exerts no nodal forces on the sur-
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Fig. 4 Temperature distributions at different moments (E

Fig. 3 Comparison between the results of FEA and an exact

solution for (a) solidification, (b) melting =270 nJ) (a) along the y-direction on the top surface, (b) along

the z-direction (at y=0)

rounding elements. Thus the element removal and reactivation do . .
solid state at the melting point. A+ 0, the surface tempera-

not have any adverse effect on the thermal and stress calculati g .
t’ée is increased to and kept at a constant temperature higher than

Based on the above description, the stress and strain for { i it Adai hb he finite el
elements involved in phase change are computed by the methodtt Melting point. Again, exact match between the finite element
sult and the analytical solution is obtained, as shown in Fig.

element removal and reactivation and the use of a new initi
temperature aff to calculate the stress/strain of the solidifie ' .
elements. During the calculation, element removal and reactiva-1 "¢ @Pove calculations are the only ones relevant to the prob-
tion are tracked for each element since each melted element
gins to melt and solidify at different times. Hence, the comput
tion is intensive even for the two-dimensional problem consider

in this work.

n studied here which have analytical solutions. There are no
nalytical solutions for thermomechanical problems with solid/
iq‘uid phase change since these problems are highly nonlinear.
e rest of this work is focused computing the laser bending
problem involving melting and solidification. We first present de-

. . tailed temperature and residual stress distributions induced by a

3 Results and Discussion laser pulse at a fixed ener¢®70 wJ). Then, the laser pulse energy
Calculations are first conducted to verify the finite elemer varied, and bending with and without melting is compared in
analysis of melting and solidification. Results of finite elemerterms of the thermal strain, plastic strain, total strain, and stress.
analysis are compared with exact solutions of solidification arithe dependence of the bending angle on the laser energy is also

melting problems given by Carslaw and Jae[]. For the so- presented.

lidification case, the target is initially at the liquid state with a

uniform temperature. At=0, the temperature at the surface (3.1 Results of Laser Bending With a Pulse Energy of 270
=0) is changed and held at a temperature lower than the meltijpd. The transient temperature distribution in the target in first
point. Freezing thus starts and proceeds into the material. Teedculated. Figure 4 shows temperature distributions alongthe
position of the solid-liquid interface can be calculated with and zdirections at different times. It can be seen that the maxi-
known material properties, and its expression is given in the insenum temperatureT .., IS oObtained at the pulse center and
of Fig. 3(a). Figure 3a) shows the comparison of the results. Ireaches its peak value of 1703 K at 82.9 ns, and then drops slowly
can be seen that the result of the finite element analysis matche446 K at 3.6us. It can be estimated that the heat affected zone
exactly with the analytical solution. Similarly, results of the melt{HAZ) is around 40um wide (the laser beam is 3@m wide).

ing case are also compared. In this case, the target is initiallyFigure 4b) is the temperature distribution along tkealirection,
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~,. 800 -
" 600 N N (250 wJ). With the pulse laser energy of 276J, the target begins
b4 L . to melt at about 70 ns and is completely solidified after 200 ns.
o 400 - — Results of the center element on the top surface are compared.
ﬁ 5 b Figure 7 shows histories of the thermal strain. For laser bending
= 200 - - without melting, the thermal strain first increases as the tempera-
] 0 i ] ture rises due to laser irradiation, and reaches a maximum value of
=4 B i 0.0228 at 82.03 ns. It then reduces to zero as the target cools to the
8 2200 — room temperature. However, for bending involving melting, there
n L : are three periods in the thermal strain development: heating, melt-
400 L b 1 1 ing and solidification, and cooling. The thermal strain reaches the
0 5 10 20 peak value of 0.0232 at 69.52 ns. At this time, the corresponding
z (um) average temperature of the element is 1673 K, which equals the

solidus temperature. The element is excluded from the stress and
strain analyses when it melts, which lasts for more than 28 ns.
When it starts to solidify at 97.52 ns, the initial temperature of the
element is replaced by the solidus temperaflye and then the
thermal strain starts from zero to retrieve a negative value, which
decreases continuously and reaches a residual value€df229.

o The final thermal strain is very different from that of the nonmelt-
beginning from the upper surface of the target. It can be seen thd case because of the use of a second initial temperature.

the temperature gradient during heating period is higher than 500r ansyerse plastic strains with and without melting are shown

K/'“.m' _ ) in Fig. 8. The compressive plastic strains are created during the
Distributions of the transverse residual stregs along they

andz-directions are shown in Fig. 5. It can be seen from Fig) 5

thatoy, is tensile, and has a value larger than 1.0 GPa. The stress-

affected zone in thg-direction is about 3um. In thez-direction, 0.03 —rrry T T T T T
oyy is more than 1.0 GPa within 1.am from the surface. It C
becomes compressive at a depth of Arb from the surface. The 0.02 F
maximum value of the compressive stress is about 250 MRa a~ 2
=2.5um, and it gradually reduces to zero in the deeper region

Figure 6 shows the deformation distribution along the
y-direction. It can be seen that the permanent bending deformati
is in the direction toward the incoming laser beam and the defle
tion is 42 nm at the free edgg € 300.m). There is a ‘A” shape
surface deformation aroung=0 um, the center of the laser
beam. This is produced by thermal expansion along the negati
zdirection because the surface is not constrained.

Detailed information about the thermal strain, the total strair
and the stress for the elements involved in melting and solidific:
tion and computed using the element removal and retriev.
method is presented next, together with the case without meltir
for comparing their values.

Fig. 5 Residual stress o, distributions (E=270 uJ) (a) along
the y-direction on the top surface, (b) along the Zz-direction
(at y=0)
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3.2 Comparison Between Laser Bending With and With-
out Melting. Strain and stress histories during laser bendingig. 7 Transient thermal strain at the center point on the top
with melting (270 wJ) are compared with those without meltingsurface
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Fig. 8 Transient plastic strain at the center point on the top

surface

Fig. 10 Transient transverse stress

the top surface

o, at the center point on

heating period since the thermal expansion of the heated area-i3.0015 for bending without melting an€0.0017 for bending
constrained by the surrounding cooler materials. In the subsequeith melting (not shown in the figure In both cases, the final
cooling period, the plastic strain decreases gradually, and is ppending angle is positive, meaning in the direction toward the
tially canceled with a residual value 6f0.0047 for the case with- |aser beam.
out melting. For bending involving melting, the compressive plas- Unlike strain, the overall trend of the stress development is not
tic strain is created during heating and it is released to zero duringich affected by melting and solidification. As shown in Fig. 10,
melting. This represents a significant difference between the twite development of the transverse stress follows a similar trend
cases. Physically, the melted material can not support any straimnd a tensile residual stress of about 0.97 GPa is obtained in both
due to the free surface while the material not melted can supportases. This is because the yield stress and the Young’s modulus
relatively large strain because of the surrounding cooler materiate reduced significantly at high temperature. Fort the case with-
which is exactly what modeled here and shown in the resulisut melting, the stress is released to almost zero near the melting
After the melted element begins solidified, a tensile plastic strapoint, while the stress is reduced to zero for the case with melting.
develops, and a residual plastic strain of 0.0185 is obtained. Figure 11 shows the relation between the bending angle and the
The history of the total transverse strai, up to 2000 ns is pulse energy. Bending angle increases almost linearly with the
shown in Fig. 9. Despite the differences in the thermal and plasjitilse energy. The dash line is the fitted line for laser bending
strains, it can be seen that the total strains in both cases haweithout melting and is extracted to compare with the data with
similar trend. The total strain increases and then decreases, anghelting. There is no discontinuity or large change in the relation
about 100 ns it increases rapidly and reaches the maximum vahetween the bending angle and the laser energy when the laser
at around 400 ns as the target bends away from the laser beanergy is increased across the melting threshold. This is in con-
After that, it decreases slowly and the residual value is abosittent with the results of total strain calculations since bending is

0-001 T T T ' T T T T I T T ‘ T L T i
: : 100 : T I T [ T I T I T l T l T I T I T ‘ T :
0.0008 [ ] F --»-- Without melting ]
2 - 1 = 0F e With melting E
:__" 0.0006 - g - 3
‘© L ] ~ 80 | PR
8 C ] ° C YO
o 0.0004 =) C .. .
] L c 70 B e-" —
g N © - %~ - 3
IS 0.0002 —: g’ 60 3 L 3
0 —%— E=250 uJ i B g Phice ]
—e— E=270uJ 1 g 50 E_/ P E
-0.0002 [T TRNN SR WU S ST SN N SN YN ATEN N S SN ? 3
0 500 1000 1500 2000 40 i W AUV YO NN SO N SN TN NN YOO NUNOY TN AN N DU SN SO W
. 200 220 240 260 280 300
Time (ns)

Fig. 9 Transient total strain
surface

€, at the center point on the top
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Fig. 11 Bending angle as a function of laser pulse energy

MAY 2004, Vol. 71 / 325



directly related to the total residual strain. As discussed previ- & = position of solid-liquid interface
ously, no large change of the total strain is found when the laser- €, = total strain along thg-direction
energy is increased across the melting threshold. e?y = plastic strain along thg-direction
h
Eyy

4 C lUSi = thermal strain along thg-direction
onclusion x = imaginary part of the refractive index
A two-dimensional finite element model for calculating pulsed N = wavelength
laser bending with melting and solidification is developed. The p = density
element removal and reactivation method is applied to eacho,, = stress along thg-direction
melted element to account for the stress and strain release in the
melted material. A second initial temperature is necessary for t%ief
. ; . erences
reactivated elements in order to compute the stress and strain de- o )
velopment correctly. The bending angle and the residual stress ard NambavCY-’ 1986, “'-asf' ';Ormggs'” Spaceliiternational Conferggce o
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residual strain, stress, and the bending ar]g|e is found when th@] Vollertsen, F., 1994, “Mechanisms and Models for Laser Formirigaser

| .. d th lti th hold Assisted Net Shape Engineering, Proc. of the LANE Geiger et al., eds.,
aser energy IS Increasea across the melting tnresnold. Meisenbach, Bamburg, Germarly, pp. 345—360.
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