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Abstract

Laser forming is a flexible sheet metal forming technique
using laser-induced thermal deformation to shape sheet
metal without hard tooling or external forces. Concave laser
forming can be readily achieved, while convex forming may
occur through buckling, but the buckling direction heavily
depends on the sheet surface and pre-strain condition. A new
laser scanning scheme is postulated, by which convex form-
ing can be effected insensitive to the abovementioned distur-
bances. The postulate is successfully validated by experi-
mental and numerical results. The effect of the scanning para-
meters on the certainty of the convex forming, and depen-
dencies of bend angle on Fourier number, laser power, and
dimensionless velocity, are further investigated experimental-
ly and numerically. The simulation results are in agreement
with experimental observations. The numerical simulation
model developed is also used to study the transient tempera-
ture, stress state, and strain state and to provide further
insight into the convex forming process.

Keywords: Laser Forming, Nontraditional Manufacturing,
Sheet Metal, Finite Element Analysis

Introduction

The laser forming process uses laser-induced
thermal distortion to shape sheet metal without hard
tooling or external forces. A majority of work on
laser forming to date has been based on the so-called
temperature gradient mechanism (TGM) proposed
by Wollertsen.! Under TGM, the workpiece always
bends concavely (bends toward the irradiated sur-
face or toward the laser beam). Analytical and
numerical modeling efforts have been made for the
TGM-dominated laser forming process, which is
fairly well understood.!®

However, there are occasions in practical applica-
tions where convex forming is required. Figure 1
shows an example where concave laser bending can-
not be applied due to impossible access by the laser
beam. It has been shown that convex bending is pos-
sible under the buckling mechanism (BM). When

the ratio of laser beam diameter to sheet thickness is
large, the through-thickness temperature gradient is
lower. The thermal expansion, which is more or less
uniform throughout the sheet thickness, is con-
strained by the surrounding material. As a result, the
buckling of the heated metal occurs.’
Understandably, the direction of the buckling
heavily depends on the sheet conditions, including
surface finish and pre-strain/stress. For example, if a
sheet is slightly bent, the buckling will most likely
take place in the bent direction. In fact, Arnet and
Vollertsen’” conducted research on convex bending
using slightly pre-bent sheets. They experimentally
investigated dependency of bend angle on laser
power, scanning velocity, and beam diameter for
steel (St14), AIMg3, and Cu at different values of
thickness. They also conducted a well-known exper-
iment in which unbent but heavily constrained sam-
ples were used to demonstrate the existence of the
buckling mechanism and the feasibility of convex
bending under the condition. The sample is mechan-
ically constrained at both ends instead of clamping
on one side only. Holzer and Geiger® conducted a
numerical simulation under a similar condition.

Laser beam scanning

Figure 1
Example Requiring Convex Forming
(dash lines indicating the shape before laser forming)
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\ollertsen and Kals® proposed an analytical model
for laser forming under the buckling mechanism. An
expression for the final bending angle was obtained
using the elementary theory of bending and a quali-
tative model proposed:

_ 2 U3
a, = [36a,k,Ap/c,pEvs’]

where ay, is the coefficient of thermal expansion, k;
the flow stress in the heated region, A, the coupled
laser power, c, the specific heat of the material, p the
density, E the modulus of elasticity, v the processing
speed, and s the sheet thickness. The model does not
determine the direction of the buckling.

For industrial applications, pre-bending a flat
workpiece or heavily constraining a sheet to effect
convex bending is not economical for obvious rea-
sons and sometimes is impossible, as seen in Figure
1. It is postulated that, under the process condition
of buckling, if the starting point of the laser scan is
at a point other than one on a sheet edge, the direc-
tion of buckling will be certain, that is, convex. In
almost all laser forming work reported to date, the
scan starts from an edge of the sheet. The postulate
is based on the fact that although the temperature
difference between the top and bottom surface is
small under the buckling mechanism, the flow stress
is slightly lower, and the tendency of thermal expan-
sion is slightly higher at the top surface because of
the slightly higher temperature there.® The slight dif-
ference will be amplified by the heavier mechanical
constraints introduced by the non-edge starting
point which is completely surrounded by material.
As a result, the amplified difference is sufficient to
lead buckling to take place in the convex direction.
Once the buckling occurs in that direction, the rest
of the forming process will be in that direction. The
postulate is validated by the experimental and
numerical results to be explained below.

Experiments

Instead of starting laser scanning from an edge
(such as X, = 0 in Figure 2a), a nonzero value of X
was used for the reasons stated before. A scan start-
ed from a point X, mm away from the left edge right-
ward till reaching the right edge. To complete the
scan, the scan resumed at a point X; mm away from
the right edge leftward till reaching the left edge.
The overlap in scanning was primarily to reduce the
so-called edge effect.’®
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Figure 2
(a) Scanning Scheme for Convex Laser Forming and
(b) Samples Formed Convexly Using the Scanning Scheme

Table 1
Experimental Parameters (sheet size: 80 x 80 mm)

No. Power (W) Welocity (mm/s) Beam Diameter (mm) Thickness (mm)
1 900 30 12.0~14.8 0.89
2 900 20~58.3 14.8 0.89
3 700 18.3~50 14.8 0.89
4 600~1010 30 14.8 0.89
5 807~1345 36.7 14.8 0.89
6 600~1200 36.7 14.8 0.61

The specimen size was 80 X 80 mm. Two values
of thickness, 0.61 and 0.89 mm, were examined. The
material was low carbon steel, AISI 1010. The sheet
metal was scanned with a PRC1500 CO, laser sys-
tem with the maximum power of 1.5 kW. The power
density has a Gaussian distribution (TEMy). The
diameter of the laser beam is defined as the diame-
ter at which the power density becomes 1/e? of the
maximum power value.

To obtain a BM-dominated laser forming process,
the ratio of beam diameter to sheet thickness was
kept high. The parameters used in the experiments
are shown in Table 1.

Except for some experiments in the first group, the
diameter/thickness ratio was at least equal to
14.8/0.89 = 16.6, which ensured that the forming
process will be dominated by the buckling mecha-
nism. Typical samples so formed are shown in Figure
2b. The reduced diameter in the first group was to
obtain conditions under which the BM may not be
dominant.



The samples were first cleaned using propanol
and then coated with graphite to increase coupling
of laser power. During forming, the samples were
clamped at one side. A coordinate measuring
machine was used to measure the bending angle at
different positions along the scanning path. An aver-
age bending angle was then calculated based on the
measurements of the sample.

Theoretical Aspects

For an isotropic material, the relationship
between stress oj and strain g; (including the
influence of temperature) can be written in terms
of tensor as:*

g :é[(l+y)crij - Vg, qk] +§ oy 1)

where E is the modulus of elasticity, -y the Poisson’s
ratio, §; the Kronecker delta, o the coefficient of
thermal expansion, and AT the temperature change.
In a BM-dominated laser forming process, the sheet
thickness is much smaller than the laser beam size
and other dimensions, and the temperature gradient
is also small in the thickness direction. Therefore,
the stress state that the sample undergoes can be
regarded as in-plane stress state. The mechanical
behavior of the sheet can be described as follows. In
the discussion, axis x and y are located in the mid-
plane of the sheet.

The membrane forces per unit length for a thin
plate can be written in matrix form as:!2

— — 2
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2
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N« Ny, and N,, are the membrane forces per unit
length, N is their vector representation, A is the
stiffness matrix, u and v are in-plane displacements
of points on the middle surface of the plate, w is the
transverse deflection, N+ is the membrane force vec-
tor induced by a temperature change AT{(x,y,z) from
an initial temperature, and s is the plate thickness.
The second term on the right-hand side of Eq. (2) is
the nonlinear strain component corresponding to the
transverse deflection; if assuming small transverse
deflection, it can be neglected.

The deflection of the buckled plate is obtained by
buckling equation:*3

2 2 2
Dhwe LN, I Waon, OV g W
k 0X oxay oy
K= Es® (4)
T 12(1-v?)

where k is the bending stiffness of the plate and V2

. . 62 62
is potential operator 0= 67+7. N, N,, and

ay’
N,, can in fact be obtained by multiplying corre-
sponding stresses by the plate thickness and from
Airy’s stress function F:

9°F
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The Airy’s stress function F satisfies the mem-
brane equation:

0°F= - EaD’T (6)
where T is the temperature field that the plate is sub-
jected to. Note that Eq. (6) is equivalent to Eq. (2) if
small transverse deflection is assumed.

To describe the post-buckling problem where the
transverse deflection corresponding to the nonlinear
term in Eq. (2) is no longer small, the Airy’s stress
function F has to satisfy the following von Karman’s
equation:

2 2
0F= - Eoal?T+ EHa W]

oxay ox* ay?

0°w 0°w
- ] ()
For plastic thermal buckling of an isotropic
homogeneous plate with the in-plane stress state, the
buckling equation is:!*
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where ~s 7 g is the secant modulus, O the

effective stress, € the effective strain, N = gs and
E. the tangent modulus. Analytical solutions for the
laser forming process are difficult to obtain without
significant simplifications. Instead, numerical simu-
lation is conducted.

Numerical Simulation

The assumptions made for the numerical model-
ing are as follows. Workpiece materials are isotrop-
ic. The rate of deformation is the sum of the elastic
strain rate, plastic strain rate, and thermal strain rate.
The heating and deformation in the laser forming is
symmetrical about the laser scanning path, and the
symmetric plane is assumed adiabatic. Heat gener-
ated by plastic deformation is negligible because it
is small compared with heat input by the laser
beam. Therefore, a sequential thermal-mechanical
analysis will suffice. The laser forming process is
so controlled that the maximum temperature in the
workpiece is lower than the melting temperature of
the sample material. No cooling of gas or water jet
is followed after laser scanning.

The boundary conditions are described as fol-
lows. Heat flux generated by laser beam is only
applied to top surface with a non-uniform distri-
bution. Free heat convection with air occurs on
all surfaces except the symmetric plane: q="h (T
— Ty), where h is the heat transfer coefficient and
To = Ty (x, t) is the surrounding temperature.
Radiation takes place on the same surfaces: q =
R((T — Tp* — (Ty — T2)*, where R is the radia-
tion constant and T, is the absolute zero on the
temperature scale used. The initial temperature is

76

set as 300 K. On the symmetric plane, no dis-
placement in the Y direction occurs throughout
the laser forming process.

The numerical simulation is conducted using
code ABAQUS. PCL cluster function is used to
create mesh seed along the Y direction so that a
wider dense-mesh area using one-way bias can be
obtained, which is better for BM-dominated con-
vex laser forming process associated with large
beam diameter. The same mesh is created for both
thermal and structural analyses. Three-dimension-
al heat-transfer elements with eight nodes DC3D8
are used for thermal analysis, and continuum
stress/displacement elements with the same
dimension and number of nodes C3D8 are used for
structure analysis. Although each scan consists of
two portions, the leftward and rightward portions,
the thermal and mechanical analyses are carried
out sequentially. Heat flux is determined by the
maximum intensity in the center of the laser beam
with Gaussian distribution (TEMy) and the dis-
tance of the calculating point from the laser beam
center. That depends on laser beam power, absorp-
tion coefficient, beam diameter, scanning velocity,
and the distance. A FORTRAN program is devel-
oped to define the magnitude of the heat flux gen-
erated by the laser beam for specific positions on
the top surface of the workpiece as a user subrou-
tine. In the model of the finite element analysis,
nonlinear analysis is used because of characteris-
tics of the forming process. The von Mises criteri-
on is used as the yield criterion in the simulation.
Temperature-dependent work hardening of the
material due to plastic deformation is considered.
Strain rate and temperature effects on flow stress
are taken into account.?®

Results and Discussion
Supporting Evidence for Postulate

Figure 3 is a histogram of bending direction for
different distance from edge, X;. When X, = 0, that
is, scanning from an edge, the bending direction is
uncertain. This is consistent with published results;
that is, in a BM-dominated laser forming process,
buckling will occur, but the direction of the buckling
is uncertain and heavily depends on the initial
stress/strain state and surface condition. A small dis-
turbance in favor of a particular direction will easily
induce the buckling toward that direction. When X,
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Figure 3
Histogram of Bending Direction vs. Distance from Edge, X;
(power: 900 W, velocity: 30 mm/s, beam diameter: 14.8 mm)

increases (the starting point of the scanning moving
away from the edge), the bending becomes predom-
inantly convex. When the starting point approaches
the middle of the plate, that is, X approaches 40
mm, the bending is always convex. This clearly con-
firms the postulate made earlier; that is, even in a
BM-dominated laser forming process, tempera-
ture/thermal expansion at the top surface is
slightly higher than that at the bottom surface, and a
slight convex bending will occur first. This is also
the case in TGM-dominated processes or BM-dom-
inated processes with the starting point of scanning
at an edge. But the difference is that when the start-
ing point is not at the edge, the initial convex bend-
ing will continue (instead of reversing) due to the
added mechanical constraints of the surrounding
materials. As a result, the rest of the forming
process will understandably follow its lead. More
discussions will be given later in the paper when
transient simulation results are discussed. For the
rest of the experiments and all simulation studies,
Xs = 25 mm.

Effect of Fourier Number _a,d

The Fourier number, F,, is defined as SRV
where a4 is the thermal diffusivity, d the beam diam-
eter, s the sheet thickness, and V; the scanning veloc-
ity. d/V; is the time that a point on the surface on the
center line of the scan is exposed to the laser, and
s2/ay is the characteristic time for heat to propagate
through the sheet. It has been known that a smaller
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value of the Fourier number corresponds to a TGM-
dominated laser forming process, while a larger
value corresponds to a BM-dominated process.
Shown in Figure 4 are experimental and simulated
bending angles at both convex and concave direc-
tions when the Fourier number F, varies from about
6.25 to 7.75. The variation in F, is obtained by vary-
ing the laser beam diameter from 12 to 14.8 mm
while keeping other parameters unchanged (the first
group in Table 1). It can be seen that corresponding
to small values of the Fourier number, concave
bending, represented by a positive value, always
occurs evenly (X; = 25 mm). That is, because the
temperature gradient along the thickness direction is
higher and TGM plays a dominant role. The added
mechanical constraints by moving the starting point
away from an edge have little effect here.

When F, increases, the direction of bending
becomes uncertain. As seen for F, = 6.6 to 6.8, the
bending is sometimes convex (represented by nega-
tive bending angles) and sometimes is concave.
Obviously, in this region, neither TGM nor BM
dominates. Beyond the critical region, convex bend-
ing always takes place for the reasons already stated
earlier. It has been known that the Fourier number
can be used as the criterion to determine whether a
laser forming process is TGM or BM dominant.
Figure 4 shows that F, can be reliably used as a cri-
terion to predict concave and convex bending under
the new scanning scheme used (e.g., nonzero X).
The switch between concave and convex forming
will be further discussed with the simulation results
that follow.

Simulation Validation

Simulation results of bending direction and angle
are superposed on experimental results in Figure 4,
and a good agreement can be seen. It should be
noted that, unlike experimental results, the simula-
tion curve shows a sharp switch from the concave
and convex bending when the Fourier number
increases because the uncertainties existing in the
experiments do not exist in simulation. A typical
result of thermal-mechanical simulation of convex
laser forming is shown in Figure 5. Figure 5a shows
temperature distribution and deformation when a
laser beam is scanning through the workpiece. Only
half of the plate is shown due to symmetry. Please
note the deformation is magnified to show the work-
piece bends convexly in the early stage of the form-
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Bend Angle vs. Fourier Number, F,
(power: 900 W, velocity: 30 mm/s, dimension: 80 X 80 X 0.89 mm,
diameter: 12-14.8 mm)

() 0.113 sec.

(b) 1000 sec.

Figure 5
(a) Deformed Shape with Temperature Contour
(deformed magnification 5X) and
(b) Comparison Between Undeformed Sample (Top)

and Deformed One (Bottom), Deformed Magnification 3.5X,
Showing Half Plate Due to Symmetry

(power = 800 W, velocity: 30 mm/s, beam diameter: 14.8 mm,
workpiece size: 80 X 80 X 0.89 mm)

ing process. Figure 5b shows a formed sheet that has
undergone natural cooling for quite a few minutes.
Comparing it with the undeformed sheet shown in
the same figure, it is obvious that it is convexly bent.
It can also be seen that the bending edge is curved
(although magnified), and this is because the X-axis
plastic contraction near the top surface is larger than
that near the bottom surface.

Shown in Figure 6 are comparisons between
numerical and experimental results of bending angle
vs. power and nondimensional velocity V,.'° For
obvious reasons, the bending angle becomes more
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Numerical and Experimental Results of Variation of
Bend Angle with Power p
(a) scanning velocity: 30 mm/s and dimensionless velocity v,
and (b) power: 700 W, beam diameter: 14.8 mm,
workpiece size: 80 X 80 X 0.89 mm

negative (larger convex bending) with laser power
increase. V,, defined as Vs/ay, is the ratio between
the laser scanning velocity V, and the characteristic
velocity s/(s*/ag) for heat to propagate through the
sheet thickness, where s?/ay is the characteristic time
for heat to propagate through the sheet thickness.
This means a larger V,, does not promote buckling,
which requires more uniform heat up throughout the
thickness, and as a result, the bending is less nega-
tive (e.g., smaller convex bending). Figures 4 and 6
together show that the simulation results are fairly
consistent with the experimental measurements.

Parametric Analysis

Figure 7 shows the relationship between bend
angle and dimensionless velocity V, at two different
power levels. It is obvious that as V, increases, the
absolute value of the bending angle reduces. A
threshold value of V, can be seen, above which no
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Bend Angle vs. Power (a) At Different Scanning Velocities
(sheet thickness: 0.89 mm) and (b) At Different Levels of Thickness
(both beam diameter: 14.8 mm and sample size: 80 X 80 mm)

bending takes place due to insufficient induction of
buckling and also due to insufficient energy input.
Shown in Figure 8a is dependence of the bend angle
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on laser power under two different velocities. As
seen, the higher the power, the larger the absolute
value of the bending angle due to obvious reasons.
Shown in Figure 8b is bending vs. power under two
different values of thickness. Again the trends are
readily understood. These results are of course dif-
ferent from the condition of constant line energy.*’

More Discussions on Convex Forming Mechanism

To obtain further insights into the reasons that the
convex forming is always obtained when the starting
point of laser scanning moves from an edge to a
point closer to the center of the sheet, the transient
plots from simulation are shown in Figure 9. The
plots are for the starting point X; = 25 mm. At time
= 0 sec., the scan begins at the starting point right-
ward, proceeds till it passes the right edge, and
waits there for quite a few minutes for the sheet
to cool down before completing the scan leftward
(Figure 2a). Shown in Figure 9 is the time histo-
ry of the first 100 seconds.

Figure 9a confirms that, although small, there is
a temperature difference between the top and bottom
surface under the process condition, which is known
to induce the buckling mechanism (BM). As a result,
there is slightly more thermal expansion at the top
surface than that at the bottom surface, resulting in a
small negative bending angle (convex bending), as
seen from Figure 9b. The small convex bending
angle in turn causes a slightly more compressive
stress at the bottom than that at the top, as seen from
Figure 9c. This trend continues till about t = 0.7 sec.
At that point, the convex bending angle has grown
big enough to make the buckling happen, of course,
in the same direction, which is the convex direction.
This is evident in the dramatic increase in the nega-
tive bending angle within a fraction of a second
(from about 0.7 to 1.1 sec., as seen from Figure 9b).
As a result, the compressive stress at the top surface
also abruptly reverses its sign to become tensile
(Figure 9c).

It should be pointed out that the initial small con-
vex bending angle exists in laser forming under
almost any condition. This includes TGM-dominat-
ed processes. This also includes BM-dominated
processes in which the starting point of the laser
scan is from an edge of the workpiece. In the TGM-
dominated processes, the small convex bending
angle is quickly reversed to a large concave bending
angle because the significant shortening at the top
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Typical Time History of (a) Temperature, (b) Bend Angle, and (c) Y-
Axis Stress at the Starting Point, X; = 25 mm (p = 900 W, v = 30
mm/s, d = 13.9 mm, workpiece 80 X 80 X 0.89 mm)

surface caused by significant temperature gradient
through the thickness serves as a strong pulling
force during cooling. In the BM-dominated process-
es in which the starting point of the laser scan is
from an edge of the workpiece, the initial small con-
vex bending angle may lead to either direction. This
is because the mechanical constraints near the edge

80

Deformation (mm)

Figure 10
Deformation at X, = 25 mm Caused by Laser Irradiation
(both laser and workpiece stationary, laser duration: 300 ms, beam
diameter: 14.8 mm, power: 700 W, dimension: 80 X 80 X 0.89 mm)

are less. As a result, the inducing effect of the initial
convex bending angle can be easily overturned by
other forms of small disturbances, such as the sheet
and surface condition or pre-strain condition at the
location.

But this is not the case for the conditions used in
this paper. Once an initial small convex bending
angle is formed, it is very hard, if not impossible, to
reverse because of the heavier mechanical con-
straints surrounding the starting point. As a result,
the buckling can only take place in the same direc-
tion as the initial direction, that is, the convex direc-
tion. In addition, due to the heavier constraint in the
case of starting at a non-edge location, the initial
small convex bending can be up to 50% larger than
that when starting at an edge, while all other condi-
tions are kept the same. This again makes it more
difficult to reverse the initial convex bending. To
further illustrate the point, a laser beam was momen-
tarily irradiated at X; = 25 mm while both the laser
and workpiece were kept stationary. The caused
deformation was measured and plotted in Figure 10.
The deformation in the Z-direction at the location
was measured as 0.011 mm, which is about 40%
larger than that if the irradiation took place at an
edge (X = 0 mm), obviously because of less
mechanical constraints to deformation at the edge.



Conclusion

A new scanning scheme is postulated in which
laser scanning starts from a location near the middle
of the workpiece instead of normally from an edge
of the workpiece. Using the scanning scheme, con-
vex forming is realized with high certainty, unlike
the case of scanning from the edge. The postulation
is based on the analysis that the added mechanical
constraints, by moving the starting point from an
edge to the middle, will sustain the initial convex
deformation, which exists in both concave and con-
vex forming. The postulate is successfully validated
by experimental and numerical results. With the
method, neither pre-bending nor additional external
mechanical constraints are needed to effect convex
laser forming.

The underlying physical phenomena, including
temperature, stress, and strain near the starting point,
are comparatively investigated to give a better under-
standing of the forming mechanisms and effects of
the new and conventional scanning schemes. Even
with the new scanning scheme, the certain condition
of process parameters still needs to be satisfied.
Otherwise, convex forming may not be reliably
attained or not be attainable at all. In this connection,
the Fourier number F, can still be used as a threshold
between the concave and convex deformation, as
it has been used in laser forming to date to distin-
guish between TGM and BM-dominated forming
processes.
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