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Laser Forming with Constant Line Energy

Wenchuan Li and Y. Lawrence Yao
Department of Mechanical Engineering, Columbia University, 220 Mudd Building, MC 4703, New York, NY 10027

This paper investigates the condition of constant line energy,
that is, the ratio of laser power to scanning velocity is
kept constant. Under the condition, the effects of velocity
change on temperature, net energy input, strain rate and
material flow stress are studied. Their collective effects on
dimension, residual stress, hardness and microstructure are
also presented. Numerical results are experimentally validated
and used to study process transiency, and aid understanding
the complex and often conflicting effects of the condition.
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1. Introduction

In laser forming, a laser is used to scan sheet metal material
with a certain pattern so that the material deforms owing
to thermal-induced distortion (Fig. 1). It is a flexible
process, especially suitable for production of small-batch

Fig. 1. Samples of straight-line laser forming (size, 803 80 3
0.89 mm3).
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and high-variety sheet metal components, and prototypes
[1]. Research on the laser forming process has intensified in
recent years [2]. Examples include investigation on mech-
anisms [1], analytic modelling and numerical simulation
[3–8], parametric analysis of influences of strain hardening
[9], study of edge effects [10,11], working accuracy [12], and
effects of strain rate [13].

In conducting these investigations, various experimental con-
ditions were used. For example, deformations under different
laser powers, scanning velocities or beam diameters were
among the most commonly used conditions. Since the laser
forming process is affected by many factors, it is sometimes
advantageous to examine the effect of a combination of para-
meters. An example is the formation of the Fourier number,
Fo 5 add/s2V, wheread is the thermal diffusivity,d the beam
diameter,s the sheet thickness, andV the scanning velocity.
It has been shown that for a small Fourier number, the
temperature gradient mechanism is more dominant, whereas
for a large Fourier number, the buckling mechanism is more
dominant. It is obvious that a single parameter would not do
what the Fourier number does, that is, to serve conveniently
as a measure for difficult forming mechanisms.

Another combination of process parameters has been the
line energy (LE), which is defined asLE 5 P/V, where P is
the laser power andV is the scanning velocity. The unit of
line energy is J/m21 when the units ofP and V are W and
m s21. Line energy represents the laser energy input per unit
length along the scanning path. It makes sense to consider the
parameters in this way becauseP is laser energy generation
per unit time while V affects laser energy input to workpiece
per unit time. It is convenient, for example, to specify a
different value of line energy for a different material or sheet
thickness. It is, however, easy to assume that if the line energy
is held constant, the forming results will be identical for
identical material and geometry. This has been shown not to
be the case. For example, Magee, et al. [10,14] have carried
out experiments under the condition of constant line energy.
When the scanning velocity (as well as the laser power)
increases proportionally, the bend angle increases before it
levels off. This indicates that, although the line energy seems
to be a useful measure in laser forming, a better understanding
of the underlying implications, when the line energy is held
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constant while velocity and power change, will ensure appropri-
ate use of the measure in laser forming.

This paper briefly analyses the physical phenomena taking
place when line energy is held constant while velocity and
power change, and experimental details are given. To help
understand the transient conditions, a numerical simulation is
carried out, which is validated by the experimental results.

2. Constant Line Energy

In laser forming under the condition of constant line energy,
the line energy, that is, the ratio between laser powerP
and scanning velocityV is kept constant, whileP and V
may vary proportionally. When this happens, the heat dissi-
pation rate and strain rate will change and result in
deformation, or the microstructure may change, despite the
fact that the laser energy input length along the scanning path
is kept constant.

Heat has less time to conduct at a higher velocity. As a
result, the temperature at a higher velocity is higher than that
at a lower velocity, despite a higher laser power. This has a
number of implications. It increases the radiation loss to the
surroundings because the radiation is strongly dependent on
temperature. However, the radiation loss is much smaller than
the conductive loss because only a very small surface is heated
in laser forming. Therefore, the total heat dissipation at a
higher velocity is smaller than that at a lower velocity (which
will be shown later). Convective loss is not considered in our
study because no gas or liquid jets are used for cooling.

Secondly, the higher temperature at the higher velocity has
a conflicting effect on the material flow stress. Flow stress
decreases as temperature increases but increases with strain
rate. Furthermore the increased temperature makes the effect
of strain rate on flow stress more pronounced. The net effect
of the higher velocity on flow stress therefore cannot be readily
predicted and requires more investigation. As a result, the
dimensions and residual stress of formed parts will be different
even under conditions of constant line energy.

The difference in temperature and strain rate at different
velocities may also affect the hardness and microstructure of
formed parts. Changes in flow stress can be empirically linked
to changes in hardness. High temperature and more deformation
may lead to recrystallisation of formed parts.

3. Experiment

The samples were made from low carbon steel AISI 1010.
The length of the samples is 76|80 mm, the width is 40 mm,
and the thickness is 0.89|1.5 mm. Laser scanning takes place
along the direction of width. The samples were cleaned using
propanol followed by graphite coating to increase the coupling
of laser power. The bending of the samples was measured
using a coordinate measuring machine at 3 to 5 locations along
the scanning path and their average was calculated. The laser
system used for laser forming was a PRC1500 CO2 laser
system. Its maximum power was 1.5KW, and power density
distribution was TEM00. The diameter of the laser beam is the

diameter at which the power density becomes 1/e2 of the
maximum value. Laser beam diameter varies from 2 to 4 mm
by varying the distance between the focus lens and the top
surface of the workpiece. In the experiment, theX-axis is
defined as the direction of the scanning path, theZ-axis as the
thickness direction, and theY-axis as the direction perpendicu-
lar to theX- andZ-axes. The experimental conditions are listed
in Table 1. For microstructure observation, samples were etched
using 3% HNO3 for 20 s and observation was carried out using
a scanning electron microscope.

4. Numerical Simulation

Numerical simulation of the laser forming process was realised
by a finite-element method (FEM). The Code ABAQUS version
5.7 was used for this work. The simulation conditions corre-
spond with the experimental conditions. For convenience, the
same mesh model is used for thermal and structural analyses.
A 3D element with 20 nodes was used instead of an 8-node
element, since it has no shear locking and hourglass stiffness.
To specify the Gaussian distribution of laser beam intensity, a
user-defined FORTRAN program was written to interface with
the exiting code. The output of the FEM numerical simulation
includes the spatial and temporal distribution of temperature,
stress, and elastic and plastic strains.

The following main assumptions are used in the numerical
simulation. The total strain, de, is composed of elastic, plastic,
creep, and thermal strains, deel, depl, dec, and deth. Because the
time involved in the laser forming process is very short, the
third term dec was neglected.

Plastic deformation energy is neglected because it is much
smaller than the laser input in the laser forming. The defor-
mation temperature is lower than the melting temperature of the
workpiece material. The workpiece is continuous and isotropic.

In the numerical simulation, the boundary conditions are as
follows. A symmetric plane is one corresponding to the scan-
ning path (X, Z-plane). Owing to its symmetry, the plane is

Table 1.The experimental conditions.

LE d52 mm d53 mm d54 mm

5 J mm21 V510– V510–270 mm s21 V510–280 mm s21

290 mm s21 P550–1350 W P550–1400 W
P550–1450 W

7.5 J mm21 V553.3–180 mm s21

P5400–1350 W
10 J mm21 V540–138 mm s21

P5400–1380 W
15 J mm21 V513.3–90 mm s21

P5200–1350 W
20 J mm21 V52.5–67.5 mm s21

P550–1350 W
30 J mm21 V513–47 mm s21

P5390–1410 W

(Workpiece size: 7634031.5 mm3 for the last condition,
8034030.89 mm3 for all other conditions,LE: line energy,d: diameter,
V: velocity, P: power.)
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an adiabatic surface, and no movement of material takes place
across it. The surfaces of the workpiece undergo free convec-
tive heat transfer with the atmosphere except at the top surface
where there is a low gas flow coaxial with the laser beam for
lens protection. Surface convective heat flux isf5h(T 2 Ts),
whereh is the convective heat transfer coefficient,T the surface
temperature, andTs the surrounding temperature. The radiation
heat flux is f5A(T4 2 Ts

4), whereA is the radiation constant.
For mechanical analysis, Hooke’s law was used for elastic

deformation and the flow rule, which relates strain to stress
for plastic deformation is written as deij 5 dl (f/dsij) where
s is the stress,e is the strain, dl is the instantaneous, positive,
varying, proportionality factor (plastic compliance), andf 5 f
(sij) describing yielding. In this simulation, Von Mises’ cri-
terion was used, which postulates that, when the root-mean
shear stress reaches a constant, yielding of the material will
take place. As Von Mises’ criterion is used, the following
equation can be obtained for an isotropic material
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where sm is the mean or hydrostatic stress,t is the shear
stress, andg is the shear strain.

Workhardening of the workpiece was considered, that is,
when plastic deformation occurs,s 5 Ken where K is the
strength coefficient, andn is the strain-hardening exponent.
The influence of the strain rate on the flow stress of the
material is also taken into consideration in the simulation, that
is, the flow stress,s, relates to the strain rate,e·, as s 5 C
e·m whereC is the strength coefficient, andm is the strain rate
sensitivity exponent. It should be noted thatm increases with
temperature. In the numerical simulation process,m for the
low carbon steel, at different temperatures, was first obtained
by the procedure outlined in [12]. The effects of strain rate
were then simulated by inputtingr values obtained from the
m values at different temperatures and strain rates.r is defined
as r 5 s/ss, wheres is the flow stress at different strain rates
and temperatures, andss is the static flow stress.

5. Results and Discussion

The dependence of bend angle on scanning speed is shown in
Fig. 2 for a beam diameter of 2, 3, and 4 mm. The line energy
for each curve is kept constant while path feedrate increases.
At a lower velocity, though the thickness temperature gradient
is smaller, the difference of thermally induced distortions
between the top and bottom surfaces is smaller, and heat
dissipation has time to take place. As a result, the bend angle
remains small at the lower velocity. In the higher velocity
region, it can be seen that, when the diameter of the laser
beam decreases, the slope of the curve decreases, and the bend
angle in the case of 2 mm diameter decreases with increasing
velocity. The phenomena can be explained as follows. The
ratio r between the real flow stress at different strain rates and
static flow stresses changes with temperature, as shown in Fig.
3. At a high temperature, the increment of the ratio for a
certain strain rate increment is higher than that at a low

Fig. 2.Bend angle vs. scanning velocity with different beam diameter
d (LE, line energy held constant; size, 803 40 3 0.89 mm3).

Fig. 3.Typical relationship between the stress ratio (real flow stress
vs. static flow stress) and strain rate at different temperatures.

temperature. Static flow stress generally decreases with increas-
ing temperature and the rate of decrease increases with tempera-
ture. Therefore, at a higher temperature, the stress change
caused by strain rate change is more significant. For the cases
shown in Fig. 2, although the temperature tends to rise, the
flow stress tends to drop as beam diameter decreases, the
increased strain rate accompanying the increased velocity
affects the flow stress more significantly. As a result, the bend
angle for the small beam diameter at higher velocities tends
to level off or even decrease.

Figure 4 shows the relationship between bend angle and
scanning speed for samples scanned at different line energies
of 10, 15, and 20 mm s21 with the same beam diameter of
4 mm. The higher the line energy, the larger the bend angle.
When the line energy is higher, the slope of the curve increases
faster because the higher line energy corresponds to a high
temperature which makes the influence of strain rate on flow
stress more pronounced.

In order to describe the energy input by a laser beam to a
sample, per unit area, a term, calledarea energy, is defined
as AE 5 P/Vd 5 LE/d, where P is the power of the laser
beam,V the scanning velocity, andd the diameter of the laser
beam. When the units ofP, V and d are W, m s21, and m,
the unit of the area energy is J m22. The area energy is a
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Fig. 4. Bend angle vs. scanning velocity with different line energyLE
(d, beam diameter held constant; size, 803 40 3 0.89 mm3).

Fig. 5. Bend angle vs. scanning velocity under the condition of constant
area energy (LE, line energy; d, beam diameter; size, 803 40
3 0.89 mm3).

measure of the average energy applied to unit area along the
laser scanning path, because the intensity of the laser beam
normally has a Gaussian distribution.

Using the area energy concept, the laser forming processes,
with different line energies and laser beam diameters, can be
compared to find the bending characteristics with the same
area energy. Three curves in Fig. 5 have different line energies
and beam diameters, but every point has an identical area
energy, 2.5 J mm22. It can be seen from Fig. 5 that the bend
angle is larger when the line energy is higher and the beam
diameter is larger because in this case more energy is put in
despite the area energy being the same as for the others. This
leads to the calculation of the bend angle per unit width of
the scanning path (Fig. 6). Dividing the bend angle by the
beam diameter and then plotting it against the velocity shows
identical curves for different line energies and laser beam
diameters, as long as the average energy input by the laser
beam per unit area is the same.

Figure 7 shows comparisons of experimental and simulation
results under typical conditions. Figure 7(a) is for scanning at
a line energy of 10 J mm21 and a beam diameter of 4 mm.
The dimensions of the workpiece are 803 40 3 0.89 mm3.
Figure 7(b) is for samples whose size is 763 40 3 1.5 mm3,
for a line energy of 30 J mm21 and a beam diameter of 4 mm.

Fig. 6.Bend angle per unit width of scanned area vs. velocity (LE,
line energy;d, beam diameter; size, 803 40 3 0.89 mm3).

Fig. 7.Comparison of simulation and experimental results under typical
conditions (a) 80 3 40 3 0.89 mm3, (b) 76 3 40 3 1.5 mm3.

It can be seen that the simulation results agree well with the
experimental results which therefore validates the numerical
simulation results.

Figure 8 shows a typical simulation result of the time history
of the Y-axis plastic strain at the top and bottom surfaces on
the scanning path (to which theY-axis is perpendicular and
the Y-axis is within the workpiece). The average plastic strain
in the Y-direction along the scanning path is shown in Fig. 9.
The plastic strain on the upper surface is compressive and that
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Fig. 8. Typical simulation result of time history of plastic strain (size,
80 3 40 3 0.89 mm3).

Fig. 9. Variation of plastic strain with velocity (simulation results; size,
80 3 40 3 0.89 mm3).

on the lower surface is tensile. These results can be easily
understood. A laser scan forms a steep thermal gradient through
the workpiece thickness and so the top surface has a much
larger tendency to expand thermally, but the surrounding
material restricts the expansion. With continued heating by the
laser beam, the material flow stress decreases, and further
thermal expansion results in plastic compression at the top
surface. At the cooling stage, the material that has been
compressed in the upper layers contracts so that a shortening
of these layers makes the sample bend towards the laser. As
a result, there is a compressive deformation in the upper layers,
and a tensile deformation in the lower layers. When the laser
scanning velocity increases, the temperature of the heat affected
zone increases, which makes the thermal expansion larger and
the flow stress lower so that the plastic deformation becomes
larger. Figure 10 shows the dependence of the plastic strain
rate in theY-direction on the scanning velocity. It can be seen
that the strain rate is almost directly proportional to the velo-
city, and the strain rate increases significantly at the top surface,
and changes little at the bottom surface.

Figure 11 shows the relationship between hardness at the
upper surface of the scanned parts and the plastic strain. When
the velocity increases, the absolute value of the plastic strain
on the top surface increases, as shown in Fig. 9. Owing to
work hardening, the flow stress of the parts increases and the

Fig. 10.Simulation result of strain rate vs. scanning velocity (size, 80
3 40 3 0.89 mm3).

Fig. 11.Hardness measurement vs. plastic strain (size 803 40 3
0.89 mm3).

hardness increases. The hardness is calculated as follows. By
substituting the plastic strain and the strain-hardening exponent
for the material ins 5 Ken, the stress can be calculated. Using
the well-known empirical relationship between the hardness and
the stress for steel, the hardness can be obtained. From the
figure, it can be seen that for smaller compressive plastic strain
values, which correspond lower velocities, the calculated results
agree with experimental observation, but for larger compressive
strains, the calculated values are a little higher. This is because
at high strains (also higher temperature), recrystallisation and
dissolution of hard particles take place, which typically reduce
hardness. This will be further explained later in the section.

Temperature histories on the top and bottom surfaces along
the scanning path are presented in Fig. 12. It is seen that at
a lower scanning velocity, the maximum temperature is lower.
As mentioned earlier, this is due to the fact that there is
more time for heat transfer to the surrounding material than
at a higher velocity. The temperature difference between the
top and bottom surfaces is also smaller at a lower velocity for
the same reason.

Figure 13 shows the residual stress on the upper and lower
surfaces in theY-direction. As the speed is very low, the
temperature of the heated area is low and so is the thermal
expansion of the materials. The reduced local shortening leads
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Fig. 12.Variation of the temperature on the top and bottom surface
with time (size, 803 40 3 0.89 mm3).

Fig. 13.Variation of residual stresses with velocity (size, 803 40
3 0.89 mm3).

to small residual stresses. Figure 14 compares the time
history of stress at the velocities of 80 and 138 mm s21. At
the beginning of deformation, the stress becomes tensile
owing to the expansion of the immediately preceding material.
At low velocity, the temperature is low and the flow stress
associated with it is high. Therefore, the stress is higher than
that at high velocity. The increase of stress beyond the
minimum value results from the thermal expansion of
the material immediately after the current location. For the
same reason, the stress rise is higher at lower velocity. As a
result, the residual stresses are lower for the sample
scanned at higher velocity than at the lower velocity.

The microstructure of the samples scanned at each velocity
was examined and Fig. 15 shows the three areas where the
scanning electron micrographs were taken. Figure 16(a) shows
the microstructure of the low carbon steel material as
received. The darker background is ferrite. The lighter-coloured
particles are likely to be carbide. Figures 16(b), 16(c), and
16(d) are the microstructures of a workpiece scanned at
a velocity of 138 mm s21 in the areas I, II, and III. In
area I, the size of the grains becomes markedly smaller.
This is because, owing to the high deformation and
temperature involved, recrystallisation of material has taken
place there. Grain refinement has a number of beneficial

Fig. 14.The time history of stresses on the top surface for the samples
scanned at different velocities (line energy, 10 J mm21; beam diameter,
4 mm; size, 803 40 3 0.89 mm3).

Fig. 15.Areas where SEM micrographs were taken.

effects on material properties in service. In the zone near
the upper surface, that is, areas I and II, most carbide
particles are dissolved owing to higher temperature (Figs. 16(b)
and (c). In the area near the bottom surface, that is, area
III (Fig.16(d)), no grain refinement is seen, and the density of
the particles is unchanged because the temperature and
deformation there are lower. For a sample scanned at a
low velocity, such as 40 mm s21 (Figs. 16(e) and 16 (f)),
recrystallisation and dissolution are not found, and the number
of the particles remains unchanged in both areas I and III.
This is because both temperature and deformation at the lower
velocity are lower.

The recrystallisation can reduce the influence of work hard-
ening. The dissolution of particles also reduces material
strength. Both factors can reduce the hardness of the
material. In the calculation of the hardness (see Fig. 11),
these factors are not considered, so the calculated values are
higher than the measured ones in the higher compressive
strain region.

6. Conclusions

The laser forming process, with constant line energy, was
investigated experimentally and numerically. Under the con-
dition of constant line energy, the bend angle increases with
scanning velocity, but the degree of increase reduces
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Fig. 16.SEM micrographs of the microstructure of AISI 1010 before and after laser forming (line energy, 10 J mm21; beam diameter, 4 mm).
(a) As received. (b) Area I after high strain rateLF (v 5 138 mm s21). (c) Area II after high strain rateLF (v 5 138 mm s21). (d) Area III
after high strain rateLF (v 5 138 mm s21). (e) Area I after low strain rateLF (v 5 40 mm s21). (f) Area III after low strain rateLF (v 5 40 mm s21).

with velocity increase. When the velocity is high, the strain
rate is high, causing flow stress to increase. At the same
time, the temperature rises owing to less heat dissipation,
which causes the flow stress to reduce. However, at elevated

temperatures, the influence of strain rate on the flow stress is
more significant, causing the net flow stress to rise and the
bending angle increase to slow down. With the scanning
velocity increase, the hardness of formed samples increases,
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mainly owing to work hardening. When low carbon steel
parts are formed at high velocity, recrystallisation and
dissolution of hard particles occurs owing to the high
temperature and deformation. In conclusion, under the
condition of constant line energy, process results can be
different and thus the employment of constant line energy must
be undertaken cautiously.
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