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1. Introduction
The laser-forming process is a non-contact method that
uses laser energy to form and bend sheets without using
rigid tools or external force. The ability to form sheet
metals with high strength, not using a set of tools, the
flexibility of the process, and good automation capability
combined with other laser applications, such as cutting and
welding, are among the significant advantages of this
method compared to other traditional forming processes.
These advantages are mainly due to the use of a laser beam
as a part of the deformation tool in the process. The
principle of the laser-bending process is depicted in Fig 1.
Most of the materials used in the research were
titanium, magnesium, steel, and their alloys. In this paper,
the extent and type of the influence of different parameters
on the laser-bending process, such as laser energy
parameters and geometric parameters of the sheet on the
bending angle were studied. Moreover, their values were
optimized to achieve the maximum bending angle using
experimental, numerical, and statistical methods on a 6061
aluminum sheet. Therefore, the moot point investigated in
this paper is to achieve a correct understanding of the
impact of various process parameters on the bending angle
and to achieve the maximum bending angle by optimizing
the existing parameters of the process.
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Figure 1. Schematic of the laser-bending process
2. Experimental setup procedure

A Nd: YAG pulsed laser machine (model 4297 PMT) with
a maximum power of W400 was employed to perform the

experimental tests. The specimens wused in the
experimental tests are made of AA 6061 sheets with
dimensions of 2 x 50 x 100 mm. The sheet surface was
covered by the graphite spray to increase the absorption
coefficient of the laser beam. To measure the bending
angle created in the specimen, a coordinate measuring
machine CMM Mora3 with an accuracy of 0.001 mm was
used. To measure the bending angle using the CMM
machine, the position of 4-5 points was determined on
each of the bent plates of the sheet. Next, by determining
the passing plane through the identified points, the bending
angle between the two planes was calculated in Inca 3D
software. Figure 2 represents the experimental setup along
with the bent sheet.

Figure 2. Experimental setup of the laser-bending process

3. Numerical simulation

The model dimensions used in the simulation were
considered the same as the dimensions of the sheet in the
experimental tests. The heat flux created by the laser beam
leads to high-temperature differences that affect the
material properties; therefore, temperature-dependent
properties were used in the simulations. In addition,
mechanical boundary conditions were used to limit the
displacement of the sheet during the simulation process.
The subroutine DFLUX of the ABACUS software was
utilized to define heat flux with non-uniform distribution
as a function of temperature, time, and position. The
amount of heat flux density applied to the surface was
calculated using Equation 1.
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Therefore, the average heat flux within the laser beam

diameter range is calculated by integrating heat flux

function in the range of laser beam radius (Equation 2).
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In order to simulate the laser-bending process, the
element type C3D8T was used. In addition, five elements
were created along the sheet thickness for an accurate
representation of the thermal gradient. Figure 3 illustrates
the model with the assigned mesh used in this study.

Figure 3. Meshing the 3D model of the sheet

4. Optimization by Response Surface Method

The behavioral modeling of the process is a method that
can provide acceptable accuracy by eliminating time-
consuming and costly experiments. One of the most
common methods of behavioral modeling is the response
surface methodology (RSM). The purpose of using this
method is to determine a relationship between the response
(YY) and several controllable or input variables, which are
illustrated by X1, Xa, ..., and Xk. RSM can be designed into
different methods according to their application. In this
study, the central composite design (CCD) method was
used to optimize and evaluate the effect of parameters in
the laser-bending process. Table 1 shows the selected
parameters and their corresponding values.

Table 1. Selected parameters and their corresponding levels

- o Levels
Q C <
Q S 3
o = o —-a -1 0 +1 | +a
7] =3
Laser power W P | 375 | 400 | 425 | 450 | 475
Beam mm | D|15] 2 | 25| 3 | 35
diameter
Scan velocity | mm/s | V | 14 | 18 | 22 | 26 | 30
Step time s t 8 10 | 12 | 14 | 16
Pass number - n 3 5 7 9 11
Sheet length mm L 90 | 100 | 110 | 120 | 130
Sheet width mm W 40 50 60 70 80
Sheet
thickness mm S 2 25 3 35 4

5. Results and Discussion

Experimental results

Two specimens of AA 6061 sheets with a thickness of 2
mm were tested at different laser powers in order to
examine the repeatability of the experimental tests. The
values of these parameters and their measured bending

angle are illustrated in Table 2. According to the results
shown in Table 2, the AA 6061 sheet bending using the
laser-bending process has a high repeatability.

Table 2. Parameters and values used in the experimental

test
w
- w o @ @ @
25 |8 .5 |82(82| 8
= = 3 5 5| 2=
$<|35|2| 32|32 |228| 28
e g |3 T3 |Pe | =
@D = g @ 3 N3 =1
= < | = @ & &
220 10 7 3 0.636 | 0.649 2
240 15 10 3 0.784 | 0.789 | 0.6
270 10 8 3 1171 | 1168 | 0.3
330 15 8 3 1.296 | 1.238 1

Validation of numerical simulation

In order to validate the simulation results, the experimental
test was conducted for five laser power values of 240, 270,
300, 330, and 390 W, while other parameters were
considered constant. The results of comparing
experimental and simulation results are shown in Figure 4.
As can be seen, there is a good agreement between the
bending angle obtained from the simulation and the
experimental tests.

=—— Experimental data —8— Numerical data
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Figure 4. Comparison of experimental and simulation
results under the conditions: D=3mm, V=18mm/s,
S=2mm, n=9

Simulation results

An important phenomenon that occurs in the laser-bending
process using the temperature gradient mechanism (TGM)
is the counter-bending at the beginning of the process. This
phenomenon cannot be observed due to the small amount.
The counter-bending is observable by plotting a diagram
of the free-edge displacement of the sheet in terms of the
time obtained from the numerical simulation results.
Figure 5 shows the time-displacement graph.

Displacement (mm)

Time (sec)

Figure 5. Time-displacement graph
Figure 6 indicates the graph of temperature versus
time. This graph shows the temperature difference
between the top and bottom surfaces of the sheet obtained
from the numerical simulation. The created temperature
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difference is the cause of the TGM. The maximum
temperature difference between the upper and lower
surfaces of the sheet is 350°C.

Temp at bottom surface ——— Temp at top surface

Temperature (°C)
w
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Figure 6. Temperature-time graph at the center of the sheet

Effect of process parameters
The influence of each of the examined parameters on the
bending angle is shown in Figure 7.
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Figure 7. Influence of parameters on the bending angle

According to the evaluations conducted based on the

design of the experiment (DOE) using the CCD method,
with the increase in thickness from 2.5 mm to 3.5 mm, the
bending angle decreased from 1.7° to 0.379°; that is, with
an increase of 1 mm in the thickness in two experiments
with the combination of specific parameters based on the
DOE conducted in this study, the bending angle decreased
by about 77%. On the other hand, with the rise in the pass
number, the value of the bending angle augments.
Increasing the pass number means replicating the laser
radiation, which increases the bending angle. However, as
the scan velocity rises, the value of the bending angle will
decline because as the scan velocity increases, the amount
of thermal energy applied to the surface of the sheet along
the scanning path decreases. Raising the laser beam
diameter leads to a decrease in the bending angle. In other
words, as the laser beam diameter increases, the energy
intensity per unit area of the sheet decreases, and as a
result, the value of the bending angle also decreases, while
the bending angle rises with increasing laser power.
Increasing the laser power means raising the input energy
and the effect of the laser energy. The results showed that
the slant of the graph for step time, sheet length, and sheet
width have the lowest values compared to other
parameters. Therefore, the parameters of step time, sheet
length, and sheet width do not have a great effect on the
bending angle, so the effect of these three parameters on
the bending angle can be ignored in this process.

In order to validate the effects shown for the
parameters, an analysis of variance was used. This analysis
was performed assuming the normality of the error
distribution, the stability of the wvariance, and its
independence. The normal probability plot of the residual
is shown in Figure 8. The scatter of the test points around
the diagonal line indicates that experiments were
performed correctly and reliable results were obtained.

Naormal Plot of Residuals

Maormal % Probability
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Figure 8. Normal probability plot of residuals

The most important results of analysis of variance
(ANOVA) are shown in Table 3. This table summarizes
the effectiveness or ineffectiveness of the factors evaluated
in this study and also the extent of the impact of each of
the effective factors in the process. As can be seen, all
selected parameters with a p-value of less than 0.05 are
among the effective parameters in the process. In addition,
the F-value denotes the effectiveness of every parameter in
the process. Generally, the higher F-value of a parameter
showed the higher influence of that parameter.
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Table 3. ANOVA table for parameters

source sum of Mean F p-value
squares | square | -Value
Model 350.61 7.97 224.91 < 0.0001
A-Laser power 22.69 22.69 640.52 < 0.0001
B-Scan velocity 34.72 34.72 979.90 < 0.0001
C-Beam 2067 | 2067 | 58346 | <00001
diameter
D-Passnumber | 4195 | 4195 | TotZ | <0001
E-Step time 0.1108 0.1108 3.13 0.0782
F-Sheet length 1.18 1.18 33.35 < 0.0001
G-Sheet width 3 3 84.74 < 0.0001
H-Sheet 17145 | 17145 | 483021 | <0-0001
thickness
AB 0.7849 0.7849 22.15 < 0.0001
AC 0.4177 0.4177 11.79 0.0007
AD 2.09 2.09 58.96 < 0.0001
AE 0.0114 0.0114 0.3205 0.5718
AF 0.0368 0.0368 1.04 0.3092
AG 0.2649 0.2649 7.48 0.0067
AH 5.25 5.25 148.24 <0.0001
BC 0.823 0.823 2.32 0.1289
BD 3.82 3.82 107.89 | <0.0001
BE 0.0020 0.0020 | 0.0551 0.8146
BF 0.1247 0.1247 3.52 0.0618
BG 0.0396 0.0396 1.12 0.2916
BH 11.79 11.79 332.74 < 0.0001
CD 2.30 2.30 65.01 <0.0001
CE 0.0111 0.0111 | 0.3123 0.5768
CF 0.0031 0.0031 | 0.0887 0.7661
CG 0.1706 0.1706 4.82 0.0292
CH 4.23 4.23 119.49 | <0.0001
DE 0.0129 0.0129 | 0.3648 0.5464
DF 0.0593 0.0593 1.67 0.1969
DG 0.4470 0.4470 12.62 0.0005
DH 18.25 18.25 515.25 <0.0001
EF 0.0353 0.0353 | 0.9969 0.3191
EG 0.0823 0.0823 2.32 0.1289
EH 0.0004 0.0004 | 0.0104 0.9189
FG 0.0056 0.0056 | 0.1590 0.6904
FH 0.6295 0.6295 17.77 < 0.0001
GH 0.3711 0.3711 10.47 0.0014
A? 0.0033 0.0033 | 0.7602 0.0933
B2 0.1770 0.1770 | 0.0264 5.00
C? 0.0191 0.0191 | 0.4638 0.5386
D? 0.0028 0.0028 | 0.7782 0.0795
E2 0.0029 0.0029 | 0.7737 0.0829
F2 0.0108 0.0108 | 0.5821 0.3038
G? 0.0343 0.0343 | 0.3264 0.9671
H2 2.55 2.55 72.03 <0.0001
Residual 8.40 0.0354 - -
Lack of Fit 8.40 0.0368 - -
Pure Error 0.001 0'0501 - -
Adeq Precision 68.4682 - - -
Cor Total 359.01 - - -

Optimizing the laser-forming process

The purpose of optimization is to reach the maximum
value for the bend angle. Considering the specified limits
for the process parameters, the optimal value for reaching
the maximum bending angle for each parameter is shown
in Figure 9. Moreover, Figure 9 demonstrates the lowest
(0.008°) and highest (5.369°) actual values for the bend
angle, while the maximum bending angle predicted by the
regression model considering the optimal values for each
parameter is 4.911°,

18 26 400 450

B:Scan velocity = 18.0003 Al aser power = 450

H 9 2 3

D:Pass number = 9 CBeam diameter = 2

100 120 10 L

E:Sheet length = 100

Hisheet thikness = 2.5 GiSheat width = 70

8ending angle = 4911

Figure 9. Optimal value of each parameter

7. Conclusion

In order to investigate the effect of parameters on the laser-

bending process and to optimize the parameters to achieve

the maximum bending angle, the process parameters were
numerically, experimentally, and statistically investigated.

The following results were summarily obtained from this

study:

» Among the eight investigated parameters, the parameters
of sheet thickness, pass number, scan velocity, laser
power, and laser beam diameter were introduced as the
parameters that had the greatest influence on the
bending angle.

* Step time as well as the length and width of the sheet
were identified as the parameters that do not have
much effect on the bending angle.

» The experimental and numerical results demonstrated
that sheet thickness, laser beam diameter, scan
velocity, step time, and sheet length have an inverse
relationship with bending angle. On the other hand, the
three remaining parameters, i.e. laser power, pass
number, and sheet width, are directly related to the
bending angle in this process.

* The results of the simulation revealed that the value of
the bending angle increases with a rise in the number
of pass numbers, but the value of the increase in the
bending angle in the number of high passes per pass
decreases slightly.

* The optimization results showed that the maximum
bending angle obtained through the model (4.911°) is
obtained when the sheet thickness (2.5 mm), laser
beam diameter (2 mm), step time (10 s), sheet length
(100 mm), and scan velocity (18 mm/s) are at a low
level, and the pass number (9), sheet width (70 mm),
and laser power (450W) are at a high level.




O=FF)NFF ) FPSISe s Gl 5 (53205 psle

Swlo 30 (Slwlxo g (50 9,5 pols

: A http://mechanic-ferdowsi.um.ac.ir o g
OZ/’; /5 IZU P ul/.lfi;."/bu‘ﬂg‘{l
Tl b 5993 4 530 b S S 30 o 4915 (S iledug 9 ST S ol Wl wyy
@LA‘;}’ e
Dz S e D laszr i dome O g riol 2SI e

DOI: 10.22067/jacsm.2023.82668.1185
S ol plasil (sla ins gy o ol oslit] Slps G ol b inio 5 e £ 3500 O s b oo JSE o5 00Ky
ol B s i s sV s ulS 2l ol 0 i T SLoSUIT ol 0350 OF (SlaSUT 5 5Y 35 o st sl Loy Ol
S o il 3 ot sy S bl Ciliie (slazalol il Olin s o gmei 1A (i il oo 1z S 15wl 35 g0 teS el
plod oot sl ST o s ghitods s o clid o0 3 lomn (Sl (Siltend 5 ot s 4 F0F) pia s i) L
2 $ ST b il Slis] 5 Comes ol pon 0 ] 5 (S ) ST ol oMM Ll (Gl RSM) el b 555 o0 La el
sl el o sli o o ol i G Calbes 45T ol 03l DL ol S5, 350 e ulai] plonil b ot sl
oz VAN o2 aly ST il (s iligs b nimas bl o JLalS IV 05 a5l ldde oG5 Cslis o IMM L8 L 457

o] G

(RSM) sly gmace 555 s Sl (s3leannd (ot asls (ol O3 L 080 (Suals” (Slao51g

Investigating the Effect of Process Parameters and Optimization of Bending Angle in Laser Bending

Aliakbar Asgharpour Mohammad Bakhshi-Jooybari Hamid Gorji

Abstract The laser forming process is an emerging area of research and industry, primarily focused on materials like
titanium, magnesium, steel, and their alloys. However, aluminum alloys have received less attention due to challenges
related to surface reflection and low absorption coefficients. In this research, the effect of different process parameters
on bending angle in the laser bending of Al 6061 sheets was investigated by experiments and finite element simulation.
The parameters were optimized by Response Surface Method (RSM) to achieve the maximum bending angle. In addition,
the reproducibility of the process, as well as the accuracy and validation of the simulation, were examined by
conducting experiments that involved accurate measurement of the bending angle. The results revealed that the sheet
thickness had the most significant effect on the bending angle. Specifically, with an increase of 1 mm in the sheet
thickness, the bending angle decreased by 77%. Additionally, through process parameter optimization, the maximum
bending angle achieved was 4.911 degrees.

Key Words Laser bending, Optimization, Bending angle, Finite element simulation, Response Surface Method (RSM).
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