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Abstract

the FEM model for accurate computation of bend angle.

method (FEM)

Background: Absorption of laser energy into the worksheet surface during laser bending process is an important
and critical factor for accurate computation of the bend angle. This paper presents an integrated FEM-ANN
approach to compute accurate value of bend angle during laser bending process.

Methods: Initially, a finite element method (FEM) based three-dimensional nonlinear transient thermo-mechanical
numerical model is developed using ABAQUS package. Using FEM model and data obtained in actual experiments,
the proper values of absorptivity for various sets of process conditions are computed by inverse analysis technique.
Based on the proper values of absorptivity, an artificial neural network (ANN) model is developed for accurate and
quick prediction of absorptivity for given input process conditions. The predicted absorptivity is then employed in

Results: The performance of the integrated approach is verified by conducting experiments.

Conclusion: The verification results showed that the proposed approach is able to compute the bend angle with a
very good accuracy (average prediction error of 4.14 %). The proposed approach can also be suitable for the
numerical simulations of other laser based manufacturing processes.

Keywords: Laser bending; Absorptivity; Inverse analysis; Bend angle; Artificial neural network (ANN); Finite element

Background

In laser bending process, a controlled heating of the work-
sheet surface is carried out by laser beam irradiation. This
induces non-uniform thermal stresses that plastically de-
form the worksheet (Li and Yao 2000). The deformation is
the result of complex interaction between laser process
parameters, viz. laser power, scanning velocity and beam
diameter, worksheet material properties and the work-
sheet geometry. Due to uneven mechanical restraint and
temperature distribution, the bend angle is not uniform
along the scanning line which is called as ‘edge effect’
(Shen et al. 2010). The important features of laser bending
process include absence of spring-back, possibility of
forming at inaccessible areas, creation of complex shapes
with different irradiation strategies, possibility of bending
brittle materials and the easy control of the process (Wu
et al. 2010, Kant and Joshi 2013, Kant and Joshi 2014).
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Literature reports various numerical investigations on
the effect of various parameters such as laser power,
scanning velocity, beam diameter, sheet geometry, cool-
ing conditions, number of irradiations and clamping on
the process mechanism, bend angle and edge effect for a
wide range of materials. Li and Yao (2000) studied the
effect of strain rate by taking various combinations of
laser power and scanning velocity in such a way that the
peak temperature at the upper surface of the worksheet
remains constant. They observed that the bend angle, re-
sidual stresses and hardness decrease with increase in
the strain rate. Hu et al. (2001) studied the effect of
process parameters on laser bending of stainless steel.
Zhang et al. (2002) developed an efficient numerical
model for pulsed laser bending of full-hard 301 stainless
steel. The computation time was significantly reduced by
the proposed methodology. Yanjin et al. (2005) studied
the effect of various thermal and mechanical properties
of the workpiece material on bend angle. The bend angle
decreased with increase in Young’s modulus, yield
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strength, thermal conductivity, specific heat and density of
the material while it increased with increase in the coeffi-
cient of thermal expansion. Shi et al. (2006) explained vari-
ous laser forming mechanisms (temperature gradient
mechanism, buckling mechanism and upsetting mechan-
ism) in terms of temperature and stress—strain distribu-
tions. Authors proposed a new coupling mechanism based
on the combination of temperature gradient and buckling
mechanism. Shen et al. (2009) numerically studied the laser
bending of metal/ceramic bi-layer materials sheet. Pitz et al.
(2010) proposed the moving mesh methodology approach
to reduce the computational time involved in the numerical
simulations of laser bending process. They used a fine mesh
around the laser beam and coarse mesh in the remaining
part. The mesh moved synchronously with the laser beam.
Jamil et al. (2011) studied the effect of laser beam geom-
etries on the laser bending process governed by the buck-
ling mechanism. Gollo et al. (2011) performed a statistical
analysis to study the effects of material, laser power, beam
diameter, scan velocity, sheet thickness, number of scans
and pulse duration on bend angle.

Literarure also contains studies on the effect of forced
cooling and curvilinear irradiations on the performance
of laser bending. Cheng and Yao (2001) found that the
forced cooling can significantly reduce the total forming
time in a multi-pass laser bending process. They also
found that the forced air cooling does not have any
harmful effect on micro-structural and mechanical prop-
erties of the workpiece. Shen et al. (2011) studied the ef-
fect of forced cooling on laser bending of steel plates
using finite element based numerical simulations. The
forced cooling was applied either on top or bottom or
on both the surfaces. It was moving simultaneously with
laser beam by an offset of about one second. The forced
cooling did not have a significant effect on the bend
angle and edge effect. Chen et al. (2004) observed that
in a curvilinear laser bending, the deformation occurs
on one side of the laser scanning path along which the
rigid constraint is lower. Zhang et al. (2007) showed that
the peak temperature at the scanning surface and warp-
ing increases with the increase in scanning path curva-
ture. Kant and Joshi (2014) observed that the worksheet
does not bend over the laser scanning path in the curvi-
linear laser bending process. The bend line differs from
the scanning path and the bending offset increases with
the increase in laser power and beam diameter.

The bend angle per laser scan is small and therefore,
the laser bending is also carried out with the assistance
of mechanical load. Yanjin et al. (2003) showed that pre-
loading can increase the bend angle significantly. Yao et
al. (2007) presented effect of various pre-loads on laser
bending process. They employed pure compression, pure
tension and pure bending as pre-loading and observed
that pre-loading does not cause any external edge effect.
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Kant and Joshi (2013) proposed a laser assisted bending
with moving mechanical load for bending of large sized
worksheets. Gisario et al. (2015a) studied laser assisted
bending of AISI 304 stainless steel sheets of 1 mm thick-
ness to obtain a large bend angle upto 140° with a small
fillet radius of 2 mm. Gisario et al. (2015b) studied laser
assisted origami bending of the stainless steel sheets for
shaping the sheets into three dimensional items such as
cubes and chairs. They found that the manufactured items
have good precision, accuracy and aesthetic appearance.

A few attempts have been reported on artificial neural
network (ANN) based modeling of laser bending process.
Cheng and Lin (2000) used three supervised neural net-
works to estimate the bend angles, viz., (1) back propaga-
tion neural network (BPNN) with hyperbolic tangent
function, (2) BPNN with logistic function and (3) radial
basis neural network (RBEN). They found that RBEN out-
performs the other two. Dragos et al. (2000) demonstrated
the use of ANN in automatic control of process. Casalino
and Ludovico (2002) developed an ANN model to predict
the process conditions for laser bending of SAE 1020 steel
sheets. Maji et al. (2014) developed an ANN model to pre-
dict the process conditions for obtaining a particular
dome height in three dimensional laser bending of a sheet.
ANN model was able to predict the process conditions
with good accuracy. Gisario et al. (2011) used neural
network solutions to predict, control and manage the
spring-back in laser assisted V-shape bending of thin
aluminum sheets.

The review of literarture reveals that hard computing
based modeling, viz., finite element method (FEM) has
limited applications due to difficulty in realistic model-
ing of laser beam-work surface interaction and unavail-
ability of non-linear material properties at higher
temperatures. Limited attempts have been reported on
inverse computation of the unknown process and mater-
ial parameters. Mishra and Dixit (2013) determined ab-
sorptivity, thermal diffusivity and laser beam diameter
by an inverse heat conduction method. They measured
temperature at the centroid of bottom surface at differ-
ent time intervals. The estimation of thermal properties
from temperature measurements was constructed as a
problem of minimization of the objective function with
absorptivity, thermal diffusivity and beam diameter as
decision variables. The implementation of inverse ana-
lysis provided good results. However, more than one
combination of parameters provided same temperature
variation with the time at a particular location. There-
fore, Eideh and Dixit (2013) improved this model and car-
ried out inverse determination by measuring temperature
at two different locations. The objective was to minimize
errors between predicted and measured temperature at
two locations. The proposed methodology was found to
be efficient and robust.
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Most of the presented work considered constant ab-
sorptivity for various set of process conditions. However,
in real practice, the absorptivity is not constant and de-
pends on various parameters such as workpiece surface
condition, properties of laser beam, temperature at the
irradiating surface and the properties of workpiece ma-
terial. Modeling of real behavior of absorptivity during
laser bending process is difficult due to complex inter-
action between various parameters. In this work, an inte-
grated FEM-ANN methodology for accurate prediction
of laser bending for a wide range of process conditions
is presented. It is assumed that the absorptivity depends
on the set of laser parameters, viz. laser power, scanning
velocity and beam diameter. Using FEM model, the ab-
sorptivity is predicted by inverse analysis technique for
various set of process conditions. The predicted absorp-
tivity and the corresponding laser parameters are used
to train an artificial neural network. ANN model is de-
veloped to predict the absorptivity for a set of process
conditions. The ANN model is integrated with the FEM
model to incorporate predicted absorptivity for accurate
simulation of laser bending process for a wide range of
process conditions. Details of the methodology, results
and discussion are presented in the next section.

Methods

Development of integrated FEM-ANN model for laser
bending process

An integrated FEM-ANN methodology is proposed where
absorptivity is predicted by an ANN model and is given as
input to the FEM model for the simulation of laser bend-
ing process. Overall approach for the development of
ANN model is shown in Fig. 1. The overall approach is
mainly divided into five steps;

e Guess value of absorptivity
e Material properties
e Boundary conditions
Input Data l
o Laser power Benld Comparison
o Scan speed FEM based | @ngle with
] model experimental
e Beam diameter| results
Input 1
' data
Development of Modify absorptivity
artificial neural using bisection error (€) <5%
network to method
predict
absorptivity
] Target data Estimated
: : (@bsorptivity) absorptivity for
Trained ANN which particular process
predicts absorptivity conditions
for given input data
Fig. 1 Overall approach to predict the absorptivity
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1. At first, a finite element model is developed for laser
bending of magnesium alloy M1A sheet. The finite
element model is used to simulate the laser bending
process for various set of process conditions.

2. In second step, numerical results are compared with
the experiments.

3. In third step, absorptivity is estimated by studying
the difference between numerical and experimental
results (error). A number of numerical simulations
are carried out by varying the absorptivity such that
the prediction error lies within an error band of +5 %.

4. In fourth step, an artificial neural network (ANN)
model is developed to predict the absorptivity.
Process parameters, viz., laser power, scanning
velocity and beam diameter are considered as input
data while the estimated absorptivity obtained in
Step 3 is used as the target data.

5. The developed ANN model is integrated with the
FEM model as shown in Fig. 2. Absorptivity
predicted by the ANN is used as input to the FEM
model for accurate modeling of laser bending
process. The proposed methodology is verified the
experiments.

Development of numerical model for laser bending
process

Three-dimensional nonlinear transient thermo-mechanical
finite element method based numerical model is de-
veloped for the laser bending process. Coupled
thermo-mechanical analysis is carried out by employing
various input process parameters such as worksheet
geometry, material properties, laser process parameters
and the absorptivity. The computed plastic strains are
used to obtain the deformation in the work sheets. The
bend angle was computed by measuring distorted coordi-
nates on the deformed work sheets.The details of the nu-
merical model are presented below.

Sheet geometry and material properties

The numerical model was developed for magnesium
alloy M1A. It is the Mg-Mn alloy with good corrosion
resistant properties. The temperature-dependent and
strain rate—dependent material properties available in
Avedesian and Baker (1999) were employed in the this
work. The geometry of the sheet was taken as 60 mm
length, 40 mm width and 1.90 mm thickness.

Absorptivity Bend angle

FEM model for laser | i
bending i

ANN based
absorptivity model

Proposed integrated FEM-ANN model

Fig. 2 Integrated FEM-ANN approach for laser bending process




Kant et al. Mechanics of Advanced Materials and Modern Processes (2015) 1:6

Assumptions

Thermo-mechanical modeling of laser bending process
involves complex interaction between laser process con-
ditions, material properties and worksheet geometry.
The important assumptions considered are as follows:

e The worksheet material is isotropic and
homogeneous.

e The worksheet is considered to be flat and free of
residual stresses.

e Out of the laser heat applied, the energy stored due
to plastic deformation is neglected.

e The von-Mises criterion is used for plastic yielding.

e The metals lose mechanical properties at melting
point. Therefore, stiffness of material is taken very
close to zero when temperature exceeds the melting
point. As such the melting needs to be avoided.

Heat flux modeling
The laser beam was irradiated along a straight line at the
middle of the length of workpiece at 30 mm from the
free side as shown in Fig. 3. Beam diameter can be con-
trolled by changing the stand-off distance between laser
head nozzle and the worksheet surface. The beam diam-
eter increases with the increase in the stand-off distance.
The stand-off distance was converted into beam diam-
eter by using standard beam propagation equations.
Figure 4 shows the schematic of laser beam path, heat
flux distribution and terminologies of laser beam. The
relation between stand-off distance and beam diameter
can be given as (Sun 1998),

14 (M”H> 1 " 1)

2
W
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where wy (=0.05 mm) is the laser beam waist which is
the minimum beam radius at focal point of the lens,
A(=10.6 um) is CO, laser beam wavelength and H is the
stand-off distance, the distance between focal point to
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Fig. 3 Schematic of laser beam irradiation and various
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Fig. 4 Schematic of laser beam profile

the worksheet surface. M> is the beam quality factor.
The M? is equal to 1 for perfect Gaussian beam but in
real practice it is always greater than 1. The theoretical
value of the beam waist can be given as (Sun 1998),

_ M2Nf
a JIry,

Wo (2)
where r; (=12 mm) is laser beam diameter before lens.
The value of M> was calculated by putting w, = 0.05 mm
in Equation (2) and was found to be equal to 1.4.

The laser beam was assumed to be Gaussian distrib-
uted circular shaped source of heat. The surface flux
heat distribution g(x,y) induced by the laser beam mov-

ing with a scanning velocity, V] along the y direction can
be defined as

29 _AyP - (—2(x + (y- V1) ) o)

R? R?

where 7 is the absorptivity, P is the laser power, and R is
the laser beam spot radius. The issue of absorptivity is
discussed in detail in Section 'Inverse computation for
prediction of absorptivity' and Section 'ANN model for
estimating absorptivity'. The coefficient A decides the
distribution and the magnitude of maximum heat flux
inside the beam diameter. The value of A can lie be-
tween 2 and 3. In this work, the value of A is taken as
2.31, which distributes the heat (#P) within a circle of ra-
dius equal to beam radius.
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Thermal analysis

The initial temperature of the worksheet was set equal to
the room temperature. The temperature distribution was
changed due to laser irradiation. The inter-convertibility
of thermal and mechanical energy was ignored as heat
stored due to deformation is negligible as compared with
applied laser heat. Therefore, transient temperature field
generated was determined by using three dimensional
heat conduction equation

pc %—f =V. (kVT) (4)

where p, ¢, T, t and k are the worksheet density, specific
heat, temperature, time and thermal conductivity respec-
tively.The heat loss to the surrounding occurs due to
convection and radiation losses. These boundary condi-
tions affect the temperature distribution. The thermal
boundaries were modelled using lumped convection heat
loss. The lumped convection heat loss (g, was calcu-
lated by

q.=h(T-T.) (5)

where /=25 W /m?-°C is the convective heat transfer
coefficient, T, is the worksheet temperature and 7, = 20 °C
is the environmental temperature. The melting was in-
corporated by considering the latent heat near the
melting range of temperature. The solidus and liquidus
temperature of the material is 648 and 649 °C respect-
ively. Incorporation of latent heat in such a small range
of melting temperature destabilizes the process of solv-
ing the numerical problem. Therefore, latent heat was
distributed over the temperature range of 645-655 °C.
The latent heat of the magnesium M1A is 370 kJ/kg-°C
and the distributed latent heat for the range 645-655 °C
was taken as 37 kJ/kg-°C.

Mechanical analysis

The mechanical analysis was performed to get stress—
strain distribution and elastic—plastic distortions. The
distortions were used to get the bend angle and edge dis-
placements. The worksheet was assumed to be clamped at
one side (shown in Fig. 3). The mechanical constraint,
zero displacement and zero rotation, was applied at one
side (clamped side) of the worksheet. The total strain and
strain rate can be decomposed into elastic, plastic, creep
and thermal components of strain and strain rate. How-
ever, the deformation occurs at relatively short time scale
and the contribution of creep can be neglected. Hence,
the effect of creep was not considered. The total strain
rate as a sum of elastic, plastic and thermal strain rate was
given as,
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€ total = € elastic T € plastic + € thermal (6)

Elastic strains were calculated through an isotropic
Hook’s law and yielding was determined by using the von-
Mises criterion which is widely accepted for the ductile
materials. The von-Mises criteria can be expressed as

[(01-02)* + (02-03)" + (01-03)°] = 0} (7)

N =

where o , is the temperature dependent flow stress and
0 1, 0 5 and o 3 are x, ¥y and z stress components respect-
ively. The material properties get significantly affected
by temperature and the strain rate. Therefore,
temperature and strain rate dependent yielding was con-
sidered. The strain rate dependent flow stress is given as

g, =Ce™ (8)

where C is the strength coefficient and m is the strain
rate sensitivity exponent. The C and m are temperature
dependent parameters. In mechanical analysis, the melting
was incorporated by reducing the stiffness of elements
after melting point of the material. The stiffness was taken
near to zero at melting point. At melting point, the yield
stress and elastic modulus were taken as 10~ ® MPa.

Solution methodology
The developed numerical model was solved by using
commercial finite element software ABAQUS™. The
worksheet continuum was discretized with three-
dimensional linear hexahedron elements. These ele-
ments have 8 nodes and 6 quadrilateral faces as shown
in Fig. 5. In ABAQUS, three-dimensional linear hexahe-
dron eight node element ‘C3D8T, which are specially
meant for coupled thermo-mechanical analysis were se-
lected for the discretization of the worksheet. Selection
of this element can provide node temperature (NT11),
element temperature (TEMP), stresses, strains and dis-
tortions as an output. The heated and nearby region was
discretized by using uniform mesh of element size 0.5 mm
and outer region was discretized by using coarse biased
mesh. In the thickness direction four equidistant elements
were taken. The scheme of worksheet meshing is shown in
Fig. 5. The effect of mesh distortion on thermal and mech-
anical analysis was taken into account. The same mesh
model was used for both thermal and mechanical analyses.
The equations solved in coupled thermo-mechanical
analysis are equations of motion and heat conduction
equation. These equations were solved by using Full
Newton technique. In this technique, target stiffness
matrix is evaluated at each iteration. This helps in get-
ting proper convergence even when the guess value is
far away from the solution. Also, the stiffness matrix is
more accurate in each iteration which provides a better
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Fig. 5 The worksheet meshing scheme
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prediction accuracy.However, computationally, it is not
as efficient as Modified Newton method, in which some-
times, convergence is not achieved (Bathe 1996). The
automatic time step was selected with maximum time
increment of 0.02 s. The maximum temperature change
in a step was taken as 30 °C.

Experimental details

The experimental studies were performed on the com-
mercially available magnesium alloy M1A sheet of thick-
ness 1.9 mm. The compositions of material were 98.07 %
of magnesium and 1.93 % of manganese. The specimens
of 70 mm length and 40 mm width were cut using laser
cutting machine. For each specimen, length 70 mm was
taken along rolling direction of the sheet. Out of 70 mm,
10 mm was used in clamping and remaining 60 mm was
freely hanging as a cantilever as shown in Fig. 7. The spec-
imens were cleaned with cloth to remove dust and other
extra particles. The metals have high reflectivity but the
presence of oxides and contaminants can increase the ab-
sorptivity. The oxides and other contaminants may not
have uniform distribution and similar properties along the
scanning length. It results in large difference in absorptiv-
ity along the scanning line. Therefore, the specimens were
coated with graphite spray to increase the absorptivity and
also to ensure uniform absorptivity along the scanning line
as shown in Fig. 6. The sprayed specimens were then
allowed to dry under normal room conditions.

The specimen was clamped over the laser machine
bed using a fixture as shown in Fig. 7. The laser heating
was performed by using LVD Orion 3015 2.5 kW con-
tinuous wave CO, laser machine. The laser beam was ir-
radiated along the predefined path. The laser parameters
laser power, scanning velocity and beam diameter were
varied. Each experiment was performed with three trials
to check the repeatability. The specimens were allowed
to cool naturally after laser beam irradiation. Due to
laser beam irradiation, the specimens were bent. By

using Zeiss made (Model: VISTA; 1620-14, DCC, BND,
K) coordinate measuring machine (CMM), the bend
angle was measured at the middle of scanning path. For
a set of process conditions, the average of three trials was
considered as the experimental value. Figure 8 shows laser
irradiated specimen. It can be observed that due to laser
heating, the coating burnt out and the worksheet bent as
shown in Fig. 8a and b respectively. The experimental re-
sults for various set of experiments are shown in Table 1.
The coefficient of variation is calculated as the standard
deviation divided by the mean of three trials. It can be ob-
served from Table 1 that the coefficient of variation is high
in a few cases especially when the bend angle is small. It is
because when bend angle is less, a small variation results
in the higher value of coefficient of variation.

Inverse computation for prediction of absorptivity

Absorptivity is an important characteristic of the mater-
ial which can be obtained easily by some experimental
techniques usually based on spectroscopy (Stuart, 2004).
A spectrophotometer can find out the ratio of reflected

10

A
Y
A

/ ‘/'/

Graphite spray coating

Fig. 6 Specimen details
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to incident radiation for a particular wavelength, from
which the absorptivity can be calculated. However, usu-
ally the commercially available spectrophotometers have
provision to find out the reflectivity or absorptivity only
when the specimen is at room temperature. In laser
bending, a high temperature profile generates into the
workpiece, which depends on the complex interaction of
laser power, scanning velocity, beam geometry, number
of scans, workpiece surface condition, wavelength of the
laser beam, phase transformation and surrounding

Damaged Coating
after laser scanning

Bend angle

Fig. 8 Laser irradiated specimen (a) top viw (b) front view

conditions. It is not possible to measure the absorptivity
by considering all these real-time conditions during laser
bending process. In this scenario, inverse analysis is one
of the best methodologies to predict the unknown pa-
rameters. The use of inverse analysis to predict the un-
known parameter is widely used and accepted by the
research community for many real-time problems (Mis-
hra and Dixit 2013, Eideh and Dixit 2013).

In general, the researchers use a constant value of ab-
sorptivity for all sets and ranges of process parameters.
It is a common practice in modeling and simulation of
the laser bending process using physics based hard com-
puting methods viz. FEM (Hu et al. 2001, Zhang et al.
2002, Yanjin et al. 2005, Kant and Joshi 2013). This
equivalent absorptivity depends on many factors such as
amount of burnt coating, temperature of the surface,
plasma generated, melting condition, phase transform-
ation, contact time and contact area of laser beam etc.
For a system, these factors depend on the set of process
parameters and mainly on the laser power, scanning vel-
ocity and beam diameter. Therefore, the equivalent ab-
sorptivity is determined by inverse analysis technique
using developed finite element model. The schematic of
the inverse computation is shown in Fig. 1. The bend
angle obtained from FEM model was compared with the
bend angle obtained during experimental studies. The
absorptivity was tuned up using a bisection method (Rao
1984) to get the FEM results within +5 % error as com-
pared with the experimental results. Finally, the tuned
absorptivity was considered as the equivalent absorption
for the particular set of process parameters. The pre-
dicted absorptivities are shown in Table 1. It is seen that
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Table 1 Bend angle and absorptivity for various process conditions

Data No.  Power  Velocity SD Beam A: Average Bend Coefficient of ~ B: Bend Angle  Absolut Absorptivity

(W) (mm/min)  (mm)  Diameter  Angle Experimental  Variation (%) Numerical Error = FA’B%OO)‘

(mm) study (°) simulation (°) (%)

1 300 1000 20 3.87 1.07 411 1.10 240 0.63
2 300 1000 30 581 073 3.14 0.72 0.75 067
3 300 1000 40 774 049 46 047 325 0.72
4 300 1000 50 9.68 021 24.86 0.20 3.18 0.725
5 300 2000 20 3.87 0.84 3.96 0.84 0.04 0.72
6 300 2000 30 581 031 377 031 140 0.74
7 300 2000 40 7.74 0.12 18.09 0.13 4.17 0.8
8 300 2000 50 9.68 0.05 29.31 0.05 3.54 0.875
9 300 3000 20 387 0.6 1931 062 383 0.83
10 300 3000 30 581 0.14 18.62 0.15 4.44 0.84
" 300 3000 40 7.74 0.09 20.56 0.10 4.15 0.95
12 300 3000 50 9.68 @ @ @ @ 098
13 300 5000 20 3.87 0.26 246 0.25 335 0.81
14 300 5000 30 581 0.16 33.25 017 4.87 0.98
15 300 5000 40 774 @ @ @ @ 0.99
16 300 5000 50 9.68 @ @ B a 1.0
17 500 1000 20 387 0.99 7.31 0.95 435 0.825
18 500 1000 30 581 0.94 144 0.95 0.57 0.8
19 500 1000 40 7.74 0.75 18.69 0.78 411 0.6
20 500 1000 50 9.68 053 12.94 0.55 408 0.54
21 500 2000 20 387 142 1545 135 477 052
22 500 2000 30 581 1 7.58 097 254 0.59
23 500 2000 40 7.74 0.72 13.98 0.71 1.24 0.66
24 500 2000 50 9.68 04 0.67 041 330 0.68
25 500 3000 20 3.87 127 6.63 1.14 191 0.57
26 500 3000 30 581 0.84 15.93 0.85 0.74 0.67
27 500 3000 40 774 034 12.29 0.38 1.10 0.69
28 500 3000 50 9.68 0.14 0 0.14 2.26 0.715
29 500 5000 20 3.87 0.74 1142 0.74 0.65 0.625
30 500 5000 30 581 0.26 223 0.34 343 067
31 500 5000 40 7.74 0.12 19.97 0.12 3.00 0.785
32 500 5000 50 9.68 0.05 3344 0.05 1.58 0.88
33 700 1000 20 387 035 4.89 0.34 4.16 0.8
34 700 1000 30 581 0.57 1218 0.56 2.36 0.79
35 700 1000 40 7.74 0.75 3.75 0.72 4.51 0.8
36 700 1000 50 9.68 0.64 17.7 067 469 09
37 700 2000 20 3.87 1.05 6.32 1.02 2.39 0.8
38 700 2000 30 581 13 1367 133 229 078
39 700 2000 40 774 0.96 585 1.00 434 057
40 700 2000 50 9.68 0.8 18.81 0.78 278 0.64
41 700 3000 20 3.87 1.68 2.02 1.61 4.16 0.67
42 700 3000 30 581 1.16 942 1.18 1.72 0.55
43 700 3000 40 7.74 1.1 16.09 1.05 4.84 0.68



Kant et al. Mechanics of Advanced Materials and Modern Processes (2015) 1:6 Page 9 of 12
Table 1 Bend angle and absorptivity for various process conditions (Continued)

a4 700 3000 50 968 052 2803 052 036 075

45 700 5000 20 3.87 0.94 30.25 092 2.24 05

46 700 5000 30 581 09 545 0.89 141 0.63

47 700 5000 40 7.74 0.72 6.99 0.73 0.88 0.76

48 700 5000 50 9.68 0.18 1548 0.18 2.16 0.71

Average error =2.77 %

@ =insignificant bend angle

the process conditions have significant effect on the ab-
sorptivity. The computed/obtained absorptivity varies
from 0.50 to 1.

In order to assess the effectiveness of proposed
method, a few measurements of absorptivity were car-
ried out using Fourier Transform Infrared-Spectrometer
(model: Spectrum BX, make: Perkin Elmer). The nor-
malized absorbance, A, is expressed as the common
logarithm of the ratio of incident radiation to reflected
radiation. The samples were placed in the spectrometer
after laser scanning was complete. The surface property
may undergo some change after laser scanning; hence
the comparison of computed absorptivity and absorb-
ance by Spectrometer should be treated as qualitative ra-
ther than quantitative. It is to be emphasized that when
the measurement of absorptivity during the process is
not possible, it is better to measure the absorptivity at
the end of the process rather than at the beginning of
the process. The measurement at the end of process will
be closer to that during the process compared to meas-
urement at the beginning of the process.

Table 2 shows the comparison of inversely calcu-
lated absorptivity and absorbance obtained by the
spectrometer. It is observed that the qualitative agree-
ment between them is very good. This provides confi-
dence in the proposed methodology of inverse
estimation of absorptivity.

Table 2 Comparison of inversely computed absorptivity and
absorbance by spectrometer

P (W) 1% D Inversely Absorbance by
(mm/min) (mm) calculated spectrometer
absorptivity
300 2000 3.87 0.72 0.727
300 1000 3.87 063 0675
700 2000 9.68 0.64 0.687
700 5000 7.74 0.76 0.770
700 3000 387 067 0.690
500 3000 581 0.67 0.662
300 3000 3.87 0.83 0.805

P = Laser power, V= Scanning velocity, D = Beam diameter

ANN model for estimating absorptivity

As discussed earlier, the theoretical modeling of absorp-
tivity is difficult and therefore it was found convenient
to develop a comprehensive absorptivity model using
ANN for quick and accurate prediction. The model was
developed in MATLAB'. The inputs to the neural net-
work were laser power, scanning velocity and beam
diameter and the output was the corresponding absorp-
tivity obtained by inverse analysis. Total 38 training
datasets and 10 testing datasets were employed for train-
ing and testing of the ANN respectively. The training
and testing datasets are shown in Table 3 and Table 4.
The feed forward back propagation neural network
(BPNN) with Scaled Conjugate Gradient (SCG) algo-
rithm was used for training. The schematic diagram of
BPNN with two hidden layers, one input layer and one
output layer is shown in Fig. 9. A number of trials were
carried out by varying the number of hidden layers and
the number of neurons in each hidden layers to choose
the optimal architecture. The 3-10-8-1 architecture
was found to be more accurate in absorptivity predic-
tion. This network has more number of parameters than
the number of training datasets. Normally, the number
of training datasets is more than the number of parame-
ters in a model. However, the real test of the perform-
ance of a neural network is made by the testing dataset.
The developed ANN model is tested with 10 datasets
which are shown in Table 2. By the simple analysis pre-
sented in Kohli and Dixit (2005), if we assume that 80 %
time the neural network predicts within the prescribed
error, the probability of passing the network with 10
testing data is (0.8)'°=0.1. Thus, there is only 10 %
chance that a network which correctly predicts 80 % of
the time will be passed by testing data. In other words,
we can have a 90 % confidence in such a network. This
is reasonable for many engineering applications. It is
seen that the modeled network predicts the testing data-
set within 0.002-1.365 % of error band. The average
error is about 0.281 % and the maximum error is about
1.365 % for the selected dataset. The predicted accuracy
was found to be very good for the absorptivity
prediction. Thus the proposed approach can be used to
predict absorptivity quickly and accurately for the given
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Table 3 Training dataset
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Table 4 Testing datasets

Data set  Power (W)  Velocity Beam Diameter ~ Absorptivity
No. (mm/min) (mm)

1 300 1000 387 063
2 300 1000 581 067
4 300 1000 9.68 0.725
5 300 2000 387 0.72
6 300 2000 581 0.74
7 300 2000 7.74 0.8

9 300 3000 3.87 083
10 300 3000 5.81 0.84
" 300 3000 7.74 0.95
12 300 3000 9.68 098
14 300 5000 581 098
15 300 5000 7.74 0.99
16 300 5000 9.68 1.0
17 500 1000 387 0.825
18 500 1000 581 0.8
19 500 1000 7.74 06
20 500 1000 9.68 0.54
21 500 2000 3.87 0.52
22 500 2000 5.81 0.59
23 500 2000 7.74 0.66
25 500 3000 3.87 0.57
26 500 3000 5.81 0.67
27 500 3000 7.74 0.69
29 500 5000 3.87 0.625
31 500 5000 7.74 0.785
32 500 5000 9.68 0.88
34 700 1000 581 0.79
35 700 1000 7.74 08
36 700 1000 9.68 09
37 700 2000 3.87 0.8
38 700 2000 5.81 0.78
39 700 2000 7.74 057
41 700 3000 3.87 0.67
42 700 3000 581 0.55
44 700 3000 9.68 0.75
46 700 5000 581 0.63
47 700 5000 7.74 0.76
48 700 5000 9.68 0.71

input process conditions. The ANN model was further
integrated with the FEM model to incorporate the process
parameter dependent absorptivity for enhancement in the
accuracy of the numerical simulations. The absorptivity
was derived from ANN model and incorporated in the

Data set No. P (W) V (mm/min) D (mm) Absorptivity
3 300 1000 7.74 0.72
8 300 2000 9.68 0.875
13 300 5000 387 081
24 500 2000 9.68 0.68
28 500 3000 9.68 0.715
30 500 5000 581 067
33 700 1000 3.87 0.8
40 700 2000 9.68 0.64
43 700 3000 774 0.68
45 700 5000 3.87 0.5

FEM based numerical simulations for accurate process
simulations.

Results and discussion

Verification of the developed FEM-ANN methodology
The developed methodology is validated with the fresh
experimental results. The current FEM—ANN approach
was assessed for the effectiveness and robustness by con-
ducting some verifying experiments. The verification pa-
rameters were randomly selected within the range of
ANN training datasets: laser power 300-700 W; scan-
ning velocity 1000-5000 mm/min and stand-off distance
20-50 mm. The verification was done for totally new 8
datasets. For these datasets absorptivities were predicted
by using developed ANN model. The predicted absorp-
tivities and corresponding sets of process conditions
were given as input to the FEM based model and bend
angles were calculated. The calculated bend angles using
current approach were compared with the bend angle
obtained during experiments for the same sets of
process conditions. The verification results are shown in

Laser Power
Absorption
Coefficient

Output Layer

Hidden Layer 2

Hidden Layer 1
Fig. 9 Schematic of BPNN
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Table 5 Results of verification experiments
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S. No. Power (W) Velocity SD (mm) Beam diameter ANN predicted Computed bend Average value Error in bend
(mm/min) (mm) absorptivity angle with the of bend angle in angle (%)
numerical model (°) Experiments (°)
1 650 2000 45 8.710 0.638 0.856 0816 490
2 500 2500 30 5.807 0.648 0.885 0.863 255
3 450 4500 30 5.807 0.847 0473 0512 762
4 400 3500 35 6.775 0.86 0314 0305 295
5 600 1500 35 6.775 0.773 1.189 1.202 1.08
6 350 3000 40 7.743 0.938 0.179 0.171 468
7 700 4000 20 3.872 0.551 1.546 1469 524
8 500 3500 50 9678 0.777 0.109 0.118 762

Average error =4.14 %

Table 5. It can be seen that the proposed FEM—ANN ap-
proach have good prediction capability. During verifica-
tion experiments, the bend angle was predicted within
an error range of 1.08-7.62 %. The average error was
found to be 4.14 %.

The proposed methodology is very suitable for the
shop floor applications. With the development of newer
materials and variation in the quality of the surface as
well as coating, a handy method for the estimation of
absorptivity is always useful. Even if the absorptivity data
is available, it may be required to fine tune that data in
real applications depending on the processing condi-
tions. The main contribution of this work is to provide a
suitable methodology, which can be easily employed in
industrial practice. With correct values of absorptivity,
FEM model can obtain the stress, strain, strain-rate and
temperature distribution. This also helps in developing
microstructural model for the process.

Conclusions

In this work, an FEM—-ANN based integrated approach
is developed for accurate computation of bend angle
during laser bending process. Initially three-dimensional
nonlinear thermo-mechanical FEM based numerical
model is developed for computation of bend angle for
given process conditions. The absorptivity used in the
numerical model was then tuned by using inverse
analysis technique. In this technique, FEM simulations
were repeated by varying the values of absorptivity. The
value of absorptivity for each set of process condition
was estimated by comparing the bend angle obtained in
the numerical and experimental studies so that the com-
putational error of bend angle is less than 5 %. Based on
the estimated values of absorptivity and the correspond-
ing input process conditions, an ANN based model was
developed for fast and accurate prediction of absorptiv-
ity. Then, the ANN based absorptivity was employed in
the FEM model for computation of bend angle. Within

the scope of process conditions used in the present
work, the proposed approach was found to be accurate
in the computation of bend angle with an average error
of 4.14 %. The estimated absorptivity is a fitting param-
eter as it serves the purpose of correctly estimating the
bend angle. However, it also matches qualitatively with
the experimentally determined absorbance. This ap-
proach can be used for accurate computation of process
responses in the other laser based manufacturing pro-
cesses viz. laser welding, laser machining, etc.
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