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Abstract — Laser forming process is one of the newest methods of sheet metal bending which no mechanical
force needs. Although lots of investigations on laser forming process of mono layer sheet metals have been
done, any experiments have not been conducted around bi- layer sheets. In this paper, laser forming process
of bi-layer Al/SiC work pieces under Gaussian and Uniform heat distribution has been studied. Elastic-
plastic temperature dependent material properties are considered. Also, the boundary condition is applied
as free heat convection. The results of numerical simulations revealed that the amount of bending angle
in Uniform heat flux distribution is always further than Gaussian distribution. In addition, temperature
distribution diagram in Uniform heat flux is almost 5% further than Gaussian form, and the maximum
temperature in the work piece is 6% larger. For validation of numerical analyses, experimental tests are
done by an Nd: YAG laser on bi-layer Fe/Al sheets. The amounts of bending angles are so close to the
results of simulation. The average of the bending angle is almost derived 0.0038 Degree/ Watt in these

experimental tests.
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1 Introduction

Laser forming is a new phenomenon which is cre-
ated by thermal stress by Laser radiation throughout
a sheet [1]. A set of Laser parameters such as: power,
wave length, diameters, velocity of Laser radiation, ab-
sorption coeflicient, specific heat, conductivity and ex-
pansion coefficient affect the forming procedure [2, 3].
For the first time, Vollertsen [2] and Geiger [3] have
discovered and suggested three different mechanisms to
express thermo-mechanical behavior of materials, which
were Temperature Gradient Mechanism (TGM), Buckling
Mechanism (BM) and Upsetting Mechanism (UM). This
method could be widely used in rapid prototyping, auto-
motive manufacturing, aerospace and ship building 2,4~
7]. Figure 1 shows the scheme of sheet bending due to
laser radiation.

Although in most studies sheet bending has been con-
sidered along a straight line, however, some investigations
have concentrated on the production of different geomet-
rical shapes like spherical [8], Sattler shape [9,10] and
pipe bending [11-13]. So far, different materials have been
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examined numerically and experimentally by Laser form-
ing process. Some of these materials are different types
of steels [14-19], Aluminum [20-23], Titanium [24, 25],
Copper [26,27], Silicon [28] and Chromium [29]. In asso-
ciation with forming of cermet sheet (Al/Sic) by Laser
forming process, Shen et al. [30] performed a numeri-
cal study in 2009. This bi-layer cermet sheet combined
the characteristics of Aluminum and Ceramic and while
having anti-erosion and strength capability of Ceramic, it
also contains all natural properties of Aluminum. Prin-
ciple disadvantage of this material is in its weak forma-
bility which causes a limitation in its utilization for a
vast number of applications. Regarding simulation of heat
flux of Laser radiation, different models have been recom-
mended, the most recognized of which are Gaussian and
Uniform heat distribution.

In this paper, numerical investigation of LF process
under two distributions of Gaussian and Uniform on
bi-layer sheets of Cermet comprised of Aluminum 6061
and SiC Ceramic is investigated. Temperature distribu-
tion and plastic strain on the surface and thickness of
the workpiece were the parameters that were scrutinized
and studied herein. Results indicated that heat distribu-
tion was very close and almost equal on both Aluminum
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Fig. 1. Schematic of metal forming procedure by using Laser
radiation.
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Fig. 2. Schematic of cermet piece.

surfaces. However, due to low thermal diffusivity of ce-
ramic, when the heat flux was applied on the ceramic
surface, the amount of temperature at the lower surface of
ceramic layer was less than other surfaces and a short time
after passage of laser radiation, reaches its maximum. In
the end, in order to evaluate the simulation procedure, a
set of experiments was done by a 300-watt Nd: YAG laser

2 Finite element simulation
2.1 Geometry modeling

The studied workpiece in this investigation was a bi-
layer cermet made from Al/Sic. Its dimension is 37.5 x
50 mm and the thickness of metallic and ceramic layer
was 0.2 mm and 0.4 mm. Figure 2 shows geometrical
dimensions of the part. In this study, it was assumed
that primarily workpiece was smooth and flat without
any default.

2.2 Material properties

Another assumption which was made in the simula-
tion was isotropic property of the workpiece. Since mate-
rial properties are temperature-dependent, it is necessary
to define different values in specific heat-span. The me-
chanical model of the Aluminum layer was assumed to be
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Table 1. Yield stress and Young’s modulus of Aluminum 6061
at different temperatures [31].

T (°C) Yield Young’s
stress (MPa) modulus (GPa)

20 125 70
100 95 70
200 55 61

300 27 55.6
400 15 49.3
500 5 41.3
600 5 5

Table 2. Specific heat, Density and Conductivity of Alu-
minum 6061 at different temperatures [31].

T (°C) Specific heat  Density  Conductivity
(I/kg°C)  (kgm™>)  (W/m °C)
20 898 2750 170
120 951 2730 -
220 1003 2710 -
320 1055 2690 -
420 1108 2660 -
587 1195 2630 221
644 1200 2450 -

Table 3. Mechanical and thermal properties of Ceramic at
room temperature 20 °C [32,33].

Properties SiC

Specific heat (J/kg °C) 630

Thermal conductivity (W/m °C) 0.32
Coefficient of thermal expansion (107%/°C) 3.8
Young’s modulus (GPa) 450
Poisson’s ratio 0.17

Density (kg.m™?) 3230

elasto-plastic and its data at different temperatures are
shown in Tables 1 and 2.

According to the obtained results, the generated stress
in the ceramic layer was always less than its yield stress.
Therefore, this layer always remains in the elastic region.
Consequently, the ceramic layer model was assumed to be
perfect elastic. Properties of ceramic are given in Table 3.

2.3 Heat flux distribution

In light of the fact that origin of all occurring in a
Laser Forming process is heat distribution, thus, review
of all models of heat fluxes would be of high importance.
A real heat distribution of laser radiation is shown in Fig-
ure 3. As can be seen, the real heat flux distribution is
between Gaussian and Uniform model. Accordingly, some
researchers use the Gaussian model and others use Uni-
form model in their researches. This profile shows that
concentration of heat flux is in the center of radiation
and, by moving away from it, the heat flux is exponen-
tially decreased.
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Fig. 3. Laser radiation profile in form of Gaussian distribution with 150 watt power.

Mathematical equation of Gaussian heat flux distri-
bution is as follows [22]:

2P —2 |z —w0)* + (y — yo)Q}
I(z,y) = W—Tgexp 2 (1)

In which P is the laser’s power, r, is the radius of laser
beam and (zg, yo) is coordinate of the laser beam center.

Uniform heat flux distribution is another model which
has been used by some researchers to simulate the used
heat flux of laser [34,35]. In this model, laser beam heat
flux is applied to a surface with uniform intensity. Equa-
tion of this type of heat flux distribution is:

P
I(wy)=— 0<r<m (2)

g
In conducted numerical simulation, both types of heat
fluxes were studied and their results were compared. In-
deed, a very important point was to maintain the part’s
temperature below its melting temperature. In this pro-
cess, no external mechanical force was exerted on the part
and also this part was assumed to contain no residual
stress what so ever.

2.4 Boundary conditions

In this process, one of the edges parallel to the scan-
ning path of laser along Z direction was fixed. As the
amount of radiation was negligible in this analysis, bound-
ary condition all over the surfaces of the part was only as-
sumed free convection, in which convection heat transfer
coefficient was 12 W/(°C.m?) and ambient temperature
was 25 °C. The amount of heat transfer from sheet’s sur-
faces was according to the following equation:

qc = he (Ts - TO) (3)

In this equation, h. is the heat transfer convection co-
efficient; T, is part’s initial temperature and Ty is the
ambient temperature.

2.5 Mesh selection of part

In laser forming process, the region under the laser
beam and small vicinity of it, is the only area which has
experienced the plastic strain; and the other regions do
not have significant effect on the final result of process.
As a result, fine mesh was applied under the laser beam
area. In order to increase the precision of the solution,
meshing of the area affected by heat flux was selected as
hexahedral in the following, to reduce the analysis time
of the software; further elements were selected as tetra-
hedral and larger in dimensions. In all conducted simula-
tions, 3-D linear element and eight nodes (C38DT) were
used. By changing the number of nodes and the type of
meshing, the analysis of mesh sensitivity has been carried
out and its result is shown in Figure 4a. Overall, final
elements number of the workpiece was equal to 19 328.
Figure 4b shows the meshing of the workpiece.

2.6 Solution condition

Solving this problem was in the form of coupled
thermal-mechanical model. In order to increase the preci-
sion of analysis, nonlinear solution was used. Cooling time
of the sheet after passing the laser radiation was assumed
as 5 s. Because of the subroutine coding in the analysis
of laser forming process, only one step has been defined
in the software. Value of power, scanning speed, beam di-
ameter and path of scanning depending on the designated
simulation were applied in the code writing section of the
software.

In Abaqus/Standard the temperatures are integrated
using a backward-difference scheme, and the nonlin-
ear coupled system is solved using Newton’s method.
This software offers an exact as well as an approximate
implementation of Newton’s method for fully coupled
temperature-displacement analysis.

An exact implementation of Newton’s method involves
a nonsymmetric Jacobian matrix as is illustrated in the
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following matrix representation of the coupled equations:
Au R,

G -{er

where Au and A6 are the respective corrections to the
incremental displacement and temperature, K;; are sub-
matrices of the fully coupled Jacobian matrix, and R,
and Ry are the mechanical and thermal residual vectors,
respectively.

Solving this system of equations requires the use of the
unsymmetric matrix storage and solution scheme. Fur-
thermore, the mechanical and thermal equations must
be solved simultaneously. The method provides quadratic
convergence when the solution estimate is within the ra-
dius of convergence of the algorithm. The exact imple-
mentation is used by default [36].

Kuu KuG
Ko Koo

3 Discussion

It could be definitely stated that the main parame-
ter in LF process is heat transfer and heat distribution.
Therefore, studying of these parameters is of utmost im-
portance. In Figure 5, temperature gradient of the work-
piece along its thickness and at its center under Gaussian
heat flux is shown.
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Fig. 4. (a) The trend of mesh sensitivity. (b) Workpiece Meshing.

It is evident that maximum temperature was at the
surface of the workpiece at the center of laser radia-
tion. Also in this place, temperature gradient at the up-
per layer, which was made of Aluminum, was negligible.
Probably, this issue was stemmed from the fact that this
layer’s thickness was so thin and the concentration of heat
flux was minute. Passing of this layer, due to ceramic’s
low conductivity and temperature at the lower surface,
dropped intensely.

In Figure 6, heat distributing along the same direction
is shown for Uniform heat flux. It is noticeable that max-
imum temperature of both conditions was almost equal.
However, area of maximum temperature surface in Uni-
form heat flux was larger than for Gaussian heat flux,
which could be in concentration of heat flux of Gaussian
distribution in an area smaller than the diameter laser
radiation.

Temperature distribution on the surface of the work-
piece and at different stages of the process for two as-
sumed types of heat flux is shown in Figure 7. Heat dis-
tribution on the workpiece’s surface for both heat fluxes
was almost equal. However, area of surface with maximum
temperature was larger in the Uniform heat flux.

The main difference between Gaussian heat flux and
Uniform one was in the produced bending angle in
the workpiece. Figure 8 shows displacement contours at
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Fig. 5. (A) Temperature distribution by Gaussian heat flux, (B) Along @ — o and (C) Along 38 — 3.
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Fig. 6. (A) Temperature distribution by Uniform heat flux, (B) Along o — « and (C) Along § — 3.
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Fig. 7. Heat distribution on the surface of the workpiece in different stages (A) for Uniform heat flux and (B) for Gaussian
heat flux (P =30 w, V = 10 mm.s™!).
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Fig. 8. Plastic deformation of workpiece in different stages. (A) for Uniform heat flux and (B) Gaussian heat flux (P =30 W,
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Fig. 9. Changes in bending angle for Gaussian and Uniform
distribution of laser heat flux in different laser powers.

different time durations of laser beam pass, in which Fig-
ures 8A and 8B are respectively related to Uniform and
Gaussian heat flux distribution. Initially, by starting the
laser beam movement, a small counter bending is seen
and in the following, positive bending started to grow up
to the end of process.

Obtained results under different conditions including
change in power, scanning speed and laser beam diameter
are indicative the point that sheet plastic deformation
under Uniform heat flux was always more than its value
in the laser with Gaussian heat flux distribution.

Figures 9-10 depict changes in the bending angle of
the sheet in laser forming process at different powers and
scan speeds. Figure 9 shows that, with increasing in the
laser’s power, sheet’s bending angle also increased, which
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Fig. 10. Changes in bending angle for Gaussian and Uniform
distribution of laser heat flux in different scanning speeds of
laser.

could be because by increasing the laser power, more heat
gradient along sheet’s thickness has been caused and even-
tually leads to increase in the bending angle. Figure 10
represents the presence of optimized point for bending
angle at different speeds of laser scanning. The reason
for decrease in bending angle at speeds higher than op-
timized one was related to the decrease in heat gradient
along thickness. By reducing the scanning speed, it could
be safely stated that the whole sheet thickness was equally
heated in the scanning location. As a result, for heat gra-
dient subsequently, its bending angle decreased.

Figure 11 shows the changes in bending angle caused
by different laser beam diameters. In Figure 11A, by
keeping the speed and power of laser fixed, laser beam
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Fig. 12. Studied paths of temperature distribution.

diameter changed and bending angles were obtained un-
der two types of Gaussian and Uniform heat flux. It is
evident that increasing beam diameter in both types of
heat distribution caused reduction in the bending angle,
because despite enlargement in beam diameter, the same
constant power was applied to a larger area and hence,
reduction in heat gradient and subsequently decrease in
the final bending angle were deduced. In Gaussian heat
distribution, maximum generated heat was concentrated
in the center of radiation. For this reason, in comparison
with Uniform heat distribution, a smaller area would be
involved in the procedure of plastic deformation and thus
the produced bending angle would be smaller.

Figure 11B shows a different result from the previous
case. In this condition, since heat flux was constant, by in-
creasing laser beam, more heat power would be applied to
the surface. As a result, consequenty, heat strain increased
and eventually, larger bending angle is obtained. Also, if
heat power surpassed its optimized point, heat distribu-
tion along sheet thickness would become smoother and
heat gradient decrease. Consequently, final bending angle
also decreased.

In order to study temperature distribution at different
points of the workpiece, the defined paths in Figure 12
were selected. Values related to Gaussian and Uniform
heat flux distribution just when laser beam scanned ex-
actly half of the path, have been shown in Figure 12.

As far as the three paths of 1, 2, and 3 were concerned,
as was expected, maximum temperature was along path 1.
However, due to low thickness of Aluminum layer, it is ev-

ident that heat gradient in this layer was negligible and
temperature of upper and lower surfaces of this layer was
the same almost along all path length (paths 1 and 2). On
the other hand, since lower ceramic layer had less conduc-
tivity, heat along thickness of this layer transferred slower
and, for this reason, the lower surface (path 3) reached its
maximum temperature a short time after passing of laser
radiation from its upper surface.

Paths 4 to 9 are symmetric with respect to “Plane
7ZY”. Hence the diagrams are also symmetric in these
paths. Comparing two types of heat flux in these paths
made it evident that theses heat diagrams under Uniform
heat flux were almost 5% wider than those obtained from
Gaussian heat flux and their maximum temperature was
on average 6% larger. Reason for this is the larger area of
maximum heat flux in Uniform heat distribution. Similar
to analysis provided in the case of path 3, as expected,
temperature of path 6 was less than of the two upper sur-
faces and temperature of path 9 was more than its two
upper surfaces.

4 Validation

Due to the limitation in the availability of the Cer-
met sheet, experimental tests were done for bi-layer Fe/Al
with the total thickness of 2.105 mm and dimensions of
60 x 105 mm?. The thickness of each layer was measured
by an optic microscope that is shown in Figure 14. Thick-
ness of Fe layer was 1.455 mm and that of Al layer was
0.650 mm.

In order to form this sheet, an Nd: YAG laser, model
HAN*S LASER with the maximum power of 300 W was
used. The available ranges for the laser parameters are
1-1000 Hz for pulse frequency, 0.02—20 ms for pulse du-
ration, and 0-30 J for pulse energy. The experiments
were conducted with frequency of 29 Hz and workpiece
velocity 7 mm.s~!. Two major factors were important
for selecting 29 Hz frequency: the first factor was the re-
quired overlapping of alternative laser pulses, regarding
process travel speed and absolute irradiated energy per
unit length of the workpiece. The second factor was lim-
itations of laser source that confined the present choices
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Fig. 13. Temperature distribution of the workpiece along different paths: (A) For Uniform heat flux, (B) for Gaussian heat

flux.

Fig. 14. (A) The optic microscope that is used for measuring
the thickness of the each layer, (B) An image of the sheet
thickness.

about each combination of laser pulse energy, pulse dura-
tion and frequency for each value of average output power.
Experimental setup for 2D laser forming and formed spec-
imens are shown in Figure 15.

Result of the simulations and experimental tests for a
laser with 2.1 mm beam diameter and 11 ms pulse dura-
tion with scan velocity of 7 mm.s™!, is shown in Figure 16.
These results demonstrated good agreement among the
numerical and experimental data.
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Fig. 15. Experimental setup for 2D laser forming and formed
specimens.

5 Conclusions

In this paper, effects of two types of Gaussian and
Uniform laser heat flux on different parameters are pre-
sented. Due to larger radiation area at maximum heat
flux, Uniform heat flux always produces larger bending
angle compared to that of Gaussian distribution. It was
further revealed that by increasing laser power, bending
angle will also increase. This increase is caused by higher
temperature gradient in higher powers. Also, results indi-
cated that reducing speed of laser up to a certain point,
causes increase in the bending angle and thereafter, it
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has reverse impact. Reason is that initially, by reduction
in scanning speed, heat gradient in the sheet thickness
increases, however, after certain time, reverse of this hap-
pens and bending angle decreases.

Variations in the laser beam diameter in two different
conditions, by assuming constant laser power and there-
after by assuming constant heat flux in unit area were
studied. In first condition, results indicated reduction in
the bending angle by increase in the beam diameter and in
the second condition, reverse of this happening. Of course,
in condition of constant heat flux, by increasing in beam
diameter, trend of increase stopped and a mild decrease
began. This is for expansion in the surface temperature
gradient and also due to the change in the nature of mech-
anism to BM.

Study of temperature distribution of sheet along thick-
ness indicated that due to low thickness and high thermal
diffusivity of Aluminum, temperature of the both upper
and lower surface of this layer are almost equal. However,
because of lower conductivity and specific heat in ceramic
compared to Aluminum, lower surface of ceramic layer
during heat flux application, would have lower tempera-
ture than its two upper surfaces. Also, due to lower rate
of heat transfer in this layer, a little time after passing of
laser beam from its upper surface, it will reach its maxi-
mum heat.
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