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Abstract

Laser forming is a modern process which is mainly used for forming metals.
Different Lasers are used in this regard that includes Nd: YAG and CO,. In this
study, forming bi-layer sheets of Aluminum/Ceramic by Laser was investigated.
Furthermore, effect of Uniform and Gaussian heat flux distribution in different
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power, velocity, and beam diameters on bending angle was studied. FEM
simulation indicated that, in the same conditions of analysis, Uniform heat flux
distribution caused higher bending angle than Gaussian heat flux distribution.
Moreover, the results showed that there was an optimum point at different speeds
and laser beam diameters, at which the bending angle was maximum. In order to
evaluating the numerical results, a set of experiments was conducted, which
showed good agreement.

1. Introduction

Laser forming process is a new technique

prototyping,  automotive  manufacturing,

which is created by thermal stress throughout
laser radiation [1]. A set of laser beam and
workpiece parameters such as power, wave
length, diameters, velocity of laser radiation,
absorption  coefficient, specific  heat,
conductivity, and expansion coefficient affects
the forming procedure. For the first time,
Vollertsen [2] and Geiger [3] have discovered
and suggested three different mechanisms to
express behavior of thermo-mechanical
materials, which were temperature gradient
mechanism (TGM), buckling mechanism
(BM), and upsetting mechanism (UM). This
method could be widely used in rapid
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aerospace, and ship building [4-5]. Figure 1
shows the scheme of sheet bending due to laser
radiation.

Although in most studies sheet bending has
been considered along a straight line, some
investigations have concentrated on the
production of different geometrical shapes like
spherical [6], Sattler shape [7], and pipe
bending [8- 9]. So far, different materials have
been examined numerically and experimentally
by laser forming process. Some of these
materials are different types of steels [10- 12],
Aluminum [13- 14], Titanium [15], Copper
[16], Silicon [17], and Chromium [18].
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Fig. 1. Scheme of metal forming procedure using
laser radiation.

Yao et al. [19] investigated laser forming of
metal plates with pre-loads. For simulating this
condition, the Gaussian heat distribution and
nonlinear finite element analysis were used and
showed that, when the pre-load was pure
compression and pure bending (where e
bending is toward the laser beam), the bending
angle achieved the maximum amount. In the
case of Uniform heat distribution, Hoseinpour
Gollo et al. [20] presented a statistical analysis
about effects of the parameters in laser forming
of steel sheet metals and discovered an
optimum condition in the forming process. In
another investigation, Roohi et al. [21] used an
external force in the laser forming of steel
sheets by the Uniform heat distribution and
found that nearly the two-third of bending
angle amount was related to the external force.
In a recent survey, Hoseinpour Gollo et al. [22]
modeled closed cell foam and then simulated
the laser forming process on it.

Bi-layer sheets are one of the most useful
materials which can have many advantages
such as stiffness, heat resistance, abrasion
resistance, and corrosion resistance. The main
downside of these materials is forming
difficulties; if this drawback is overcome, they
would be used more widely. In association
with the forming of cermet sheet (Al/Sic) by
laser forming process, Shen et al [23]
performed a numerical 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 contained all natural properties
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of Aluminum. As mentioned, the principle
disadvantage of this material was in its weak
formability which caused a limitation in its
utilization for a vast number of applications.
Regarding the simulation of heat flux of laser
radiation, different models have Dbeen
recommended, the most recognized of which is
Gaussian and Uniform heat distribution.

In this paper, for the first time, a comparison
was made between the effects of Gaussian and
Uniform heat distributions in the laser forming
of Al/SiC bi-layer materials. Temperature
distribution and plastic strain on the surface
and thickness of the workpiece were the
parameters that were scrutinized and studied
herein. Results indicated that heat distribution
was very close and almost equal on both
Aluminum surfaces. However, due to low
thermal diffusivity of ceramic, when the heat
flux was applied to the cermet surface, the
amount of temperature at the lower surface of
ceramic layer was less than upper surface and,
a short while later, the passage of laser
radiation reached 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 in "Chehreh Sazan Company".

2. Finite Element Simulation
2. 1. Geometry modeling

The material which was studied in this
investigation was Al/ SiC bi-layer sheet; its
dimension was 37.5x50mm and the thickness
of metallic and ceramic layer was 0.2 and 0.4
mm, respectively. Figure 2 shows geometrical
dimensions of the part. In this study, it was
assumed that the primary workpiece was
smooth and flat without any defaults.

2. 2. Material Properties

Another assumption which was made in the
simulation was isotropic property of the
workpiece. Since material properties are
temperature-dependent, it is necessary for
temperature-dependent  properties to be
defined. The mechanical model of the
Aluminum layer was assumed to be elasto-
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plastic and its amount at different temperatures
1s shown in Table 1. 5 )\ ~ 50mm
According to the obtained results, the =
generated stress in the ceramic layer was
always less than its yield stress. Therefore, this
layer always remained in the elastic region.
Consequently, the ceramic layer model was
assumed to be perfect elastic. Properties of
Aluminum and ceramic are given in Table 2. Fig. 2. Scheme of cermet piece.

Scan Line

Table 1. Temperature-dependent properties of Aluminum 6061 [24].

Yield Young's Speci : P
pecific heat Density Conductivity
T(°C) stress T(°C) modulus T(°C) o T(°C) ; T(°C) .
J/Kg°C K W/m°C
(MPa) (GPa) (J/Ke>C) (Kg/m’) (W/m°C)
20 125 20 70 20 898 20 2750 20 170
100 95 100 70 120 951 120 2730 585 220
200 55 200 61 220 1003 220 2710
300 27 300 55.6 320 1055 320 2690
400 15 400 49.3 420 1108 420 2660
500 5 500 41.3 587 1195 587 2630
600 5 600 5 644 1200 644 2450

Table 2. Properties o f Aluminum and ceramic [25, 26].

Properties Al SiC
Specific heat 898 630
Thermal conductivity (W/moc) 170 0.32
Coefficient of thermal expansion (10“6 / °C) 23.65 3.8
Young's modulus (GPa) 70 450
Poisson's ratio 0.33 0.17
Yield strength (MPa) 125 -
Density 2750 3230
2. 3. Heat Flux Distribution Mathematical equation of Gaussian heat flux

distribution is as follows [14]:
In the light of the fact that all the occurrence

origins in a laser forming process is heat I(x,y) =

distribution, thus, review of all models of heat ) )

fluxes would be of high importance. Real 2P _2[(x —xo) +(¥ =¥) } (1)
model of heat distributing of laser radiation is mr} P 2

close to Gaussian form (Fig. 3).

In this model, concentration of heat flux is in
the center of radiation and, by moving away
from it, the heat flux is exponentially decreased.
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Relative Power: 0.00

[ Trigger input is off.

[ CCO Gain = 5.1

Exposure time = B20.6 ms

Fig. 3. Laser radiation profile in form of Gaussian distribution with 150 watt p(;wer.

In which P is the laser's power, 1, is the radius
of laser beam, and (x,, y,) 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 [20-21]. In
this model, laser beam heat flux is applied to a
surface with Uniform intensity. Equation of this
type of heat flux distribution is:

I(x,y) = PZ

= 0<r<r, (2)
In the conducted numerical simulation, both
types of heat fluxes were studied and their
results were compared. Indeed, a very important
point was to always maintain the part's
temperature below its melting temperature. In
this process, no external mechanical force was
exerted on the part and also this part was
assumed to contain no residual stress
whatsoever.

2. 4. Boundary Conditions

In this process, one of the edges parallel to the
scanning path of laser along Z direction was
fixed. Boundary condition all over the surfaces
of the part was assumed free convection, in
which convection heat transfer coefficient was

70

12W/m°C and ambient temperature was 25°C.

The amount of heat transfer from the sheet's
surfaces was according to the following
equation:

qc = hc (Ts _TO) (3)

In this equation, h, is heat transfer convection
coefficient,7’ is part's initial temperature, and

T',is ambient temperature.

2. 5. Mesh Selection of Part

In all the conducted simulations, 3-D linear
element and eight nodes (C38DT) were used.
In order to increase the precision of the
solution, meshing of the area affected by heat
flux was selected as hexagonal below to reduce
the analysis time of the software; further
elements were selected as tetragonal and larger
in dimensions. By changing the number of
nodes and type of meshing, the analysis of
mesh sensitivity was carried out. Overall,
element number of the workpiece was equal to
19328. Figure 4 shows the meshing of the
workpiece.
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Fig. 4. Workpiece Meshing.

2. 6. Solution Condition

Solving this problem was in the form of
coupled thermal-mechanical model. In order to
increase the precision of analysis, nonlinear
solution was used. Cooling time of the sheet
after passing the laser radiation was assumed as
5 sec. This analysis, due to code writing in the
sub-routine environment, had a one-step
solution. Value of power, scanning speed, beam
diameter, and path of scanning depending on
the designated simulation were applied in the
code writing section of the software. In solving
this procedure, initially, heat analysis was done

NT11
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for each element by heat transfer relations.
Afterward, the results were used for the
mechanical-displacement analysis of that
section.

3. Results and Discussion

It could be definitely stated that the main
parameter in LF process is heat transfer and
heat distribution. Therefore, studying these
parameters is of utmost importance. In Fig. 5,
temperature gradient of the workpiece along its
thickness and at its center under Gaussian heat

flux is shown.

P=30 W
V=10 mm/s

Fig. 5. (a). Temperature distribution by Gaussian heat flux, (b). Along AA and (c). Along BB.
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Fig. 6. (a). Temperature distribution by Uniform heat flux, (b). along A-A and (c). along B-B.

It is evident that maximum temperature was at
the surface of the workpiece at the center of
laser radiation. Also in this place, temperature
gradient at the upper layer that was made of
Aluminum was negligible. Probably, this issue
was stemmed from the fact that this layer's
thickness was very 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 Fig. 6, heat distributing along the same
direction is shown for Uniform heat flux. It is
noticeable that maximum temperature of both
conditions was almost equal. However, area of
maximum temperature surface in Uniform heat
flux was larger than that of Gaussian heat flux,
which could be in the concentration of heat
flux of Gaussian distribution in an area smaller
than the diameter of laser radiation.
Temperature distribution on the surface of the
workpiece and at different stages of the
process for two assumed types of heat flux is
shown in Fig. 7. Heat distribution at 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 and
Uniform heat flux was in the produced bending
angle in the workpiece. Figure 8 shows plastic

72

deformations at different stages which were
induced by the passing of laser flux. Obtained
results under different conditions including
change in power, scanning speed, and laser
beam diameter indicated the point that sheet
plastic deformation under Uniform heat flux
always was more than its value in the laser
with Gaussian heat flux distribution.

Figures 9 and 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 the laser's power,
sheet's bending angle also increased, which
could be because by increasing the laser
power, the temperature of upper surface
increased, while the temperature of lower
surface remained the same due to ceramic's
low conductivity. As a result, the yield strength
of upper layer dramatically dropped and the
compressive stresses around this zone led to
further bending in the workpiece. 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 the optimized one
was related to the decrease in heat gradient
along thickness. By reducing the scanning
speed, it could be definitely stated that the
whole sheet thickness was equally heated in
the scanning location. As a result, heat gradient
and subsequently its bending angle decreased.
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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=30w, V=10mm/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=30W, V=10mm/s).
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Fig. 11. Changing in bending angle for Gaussian and Uniform distribution in different laser beam diameter.

(a). In constant power condition, (b). In constant heat flux.

Figure 11 shows changes in bending angle
caused by different laser beam diameters. In
Fig. 11(a), by keeping the speed and power of
laser fixed, laser beam diameter changed and
bending angles were obtained under 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
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in the procedure of plastic deformation and thus
the produced bending angle would be smaller.
Figure 11(b) shows a different result from the
previous case. In this condition, since heat flux
was constant, by increasing laser beam, more
heat power would be applied to the surface. As
a result, heat stress and thus heat strain
increased and eventually larger bending angle
was obtained. Also, if heat power surpassed its
optimized point, heat distribution along sheet
thickness would become smoother and heat
gradient would decrease. Consequently, the
final bending angle also decreased.

In order to study temperature distribution at
different points of the workpiece, the defined
paths in Fig. 12 were selected. Values related to
Gaussian and Uniform heat flux distributions
just when laser beam scanned exactly
half of the path, has been shown in Fig. 13.
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Fig. 12. Studied paths of temperature distribution.

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 evident
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 conductivity, 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 the pass of laser radiation from its upper
surface.

Because of the symmetric conditions in paths 4
- 9, diagrams were also symmetric. Comparing
two types of heat flux in these paths made it
evident that these 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; larger area of maximum heat flux in
Uniform heat distribution could be mentioned
as the reason. Similar to the analysis provided
in the case of path 3, as expected, temperature
of path 6 was less than that of the two upper
surfaces and temperature of path 9 was more
than its two upper surfaces.

4. Validation

Due to the limitation in the availability of the
Cermet sheet, experimental tests were done for
bi-layer Fe/Al with the total thickness of
2.105mm and dimensions of 60x105 mm’.
Thickness of each layer was measured by an
optic microscope that is shown in Fig. 14.
Thickness of Fe layer was 1.455mm and that
of Al layer was 0.650 mm.

For forming this sheet, Nd: YAG laser, model
HAN*S LASER with the maximum power of
300W was used. The available ranges for the
laser parameters were 1-1000 Hz for pulse
frequency, 0.02-20 ms for pulse duration, and
0-30 J for pulse energy. The experiments were
conducted with frequency of 29 Hz and
workpiece velocities of 7 mm/s. Two major
factors were important for selecting 29 Hz
frequency: the first factor was the required
overlapping of the alternative laser pulses
regarding process travel speed and absolute
irradiated energy per unit length of the
workpiece. The second factor was limitations
of laser source that confined the present
choices about each combination of laser pulse
energy, pulse duration, and frequency for each
value of average output power.
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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. An image of the sheet thickness.
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Fig. 15. Comparison between experimental and numerical results.

Result of the simulations and experimental tests
for a laser with 2.1mm beam diameter and
I1ms pulse duration with scan velocity of
7mm/sis shown in Fig. 15. These results
demonstrated good agreement among the
numerical and experimental data. Because of
the thermal nature of this process, there was no
crack in the formed work pieces in comparison
with the traditional forming methods.

5. Conclusions

In this paper, effects of two types of Gaussian
and Uniform laser heat flux on different
parameters were presented. The following
results were also obtained from this study:

e Uniform heat flux always produced larger
bending angle compared with that of
Gaussian distribution because of the larger
radiation area at maximum heat flux.

There was optimum velocity of laser beam,
in which the bending angle was maximum,
because first by reducing scanning speed,
heat gradient in the sheet thickness
increased. However, after a certain amount,
its reverse occurred and bending angle
decreased.

At constant laser power, increasing in the
beam diameter caused reduction in the
bending angle.

[1]

e At constant heat flux, the bending angle
raised by increasing the laser's beam
diameter up to a certain amount. Afterward,
by increasing beam diameter, trend of
increase stopped and a mild decrease began.
It was due to expansion at the surface
temperature gradient and also changes in the
nature of mechanism to BM.

Temperature distribution of the workpiece in
the Uniform flux condition was almost 5%
wider than its amount in Gaussian flux.
Maximum temperature of the workpiece in
the Uniform heat flux distribution was
nearly 6% higher on average.

Comparison between experimental and
numerical results showed good agreement
between this set of data and rate of increase
in bending angle was averagely 0.0038
°C/W.
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