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General introduction

General introduction

Lightweight alloys have been adopted in automotive and aerospace industries.
Magnesium-based alloys are among the promising materials. Due to their good mechanical
properties, they have been used also for numerous non-automotive interesting applications
like in communication and engineering. Many aspects and various applications of welding are

illustrated in work of C.N. Shravan et al. [1] .

Laser welding presents a many advantages owing to its high heat input [2] which lead
to small heat-affected zones (HAZ).That why it’s important to develop numerical simulation
in order to simulate the thermal consequences of laser welding because experience can be

difficult, time-consuming, and expensive

Several works have focused on numerical analyses of welding in order to explain the
physics of some phenomena that occur during welding. Thus, numerical modeling is a
powerful tool for understanding welding conditions and parameters. Abderrazak et al. [3]
used numerical model to analyze the formation of pools of molten metal during laser welding
without considering energy losses. S. Bannour et al. [4] have studied the temperature
dependence of physical properties during welding. Several authors have shown that energy
dissipates on surface by convection and radiation, A. Belhadj et al. [5] considered surface
convection losses; they assumed the losses by radiation are on surfaces irradiated with the
laser beams. They develop a model for simulating thermal history during laser welding.
Abderrazak et al. [6] develop a thermal model for predicting the different parameters expected
during the welding of magnesium alloys. A.K. Unni et al. [7] developed a modeling of heat

transfer and heat flow during keyhole laser welding of stainless steel.

In laboratory of radiation and plasma and physics of surface (LRPPS) at Kasdi Merbah

Ouargla University, several works concerning welding simulation has done since 2008 [8-14].

The purpose of our work is to calculate the distribution of temperature of magnesium

alloy during laser welding. This work contains three chapters as follows:

In the first chapter we present generalities (definitions and physical parameters) of
laser and laser welding, meaning and principle, also types of laser used for welding, we also

present the principle equations for this phenomenon.

1
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In the second chapter, we mention the physical phenomena of laser welding of
metallic alloy (AZ91) . We choice the heat equation for liquid and solid phases and the flow

equation for phase change. To resolve the problem, we present most important steps of the

mathematical and numerical processing.

The third chapter is a presentation of the results of the calculation using numerical

calculation program in Fortran77 language. Results of the calculation are discussed.

Finally we will finish by general conclusion and perspectives.
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Chapter I: Overview of Laser Welding and Heat Sources

Chapter 1:

Overviewof Laser Welding and Heat Sources

1. Welding

Welding is a permanent joining process in which two pieces of metal are joined together to
form one piece by heating the metals to their melting points. Additional metal, also called filler metal
may be added during the heating process to help bind the two pieces together.

In general, it is a process in which two similar or dissimilar metal pieces can be joined by
heating them to a temperature high enough to fuse the metals with or without the application of

pressure and with or without the aid of filler.

2. Generalities about laser

The word "LASER" is an acronym for "Light Amplification by Stimulated Emission of
Radiation". A laser is a device that produces a coherent and focused beam of light through a process

called laser generation.

2.1.Components of a laser

A laser consists of several key elements:

- Laser medium: The laser medium is the material where the laser is generated. In the case of
solid state lasers, the laser medium is formed by using a host material doped with the active laser
element. The choosing operation for a laser medium is based on the laser application and the
desired properties. For instance different types of host material can be used such as ruby,
Nd:YAG, and doped optical fibers these materials vary in terms of the produced laser power,
frequency range, and flexibility in shaping.

- Pump source: The pump source provides the necessary energy to the laser medium, exciting the
atoms or molecules within the medium and enabling laser generation.

- Laser resonator: The laser resonator controls how the laser is generated within the laser
medium. It consists of a rear 100 percent reflector and a front partial reflector. The resonator
helps maintain the optical feedback required for the laser to oscillate and produce a coherent

beam. Figure I.1 illustrates fundamental elements of a laser system.
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Figure 1.1: Diagram illustrating fundamental elements of a laser system [1].

2.2. Principle of laser generation

Radiation interacts with atoms or particles of matter through some phenomena that occur
during this process:
Spontaneous emission: The pump source supplies energy to the laser medium, causing the atoms or
molecules within the medium to become excited. This excitation raises the electrons to higher energy
levels temporarily. However, the electrons cannot remain in this excited state indefinitely and
eventually drop down to lower energy levels, releasing photons in the process.
Stimulated emission: When a photon passing by an excited electron interacts with it, the electron
can be stimulated to emit an additional photon that is in phase and has the same energy and direction
as the incident photon. This process of stimulated emission amplifies the initial photon, resulting in
the emission of more photons with the same properties.
Absorption: is the process which the optical energy is converted to the internal energy of electrons,
atoms, or molecules. When a photon is absorbed, the energy may cause an electron in an atom to
jump from a lower energy level to a higher energy level.
Optical feedback: The emitted photons travel back and forth between the mirrors of the laser
resonator, reflecting and amplifying each time they pass through the laser medium. This constructive
interference builds up the intensity of the light, leading to the formation of a coherent laser beam that

exits through the partially reflecting front mirror.

Figure 1.2 illustrates the forms of interaction between radiation and matter.
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Figure 1.2: Modes of radiation interaction with matter.

3. Laser welding

Laser Beam Welding (LBW), as the name suggests, is used as a concentrated source of metal
melting and seam creation. LBW's high energy density leads to small areas affected by heat. The
laser beam size typically ranges from 0.2 to 13 mm, making it suitable for welding materials of
varying thickness and producing better result compared to the traditional welding process.

Laser welding quickly creates high -quality seams under careful tolerance. This process is

generally automated and used by car and medical and jewelry industries.

3.1.L.aser welding mechanisms

Laser welding can be carried out by one of two mechanisms:

e Conduction limited welding; where the laser acts like a point source of energy moving
across the surface of the sheet. Welds formed by this process are roughly semi-circular in
cross section.

e Keyhole welding; where the laser acts as a line source of energy penetrating into the body of

the material. This line source travels across the sheet producing welds which are narrow and

deep [1].
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Figure 1.3: Conduction mode welding and Keyhole mode[3] .

The principle of conduction limited welding is simple. The laser beam irradiates the material

surface and heat is conducted radially away from thelaser-material interaction zone. The molten pool

thus established has asemi-circular type cross section as shown in figure 4. The depth-to-width ratio

of welds of this sort gives them a higher tolerance to poor fit up than keyhole type welds. As a

joining process however, conduction limited welding is far less efficient than keyhole welding in

terms of energy consumed per unit area of join.

Laser beam

Weld pool

Heat is conducted radially
= away from the laser-material
/ \ interaction zone

Figure 1.4: Conduction limited welding [4].
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4. Deep penetration keyhole welding

When deep penetration welds are produced the laser acts as a line source of energy
throughout the depth of the material rather than a point source acting from the top surface only. This
line source welding mechanism is made possible by the generation of a keyhole that penetrates into
the material. The keyhole takes the form of a narrow, deep cavity filled vapor surrounded by molten
metal. As the laser beam is moved across the metal sheet, the liquid metal flows, the keyhole
solidifies behind it. The formation of the keyhole occurs only at high power densities (> 10° W cm?).
Figure L5 illustrates the keyhole and the melt pool.

Figure L.5: Sketch of laser beam, keyhole and melt pool[5].

S. Laser Welding types

Depending on the nature of the excited medium, lasers are classified into five types: solid laser,
gas laser, semiconductor laser, liquid laser and free electron laser.For a laser to be suitable for
industrial applications in material processing, we require that it have a reasonable power efficiency
and can be increased to the power level required to do the intended application, very few lasers fully
meet these obvious requirements.

1) Carbon dioxide laser:

A gaseous laser that radiates at a wavelength of 10.6 micrometers. With an efficiency
of up to 15%, it is the only laser manufactured for continuous power levels of 10 kW and
beyond. Although there is currently the largest number of industrial carbon dioxide

synthesized. The resulting laser beams operate with a power of less than 3 kilowatts [2][3].
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2) The Nd:YAG laser:

Its operating wavelength is 1.06 micrometers. Most lasers of this type have an average
power of several hundred watts, maximum power pulses 1-10 kilowatts (although 1000
kilowatts can be used). This laser has a continuous power of up to 3 kilowatts.

This laser is now commercially available, and metals also have higher surface
absorption at this lower wavelength. Its total efficiency ranges from 3% to 5%, unlike carbon
dioxide lasers.

The beam can be directed through flexible glass fibers, because of its smaller
wavelength. This makes it attractive for 3D processes that, coupled with customized arm
robots, provide greater flexibility, accessibility and lower cost compared to CO, lasers for
using a complex mirror system.

Optical lenses and fiber optics also provide a source of well-defined size and an
angular radiating cone, with an even energy distribution at the top of the hat, in contrast to the
fuzzy energy distribution associated with a CO, laser source coupled to a replica-based

delivery system. There is a wide use of Nd:Yag in the electronics industry[2][3][4][5].

3) Excimer gas laser:

These compounds work in the ultraviolet region (examples: 248 nm and 193 nm).
They have an efficiency of 2-4%. It produces short pulses (tens of nanoseconds) and very
high peak powers (over 107 watts). The life of the optical elements is low. It usually emits
roughly rectangular beams with an aspect ratio of 2/3, and low beam quality (K<0.01) in both
directions. It is not easy to focus the beam on a small spot. These lasers have been used in

lithography [2].

4) Diode lasers:

These lasers operate at a wavelength in the near-infrared region of the spectrum (such
as 808 nm), which is an advantage of these lasers when compared to CO;, and Nd:Yag, as
with many lasers it has an efficiency of up to 50%. To produce high energy beams it is
necessary to modulate and combine the radiation from a large number of diode emitting
objects. This necessitated the development of suitable optical systems, including the currently
available diode lasers with the following power in the kilowatt range (up to 2.5 kilowatts), but
the beam quality is lower compared to CO, and Nd:Yag lasers. Still, further improvements in
power and beam quality are required to improve their deep penetration welding ability.
However, the high power diode laser is very compact. A multi-k laser head is only the size of

a shoebox. This low weight and small size of diode lasers gives them a significant advantage

9
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over conventional carbon dioxide and carbon dioxide lasers. Nd:Yag can be directly attached
to robots and moved easily. They also have lower cooling requirements and a longer lifespan
(for all diodes: 5,000-10,000 hours). The size of this system is limited mainly by the amount
of cooling required and will not be affected much by further improvements in semiconductor

technology [6][2][7].
6. Welding Factors

Every laser manufacturing technique is accompanied by a set of variables that impact the
quality of welding process. There are many types of parameters, where the Ishikawa line is a useful
tool for structuring and analyzing a complex production process according to its parameters. The
factors affecting the laser can be summarized under the following elements:

1. Laser source

Parent materials

Beam parameter

Jigs, fixture and tooling
Mechanical parameters
Joint design

Shielding gas

® N kWD

Beam positioning (welding position, beam incident angle, defocusing etc.)
These weld characteristics in turn determine the mechanical properties of the welded joints.
The selection of the welding process parameters is therefore essential for obtaining the welded joint

ensuring desired weld-bead geometry, excellent mechanical properties with minimum distortion

10
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Plate (work-piece) related
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Figure 1.6: Ishikawa diagram showing the factors affecting the laser weld quality[13].

7. Conservation equations

e Conservation mass equation:
The Conservation of mass equation of a compressible or incompressible fluid takes the

following form [10]:

op ooy
FT + dlv(pV) =0 (1)

e Conservation of momentum equation:

The momentum conservation equation or Navier's equation Stocks takes the following form
[11]:
dpV -
% +div(pVV) =0

(1.2)

e Energy Conservation equation:

The equation of the energy of an incompressible fluid is the following:

11
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dT,
(x'y;z:t) _ 2 .o
LCp.————— = T
p.-Cp ot kv yzt) T Q(,j, k) (13)

This equation is valid for both solid and liquid state processing. In the case of phase change

we apply another equation, the calculation of the total energy flow is with the following expression

[11]:

de = (—AgradT.dS + Q(i,j, k).dV).dt s

C,: Specific heat (J/kg K).

P: Volume density (kg/m?).

A: Thermal conductivity (W/m K).
de: Heat flux (J).

Q: The source term (W/m?).

dV: The elementary volume (m?).

dt: The time step(s).

8. Energies loss in laser welding

During laser welding, the material's surface undergoes heating, resulting in the melting or
fusion of a portion of it. This fusion is accompanied by the dissipation of energy, as heat is
transferred to the metal sheets through radiation, thermal conduction, and metal evaporation.

This study is an extension of a previous study conducted by S. Lemkeddem et al. [18], where
the aspect of energy loss through vaporization was neglected, and the amount of energy lost through
thermal conduction and radiation during laser welding of thin sheets of titanium alloys (TA6V) was
determined. It is also an extension of previous work on studying material loss through vaporization

in laser welding or cutting processes of metals [19].

- The loss of energy by Thermal convection at level of the plates during and after welding is given
by [20] [21]:

Qconv = h(T —Tp) (L.S)

h : Heat transfer coefficient (W/m°K)
T and Ty: are Current Temperature and Room temperature respectively.

- The energy loss through radiation is given by the following expression [20] [21] [22]:

12
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Qray = 0&(T* = T,*) (L6)

o : Constant of Stefan-Boltzmann (W/m?* K*)

€ : Permittivity of free space.

When the materials are exposed to the laser beam this leads to the evaporation of part of the
material which means that there is a loss in energy, and the energy is dispersed due the vapor with

the surrounding particles. The expression of energy loss by evaporation is given by[23]:
Qvap = pﬁevLevT[Rz (L.7)

p: Volemetric density in the liquid phase (kg/m?)
Y,,,: Evaporation speed (m/s)
L, Latent heat of evaporation (J/kg)
R: laser radius (m)
The energy loss through evaporation can be expressed by the following equation [24]:
Quap = LV L5

V.Semak et al. used the term V,, as follows:

V, = Voexp (—1/Ty) (19)

u= MLU/KBNa (1.10)

Vywas expressed by the following expression:

Vo = +/5RT;/3M (wL11)

Reducing energy loss through vaporization and increasing the efficiency of the welding
process depend on various factors such as laser power and focus, material properties, and process
conditions. Improving laser design, settings, and material selection can help minimize energy loss

and enhance the efficiency of laser welding.

9. Influence of shielding gases in the welding process

Shielding gases are of considerable importance in protecting weld metal from atmospheric
contamination during welding processes. These gases play an important role in a number of aspects
of welding, including the characteristics of the weld and the microstructure of the welded parts. It is
therefore important to understand the influence of welding shielding gases on different materials, and
many researchers have carried out extensive studies and experiments. Shielding gases in laser
welding processes have a remarkable effect on the overall performance of the welding system. The

main function of these gases is to protect the weld pool from undesirable reactions to atmospheric

13
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gases. Oxygen, nitrogen and water vapor in the ambient air can cause weld contamination. The
shielding of welds therefore always involves the removal of potentially reactive gases from the
vicinity of the weld, thus preventing the adverse effects of the surrounding atmosphere on the molten
metal.

Shielding gas also interacts with the base metal and filler metal and can thus change the basic
mechanical properties of the welded area, such as strength, toughness, hardness and corrosion
resistance. Additionally have significant effects on weld bead formation and penetration pattern.
Application of different protective pads may result in different penetration and weld bead profiles.
Weld porosity is one of the most common welding defects related to the protective atmosphere. Pots
can be the point of initiation of crack propagation in the welded joint and can significantly decrease

the life cycle of joints subjected to dynamic loads [8][9].

14
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Chapter II: Numerical modeling

1. Introduction

In this chapter, we will present the numerical modeling used to calculate the
temperature in three dimensions. We use the Finite Difference Method (FDM). The
calculation is based on solving the differential equation of heat diffusion; we descretize the

field of study by developing Taylor series derivatives.

2. Physical phenomenon

During laser welding, on the workpiece surface several phenomena proceed. One of
them is the beam absorption connected with two mechanisms: Fresnel absorption and inverse
bremsstrahlung. Energy of laser beam is dissipated because of multiple reflecting of light,
radiation, convection, evaporation, and energy absorption by plasma created in keyhole. The
energy absorbed by a surface is related to radiation intensity, radiation length, shape and

porosity of a material surface, and presence of plasma above a surface [1].

The processing of an AZ91 magnesium alloy plate, sized Smmx5mmx2mm, was
considered in this work. The laser heat source was located at point (0,0,0). The equations are
written in a Cartesian coordinate system. Figure II.1 illustrates a schematic representation of

the geometry, coordinate and region on which laser beam directly acts.

We will study the temperature (energy) changes in the laser welding process for this
alloy. The Configuration of laser welding and coordinates system are shown in figure IL.1.
We consider that there is energy loss by radiation, convection and evaporation. This welding
is for two identical metals. The work to be done is the distribution of temperature over

volume as a function of time in welding plates using a stationary laser.
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Laser beam (P =1000 W)

) S —— e

Workpiece

A
\ 4

5 mm 5 mm

Figure I1.1: Configuration of laser welding and coordinates system.

3. Hypotheses

In this work, we considered the following hypotheses:

Three dimensions problem.

- A non-moving laser with a size distribution of the source term.

- Presence of losses (by convection, radiation, evaporation).

- Physical properties (heat capacity or specific heat, thermal conductivity) are variable with

the change of temperature.

4. Mathematical Model

To find the distribution of heat in the volume of the material it is necessary to take
account the nature of the phase.
The principal equation, that is necessary to calculate distribution of temperature for solid

phase (s) and the liquid phase (1), is the heat equation [2]:

dp (T)Cp(MT(x,y,2,t)
ot

= div (A(t) grad T (x,y,z,t) + Q(x,y,2) + % (IL1)

With :

Qiosses = Qraa T Qconv T Qevap
Qevap = (PVyLeymR?)/AV

Qraqa = o€ (T* = Ty")

Qconv = h (T —Ty)
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Where:
Qraqa : Energy lost by radiation (J)

Qconv : Energy lost by convection (J)
Qevap : Energy lost by evaporation (J)

For the solid-liquid phase change, we use the heat flux equation [3]:

do = Q(x,y,z) dV dt (IL2)

5. Numerical model

For numerical model, the Finite Difference method (FDM) was used. This method
depends on the approximation of partial derivation of Taylor’s expansions of function
T(x,y,z,t).

5.1. Taylor development:

Taylor’s expansions of function T(x,y,z,t) according to x,y,z are:

fx+hx,y+hy,z+ hz)

2 n
= fay Dy 4o Oy bk Oy (L)

fx—hx,y—hy,z—hz)

h2 h"
= f(x'y'z) - hf’(x'J’»Z) _Zf(Z)(x!y'Z) - _Hf(n)(x!yiz) (II'4)

Partial derivative approximation of time:

T _ Tjiy =T ijio (11.5)
ot dt

Partial derivative approximation of tow ranks:

0°T _ T"injne = 2T"ije + T isnjk (IL7)
0x? dx?
O*T _ T"ijmak = 2T jpe + T jrrk (IL8)
6y2 dyz
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0°T T jr—1—2T" jr + T  j k1 (I11.9)
0z2 dz?

Where dt is the time step for an index n, dx, dy and dz are the following

discretizationsteps the coordinates x, y and z with the indices i, j and k respectively.

The finite difference method was applied to points of grid by applying partial derivatives

in the heat and heat flow equations, until we reach the following equations:

» For the solid and liquid phases:

T"(i,j, k) = T"'(i,j, k)

Cp™(T)p™(T) [

dt
((TPG=LjR—2T"Gj ) + T G+ 1))
| dx® | (11.10)
(i, j — 1,k) — 2T"(i, j, k) + T"(i,j + 1,k .
= 1™(T) { + ] ) d(;zj AAMOREILD) } +Q(0.j, k) + Qosses
| TG, j k—1)— 2T, j, k) + TG, j. k + 1) |
L+ dz? J

We get the following equation:
—a3T™ o1+ (142 (g + ag 4+ a3))T i — asT" g1 = Bs(k)

(IL11)
Where the parametersa , o, o3, o, Bs(K) are:
Tt
= CprMp (T dx?
Y
“2 = oo (e (N dy?
_Mde
“ = o (Mp (N dz?
dt
Ay = e
T epr(Tp™(T)
Bg(k) = T" (i, j, k)
ATt (T 1,5k + T+ 1) k)
Cp™(T)p™(T) dx?
T"(i,j—1,k)+T"(,j + 1, k)} dt .
+ dyz Cpn (T)pn(T) (Q (l,], k) + Qlosses)
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> For phase change:
To account for the transition between the solid phase and liquid phase, we computed the

amount of energy (the flow), d@ accumulated in an elementary volume, and we compared
with the enthalpy of fusion. We assumed that the welding temperature varied linearly
during the phase transition.

The temperature flow of energy in volume element of the cube mentioned in figure I1.2

I+l
7
S I T PR I lll'k ...... i+1/2 >
;o -1/2
k
* k-1

Figure I1.2: Geometric model for phase change.
do =Q(i,j,k)dxdydzd (11.12)

The flux must be compared with H,,;,,(latent heat of fusion):

If d(p < Hmi‘n:
n ne1_ d@ (I1.13)
Tijee —Tije = AT
Hmin
Else:
pep (Tijx" —Trz) AV = de — Hpin (I1.14)
Where:

AT = sz - Tfl
AT : Temperature range of melting

T ; : fusion temperature.

The equations (II.11), (I1.14) and (II.15) are applicable for general case: j=2, jmax-1,
1=2, imax-1 and fork=2, Kmax-1.

These equation present linear equation wich A(Kpmax,Kmax)1s @ matrix , B(kmax) and
X(kmax) are columns.

Al k — DTy + Ak, k)T + Alk, k + 1) Typq = B(k) (I1.15)
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5.2. Initial condition and boundary conditions:

A 2D geometric model meshing is presented in Figure I1.3.
e The initial condition is:
T (t=0.00s) =300 K
e The boundary conditions are:
» For the farthest edge of the plate from the laser heat source (i=imax, j=jmax, k=kmax),

we propose a slow variation of temperatures:

oT (x,y,z,t
e y,zt) =0 - T(imax,j, k) —T(imax—1,j,k) =0
ax x=xmax
dT (x,y,z,t
oT(xy,2) =0 - T(,jmax k) —T(i, jmax —1,k) = 0
dy y=ymax
T (x,y,z,t
(—y ) =0 -T(,j,kmax)—T(,j,kmax—1) =0
0z z=zmax

» For j=1 the symmetry is applied in equations (I1.10) , (IL.13), (I1.14):
With: T@0,j,k)=T(Q,j,k) T(i,0,k) =T(,2,k)
» For i=1 the symmetry is applied in equation (IL.10) , (IL.13), (IL.14):

With: 7(0,j,k) =T(2,j,k)  T(,0k) =T(,2 k)

Axis of symmetry j=1 Slow varjation of temperatures

Axis of symmetry i=1 —»

- 3

Figure I1.3 :2D geometric model meshing
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» For the top surface k=1 we used the midpoint k=3/2 as shown in Figure 11.4.

1
T(i,j,3/2) = > [T, j,1) +T(3,j,2)] K=3/2

K=2

-1 j j*1

Figure I1.4 : Model meshing of midpoint

For losses terms we consider that losses are related to the top surface:
Quosses(i,J,3/2) = Quosses(i,, 1)

5.3. Gauss—Seidel method:

We applied the Gauss—Seidel Method (GSM) which is an iterative technique for solving

this square system of k,x coupled linear equations: A.T=B.

The matrix A is tridiagonal; T and B are vectors.

al 1 a12 0 see ass O Tl

a21 a22 a23 O TZ

0 -
P Qpk—1 Ork gkt Ty

\___/
S o
N

0 Akmax,kmax—1  Akmax,kmax Tiemax bkmax

We have:

_—ay;yTh—ap T, + by

1=

aj,

T, = —Qp -1 Tk—1— A k+1T+1 Dk
=

Ak

—Akmax,kmax Tkmax +bkmax

Tkmax -

akmax,kmax

The convergence properties of the Gauss—Seidel method are dependent on the matrix

A(Kmax.Kmax) and vector B(Kmax).
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6. Laser Heat source:

The laser heat source presents the contribution of energy in keyhole .A Gaussian laser
energy distribution is commonly used to model the laser heat source; in this case the power
absorbed and distributed in volume, the density of power is also distributed in volume. Figure
IL.5 shows the laser heat source power density distribution.

In this study we used the heat source in the following form [4]:
3P < 3(x(i))2> < 3(}/(1'))2) ( 3(Z(k))2> (I1.16)

T2 )P\ Tz e\ T 2
a

Q(x,y,2) = ———exp 52 c

Where:

a,b :Focal rays (m)
¢ :Maximum penetration (m)

P : Power of laser (W)

Figure IL.5: Laser heat source power density distribution [5].

7. Material Properties:

Mg-AL system is one of the most widely used alloys due to his good mechanical and
thermophysical properties. The plate used is AZ91 magnesium alloy (9% Al, 0.8% Zn, 0.2%
Mn, 90% Mg). In this work, AZ91 melted in the range 730-750 K, the average temperature of
Tr = 740 K was used as melting point. Magnesium exhibits some excellent characteristics for
fusion welding. Since an important temperature gradient was produced during laser welding,
the physical characteristics of the material must be temperature dependent. S. Bannour et al.
[4] investigated the effect of welding temperature on the physical properties of solid and
liquid AZ91.
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The heat transfer coefficient, h =5 Wm™ K™ [5], was temperature independent. The

used absorption coefficient is € = 0.3.

Table II.1 and IL.2 present Average values of physical properties of AZ91; we

exploited these values and others in this work.

Table II.1: Thermophysical properties of solid, liquid, solid/liquid phases [4].

Average values Solid Solid/Liquid Liquid
c, Jkg' k™) 1340 1180 1020
p(kg /m%) 1590 1700 1810
A(wn/k) 156 151 146

Table I1.2: Physical properties used in the calculations [4].

Properties Symbol Value
absorption coefficient € 0.3

Boiling temperature T, 1380 (K)
Fusion temperature T¢ 740(K)
Vaporization temperature T, 870(K)

Heat transfer coefficient h 5(Wm™ K™

7.1. Tabulation of specific heat, density and thermal conductivity for AZ91:

We considered a linear change for each of p, A and C,, in function of temperature:

Table I1.3: Variation of thermal conductivity with temperature [4, 6].

T(K) 300 350 400 500 600 800
A(wm/k) 156 155 153 151 149 146

For solid phase:A(T) = 162.9569 — 0.02362 T
For solid/liquid phase:A(T) = 151
For liquid phase: A(T) = 146

Table I1.4: Variation of density with temperature [4,6].

T(k) 273 373 473 573 923 1000 | 1100
p(ke /m®) | 1820 | 1800 | 1780 | 1760 | 1590 | 1570 | 1540
T(k) 1300 | 1400 | 1600 | 1800 | 1900 | 2000
p(kg/m?) | 1490 | 1460 | 1410 | 1360 | 1330 | 1310

For solid phase:p(T) = 531.562 — 0.2 T
For solid/liquid phase:p(T) = 1700
For liquid phase:p(T) = 1831.6038 — 0.263 T
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Table I1.5: Variation of thermal conductivity with temperature [4,6].

T(k) 298.15 ]300 400 500 600 700 800

C, J kg' k) | 605.19 | 605.68 |631.44 | 65599 |680.54 |704.84 |729.39
Tk) 900 923 1000 1100 1300 1600 2000
C, (J kg' k) | 754.18 |833.66 |802.06 |766.57 |707.24 |686.13 | 685.401

For solid phase: cp(T) = 870.27 + 0.48T
For solid/liquid phase: ¢p(T) = 1700
For liquid phase: ¢p(T) = —2322.95+4.15T
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8. Diagram of the numerical calculation

A numerical program has been developed in FORTRAN language to calculate the

temperature of AM60 alloy. The Figure I1.6 presents the diagram.
v

Constants and parameters

v

Tabulation of 4, p and ¢,

/ Initalisation (n=1) /

v

/ n=2, nmax /é
>y

Identification of the phase:
Solid phase T,(i,j,k) < Ty
Phase transition Solid/Liquid T,(i,j,k) > Tg and Tn(i,j.k) < Tp

Liquid phase T(i,j,k) > Tp

Y VV

]
v

Calculation of parameters A(k), p(k) and C, (k)
according to linear variation

v

Calculation of the elements of the matrices A, B according
i= 1, imax to the phase:

j=1, jmax 1. For k=1 with losses terms

2. For k=2, Kpax-1
3. For k=K nax

n=n+1

\ 4

. Calculation of T,(i,j,k) with GSM for k=1 k.«

nvergen

¢ Yes

No

Tmm (i,i,k,n): Tn

'

Exploitation and printing of results

v

Figure I1.6: Diagram to calculate the temperature
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Where:

Tmat: Temperature of material in previous time.

Tiemp: Save of old temperature corresponding to time (n-1).
Ta: Temperature at a given point at time n.

[Tf1,Te] : temperature range of melting
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9. Conclusion

As described above, a numerical study was developed in order to investigate the impact of
laser heat source on metal alloy (AZ91). To achieve this study, a Gaussian volumetric heat
source was proposed to model the incident laser beam power. A FORTRAN-based computer

program was used for calculation.
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Chapter I11: Results and Discussion

1. Introduction

Depending on numerical simulation presented in chapter II, in this chapter we resume
the results and discuss them. Firstly, the heat laser source will be represented. Then we
have temperatures evolution of some positions according time and axis. We will
compared between different laser beam power results and between the results of
temperature depended proprieties and constant properties. Finally, we will discuss the
effect of losses by convection and radiation on temperature evolution and estimate the

losses by evaporation.

2. Profiles of laser source

A volumetric laser source as mentioned in equation (II.17) was used where focal rays

a = b = 1 mm and Maximum penetration ¢ = 1 mm.

2.1. Heat laser density according z:
Figure II1.1 shows the distribution of Q according z. It’s noticed that Q increase when

z decrease and Q neglected in the farthest edge of the plate

—=&— (x=0.0 mm, y=0.0 mm)

—— (x=0.0 mm, y=0.1 mm)
(x=0.0 mm, y=0.35 mm)
P =1000 W

0,0 0,5 1,0 1,5 2,0
z (mm)

Figure II1.1: Heat laser density according z.
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2.1. Heat laser density according y:

Figure II1.2 shows the distribution of Q according y; even here it’s noticed that Q increase

when x decrease.

—&— (x=0.0 mm, z=0.0 mm)
10 4 —&— (x=0.0 mm, z=0.18 mm)

(x=0.0 mm, z=0.28 mm)
P =1000 W

Figure I11.2: Heat laser density according y.

2.2. Heat laser density according x

—&— (y=0.0 mm, z=0.0 mm)
10 4 —o— (y=0.0 mm, z=0.18 mm)

(y=0.0 mm, z=0.28 mm)
P =1000 W

Figure I11.3: Heat laser density according x
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As expected, Figure II1.2 and Figure II1.3 show the symmetry of heat laser density with

respect to axes x and y.

3. Profiles of temperature according time

Profiles of temperature according time are illustrates in Figure I11.4.

—&— (x=0.0 mm, y=0.0 mm, z=0.08 mm)
—o— (x=0.225 mm,y=0.225 mm,z=0.18 mm)
P =1000 W

900

800

700 + °
[ ]
.

9 600 400
= 00°®
= 00’ ®

500 R g o ...oo""

o® o°
400 4 00®° g0’
90° 00
] 0%90°®
90
o8t
300 of

0,0000 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007
t(s)

Figure I11.4: Profiles of temperature as function of time, case of temperature depended
properties

Results show a slow variation of temperature in solid phase compared to liquid phase
and transition solid/liquid.

4. Profiles of temperature according position

Figure IIL.5, Figure II1.6 and Figure II1.7 show the distribution of Temperature

according position.

4.1. Temperatures according z

Figure IIL5 gives temperature evolution as a function of the position z.
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900
[ ]
[}
800 ° P= 1000 W
1 \ t= 0.55ms
700 ¢
] e
< 600 .
- .
500 0..
()
()
..
400 %o,
] .........‘.
300
T T T T T
0,0 0,5 1,0 1,5 2,0
z (mm)

Figure I1L5: Distribution of temperatures according z

4.2. Temperatures according x and y

Figure I11.6 and Figure I11.6 present the variation of temperature as a function of the

position x and y respectively.

1000 —
900 —
800 —
700 —

600

T (K)

500
400

300

200

P= 1000 W
t= 0.55ms
T T T
3 4 5
X (mm)

Figure II1.6: Distribution of temperatures according x
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It’s noticed that the distribution of temperature increase when x, y and z decrease. In

Chapter III: Results and Discussion
1000 -
] [ ]
900 P = 1000 W
] . t= 0.556ms
800 |
700 .
i |
£ 600- o
= [ ]
500 °
4 [ ]
400 - ’..
7 [J
300 %e0e,
200 T T T T T T
0,000 0,001 0,002 0,003 0,004 0,005
y (mm)
Figure I1L.7: Distribution of temperatures according y

the farthest edge of the plate the temperature leads to initial temperature 300 K.
5. Temperatures according laser beam power

illustrates in Figure I1L.8.

Distribution of temperature according x at the weld center for P=1000 W and P=1200 W is

400 —A—P=1200 W
- —e—P=1000 W
A (x=0.00 mm, y=0.00 mm, z=0.00 mm)
380 - N
N
[ ]
360 - o
s
[ ]
g )
< 340 é
= P
@
[y
320 a
a
a
300 + _
T T T T T T T T T T
0 1 2 3 4

Figure II1.8: Distribution of temperature according x at the weld center for P=1000 W

and P=1200 W
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Figure II1.9 and Figure II1.10 give temperature evolution during laser welding at

different positions (x = 0.0 mm, y = 0.0 mm, z=0.0 mm), (x = 0.225 mm, y = 0.225 mm,
7z=0.18), and on the weld bead for P =800 W, P =1000 W and P = 1200 W

T (K)

400 -

390

—a—P=800W
—e—P=1000W
P=1200 W

(x=0.00 mm, y=0.00 mm, z=0.00 mm)

380 i
370 i
360 i
350 i
340 i
330 i
320 i
310 i

300 —

290 T T T T

Figure II1.9: Distribution of temperature as a function of time at the weld center for
P=800W P=1000 W and P=1200 W

—a—P=800W
—o—P=1000 W
P=1200 W

345

340

(x=0.225 mm,y=0.225 mm,z=0.18 mm)

335

330

325

< 320 4 ° .
E« [ ) ® [} -
- °* n"®
315 4 o _u"
° [ ] n u
e nt¥
310 ]
[} [ ]
305 - 1k -
304 @
295 T T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
t (ms)

Figure II1.10: Distribution of temperature as a function of time at (x = 0.225 mm,
y=0.225 mm, z=0.18) for P=800W P=1000 W and P=1200 W.
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Temperatures evolutions are proportional with laser beam power. This result is in
accordance with those of [1-3].

6. Effect of thermal properties of the material

In this section, only the effect of thermal properties of the material (thermal
conductivity, absorption coefficient, thermal capacity and density) is examined. In order
to see the effect of these parameters, Figure III.11 shows the effect of constant and

variable density, thermal conductivity, and thermal capacity
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Figure III.11: Temperature profile with 1000 W laser power: comparison between
constant and temperature depended properties.

It is seen that the results are close to each other with a small differences. The
difference is observed when the temperatures increased. Therefore, it may be concluded
that a constant material density value at room temperature can be used in numerical

simulations to obtain temperature results for low temperatures.

7. Effect of convection and radiation losses on temperatures
It is necessary to take into account energy losses in the welding area to improve laser

welding efficiency. These last need a calculation in the volume of materials, in and near
the weld bead, with an appropriate formulation of the laser power. Figure I11.12 shows

the amount of energy lost by convection and radiation according time.
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Figure I11.12: The amount of energy lost by convection and radiation according time.

Under the welding conditions used in this study, variations in temperature AT /T did

not exceed 0.01% for ty,x = 0.001 s. Table II1.1 shows the temperatures changes with and

without losses, as well as the ratio of the difference between them.

Table IIL.1: the amount of energy lost by convection and radiation according time.

t(10"ms) | T(e=0h=0) | T'(c#0,h=0) = (107 %)
43 574,9802 574,9604 3,44
4.4 579,8478 579,8270 3,59
45 584,6699 584,6479 3,76
4,6 589,471 589,4240 3,92
4.7 594,1726 594,1484 4,07
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Figure I11.13: The amount of energy lost by radiation and convection according time at the
weld center

Figure I11.13 shows the energy lost by radiation and convection in the weld center as

function of time for P = 1000 W. It can be seen that during welding, the energy lost by

radiation or convection varies according to time. The energy lost by radiation is less than to

the energy lost by convection in [0 ms — 1.25 ms]. Then we see that the energy lost by

convection is less than to the energy lost by radiation in [1.25 ms — 2 ms]. So there is a

competition between the two phenomena radiation and convection.

8. Estimation of energy losses by evaporation

The surface illuminated by the laser beam becomes heated and then evaporates (The

latent heat of evaporation is ten times more than the heat of melting). The majority of

energy is transferred through conduction via solid material. Vaporization plays the

secondary role in this case when the power density is less than 10'® W/m? [4].
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Figure I11.14 : The amount of energy lost by evaporation according x at different position
(y=0.00 mm,z = 0.00 mm),(y = 0.25 mm,z=0.00 mm),( y = 0.50 mm,z=0.00 mm)
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Figure II1.15 : The amount of energy lost by evaporation according y at different position
(x=0.00 mm, z=0.00 mm),( x =0.25 mm, z=0.00 mm),( x =0.50 mm, z=0.00 mm)
at t=0.33 ms
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It is clear that the energy lost near and on the weld center is greater than the energy
lost in the rest of the plat.

9. Competition between different losses :

For the weld center, we obtained the following results:
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Figure II1.16: Energy lost by convection, radiation and evaporation in the weld center as a
function of time.
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Figure II1.17: Total energy lost by radiation, convection and evaporation as a function of
time.
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In Figure II1.17 we observed the following notes:

— for [0 ms — 1.5 ms] : total energy lost by evaporation is much less than total energy
lost by radiation and convection.

— for [1.5 ms — 2 ms] : in this range of time, total energy lost by evaporation is greater
than total energy lost by radiation and convection.

— The maximum value of energy lost by evaporation is about 5 10° J which is greater
than the maximum value of energy lost by radiation and convection.

— The huge increase in the energy lost by evaporation may be explained by the
occurrence of the phenomenon of keyhole formation or it may be due to errors in
calculations.

10.The ratio of energy losses to laser beam energy :

The following figure shows the ratio between total energy lost by radiation, convection,

evaporation and the energy of laser beam according time in the plate.
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Figure II1.18: The ratio between energy lost by radiation, convection, evaporation and the
energy of laser beam according time in the plate.
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Conclusion

As described above, a numerical study was developed in order to investigate the impact of
heat source on metal alloy (AZ91). To achieve this study, a Gaussian volumetric heat source
was proposed to model the incident laser beam power. A FORTRAN-based computer

program was used for simulation.

We studied the variation of temperature and energy losses according position, power density
and time. We found that:

— The temperature increases when position X, y and z decrease and for the farthest edge
of the plate it leads to initial value 300 K.

— The temperatures evolutions are proportional with laser beam power.

— Concerning the examination of the effect of thermal properties of the material on
welding, we can say that a constant material properties value at room temperature can
be used in numerical simulations to obtain temperature results for low temperatures.

— The energy lost near and on the weld center is greater than the energy lost in the rest
of the plat.

— The huge increase in the energy lost by evaporation may be explained by the
occurrence of the phenomenon of keyhole formation or it may be due to errors in

calculations.
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General conclusion and perspectives

Magnesium alloy are used widely in several fields. The AZ91 is one of the most used
materials for laser welding due to its good mechanical and termophysical properties.

In this work we were interested in the study of a laser welding of tow symmetrical
parts of the same alloy. A volumetric Gaussian heat power is applied on metal alloy.

In the first chapter, we presented basic notions of laser welding process. We
mentioned basic equations.

In the second chapter we proposed a numerical modeling for laser welding of two
identical parts. In order to calculate the temporal distribution of temperature, we suggested the
resolution of the heat equation for solid and liquid phases and flow equation for phase
transition solid/liquid, we considered the physical properties of material variable with
temperature (heat capacity, specific heat and thermal conductivity). We took the system in
three dimensions and none moving laser, the workpiece is also none moving. For the
numerical modeling we applied Finite Differences Method (FDM) and iterative algorithm of
Gauss-Seidel. We solved this problem in the presence of losses (by convection, radiation,
evaporation)

In third chapter we present some results of simulation concerning the profile of heat
source density according position and time and variations of temperatures in function of
position and time. The effect of energy power and losses by convection and radiation on
temperatures and temperature depended properties are presented. The results obtained showed
that for high temperatures the effects of temperature depended properties and energy lost by
radiation, convection and evaporation are considerable. For Laser welding of AZ91 during 2
ms with a power of 1000 W, we obtained a loss of energy by evaporation of 5.10° J while

losses by radiation and evaporation are estimated to 4.10™J.

For perspectives, we suggest the following:
»  Welding with mobile laser or mobile workpiece;
»  Welding of non identical parts;
»  The effect of other temperature dependent parameters (absorption coefficient,

heat transfer coefficient.
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Laser welding of metal alloy parts and calculation of losses by radiation, convection
and evaporation

Abstract:

There are many industrial products made of assemblies of parts of magnesium alloy AZ91.
There are also many scientific studies that have worked on this subject. In this work, we propose a 3D
numerical model for the welding of two identical parts of AZ91 alloy, we used the heat equation to
describe the energy distribution of solid and liquid phases and the flux equation for phase change. To
solve these equations; the Finite Difference Method and the Gauss—Seidel method were used with a
numerical program in FORTRAN language. The results obtained showed that for high temperatures the
effects of temperature depended properties and energy lost by radiation, Convection and evaporation are
considerable. Laser welding of AZ91 during 2 ms with a power of 1000 W gives a loss of energy by
evaporation of 5.10°J while losses by radiation and evaporation are estimated about 4.107 J.
Keywords:
Laser welding, Heat equation, Numerical modeling, Convection, radiation, evaporation, magnesium
alloy AZ91, Finite Difference Method, Gauss—Seidel Method.

Soudage laser des piéces métalliques et calcul des pertes par convection, rayonnement et
vaporisation
Résumé:

Il existe de nombreux produits industriels qui sont constitués par des assemblages
de picces des alliages de magnésium AZ91 par soudage laser. Il existe également des études
scientifiques qui ont travaillé sur ce sujet. Dans ce travail, nous avons proposés un modéle numérique
3D pour le soudage de deux piéces identiques d’alliage de AZ91, nous avons utilis¢ 1’équation de
chaleur pour décrire la distribution de 1’énergie des phases solide et liquide et 1’équation de flux pour le
changement de phase. Pour résoudre ces équations. Les méthodes de différence finie et de Gauss—Seidel
ont été utilisées a 1’aide d’un programme numérique sous le langage FORTRAN. Les résultats obtenus
ont montré que pour les températures ¢levées les effets de la dépendance des propriétés physique et des
pertes sont considérables. Le soudage laser de AZ91 pendant 2 ms avec une puissance de 1000 W donne
une perte d’énergie par évaporisation de 5.10°J alors que les pertes par rayonnement et convection sont
estimées & environ 4.107J.

Mots clefs :

Soudage laser, Equation de chaleur, Modélisation numérique, Convection, Radiation,evaporisation,
alliages de magnésium AZ91, Méthode des Differences Finies, Méthode de Gauss—Seidel.
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