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Abstract

During the laser material interaction process, the laser beam mode has significant influence on the formation and

development of the melt pool, which directly affects the product quality. In the present study, a mathematical model

and related numerical methods have been developed to simulate the process of laser material interaction for different

laser beam modes. Three types of symmetric laser beam modes, TEM00, cylindrical TEM
�
01 and TEM10 modes, and one

nonsymmetrical rectangular TEM01 mode are considered. Since spatial distribution of the laser beam intensity varies

with beam mode, the formation procedure and the shape of the melt pool in these four cases exhibit quite different

features. Flow pattern, which is driven mainly by the thermo-capillary force and recoil pressure, together with tem-

perature distribution are investigated and compared. Physical phenomena such as melting, solidification, vaporization

and evolution of the free surface are incorporated in the present model.

� 2004 Published by Elsevier Ltd.
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1. Introduction

Laser technology has been used in various manu-

facturing processes to replace conventional manufac-

turing technologies such as welding, cutting, drilling,

cladding, etc. In laser material interaction, laser beam

mode plays a critical role in the transport phenomena

since the spatial distribution of the laser beam energy

varies with the beam mode. In a low laser intensity

process, the laser beam mode is primarily responsible for

the melt pool shape, flow pattern and temperature dis-

tribution, and these factors have a close relationship to

the properties of the resulting material structure, such as

porosity, microstructure, hardness and surface rough-

ness.
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Since the mode selection is an important consider-

ation in the laser manufacturing application, it requires

a thorough understanding of the effect of the laser beam

mode on the melt pool as well as the nature of the

physical phenomena involved. In the past decade,

extensive research has been conducted to investigate the

laser material interaction process, but most of the work

focused on the Gaussian profile laser beam (TEM00

mode). There are some models [1–5] which studied the

effect of the Gaussian beam mode in the conduction or

simplified convection situations due to the complexity of

the physical process. Recently, comprehensive models

on interaction between the Gaussian laser beam and

material in welding applications have been established

[6,7]. Those models incorporated the primary pheno-

mena happening in the process, such as melting, solidifi-

cation and vaporization. Because welding and associated

applications need high power density, the Gaussian beam

mode is the optimum choice, but in the laser surface

treatment, other beam modes such as TEM�
01 mode may
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Nomenclature

A ambient pressure dependent coefficient

a laser beam characteristic radius

B0 evaporation constant

c specific heat

d distance in level set function

f mass fraction

F speed function in level set evolution equa-

tion

g volume fraction

gz gravitational acceleration

h enthalpy

hc convective coefficient

He Heaviside function

I laser intensity

L latent heat fusion

k thermal conductivity

kp equilibrium partition ratio

K permeability coefficient

n normal vector

p pressure

P laser power

qconv convection heat loss

qevap evaporation heat loss

qlaser laser heat flux

qradi radiation heat loss

S/ source term in momentum equation

t simulation time

T temperature

Tl liquidus temperature

Tm melting temperature

Ts solidus temperature

U energy of evaporation

u; v;w velocity components in x-, y- and z-direction
V velocity vector

Vdv free surface moving speed induced by

evaporation

x; y; z Cartesian coordinate system

Greek symbols

g laser energy absorptivity coefficient

c surface tension coefficient

e surface radiation emissivity or transition

thickness

j free surface curvature

ll dynamic viscosity

r Stefan–Boltzmann constant

q density

/ level set function

d delta function

k volume compensation constant

X computational cell domain

Subscripts

0 initial value or constant

l liquid phase

s solid phase

surf surface cell

v vapor

Superscripts

m dimensional index

n time step number in simulation

Shielding gas

Laser beam

Substrate 

Melt pool

x
y

z

Nozzle 

Fig. 1. Schematic diagram of the laser material interaction

process.
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offer better advantages [8]. Although the circular laser

spot is suitable for most laser applications, there are

cases in which a rectangular laser beam mode is pre-

ferred [9]. For example, the rectangular TEM01 mode

has properties similar to dual beam which is used to

improve productivity.

A typical schematic view of the laser material process

is illustrated in Fig. 1. The laser beam co-axial with a

shielding gas nozzle is stationary, and the substrate is

positioned below the focal point. In the present study,

the Eulerian–Cartesian coordinate system is used and

the origin is located on the bottom surface of the sub-

strate and corresponds to the beam center. When the

laser beam irradiates the substrate, the surface of

the substrate will melt and form the melt pool beneath

the laser beam. Fig. 2 gives a high-speed charge coupled

device (CCD) camera picture of the melt pool and the

adjacent material during the processing [34]. The melt

pool was created by a stationary Gaussian beam mode

laser with a spot size of 1.0 mm and 1000 W power on

the steel substrate.



Fig. 2. CCD camera picture of the melt pool and adjacent re-

gion during the process.
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In this paper, a mathematical model based on the

level set algorithm and continuum model is presented. It

deals with most phenomena which happen during the

laser material interaction, such as melting, solidification,

vaporization and free surface evolution phenomena. The

continuum model is used to solve Navier–Stokes equa-

tions for both solid and liquid regions. Since the level set

algorithm can handle the evolution of the free surface, it

is incorporated to obtain the solution of the free surface.

As the main driving forces, surface tension and thermo-

capillary force are combined into the model as body

forces. The influence of recoil pressure on the defor-

mation of the melt pool has been taken into account in

the model.
2. Mathematical model

2.1. Governing equations

A continuum model governing the conservations of

mass, momentum and energy has been developed and it

may be expressed as seen below:

Mass conservation equation:

o

ot
ðqÞ þ r � ðqVÞ ¼ 0 ð1Þ

where the terms for mixture density and mass averaged

velocity are defined as follows [13]:

q ¼ gsqs þ glql ð2Þ

V ¼ fsVs þ flVl ð3Þ

In the above Eqs. (2) and (3), fs and fl refer to mass

fractions of solid and liquid, and gs and gl are volume

fraction of solid and liquid. The relationship of mass
fractions and volume fractions satisfies the following

equations:

fs ¼
gsqs

q
and fl ¼

glql

q
ð4Þ

fl þ fs ¼ 1 and gs þ gl ¼ 1 ð5Þ

Momentum conservation equations:

o

ot
ðquÞ þ r � ðqVuÞ

¼ r � ll

q
ql

ru
� �

� op
ox

� ll

K
q
ql

ðu� usÞ þ S/x ð6Þ

o

ot
ðqvÞ þ r � ðqVvÞ

¼ r � ll

q
ql

rv
� �

� op
oy

� ll

K
q
ql

ðv� vsÞ þ S/y ð7Þ

o

ot
ðqwÞ þ r � ðqVwÞ

¼ r � ll

q
ql

rw
� �

� op
oz

� ll

K
q
ql

ðw� wsÞ þ qgz þ S/z

ð8Þ

In Eqs. (6)–(8), S/x; S/y and S/z are the source terms

contributed by surface tension, thermo-capillary force

and vapor pressure. Multiplied by the delta function

dð/Þ, those interfacial forces can be treated as body

forces and applied to the free surface cells. The delta

function dð/Þ is the derivative of the mollified Heaviside

function which will be discussed in the following section.

K is the permeability of the two-phase mushy zone

which is modeled as a porous media. Following the

approach suggested by Bennon and Incropera [10,11],

the present study employs the Kozeny–Carman equation

to calculate permeability:

K ¼ K0g3l
ð1� glÞ2

ð9Þ

where K0 is the permeability coefficient.

Energy conservation equation:

oðqhÞ
ot

þr � ðqVhÞ ¼ r � k
cs
rh

� �
�r � k

cs
rðhs

�
� hÞ

�

�r � ðqðhl � hÞðV� VsÞÞ ð10Þ

In Eq. (10) the density, specific heat, thermal conduc-

tivity, and the enthalpy are defined as follows [13]:

c ¼ fscs þ flcl ð11Þ

k ¼ gsks þ glkl ð12Þ

h ¼ fshs þ flhl ð13Þ



4388 L. Han, F.W. Liou / International Journal of Heat and Mass Transfer 47 (2004) 4385–4402
For implementation purposes, phase specific heats are

assumed to be constants, hence the phase enthalpy for

the solid and the liquid can be expressed as

hs ¼
Z T

0

cs dT ¼ csT ð14Þ

hl ¼
Z Ts

0

cs dT þ Lm þ
Z T

Ts

cl dT

¼ clT þ ðcs � clÞTs þ Lm ð15Þ

During the melting and solidification process, the mass

fraction of the phase depends on factors such as mixture

concentration and the evolution of microstructures. In

the present research, based on the level-rule assumption

[12] which assumes complete solute diffusion in both the

liquid and the solid, phasic concentrations are obtained

assuming local thermodynamic equilibrium. For a

computational cell whose temperature is between solidus

and liquidus temperatures, the thermodynamic rela-

tionships are used as the following equation:

fl ¼ 1� 1

1� kp

T � Tl
T � Tm

ð16Þ

where kp is equilibrium partition ratio.
2.2. Tracking of free surface

Several numerical techniques have been developed to

solve the evolution of free surface, among which the

volume-of-fluid [14,32,33] (VOF) method and the front

interface track method [15–17] are two popular ones.

Although the front interface track method works well in

tracking the evolution of the free surface for the two

dimensional cases, it becomes very complicated in the

three dimensional situations. The VOF method com-

bined with a continuous surface force [18,19] (CSF)

algorithm can solve the evolution of the free surface with

surface tension. However, the VOF method is prone to

smearing the surface, and an abnormal velocity field

near the surface has been reported [20], especially in

cases with strong surface shear stress such as laser

material interaction. Moreover, in current case, the flow

in the melt pool is mainly driven by surface tension,

thermo-capillary force and recoil pressure which re-

quires an accurate approach to solve the normal direc-

tion and curvature of an irregularly shaped interface.

The CSF algorithm computes curvature of the surface

by first mollifying the volume fraction using a special

method such as B-shape interpolation. The challenge of

the CSF method is that if the surface is not smoothed

enough, the surface tension may cause the divergence of

the velocity field, and if the surface is smoothed too

much, the numerical algorithm will not accurately reflect

the change in the curvature along the surface.
Recently, the level set method [22–24,30] was devel-

oped to track the evolution of the free surface. It does

not have the problems mentioned above, since it trans-

forms the interface tracking problem into solving a

partial differential equation. The level set method defines

a distance function /ðx; tÞ in the domain as follows:

/ðx; tÞ ¼ �d ð17Þ

The interface of the free surface corresponds to zero

level set /0, and the signed distance �d represents the

actual distance from the zero level set. In this study, level

set function / takes / < 0 in the gas region, and / > 0

in the solid or liquid region. Hence the function /ðx; tÞ
has the following properties:

/ðx; tÞ
> 0 if x 2 liquid or solid region

¼ 0 if x 2 C interface

< 0 if x 2 gas region

8><
>: ð18Þ

Level set function evolutes according to the Eq. (19):

o/
ot

þ F jr/j ¼ 0 ð19Þ

and

F ¼ ox

ot
� n ð20Þ

where F is a speed function evaluated at each point in

the domain, and it is a globally defined variable. The

speed of F includes propagation expansion speed, cur-

vature dependent speed and normal advection speed.

In this study, narrow band and fast method [22] has

been introduced to avoid large computational cost in the

interface rebuilding. It can reduce the computational

cost from OðNmÞ to OðkNm�1Þ, here m denotes dimen-

sions, which equals to 3 in this study, and k is the

number of the cells in the narrow band.

In order to overcome the numerical difficulties

resulting from the properties jump at the interface such

as density and viscosity, the assumption is made that the

interface has a fixed transition thickness and the physical

properties are changing smoothly in the transition area.

The mollified Heaviside function has been employed to

smooth the properties change. Here the transition

thickness is assumed to be 2e, which corresponds to the

width of the narrow band. Mollified Heaviside function

has the following formula:

Heð/Þ ¼
0 If / < �e

0:5 1þ /
e
þ 1

p
sin

p/
e

� �� �
If j/j6 e

1 If / > e

8><
>:

ð21Þ

Therefore, the physical properties of the liquid in the

transition region can be mollified as
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qe ¼ q1Heð/Þ þ ð1� Heð/ÞÞq2 ð22Þ

le ¼ l1Heð/Þ þ ð1� Heð/ÞÞl2 ð23Þ

here, q1 and l1 denote properties of liquidus metal, and

q2 and l2 denote gas properties.

2.3. Boundary conditions

2.3.1. Top free surface

2.3.1.1. Momentum balance on free surface. A free sur-

face cell with one or more gas neighbors is subject to

normal and tangential boundary conditions [25] as seen

below:

Shear stress balance:

l
ous
on

�
þ ovn

os

�
¼ oc

oT
� oT
os

ð24Þ

Normal stress balance:

p ¼ pr þ pv ð25Þ

where us and vn in Eq. (24) are the tangential and normal

velocity components at the free surface. pr and pv
appeared in Eq. (25) are the surface tension and the

evaporation recoil pressure.

The calculation of surface tension pr is given by

pr ¼ c � j ð26Þ

here c and j represent surface tension coefficient and

curvature respectively. In the present study, the surface

tension with temperature oc=oT is assumed to be a

constant. The unit normal on the interface, drawn from

the gas into the liquid or solid, and the curvature of the

interface can be expressed in terms of /ðx; tÞ:

n ¼ r/
jr/j

����
/¼0

ð27Þ

and

j ¼ r � r/
jr/j

� �����
/¼0

ð28Þ

Recoil vapor pressure [26] applied to the free surface

according to the following equation:

pv ¼ AB0

ffiffiffiffiffiffiffiffiffi
Tsurf

p
exp

�U
Tsurf

� �
ð29Þ

where A is an ambient pressure dependent coefficient, B0

is the evaporation constant, Tsurf is the surface cell

temperature, and U is energy of evaporation.

2.3.1.2. Energy balance on free surface. Energy balance

on free surface satisfies the following equation:

k
oT ¼ qlaser � qradi � qconv � qevap ð30Þ

on
where qconv, qradi and qevap refer to convection heat loss,

radiation emission heat loss and evaporation heat loss,

respectively. The amount of those terms can be obtained

using the following formulas

qconv ¼ hcðT � T1Þ ð31Þ

qrad ¼ erðT 4 � T 4
1Þ ð32Þ

qevap ¼ qVdvLv ð33Þ

In the above Eqs. (31)–(33), hc is convective coefficient, e
is radiation coefficient, r is Stefan–Boltzmann constant,

T1 is ambient temperature, Lv is the latent heat of

evaporation, Vdv is the component of the boundary

velocity contributed by the evaporation, which can be

expressed by Eq. (34):

Vdv ¼ V0 exp
�
� U
Tsurf

�
ð34Þ

where V0 is the order of magnitude of the sound velocity

in the material.

The heat losses induced by convection, radiation and

evaporation are a function of the surface temperature

and increase with the rising of the surface temperature.

As the surface temperature is heated up to over 3000 K,

the heat loss is dominated by evaporation, and it is

nearly comparable to the laser heat influx in current

study cases.

On the free surface, incoming energy from the laser

irradiation is given by

qlaserðx; yÞ ¼ gIðx; yÞdð/Þ ð35Þ

where Iðx; yÞ is the intensity of the laser beam at the

location of (x; y). The delta function dð/Þ is used to

guarantee the laser irradiation only acts on the surface. g
is the absorption coefficient, which depends on the

material property of the substrate, temperature and

surface roughness. In this study, absorption coefficient g
is assumed to be constant throughout the process.

Intensity distribution for the TEM00, cylindrical

TEM�
01 and TEM10 modes as well as rectangular TEM01

mode have the following formulas respectively:

TEM00 : Iðx; yÞ ¼
2P
pa2

exp

�
� 2ðx2 þ y2Þ

a2

�
ð36Þ

TEM�
01 : Iðx; yÞ

¼ 4P
pa2

� ðx
2 þ y2Þ
a2

exp

�
� 2ðx2 þ y2Þ

a2

�
ð37Þ

TEM10 : Iðx; yÞ

¼ 2P
pa2

1

�
� 2ðx2 þ y2Þ

a2

�2
exp

�
� 2ðx2 þ y2Þ

a2

�

ð38Þ
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Fig. 3. Intensity distribution of four different laser beam modes

along y-axis.
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TEM01 : Iðx; yÞ ¼
8P
pa2

� y
2

a2
exp

�
� 2ðx2 þ y2Þ

a2

�
ð39Þ

here it is assumed that the beam shape does not change

along the propagation direction. The intensity profile

curves are illustrated in Fig. 3. For the rectangular

TEM01 mode, it is not symmetric, and the curve shows

the intensity distribution along the y-axis.

2.3.2. Bottom and side surfaces

�k
oT
on

¼ hcðT � T1Þ ð40Þ

u ¼ 0; v ¼ 0; and w ¼ 0 ð41Þ
3. Numerical considerations

Since the energy equation implicitly contains the

phase change effect and the momentum equations

introduce the damping terms, the governing equations

of mass, momentum and energy conservation are

applicable for both solid and liquid phases. A semi-im-

plicit finite difference algorithm has been used for the

solution of continuity and momentum equations. The

thermal energy transport equation is solved using an

explicit finite volume approximation method [21].

3.1. Steps of iteration procedure

1. Initialize the computational variables /; u; v;w; T and

p. Let level set function / be the signed normal dis-

tance to surface, and set divergence-free velocity

(identically zero in the study), room temperature

and relative atmosphere reference pressure as initial

values for u; v;w; T and p.
2. Solve the momentum equations using the projection

method [27,28]. First, calculate the source term

including surface tension, thermo-capillary force

and vapor pressure. Then substitute them into the

momentum equations to calculate the velocities. Sub-

sequently, project the velocities to be divergence-free

to solve the pressure, hence, obtain the new time

velocities. See below for details about the projection

method.

3. Advance the level set function in time using the 3rd

order essential non-oscillation (ENO) [29] method,

and update the free surface to its new location /nþ1=2.

4. Reinitialize the level set function /nþ1=2 by solving the

following equation to a steady state with an initial

level set value /ðx; 0Þ ¼ /nþ1=2:

/s ¼ Seð/nþ1=2Þð1� jr/jÞ ð42Þ

where Se is a smooth factor and s is artificial time.

Denotes the solution by /nþ1.

5. Solve the energy equation using the newly obtained

values in steps 2–4.

6. Replace old velocities, pressure, temperature and le-

vel set function by new values, and return to step 2

for the next iteration until the time to finish is

reached.

3.2. Projection method

The projection method is used to solve the velocity

and pressure and could be described below:

First, rewrite the momentum equation as seen

below:

Vt þ
1

qn
rpnþ1 ¼ V�ðVn;/nÞ ð43Þ

Then, taking the divergence of both sides of the Eq. (43),

and using the fact that r � Vt ¼ 0 to reduce the

momentum equation to the following form for pressure:

r � 1
qn

rpnþ1 ¼ r � V�ðVn;/nÞ ð44Þ

Eq. (44) is the pressure Poisson equation, and it can be

solved by the successive over relaxation (SOR) method

or the conjugate-gradient (CG) method.

After solving Eq. (44) for rp, update the value for Vt

by

Vt ¼ V�ðVn;/nÞ � 1

qn
rpnþ1 ð45Þ

Therefore, if defining the projection operator P as

Vt ¼ PðV�Þ ð46Þ
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Eq. (45) can be expressed as

1

q
rp ¼ V� � Vt ¼ V� � PðV�Þ ¼ ðI� PÞðV�Þ ð47Þ

3.3. Volume conservation algorithm

It is essential to maintain the level set function as

the signed distance from the interface all the time. In the

numerical implementation, it was observed that the

reinitialization operation changed the zero level set /0

and it caused the partial volume loss of the surface cell.

Based on the work of Sussman et al. [31], the following

constraint was placed in each computational cell X:

oV
os

¼ o

os

Z
X
Hð/ÞdX ¼ 0 ð48Þ

The Eq. (48) can be rewritten asZ
X
H 0ð/Þ/s dX ¼ 0 ð49Þ

In order to compensate the volume loss, reinitialization

Eq. (42) is modified as

/s ¼ Seð/Þð1þ jr/jÞ þ k � f ð/Þ ð50Þ

where k is a constant in each cell, and function f ð/Þ has
the form:

f ð/Þ � H 0ð/Þjr/j ð51Þ
Table 1

Material properties of the steel and simulation conditions

Property S

Solid specific heat c
Liquid specific heat c
Solid thermal conductivity k
Liquid thermal conductivity k
Solid density q
Liquid density q
Latent heat of fusion L
Latent heat of evaporation L
Melting temperature T
Boiling temperature T
Permeability coefficient K
Equilibrium partition ratio k
Laser absorptivity g
Dynamic viscosity l
Radiation emissivity e
Convective coefficient h
Laser power P
Laser beam characteristic diameter a
Surface tension with temperature o

Surface tension at melting point c
Atmosphere pressure P
Ambient temperature T
Stefan–Boltzmann’s constant r
Vaporization constant B
Ambient pressure coefficient A
Denote Lð/0;/Þ as
Lð/0;/Þ ¼ Seð/0Þð1þ jr/jÞ ð52Þ

Combined Eqs. (49) through (52), k can be solved as

k ¼
�
R
X H

0ð/ÞLð/0;/ÞdXR
X H

0ð/Þf ð/ÞdX ð53Þ

Once obtaining the value of k, the compensation amount

for / can be calculated through Eq. (50). After placing

volume constraint on each computational cell, the

amount of total mass loss is less than 1% in the current

study cases. In order to accurately track the evolution of

the melt pool, a small mesh size as much as 0.03 mm was

used and the time step was set to be 10�5 s to satisfy

convergence condition.
4. Results and discussions

In this study, the same process parameters are uti-

lized in all four cases. The laser beam has a power of

1000 W and a characteristic diameter of 500 lm.

Stainless steel 304 is selected as the substrate material

and a 0.2 absorptivity coefficient is assumed. Thermal

properties of stainless steel 304 are listed in Table 1. The

simulation of the process starts when the laser beam is

turned on and ends when the melt pool approaches a
ymbol Value (unit)

s 460 J/kgK

l 480 J/kgK

s 21 W/mK

l 21 W/mK

s 7500 kg/m3

l 6900 kg/m3

m 2.5· 105 J/kg

v 6.0· 106 J/kg

m 1730 K

v 3400 K

0 5.0· 10�11

p 0.3

0.2

l 6.0· 10�3 kg/ms

0.3

c 10 W/m2 K

1000 W

5.0· 10�4 m

c=oT )4.3· 10�4 N/mK

1.9 N/m

1 1.013· 105 Pa

1 300 K

5.67· 10�8 W/m2 K4

0 1.78· 1010 Pa

0.55



Fig. 4. Partial 3D view of the melt pool shape at t ¼ 12 ms. (a) TEM00, (b) TEM10, (c) TEM
�
01, and (d) TEM01.

4392 L. Han, F.W. Liou / International Journal of Heat and Mass Transfer 47 (2004) 4385–4402
stable state. As the laser beam irradiates on the surface

of the substrate, the region under the laser beam is

melted to form the melt pool, which is surrounded by

the solid part. Fig. 4 illustrates the surface deformation

of four different types of laser beam modes at simulation

time t ¼ 12 ms. Formation and evolution of the melt

pool vary with different laser beam modes. Several rep-

resentative stages during the evolution period are pre-

sented to show the differences in the formation and

development of the melt pool for different laser beam

modes, and the lapse time between every two consecu-

tive plots may not be equal. Detailed mechanisms of the

melt pool formation will be discussed below.

4.1. Influences of the beam mode on the formation and

evolution of melt pool

4.1.1. TEM00 mode

The intensity profile of the TEM00 mode satisfies the

Gaussian distribution, and reaches a peak value of

I0 ¼ 2P
pa2 at the beam center. When the thermal flux enters

the substrate, the melt pool first appears beneath the

beam center, and expands to the whole beam spot in less

than 4 ms, as seen in Fig. 5(a). Due to the presence of the

huge temperature gradient, which causes the strong

Marangoni shear stress, the molten surface fluid at the
melt pool center is driven outwards. The outward

flowing fluid with a high temperature assists the heat to

dissipate in the radial direction, and it partially extends

the melt pool diameter. When the surface liquid is pulled

away from the center of the melt pool, the surface is

depressed in the central region and a crater is formed

there. The displaced fluid builds up around the shoulder

of the melt pool and causes the surface to bulge upward,

and then it is dragged down to the solid surface of the

substrate along the radial direction by the gravity force,

wall adhesion and surface tension.

It can be noted from the velocity field in Fig. 5(a)

that, in the beginning stage, the melt pool is shallower

and the liquid layer is very thin. As the liquid layer

thickness increases, there is a separation observed in the

fluid flow. The bottom part of the liquid layer has a slow

velocity initially and is accelerated due to the viscous

shear stress from the much faster surface flow. When the

bottom fluid from the center region reaches the S/L

boundary, it turns down and circulates back to the

central region, which leads to the formation of the

vortex near the shoulder. A weak vortex can be seen in

Fig. 5(a) at t ¼ 12 ms, and it is strengthened gradually

until almost all of the displaced fluid recirculates back.

Meanwhile, the diameter and depth of the crater are

expanded as well while the melt pool becomes wider and



Fig. 5. Evolution of the melt pool for TEM00 mode. (a) Velocity field and (b) temperature field.
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deeper. In addition, due to the high intensity energy

concentrating on the central region, strong evaporation

takes place there, and evaporation recoil pressure attri-

butes to the further depression of the surface.

4.1.2. Cylindrical TEM �
01 mode

Fig. 6(a) and (b) show the evolution of velocity field

and temperature distribution of the melt pool for the

cylindrical TEM�
01 mode. Corresponding to the intensity
distribution which concentrates in a ring band area lo-

cated around r ¼
ffiffi
2

p

2
a with a peak intensity of I � 0:736P

pa2 ,

the melt pool initiates at the ring band region and the

molten surface fluid is driven away from the band region

by the Marangoni shear stress, which exists both inward

and outward in the radial direction. Under the effects of

the heat conduction and convection from the sur-

rounding region, the material in the central region was

melted. The inward surface flow squeezes the molten



Fig. 6. Evolution of the melt pool for cylindrical TEM�
01 mode. (a) Velocity field and (b) temperature field.
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fluid upward, which causes the surface of the central

part to be slightly higher than the other regions as

shown t ¼ 4 ms in Fig. 6. After a certain time, the sur-

face of the central part starts to drop. This procedure

can be identified through changes of velocity fields from

t ¼ 4 to 8 ms. In the meantime, fluid flow in the central

region has undergone a transition from upward to

downward due to the surface tension and vapor pressure

exceeding the upward Marangoni shear stress.
Subsequently, the surface fluid which is brought

away by the outward flow in the ring band region, is

compensated by the displaced fluid from the central re-

gion and the melt pool surface in the central region falls

down further. At the same time, the shoulder becomes

higher and wider until the vortex is generated by a

mechanism similar to the TEM00 mode. Contrary to the

TEM00 mode, the deepest depressed part of the surface

is a circular zone, instead of the position underneath the
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beam center. Since the energy is distributed across a

broader area and the peak intensity is approximately

40% as much as in the TEM00 mode, the melt pool shape

looks like a basin and has less penetration features. The

temperature distribution plots indicate that, in the early

stage of the melt pool development, isotherms in the

liquid region have a wave shape, which is consistent with

the intensity profile. After the melt pool is developed,
Fig. 7. Evolution of the melt pool for rectangular TEM01 mode
temperature difference between the central part and the

surrounding part has been diminished, and the iso-

therms tend to be smoother.

4.1.3. Rectangular TEM01 mode

Melt pool variation of the rectangular TEM01 mode

has the features of the dual Gaussian laser beam.

Initially, two hot spots occur corresponding to the
along y-axis. (a) Velocity field and (b) temperature field.
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locations of the intensity peaks and they develop to be

the two separate melt pools as more heat flux transports

into the substrate. These two melt pools enlarge further

until they join together, as seen in Fig. 7. Since higher

beam intensity is reached in the area irradiated by the

laser beam in comparison to the cylindrical TEM�
01

mode, the melt pool and the crater are deeper and

smaller in the rectangular TEM01 mode. After two

separate melt pools unite together, in the y-direction,
surface fluid in the central region has a lower tempera-

ture than the surrounding region, which leads the sur-

face fluid to flow towards the center. At the same time,

in the x-direction its temperature is still higher than the

nearby region, as a result, the incoming fluid from

y-direction is dragged to x-direction, and then circu-

lates back to the bottom of the melt pool as shown in

Figs. 7(a) and 8(a). This specific flow pattern distin-

guishes it from the TEM�
01 mode. Additionally, zero

intensity property on the x-axis causes the presence of

the dam-shaped liquid zone, which separates the craters

and has a tendency to collapse throughout the melt pool

development. Isotherms appear to be quite different in

x ¼ 0 plane and y ¼ 0 plane after the melt pool is formed

due to the nonsymmetrical intensity distribution. Figs.

7(b) and 8(b) present the temperature distributions of

the cross-section through y- and x-axis at t ¼ 32 ms.

In the x ¼ 0 plane, isotherms are concave in the cen-

tral region, and fluctuate in the liquid region. In con-

trast, isotherms in y ¼ 0 plane are smoother and more

regular.

4.1.4. Cylindrical TEM10 mode

The cylindrical TEM10 mode can be treated as the

superposition of cylindrical TEM00 and TEM�
01 modes,

and the laser material interaction zone consists of two

parts: one is the central circular region, where the

intensity profile is similar to the TEM00 mode with the

same peak intensity, but the area is smaller; the other is

the ring band region surrounding the central part, where

the intensity has a profile similar to the cylindrical

TEM�
01 mode, but peak intensity is approximately 50%

lower. Hence, the formation and evolution of the melt
Fig. 8. Melt pool for rectangular TEM01 mode along x-axis a
pool exhibit the characteristics of both TEM00 and

TEM�
01 modes.

From Fig. 9(a) and (b), it can been seen that high

intensity energy at the beam center heats the substrate

surface up to a melting temperature in a very short time.

Subsequently, the substrate in the ring band region

starts to melt as well. Corresponding to a substantial

intensity variation, there is a higher temperature gradi-

ent in the central region than in the TEM00 mode, which

causes the molten surface there to depress deeper and

narrower. The molten fluid in the central circular region

is pulled away by the strong Marangoni shear stress and

flows outward to the ring band region. The flow from

the central region has a greater magnitude of radial

velocity than that in the band region, and causes the

fluid there downward to generate a circular ripple as

seen in Fig. 4(b). The ripple facilitates the formation of

the vortex, and a strong vortex has occurred at t ¼ 12

ms, which is earlier than the other three laser beam

modes. The flow bifurcates at the valley of the ripple.

Partial surface fluid turns downward and circulates back

to the center, and the rest continues to flow outward.

The outflow fluid generates another vortex near the

shoulder in the same manner as the TEM00 mode. Be-

fore the second vortex is fully developed, part of the

displaced fluid from the melt pool center joins the cir-

culation of the second vortex; thereby, the surface in the

central region sinks further, as illustrated in Fig. 9(a)

from t ¼ 12 to 32 ms. Inside the melt pool, the flow

pattern considerably affects the isotherms and the melt

pool shape. As compared to the other three modes, the

complicated flow pattern causes isotherms in the liquid

region to be more irregular.

4.2. Top view of the melt pool

Fig. 10 illustrates the velocity field from the top view

at t ¼ 32 ms, when the melt pools in all four cases are

close to fully developed states. Cross-reference to Figs. 5

through 9 is helpful to visualize the velocity field. In the

symmetric beam mode TEM00, TEM
�
01 and TEM10, the

common feature of the velocity field is that surface fluid
t t ¼ 32 ms. (a) Velocity field and (b) temperature field.



Fig. 9. Evolution of the melt pool for cylindrical TEM10 mode. (a) Velocity field and (b) temperature field.
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flows outward from the melt pool center to the edge,

however, the magnitudes of the velocity are quite dif-

ferent. For the rectangular TEM01 mode, the fluids from

two hot spot zones collide in the melt pool center and

make a turn to the x-direction, and then the surface fluid

flows to the edge of the melt pool in the direction par-

allel to the x-axis.
The surface temperature distribution corresponds to

the above velocity field as shown in Fig. 11. Surface
temperature is a function of the beam intensity profile;

however, flow pattern also plays a significant role in the

temperature distribution. As seen in the plots, maxi-

mum surface temperature points may not agree well

with the peak intensity locations. For cylindrical

TEM�
01 mode and rectangular TEM01 mode, the maxi-

mum surface temperature locations shift slightly toward

the beam center partially induced by the strong surface

flow.
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�
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4.3. Effect of recoil vapor pressure on melt pool shape

The effect of the recoil vapor pressure on melt pool

shape is examined by conducting the simulations with

and without considering the recoil vapor pressure. Fig.

12 presents the locations of the melt pool surface and

solid/liquid interface at t ¼ 36 ms. The deformation of

the melt pool surface and the formation of the crater are

primarily contributed by the Marangoni effect in all four

cases. However, at the high beam intensity region where

the surface temperature is more than 3000 K, the melt

pool surface is affected considerably by the recoil vapor

pressure in all four cases as shown in Fig. 12. The strong

vapor pressure plays apparent roles in two aspects: on

the one hand, the surface fluid in high temperature is

pushed to the outside and expands the melt pool diam-

eter in a mechanism similar to the Marangoni effect; on

the other hand, deeper surface depression facilitates the

heat to dissipate in the depth direction and increases the
melt pool penetration, which can be identified through

the change of the solid/liquid interfaces.

4.4. Melt pool aspect ratio analysis

Aspect ratio refers to the ratio of the melt pool depth

to the diameter. For the non-symmetric TEM01 mode,

the melt pool width on x ¼ 0 plane is used as the

diameter in the following analysis. The laser beam peak

intensity and the area of high laser intensity interaction

zone are two critical factors affecting the time to melt the

substrate, and corresponding times for cylindrical

TEM00, TEM�
01 and TEM10 modes and rectangular

TEM01 mode are 0.128, 0.9, 0.208 and 0.152 ms,

respectively. The variations of the depth, diameter and

aspect ratio with the time for these four beam modes are

presented in Fig. 13(a), (b) and (c). The general trend is

that, at the formation stage (t < 30 ms), the depth and

diameter of the melt pool extend rapidly, and then the



Fig. 11. Temperature field from the top view. (a) TEM00, (b) TEM10, (c) TEM
�
01, and (d) TEM01.
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expansion speed slows down; ultimately, the melt pool

size approaches to a stable state. At that point, all the

energy from the laser beam sinks into the substrate and

dissipates into the ambient through evaporation, radia-

tion and convection. In comparison to the depth evo-

lution, the melt pool diameter develops more quickly at

the beginning stage. As shown in Fig. 13(b), at time

about 4ms, melt pool diameters have reached more than

0.6 mm, which is over half of the size at the stable state,

while it takes more than 10 ms to reach a half depth of

stable state. In all four cases at the fully developed stage,

although conduction accounts for more than 90% heat

dissipation in the melt pool region, the influence of the

convection on the aspect ratio cannot be neglected since

the melt pool deformation arising from convection ex-

erts essential effects on the melt pool shape.

However, there are significant differences for the

variation of the aspect ratio among the four types of

beam modes. As seen in Fig. 13(a) and (b), the melt pool

in the case of the TEM00 mode is deeper and smaller

than the other three beam modes after 4 ms, since at the

same power level, the TEM00 mode laser beam focuses
energy at a smaller area, and the average intensity is

higher in the irradiated region. Correspondingly, the

aspect ratio of the TEM00 mode is much larger than the

other three modes. From Fig. 13(c), it can also be noted

that TEM00 mode takes a shorter time to reach a stable

aspect ratio. Those properties determine that the TEM00

mode laser beam is a superior choice for welding, cutting

and drilling. Although cylindrical TEM10 has the same

peak intensity as TEM00 at the beam center, the central

part only accounts for part of the energy. The average

intensity of the total irradiated region is lower than the

TEM00 mode, so that the melt pool is shallower than

that of the TEM00 mode. Moreover, the rest of the en-

ergy is distributed in the ring band and causes the sur-

face in the band region to melt at about t ¼ 2 ms, which

substantially enlarges the diameter of the melt pool.

Meanwhile, the depth of the melt pool has a very small

increment; thus, a drop of the aspect ratio value is ob-

served in an early stage (t < 4 ms). For the cylindrical

TEM�
01 mode, the laser beam has the lowest peak

intensity such that the melt pool is relatively shallow

until a vortex is formed. During this period, its aspect
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ratio is the smallest among those four beam modes.

After 25 ms, the aspect ratio exceeds the cylindrical

TEM10 mode due to a faster increment in the depth.

Compared to the cylindrical TEM�
01 mode, the irradiated

area of the rectangular TEM01 mode is around 50%

smaller, and laser beam energy mainly distributes along

the y-axis. Therefore, the diameter of the melt pool in

the y-direction is larger than that of the cylindrical

TEM�
01 mode, however, it is smaller in the x-direction.
5. Conclusion

The formation and evolution of the melt pool for

four different types of laser modes are investigated based

on a continuum model and level set algorithm. In this

model, the surface shape of the melt pool, velocity field

and temperature distribution are calculated. Different

intensity profiles lead to distinct temperature distribu-

tion. Temperature gradient gives rise to the Marangoni

shear stress, which is the primary driven force, and af-
fects the velocity field. Flow pattern plays an apparent

role in the surface temperature distribution and melt

pool shape. From the simulation results, the following

conclusions are achieved:

(1) The melt pool of the TEM00 mode has the greatest as-

pect ratio and develops quickly, which indicates that

it is a superior mode option for cutting and drilling.

(2) Compared to the results of the TEM00 mode, the

melt pool of the cylindrical TEM�
01 is wider but shal-

lower. This feature shows that the cylindrical TEM�
01

mode may offer some advantages in a low intensity

laser material process, such as cladding and surface

alloy.

(3) In the melt pool evolution, the rectangular TEM01

mode has the similar features of two separate heat

sources, and it could be the alternative for the dual

beam in some situations.

(4) Melt pool formation of the cylindrical TEM10 mode

possesses the combined features of TEM00 and cylin-

drical TEM�
01 mode. Flow pattern and isotherms in
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the liquid region are more irregular than in the other

three beam modes.
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