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Abstract

In this work, the thermal characteristics of the weld pool during Yb:YAG laser welding of the AA5083-H111 aluminum
alloy were captured using an infrared thermal imaging camera and a numerical model was developed to predict the tempera-
ture fields using COMSOL Multiphysics software. On comparing the measured and predicted temperature of the weld pool
surface, the deviation was below 10 °C and the average experimental error was not more than 1%. It shows the reliability of
IR camera used in this investigation. Also, it was apparent from the thermal images that at a higher beam power, an erratic
molten pool was created due to the instability of keyhole and spatters were ejected from the molten pool. The higher recoil
pressure built at the walls of keyhole due to the high intensity of the laser beam and instigation of the ejected fluid flow
mechanism was responsible for this occurrence. Also, the formation and floating mechanisms of process-induced porosities
were analyzed. Porosities were identified in the weldments processed with longer shielding gas blown distance (30 mm),
whereas other welds had no porosities. Since the gas blown distance was more, gas pressure over the molten pool was not
sufficient to suppress the plasma plume and, thereby, results in porosity formation. Interestingly, a high number of porosities
were evident at the toe of the weld bead and it was assumed to be caused by the high thermal gradient-induced Marangoni
flow. This study provides a better understanding of molten pool behavior, porosity formation and its floating mechanism.
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Introduction

The AAS5083 aluminum alloys are extensively used in
marine, aerospace and automobile industries due to their sig-
nificant characteristics such as excellent strength, corrosion
resistance, formability and weldability. Laser beam weld-
ing (LBW) is an advanced manufacturing process which is
widely used in the industries for joining materials because of
its specific advantages such as higher depth-to-width ratio,
narrow heat-affected zone (HAZ), faster travel speed and
easy for automation [1, 2]. During LBW, the high-energy
beam hits the metal surface and evaporates the material in
that region which forms the keyhole rapidly and the com-
bined effect of complex multiphase fluid flow and unstable
keyhole procedure on the weld bead. Moreover, the high-
energy-density beam enables the heat source to focus more
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on a small spot and allows the weld pool to become narrower
and deeper [3-5]. Since the thermal characteristics of alu-
minum alloys significantly influence the joint properties, to
monitor and control the fluid flow behavior during LBW,
various techniques such as coaxial monitoring system and
high-speed cameras have been used in many instances [6-8].
However, thermography is a convenient way of measuring
temperature fields. The measurements can be used to cali-
brate the results of the simulation and to study the informa-
tion on thermal phenomena that occur during welding. The
application of non-contact infrared (IR) thermal imaging
camera is limited due to the high reflectivity of the metal
surface and higher wavelength of laser beam [9]. If the mate-
rial is highly reflective, the reflected laser beam that comes
from the metal surface could damage the optics such as lens
and filters of the IR camera. Hence, proper care must be
taken to avoid reflection-related issues [10, 11].

Another problem associated with LBW of aluminum
5083 alloy is porosity, and the instability of keyhole causes
it during full penetration welding [12, 13]. The keyhole-
induced porosity formation is one of the two major
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Table 1 Elemental

o Elements Cu Si
compositions of the base alloy

Fe Mg Mn Cr Ni Ti Zn Al

(mass%) AA5083-H111

0.02 0.12

0.4 4.57 0.94 0.06 0.01 0.027 0.02 Bal.

mechanisms associated with aluminum welding. The other
mechanism is instigated by the low-boiling-point elements
such as magnesium and hydrogen in Al-Mg alloys. The
shape of these porosities is perfectly spherical and often
seen in aluminum weldments if the amount of hydrogen
is not controlled [14—17]. Large-sized porosity leads to
cracking even though it is irregular in shape and reduces
the strength of the welds. However, the number of porosi-
ties formed during LBW can be reduced by performing
surface preparation techniques such as sandblasting and
emery polishing before welding. Also, the use of dual-
beam laser welding can be adequate for reducing porosity
formation in weldments [18, 25].

Though a wide range of experiments have been con-
ducted on predicting thermal fields, fluid flow and poros-
ity formation using simulation techniques, there is still a
need to focus on real-time monitoring of the weld pool
with IR thermal imaging camera. Hence, in this work, an
Optris PI 1M model thermal imaging camera was used
to capture the thermal information during Yb:YAG LBW
of 3-mm-thick AA5083-H111 aluminum alloy. Also, the
temperature fields were predicted using COMSOL 5.3a
Multiphysics software, and the data were compared with
the experimental results. Also, the influence of process
parameters on porosity formation and its floating mecha-
nism has been studied.

Materials and methods
LBW of aluminum 5083 alloy

The 3-mm-thick AA5083-H111 alloy was used for this
investigation due to its extensive industrial usage and sus-
ceptibility to porosity during welding. The elemental com-
positions of primary alloying elements existing in the base
alloy are given in Table 1. Before welding, the oxide layer
was removed mechanically and the abutting edges were
cleaned with acetone. The butt joints were made using a
six-axis robotized Yb:YAG laser welding machine which has
the maximum beam power of 4 kW. The laser beam had a
wavelength of 1030 nm, and the focal spot size was 0.2 mm.
99.99% pure argon was used as a shielding gas, and the flow
rate was kept constant at 20 Ipm. Factors and their levels
were chosen for this work shown in Table 2. An L9-Taguchi
design was adopted to carry out the experiments based on
the scheme shown in Table 3.
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Table 2 Laser welding process parameters and their ranges

Factors/levels LevelI Level I Level IlII
Power (P)/kW 1.5 2 2.5
Welding speed (V)/mm min~! 200 300 400
Shielding gas blown distance (D)/mm 10 20 30
Focal length (F)/mm -3 0 3

Table 3 Taguchi design-based L9 orthogonal array

Exp. no. PIkW V/mm min~! D/mm F/mm
1 1.5 200 10 -3

2 1.5 300 20 0

3 1.5 400 30 3

4 2 200 20 3

5 2 300 30 -3

6 2 400 10 0

7 2.5 200 30 0

8 2.5 300 10 3

9 25 400 20 -3
Thermography

An Optris PI 1M model IR thermal imaging camera was
used for capturing thermal information of weld pool sur-
face. The IR camera has a short measurement wavelength
of 1 pm, and the reaction time of high-performance elec-
tronic sensor is 1 ms to show the temperature information
of the center pixel. Also, it has full measurement ranges
from 450 to 1800 °C. The camera was interfaced with a
computer to monitor the molten pool in real time, and the
same was recorded for further analysis. The camera was
positioned slightly angular to the weld line (as shown in
Fig. 1) to avoid detrimental effects of the reflective beam
that comes from the metal surface [26].

Numerical simulation modeling

To determine the thermal fields on the weld pool surface, a
numerical simulation was carried out using COMSOL 5.3a
Multiphysics software. Several thermophysical properties
of 5083 aluminum alloy and related parameters considered
for this work are presented in Table 4.
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Fig.1 Laser welding setup and arrangement of IR camera

Assumptions

Some assumptions made to construct the mathemati-
cal model are as follows [9-16]: (1) The molten metal is
assumed to be a Newtonian fluid, is laminar and is incom-
pressible. (2) The heat source is modeled as a Gaussian den-
sity distribution. (3) The effects of shielding gas and its rate
of flow on molten metal are omitted. (4) Physical properties
of the molten and solid metal are kept as constant. (5) The
internal heat flux is often a sum of the contributions from
various heat transfer processes such as conduction, convec-
tion and radiation. If Q =0, the particular case arises, called
as thermal insulation.

Laser heat source model

To simulate the thermal distribution, a three-dimensional
moving heat source is modeled and it is expected to be a
Gaussian heat flux distribution model on the weld pool as
shown in Fig. 2. It has been proven that [9-18] the Gaussian
heat flux distribution is the best suitable one for simulat-
ing moving heat source, and the heat flux can be calculated
using the following formula:

an2(x.y) 102
3.5
0.03 3
0.02 125
0.01 2
0 1.5
3 1
Y- t/x 0.5
Fig.2 Gaussian heat distribution model
(22)
0=0,-" M
2 % 1 * o2

where o is the radial distance; in this case,
o= (X—X0)2+(Y— YO)2 where (X, ¥;) is the origin and X,
Y denotes the linear distances from the origin as shown in
Fig. 2.

The parameters used for the numerical simulation are
given in Tables 3 and 4. The 3D model of the 5083 alloy
sheets was discretized into finite element mesh using tet-
rahedral elements. As the heat source is introduced at the
butting ends of the sheets, a finer mesh was created along
the butted edges using smaller-sized elements and the other
regions were meshed by coarser elements. The finite ele-
ment mesh of the model is shown in Fig. 3. The cut plane
shown in Fig. 3 was defined at a distance of 100 mm from
the origin in the direction of the y-axis to get the shape of
the weld bead which is time dependent. A 3D point was also
defined at the same location to detect the temperature vari-
ation concerning time.

Governing equations

Governing equations indicate the state of a system and
are used for analyzing the computation of temperature

Table 4 The thermophysical

. Nomenclature Value Nomenclature Value

properties of AA5083

aluminum alloy Density (1) 2380/kg m™> Density (s) 2660/kg m™>
Viscosity 42%1073/kgm™' 57! Liquids temperature 933/K
Solidus temperature 847/K Heat transfer coefficient 20/W m2K™!
Specific heat (1) 1197.21/T kg™ K™} Specific heat (s) 105073 kg™' K~!
Surface tension 0.871 Nm™! Surface tension gradient —0.000155/N m~' K~!
Latent heat of fusion 3.87x10°/J kg™ Thermal conductivity (s) 235 W/m™! K~

Thermal conductivity (1) 90/W m™' K~!

Coefficient of thermal expansion 1.5x 10™4/K™!
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Fig. 3 Finite element mesh model

distribution. The heat transfer equations used to determine
the thermal characteristics are given as follows [10]:
For calculating the thermal cycles:

0*T  0°T  0°T 4, oT
o e
PICIF I R 2 )

For calculating the conductive, convective and radiative
heat losses [5]:

¢" = kVT 3)
q” = h(Tsur - Tamb) (4)
q" =0 (T, —T") )

where p is the density, & is the thermal conductivity, C,
is the specific heat capacity at constant pressure, g, is the
internal heat generation per volume, ¢ is the time and T is
the temperature of the surface along the (xyz) coordinates.
Also, g" is the heat flux flowing in that direction, T, is the
ambient temperature, T, is the surface temperature and h
is the heat transfer coefficient. In Eq. (5), o denotes the Ste-
fan—Boltzmann constant and € denotes the emissivity. The
emissivity is taken as 0.15 for all the surfaces radiating to
the environment.

The essential boundary condition (EBC) and natural
boundary condition (NBC) considered for solving the gov-

erning equations are as follows:

T, =20 °C for EBC,
q" =power as influx heat for NBC.
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Results and discussion
Thermal characteristics of the weld pool

During LBW of materials, many mechanisms are taking
place in the molten pool. At the initial stage, the high-
energy-density laser beam focusing on a tiny spot melts and
evaporates the metal surface to form a keyhole. The evapo-
ration process becomes more intense in the molten pool by
absorbing more beam energy which induces rapid heating
and then solidifies to form the weld bead [6—14]. The struc-
tural characteristics and performance of the joints are highly
related to their weld geometry. Since the weld geometry had
a great impact on the thermal properties of the material and
fluid flow, it is important to understand the mechanisms aris-
ing during LBW [1]. Here, the thermal characteristics of the
weld pool created during LBW of 5083 aluminum alloy were
captured using IR thermal imaging camera, and the illustra-
tions are shown in Fig. 4a—i. In Fig. 4a—i, the reflections of
the laser beam, gas nozzle tip and lasing head are visible
due to the reflectiveness of the metal surface. Since the alu-
minum has a highly reflective surface, a part of beam energy
was dissipated to the atmosphere through reflections which
led to partial absorption and resulted in incomplete penetra-
tion. The amount of beam absorbed by the metal surface can
be increased through increasing surface roughness [19-23].

There was no trace of solidification line behind the
molten pool, and it confirms the rapid solidification mecha-
nism which is obvious in LBW process. Also, it is evident
from Fig. 4a—c that the shape of the molten pool has changed
with varying welding speeds and focal lengths for a con-
stant beam power (1.5 kW). An increase in laser beam power
to 2 kW increased the fluidity and created an inconsistent
molten pool as shown in Fig. 4d—f. Further increasing the
beam power to 2.5 kW created an erratic molten pool which
ejected molten aluminum from the weld pool as spatters.
Figure 4g—i shows the expulsion of molten metal, and the
fluid flow in the weld pool was responsible for the forma-
tion of spatters [15—18]. There are two major fluid flows
involved in the molten pool: One is surface fluid flow and the
other is ejected fluid flow. In surface fluid flow, the surface
and inner molten metal were driven by the buoyancy forces,
whereas in ejected fluid flow, the molten metal was driven
by the recoil pressure from the bottom to the top surface of
the weld pool [5]. Hence, the increase in beam intensity at
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Fig.4 Thermal images showing the shape and temperature information of weld pool: a Exp.1; b Exp.2; ¢ Exp. 3; d Exp. 4; e Exp. 5; f Exp.6;

g Exp.7; h Exp. 8; i Exp. 9

a higher level increased the recoil pressure at the walls of
keyhole, and it could be the reason for spatter formation [15,
16, 18, 23].

Model validation

To validate the observed weld pool temperature, a finite
element model was constructed and developed for all the
parameters shown in Table 3. The simulated results for
the welding conditions (P=2.5 kW, V=300 mm min~’,
F=3 mm) are presented in Fig. Sa—d. The simulated values
agree well with experimental results, and the temperature
of simulated weld pools was also very close to the values
obtained by IR thermal camera.

Comparison of experimental results with simulated
weld pool temperature

Further, to verify the performance of IR thermal imaging
camera, the experimental results have been compared with
simulated results. The predicted maximum temperature with
measured thermal fields (Fig. 4) is presented in Table 5.
Figure 6 clearly shows that the predicted temperature
results of the established simulation model had a good
association with the experimental outcomes. From Fig. 6
and Table 5, it is apparent that except experiments 7 and
8, the deviation between predicted and the measured value
was less than 10 °C and the average experimental error was
less than 1%. It shows the reliability of the IR camera used
in this investigation. In the case of experiments 7 and 8,
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Fig.5 Simulation results of experiment 8 showing shape and temperature information of weld pool: a at =5 s; b at r=19.025 s; ¢ framed por-

tion in (b); d at t=30 s (max. temp.)

the predicted value was exceeded the maximum measur-
ing capacity (1800 °C) of the IR camera used. Therefore, a
higher order of deviation occurred. Also, the shielding gas
and plasma effects on the molten pool surface could be one
of the reasons behind experimental deviations.

Porosity formation during LBW

The periodic collapse of the keyhole and unstable fluid
flow in the weld pool are the contributors of porosity. At

@ Springer

a higher energy density, the flow behavior of molten metal
is expected to become unstable and to induce recirculation
which forms the process-induced porosities [5]. The process-
induced porosity is one of the main mechanisms involved
in bubble formation. To understand the bubble or porosity
formation mechanism experimentally, the weld beads made
for the process conditions given in Table 3 were cut and the
cross section of weld beads was studied under a microscope
shown in Fig. 7a—i. From Fig. 7a—i, it is apparent that not all
the weld beads have a bubble or porosity in them.
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Table 5 The maximum temperature at the weld pool: predicted and
measured

Exp.no.  Maximum temperature/°C Experimen-
- . tal error/%
Predicted  Measured  Exp. deviation
1 1450 1442.1 7.9 0.54
2 1110 1106 4.0 0.36
3 1040 1031 9.0 0.87
4 1590 1583 7.0 0.44
5 1160 1154.3 5.7 0.49
6 1280 1273.7 6.3 0.49
7 1850 1800 50 2.7
8 1860 1800 60 33
9 1760 1754 6.0 0.34
2000 —a=— Simulation data
9 —e— Experimental data
°
2 18004
©
@
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£ 1600
e
@
8
8 1400
3
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Fig.6 Comparison of the predicted and measured temperature

The shielding gas parameters such as flow rate, blow-
ing angle and blowing distance were reported to have a
great influence in the formation of porosity [7]. A proper
flow rate could suppress the plasma plume in the keyhole,
and decreasing blown angle to 30° reduced the number
of pores [17, 24]. As the gas flow rate and blown angle
were kept constant in this work, the blown distance alone
showed a great impact on porosity formation. Irrespective
of other parameters, only the weld beads processed with
longer shielding gas blown distance (30 mm) have porosi-
ties in the microstructure, which is shown in Fig. 7c, e,
g. The bubble was formed at the bottom of the keyhole
and stayed in without getting collapsed. The plasma plume
over the molten surface was not suppressed due to insuffi-
cient gas pressure. Since the distance between the gas noz-
zle and the molten pool was more (30 mm), the shielding
gas effects on the molten pool were minimized. Interest-
ingly, in Fig. 7e, the porosities are observed at the toe of
weld bead, which is not evident in other beads. The formed
bubbles were floated along the sidewall of molten pool (as
indicated by red arrow in Fig. 7e) and trapped at the toe of
the bead. This phenomenon is caused by the recirculation
flow of molten pool at the front wall. Also, it is believed
that the high thermal gradient-induced Marangoni flow is
responsible for the recirculation at the melting front [5,
13]. However, the thickness of the material also has some
effect on porosity formation. As the heat source passes
rapidly, the time taken by any vapor or gas formed to travel
through the thickness could be insufficient [7]. From the
results, it is obvious that this investigation provides more
insights to have a better understanding of various porosity
formation mechanisms involved in laser welding.
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Fig.7 Macrostructure of weld beads: a Exp.1; b Exp.2; ¢ Exp. 3; d Exp. 4; e Exp. 5; f Exp.6; g Exp.7; h Exp. 8;i Exp. 9

Conclusions

The thermal characteristics of weld pool during Yb:YAG
laser beam welding of the AA5083-H111 aluminum alloy
were captured using an infrared thermal imaging cam-
era, and the results were compared with simulation data.
Also, the experimental results were discussed to deepen
the understanding of porosity formation and its floating
mechanisms. The following conclusions were drawn from
this study:

e The predicted data of the established simulation model
had a good association with the experimental results,
and the proposed model can be utilized to understand
the thermal characteristics of weld pool.
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e [t is apparent that except experiments 7 and 8, the devi-
ation between predicted and measured temperature was
less than 10 °C and the average experimental error was
less than 1%. Hence, it indicates that the IR camera
used in this investigation was reliable and it can be used
for collecting thermal information of molten metal.

e Thermal images show that the shape of the molten pool
keeps changing with a change in welding speed and focal
length for a constant beam power.

e At ahigher beam power, an erratic molten pool was cre-
ated due to the change in fluid flow and spatters were
ejected from molten pool. The recoil pressure built at
the walls of keyhole due to the high intensity of laser
beam and instigation of ejected fluid flow mechanism
was observed to be responsible for this occurrence.
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Irrespective of other parameters, the shielding gas blown
distance alone showed a great impact on porosity forma-
tion. Porosities were identified in the weldments pro-
cessed with longer shielding gas blown distance (30 mm),
whereas there was no evidence of porosities in other welds.
A higher number of porosities were evident at the toe of
weld bead, and it was assumed to be caused by longer
shielding gas blown distance which encouraged the high
thermal gradient-induced Marangoni flow, resulting in
recirculation flow of molten pool at the front wall.
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