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Abstract

This paper presents an experimentally validated weld joint shape and dimen-
sions predictive 3D modeling for low carbon galvanized steel in butt-joint
configurations. The proposed modelling approach is based on metallurgical
transformations using temperature dependent material properties and the
enthalpy method. Conduction and keyhole modes welding are investigated
using surface and volumetric heat sources, respectively. Transition between
the heat sources is carried out according to the power density and interaction
time. Simulations are carried out using 3D finite element model on commer-
cial software. The simulation results of the weld shape and dimensions are va-
lidated using a structured experimental investigation based on Taguchi me-
thod. Experimental validation conducted on a 3 kW Nd: YAG laser source re-
veals that the modelling approach can provide not only a consistent and ac-
curate prediction of the weld characteristics under variable welding parame-
ters and conditions but also a comprehensive and quantitative analysis of
process parameters effects. The results show great concordance between pre-
dicted and measured values for the weld joint shape and dimensions.

Keywords

Laser Welding, Finite Element Method, 3D Modeling, Numerical Simulation,
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1. Introduction

The laser welding process has gained importance in fabrication industries due to
its ability to produce precise welds with small heat affected zones [1]. It is a

complex process using thermodynamic, fluid flow, phase transition and heat
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transfer phenomena. Since laser welding experiments are rather long and expen-
sive, finite element simulations are widely used to predict optimal parameters in
various industrial applications. Simulation efforts can also be used to understand
the process by facilitating the investigation inside the welding zone. Because of
the welding process simulation is difficult to be completed using only one model,
two types of models are considered. The multi-physic based model is used to
acquire reliable and accurate predictions of the thermal field and the weld shape.
The thermo-mechanical based model is used to evaluate the mechanical stress
and strain due to the welding process.

Conduction mode and keyhole mode are the two basic modes for laser weld-
ing. Conduction mode is defined by low energy concentration and shallow
penetration. Keyhole mode is defined by high energy concentration and deep
penetration achieved when the metal vaporizes and forms a deep and narrow
vapour cavity. However, there is no sharp transition between the two modes; a
transition zone exists and can be defined by a constant aspect ratio. It has been
found that the value of the transition zone ratio varies with laser beam diameter
and speed [2]. For a model to be able to simulate both modes, the formation of
the keyhole has to be simulated, or different heat sources have to be used for
conduction and keyhole mode [3]. In this study two heat sources are used. One
for the conduction mode and the other for the transition and the keyhole modes.

The multi-physical aspect of the laser process is the main difficulty in their
modelling, as phenomena are coupled and different scales of physics interact [4].
Laser welding models are becoming very sophisticated using a free surface
tracking method. A brief literature review of laser welding simulation is outlined
here, and more details can be found in the review produced by Mackwood [5].
The first attempts to simulate laser welding were mostly based on Rosenthal’s [6]
analytical solution of heat conduction equations with a point heat source moving
on the surface of a semi-infinite plate. Then Eagar and Tsai [7] improved
Rosenthal’s solution using a 2D Gaussian heat source. Later, Goldak was the first
to come with a 3D heat source (double ellipsoidal) in finite element simulation,
which was well adapted for high penetration laser welding [8]. The most recent
simulations for scientific purposes have fluid flow, simulate plasma and vapour,
and give precise predictions of the temperature inside the keyhole and its shape
[9] [10] [11]. Models used to predict optimal parameters are simpler using
methods to minimize the number of parameter and the calculation time. Those
kinds of models use different heat source distributions, parameters and methods
to account for different phenomena. A 3D finite element simulation with a high
density heat source has been performed with ANSYS to predict the temperature
field [12]. The heat source is a combination of a 3D conical Gaussian heat source
and a surface Gaussian heat source, with the surface heat source representing 25%
of the power absorbed and the volumetric heat source 75%. Another study has
been conducted looking at the effect of the fluid flow on the melt pool shape [13].
The study investigates the nonlinear material properties and the effects of three

laser heat sources.
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In butt joint laser welding, the presence of a gap between sheets has an impact
on the weld pool. However, gap is hard to add to a simulation without making it
very complex. A study has been conducted on the deformation caused by ther-
mally induced stresses that can result in a change of the gap width between the
welded parts [14]. These displacements are studied through both experiments
and simulations. The numerical simulation only represents the displacements;
no gap bridging is done in the simulation. An investigation on gap bridging of
pulsed laser welding reveals an advanced finite element model with fluid motion
and free surface physics [15]. The effect of many parameters on the ability of gap
bridging is examined. The 2D finite element model is able to model the joining
of a butt joint and overlap joint with gap. However, no experimental validations
have been done on the weld dimensions and underfill.

This paper presents a simple heat transfer model based on a moving heat
source on a finite medium. The weld pool shape and dimensions are studied in
continuous wave butt joint laser welding. The particularity of this simulation is
the addition of the gap as a parameter of the simulation, and the prediction of
the underfill for a full penetration weld. Conduction mode and keyhole mode
are also covered in this model, using different heat sources according to the
power density and interaction time. A 3 kW Nd: YAG laser for welding low car-
bon galvanized steel is used for the experimental investigation.

2. Heat Transfer Formulation

Heat transfer is the main phenomenon explaining the thermal field in laser
welding. The fundamental modes of heat transfer are conduction, convection
and radiation. Conduction occurs inside the parts. Convection and radiation

occur between the parts and its environment.

2.1. Heat Transfer Equation

The law of heat conduction states that the time rate of heat transfer through a
material is proportional to the negative gradient in temperature and to the area.

As an equation, it can be written as:

¢=-kVT (1)

where k is the thermal conductivity, VT the temperature gradient and ¢ the
heat flux.
According to the law of conservation of energy, the internal heat transfer
equation is:
pC,T=V(kVT)=Q(xy,2) ()
where p is the mass density, C, the specific heat and Q(x,y,z) a distributed

volume heat source.

2.2. Boundary and Initial Conditions

In order to solve the differential equations, initial conditions and boundary con-
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ditions must be specified. Initial conditions are the ambient temperature and
parts temperature. Both are fixed at a temperature 7; equal to 20°C. Boundary
conditions are prescribed, thermal flux coming from radiation and convection.
Convection is the thermal exchange resulting from the temperature difference
between a body and its environment. The convective heat transfer can be defined
by:

Qeony = h(T _To) (3)

where 4 defined asthe convective heat transfer coefficient and 7; the room tem-
perature.

The convective heat transfer coefficient highly depends on the fluid flow
around the parts. Since ventilation is used during welding, a forced convection
coefficient is used. Radiation occurs in the form of electromagnetic waves. Ac-
cording to the Stefan-Boltzmann law, when a hot object is radiating energy to its

cooler surroundings, the radiation heat loss can be expressed as:
Quy =02(T*-T}) (4)

where o is the Stefan-Boltzmann constant and ¢ the emissivity. These boundary
conditions are applied to the model by specifying the value of the heat flux at the
outward boundary of the model. The heat transfer modes through the parts are

represented in Figure 1.

2.3. Heat Source Model

The heat source distribution is an influential parameter in laser welding models.
Two kinds of heat source models exist for simulating laser welding: surface heat
source and volumetric heat source. The surface heat source model is more accu-
rate for conduction welding since in this mode the energy is applied to the
component surface, while the volumetric heat source is more adapted for key-
hole welding, with the energy being directed inside the medium through the
keyhole [3]. The volumetric heat sources are the most studied distribution for

Z
Qx,y, 2) Qccnv + std
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N
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Figure 1. Heat transfer condition.
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the simulation of laser welding, and many different kinds have been developed
over the years [16]. Recent volumetric heat source models are combinations of
double ellipsoidal, cylindrical, and conical models [17]. A simple efficient model
is a 3D conical Gaussian heat source [18]. It is defined by a 2D Gaussian distri-
bution for every height. Figure 2 represents a 3D conical Gaussian heat source.
It can be seen that the power density is maximum at the top surface and de-
creases through the penetration zone. The energy is distributed throughout the
thickness. The most of the energy is absorbed at the top surface, then the re-
ceived energy decreases with the dimension of the keyhole. That is why volu-
metric heat sources are necessary to model keyhole mode laser welding. The 3D

conical Gaussian heat source can be written as:

_Qo(l_Rc)A _ (X_X0)2 (y_yo)z_
Q(x,y,z)_—znaxo_y exp 707 + 207 A7l (5)

where Q, is the power, R_the reflection coefficient, A_the absorption coefficient,
o,and o, the radius of the heat source along x and y.

Complex models exist for the conduction mode, such as an adaptive volumet-
ric heat source [19]. Buta 2D Gaussian heat source is a decent compromise be-
tween accuracy and simplicity. It is defined by:

2 2
Q(X,y,z):MeXp _ (Xz_sz) +(y_y20) ©)

2no,0, . 20,

3. Model Description

The model is based on a moving heat source over a steel plate. The heat transfer
equations are used to determine the thermal field using the finite element
method. In building the model, the following assumptions were considered: 1)
The surfaces of the parts are assumed to be flat permitting perfect contacts; 2)

the areas with temperatures higher than liquidus are considered molten; 3) the

Figure 2. 3D conical Gaussian distribution [20].
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vaporisation of elements is not simulated and laser interaction with vapour
plumes is not studied; 4) the fluid dynamics are not considered; and 5) The

temperature field is supposed to be symmetrical in the welding line.

3.1. Symmetry Simplification

Since there is geometrical symmetry along the weld line, only one sheet can be
modelled using a symmetry boundary condition if the thermal field is also sym-
metrical. Three stages are present during the laser heating process: a starting
stage at which the initiation of the weld begins with the heat source reaching the
parts; a quasi-stationary stage at which the heat source is moving along a straight
line and the temperature distribution is stationary; and finally an ending stage
when the heat source leaves the parts [20]. Since the heat source is symmetrical
and both sheets are supposed to be identical with perfect contact between them,
it is assumed that the temperature field reached in the quasi-stationary state has
symmetry along the weld direction line. Even though the temperature field
might not be symmetrical during the initial and final stages, the assumption is
made that the use of symmetry does not change the quasi-stationary stage
reached. This assumption neglects misalignment of the laser and contact inac-

curacy between sheets.

3.2. Phase Transition

During phase transitions, energy is absorbed or released by the body propor-
tionally to its latent heat, with material properties varying according to the
new phase. Different methods can be used to develop a finite element model of
laser welding that considers phase change [16]. The most accurate way that
avoids multi-physical phenomena is to consider temperature-dependent ther-
mo-physical material properties (density, specific heat, and thermal conductivi-
ty). With this method, variations of thermal properties due to phase transitions
are considered, but the effect of latent heat is neglected. Since latent heat has a
significant effect on the melt pool, methods have been created to account for it
[21]. With the enthalpy method, the energy absorbed by latent heat is added to
the specific heat with modifications calculated from the enthalpy [13]. The use of
a non-multi-physical simulation drastically reduces the solving time, but ignores
the fluid dynamics of the liquid and vapor phases.

3.3. Welding Mode

The main difference between conduction mode and keyhole mode is the power
density applied to the welding area. The power density is determined by two la-
ser parameters, laser beam diameter and power. Those parameters are inputs of
the simulation. A transition mode exists between the two modes, during which
the aspect ratio (depth to width ratio) stays nearly constant with increasing
power density. The beginning of the transition mode is called the upper limit of
conduction mode. The upper limit of conduction mode depends on the interac-
tion time, which is the laser beam diameter divided by the speed [21]. Figure 3
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Figure 3. Welding mode according to power density and interaction time.

represents the welding mode according to previous experimentation. The upper
limit for conduction mode has been found to be 0.94 MW/cm* power density for
a 9 ms interaction time, and 1.26 MW/cm’ for a 3.4 ms interaction time. The
limit is supposed to vary linearly with the interaction time. In the model the
power density and interaction time are calculated and compared to this limit in
order to choose the heat source to be used. The conduction heat source is se-

lected below this limit, while the keyhole heat source is selected above it.

3.4. Gap Effects

A purpose of this simulation is to predict the dimensions of a weld with a gap.
Since the melted metal (liquid phase) and the fluid flow are not simulated, a gap
cannot simply be placed between the sheets in the model. According to a previ-
ous analysis of variance conducted through experimentation, gap effects increase
the depth and reduce the width, which are opposite of the effects of diameter.
Other parameters used in this study increase or decrease both the penetration
and the width. To simulate the effect of the gap a multiplier coefficient G is
added to the laser beam diameter in the heat source formula. A heat source with

modified diameter can be written as:

=Qo(l_Rc)'°%eX

2
2no,0,G

%) (v=%)

S AT S |

anp(x’ y’Z)

X

Since the effect of the gap is the opposite of the diameter, the coefficient has to
be less than 1. After some tests, a value of 0.75 has been found to be relevant,

which represents a decrease of about 0.1mm in diameter.

3.5. Impact of the Underfill

In butt joint laser welding, the two main factors that create a lack of material in
the weld are edge straightness and sheet positioning. The main factor that gen-
erates an excess of material is the stress created during cooling. For partial pene-
tration welds, the underfill has no direct impact on the dimensions of the weld.
The presence of an underfill simply moves the weld deeper into the parts. For

full penetration welds the underfill reduces the depth of the weld, causing it to be
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less than the thickness. Since the underfill is not evaluated in this simulation,
results will always indicate a depth of penetration equal to the thickness of the
sheets. Therefore, another method is used to obtain the dimensions of the un-
derfill in order to estimate the correct dimensions of the full penetration weld. It
has been seen in a previous study that the underfill is linked to the thickness, the
edge straightness, the gap, and the width of the weld for full penetration welds.
Using this information, an estimation of the underfill can be made from those
parameters. The empirical formula giving the underfill as a percentage of the
thickness for a full penetration weld, inspired from the gap bridging formula

[22], can be written as:

Underfill = (0.05+ g +t * E ) +10*exp(—0.0065 * BDW ) (®)

where gis the gap size, tthe thickness, £ the edge preparation coefficient (5% is
used here), and BDW the bead width. Simulated full penetration welds calculate
the underfill using this formula. The underfill is then subtracted from the pene-

tration in order to determine the effective penetration.

4. Finite Element Model

The laser welding simulation can be simplified as a sheet with a laser moving
along its length, as represented in Figure 4. The finite element model is created
with the “heat transfer in solid” module of COMSOL Multiphysics, a software
for numerical simulation.

Tetrahedron elements are chosen for the mesh because of their fast, easy
meshing and refining. In order to have an accurate temperature field in the re-
gion of high temperature gradients, a dense mesh is used close to the weld line,
while in the more distant region a coarser mesh is used, as can be seen in Figure
5. The thinnest elements are found along the weld line, with a width under 20
pum to minimize temperature error and provide good precision. The simulation

time is calculated according to the welding speed and the length of the specimen.

Laser

Laser displacement

Lz

r 3
A 4

Lx

Figure 4. Schematic model for laser welding.

DOI: 10.4236/msa.2017.811055

764 Materials Sciences and Applications


https://doi.org/10.4236/msa.2017.811055

L. Jacques, A. El Ouafi

Figure 5. Finite element mesh of the weld specimen.

The time steps are chosen according to the welding speed and the diameter. So
that for each new time step, the laser beam diameter covers 1/3 of the beam’s
coverage during the previous time step.

Many parameters are required to simulate laser welding: materials and optic
properties, laser parameters, and parts dimensions [23]. Experimentation used
for modelling validation needs the selection of the parameters that have most in-
fluence. The used specimens are galvanized steel A635CS cut to 30 mm x 50 mm
using hydraulic shear. The edge did not receive further treatment. Laser power,
welding speed, sheet thickness, beam diameter and gap were the parameters
used in this study. These factors were used to generate an experimental design of
54 tests.

4.1. Material Properties

Material properties have a strong influence on heat transfer. Some material
properties are taken dependant of the temperature. During laser welding the
temperature varies between 20°C and over 5000°C. Since there is no easy
theoretical formula to interpolate properties over such a temperature range,
experimental data is the main way to access to those values. But experimenta-
tion is expensive and difficult. The temperature dependant properties are often
not available for a precise grade. The properties of another grade of steel can
provide a good approximation. The used properties are supplied by Abhilash
for 904L steel [24], which is a low carbon stainless steel. Table 1 shows the
temperature independent properties, which include standard metal properties
and two optical properties. The optical properties depend on the material sur-
face and the type of laser. In this study galvanized steel and an Nd: YAG laser
are used [25]. The absorption coefficient represents the power density attenua-
tion per length unit and the reflection coefficient represents the percentage of
the reflected laser beam. Figure 6 shows the temperature effects on specific
material thermo-physical properties. The increase in specific heat at liquid us
temperature is caused by the enthalpy method used to model the heat ab-
sorbed by the latent heat of fusion.
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Figure 6. Thermo-physical properties of material-Temperature effects on: (a) Specific
heat; (b) Density and (c) Thermal conductivity.

Table 1. Specifications of the used material.

Property Symbol Value
Liquidus temperature Tiiqins 1727 [K]
Solidus temperature Toices 1672 [K]
Latent heat of fusion Lion 2.72 x 10° [J/kg]
Reflectivity R, 0.3
Absorption coefficient A 800 [1/m]
Emissivity & 0.6

4.2. Process Parameters

The process parameters such as power, diameter and speed are easily adjustable.
The same process parameters are used for the simulation and for the validation.
Each parameter have 3 levels, which can be seen in Table 2. For the sheet di-
mensions, three different thicknesses are used according to the experiment.
Since measurements are taken in the quasi stationary state, length and width are
chosen to reach this state minimizing the size of the solid. The dimensions se-

lected are shown in Table 3.
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Table 2. Welding process parameters.

Parameters Symbol Levels
Laser beam diameter [mm] o, 0.34 0.43 0.52
Laser beam power [W] Q, 2000 2500 3000
Welding speed [m/min] v 3 6 9

Table 3. Dimensions of the used parts.

Dimension Symbol Value
Length L, 20 [mm]
Width L, 10 [mm]

Thickness L 1-2-3 [mm]

5. Results and Discussion

The values of bead width (BDW) and depth of penetration (DOP) of the weld
are measured on the thermal fields using the concept that the limit of the melted
pool is the liquidus temperature. Since modifications have been added to the si-
mulation for gap, conduction mode, and full penetration weld, each condition is

looked at individually.

5.1. Comparison of Predicted and Measured Weld Dimensions

5.1.1. Predicted and Measured Weld Dimensions with No Gap

The predicted and measured BDW and DOP values for tests without gap are
presented in Table 4. The comparison of the measured and predicted DOP and
BDW is graphically illustrated in Figure 7. The results reveal that the predicted
DOP and BDW are in good agreement with the experimental observations with

small average errors of 6% and 11% for DOP and BDW respectively.

5.1.2. Predicted and Measured Weld Dimensions with Gap

The predicted and measured BDW and DOP for the gap test are presented in
Table 5. The graphs of predicted and measured DOP and BDW are represented
in Figure 8. The results show an average error of 5% for DOP and 14% for BDW
indicating that BDW is more difficult to model than DOP. The DOP prediction
is excellent, while the BDW prediction of is slightly less accurate. The method
used to model the gap appears effective with no difference in errors with and
without gap. The additional error in BDW found for all the tests might therefore

come from the keyhole heat source model.

5.1.3. Conduction Mode
Experiment numbers 4, 5, 6, 16, 17 and 18 are in conduction mode Table 4.
Figure 9 shows predicted versus measured DOP and BDW for conduction mode

trials. Slightly better results are found than for the keyhole tests, with an average
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Figure 7. Predicted versus measured DOP and DOP (no gap test).

Table 4. Comparaison of measured andpredictedDOP and BDW (no gap test).

DOP (um) BDW (um)

N° Conduction Full
Meas.  Pred.  %Error Meas. Pred.  %Error mode penetration
1 912 897 -2% 1120 1230 -10% X
2 1271 1400 9% 1155 1210 5%
3 1280 1375 7% 1448 1260 13%
4 608 604 -1% 893 930 —-4% X
5 634 607 -5% 1034 890 14% X
6 552 598 8% 985 880 11% X
7 808 855 5% 935 830  11% x
8 970 983 1% 1003 790 21%
9 1039 975 -7% 943 780 17%
10 913 898 -1% 1225 1340 -9% X
11 1614 1763 8% 1198 1320 -10%
12 1777 1693 -5% 1419 1350 5%
13 901 875 -3% 839 920 -10% X
14 1103 1178 6% 1062 900 15%
15 1102 1180 7% 1098 920 16%
16 459 443 —4% 761 780 2% X
17 478 434 -10% 798 790 1% X
18 400 418 4% 799 768 4% X
19 804 899 9% 1132 1390 -23% X
20 1405 1697 15% 1165 1380 -18% X
21 2601 2401 —-8% 1208 1400 -16%
22 703 878 17% 877 940 7% X
23 1607 1538 -5% 865 930 -8%
24 1420 1546 8% 850 920 -8%
25 709 763 5% 659 660 0% X
26 1118 1082 -3% 575 690 -20%
27 964 1061 9% 893 680 24%
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Figure 8. Predicted versus measured DOP and DOP (gap test).

Table 5. Comparaison of measured and predicted DOP and BDW (gap test).

N° DOP (um) BDW (um) Conduction Full
Meas.  Pred.  %Error Meas.  Pred.  %Error mode penetration

28 810 799 -1% 1256 1460 -16% X

29 1480 1497 1% 1197 1340 —-12% X

30 2151 2035 —-6% 1396 1260 10%

31 795 765 -3% 1028 870 15% X

32 1408 1460 4% 1163 1080 7%

33 1784 1720 —-4% 957 920 4%

34 631 644 1% 825 640 22% X

35 992 1000 1% 762 580 24%

36 1105 1200 8% 857 680 21%

37 761 799 4% 1125 1380 -23% X

38 1414 1498 4% 1204 1400 -16% X

39 1969 2000 2% 1138 1360 —-19%

40 711 755 4% 820 830 -1% X

41 1237 1180 —-5% 855 790 8%

42 1412 1380 —2% 1023 820 20%

43 702 755 5% 844 830 2% X

44 1189 1290 8% 740 780 -5%

45 1275 1420 10% 777 730 6%

46 725 797 7% 1018 1260 -24% X

47 1218 1494 14% 1022 1240 -21% X

48 1951 1850 -5% 879 1040 -18%

49 734 728 -1% 866 760  12% x

50 1399 1500 7% 880 880 0%

51 1673 1650 -1% 1017 800 21%

52 567 537 -3% 730 560 23% X

53 928 1020 9% 565 620 —-10%

54 1240 1150  -8% 623 550 12%
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Figure 9. Predicted versus measured DOP and DOP (conduction mode).

error of 5% for DOP and 6% for BDW. The use of a conduction heat source
turns out to be effective when doing low power density welds. A single heat
source cannot be used to generate all the results within a high range of parame-

ters.

5.1.4. Full Penetration Weld

Twenty simulations indicated full penetration, with depth equal to the thickness,
as shown in Table 4 and Table 5. For those experiments, underfill has been
evaluated and subtracted as explained. This change only impacts the depth.
Since the width is used to evaluate the underfill, any error in width translates to
error in depth. An average error of 6% for DOP is observed. Results are pre-
sented in Figure 10. This method produces good results for full penetration
weld dimensions, for welds with and without gap. It also successfully takes into

account the edge preparation to estimate the effective weld dimensions.

5.2. Macrograph of the Weld

Observation of the weld profile is used to evaluate if the general shape of the
weld is in agreement with the experiment. In Figure 11, the pictures of the ex-
perimental welds are on the left, and pictures of the simulated welds are on the
right (the weld pool is shown in red). The figure represents macrographs of three
welds: 1) a weld without gap in keyhole mode, 2) a weld with gap in keyhole
mode, and 3) a weld without gap in conduction mode. Those welds represent the
three types of shapes obtained during experimentation. For each shape, the
macrograph of the simulated weld is very similar to the one obtained from the
experiment. The use of different heat sources enables the approximation of a
wide range of weld pool shapes.

Figure 12 presents the shape of the simulated weld for full penetration weld in
two configurations, with either the bottom or top edge of the simulated weld
lined up with the experimental macrograph. The second configuration fits the
shape better. This coincides with the assumption made for partial penetration
welds that the underfill only moves the start of the weld deeper into the parts.
Using this configuration, the fact that the underfill is not modelled only slightly
impacts the weld pool shape.
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Figure 11. Shape of the bead profile from experimentation and simulation (a) Exp n°3;
(b) Exp n°33; (c) Expn°16.

(C)] (b)

Figure 12. Shape of the bead profile from experimentation and simulation Exp n°38 with
(a) bottom edge lined up, (b) top edge lined up.

6. Conclusion

In this paper, an integrated approach used to build a weld joint shape and di-
mensions prediction model in laser welding for low carbon galvanized steel in
butt-joint configurations is presented. Based on metallurgical transformations
using temperature dependent material properties and the enthalpy method the
modelling approach is used to investigate conduction and keyhole modes weld-
ing using surface and volumetric heat sources. A commercial 3 kW Nd: Yag laser
system, a structured experimental design and confirmed statistical analysis tools
are used to evaluate the modelling approach accuracy and to confirm the predic-
tion model accuracy. Numerical simulation carried out through 3D FEM reveal

great welds shapes and dimensions concordance between modelling and ex-
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perimental results. The comparison of predicted and measured weld dimensions
reveals similar accuracy for keyhole, conduction, full penetration and for gap
welds. The prediction errors may have as sources the experimental errors as well
as the adopted assumptions in the formulation, particularly for the fluid flow in
the melt pool. The BDW presents a larger relative prediction error than DOP,
probably because of the underfill (deeper experimental than simulation meas-
urements). Globally, the results demonstrate that the numerical simulation can
effectively lead to a consistent and accurate model and provide an appropriate
prediction of the weld joint shape and dimensions under variable welding pa-

rameters and conditions.
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