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Dual phase steels (DP) are one of the most studied steels in the automotive industry, especially after the 1990s when it
was decided to reduce the cars’ weight to reduce volatile organic compounds (VOC) and other emissions. The
assessment regarding welding DP steel parts should be able to prevent defects from occurring, using finite element
method (FEM) analysis to study the material behavior considering the parameterization used during the welding process.
It is also necessary to control the possible occurrence of defects during the process, such as porosities, cracks, lack of
penetration, etc., controlling the parameters of the welding fixture and ensuring that the operator follows procedures and
standards. A batch sample should be subjected to some tests after production to check if there are any defects, such as
dimensional errors or porosities in the bead.
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1. Quality Assessment Pre-Welding: Virtual Prototype Finite Element
Method (FEM) Analysis

Due to advances in technology, it is now possible to prevent certain defects from occurring before starting the welding
process. Indeed, there are defects that are possible to predict their behavior through numerical simulations, such as
distortions and misalignment, as these defects are directly linked to the use of jigs and clamp placement (Table 1).

Table 1. How to prevent laser welding defects—pre-welding [,

Potential How to
Problem Causes Solutions Prevent/
Effects
Control
Welder Welding resorting to jigs. Study and adjust jigs
inexperience through simulation.
Distortion and High heat input and Adjust welding parameters to reduce heat
Geometric number of beads. input and select the ideal quantity of beads. FEM
molten pool . .
cometr deformations analysis
9 y Incorrect welding Study different welding sequencings through
sequence simulation.
Slow welding speed Study different welding speeds in simulation.

1.1. FEM Analysis

Simulation is a set of mathematical models or statistical tools, able to predict the behavior of a product when making
specific inputs. Simulations can offer researchers the ability to impose certain conditions and obtain predictions about the
results, which can be compared with experimental data. To exercise this comparison, it is necessary to choose an error
percentage. There are several packages of software that can be used in this field, such as CAEplex, MATLAB, Ansys,
OpenFOAM, EMS, SolidWorks Simulation Premium, COMSOL Multiphysics, Flow-3D, and ProModel Optimization Suite
(21 among others.

To design a certain product, simulation plays a crucial role when it comes to execute a virtual prototype. This type of
prototype will help to verify the ideal conditions under which the product must be manufactured. Regarding laser welding,
it is possible to check the welding parameters and conditions, such as power, speed, weld bead size, operations
sequencing, etc. Thus, the simulation allows the production of the product virtually to find possible unconformities before
the prototype is physically executed, thereby eliminating costs of non-quality parts.



To perform a laser welding simulation of a Dual phase steels (DP) steel regarding the study of strains and distortions that
might occur during welding, it is necessary to implement thermo-mechanical simulation BI4IE!, This type of simulation is
highly used for studying large-sized structures, verifying if the residual stresses and distortions are contained within the
tolerances. To perform this simulation requires three stages: thermal modelling, metallurgical modelling and mechanical
modelling &l

1.1.1. Thermal Model

For large structures, it is not yet possible to complete a full simulation (due to the amount of time required), thus, several
assumptions are usually made about the interaction of the material with the process, which must be reduced to the
volume of the heat source itself. This assumption generates difficulties, since gas and liquid flows are neglected.
Therefore, it is necessary to include these effects in the volume of the heat source (€,

Heat transfer is an important phenomenon in the simulation, since the major consequences of the laser—-material
interaction are obtained by its thermal expansion €. To calculate this volume heat source, it is necessary to solve the
equation for heat transfer from the volumetric heat source to the metal during welding phase, considering convection and
radiation heat losses 4. Thus, some models can be chosen for simulating the heat source, such as Gaussian (conical
heat source) and Goldak’s model. [.

1.1.2. Mechanical Model

In this field, two mechanical models can be used: the elastoplastic (EP) model and the elastoplastic with transformation
induced volumetric strain model (VEP). The simulation of these two models can be carried out under the same conditions
and meshing to verify different residual stress outputs. The resolution of the mechanical equation is based on the equation
of static equilibrium, solving the global deformation during welding &,

1.1.3. Metallurgical Model

During heating, the only transformation that occurs is into austenite, which does not depend completely on the heating
rate [, Owing to changes in thermal expansion coefficient during the welding process, the phase transformation is a key
step in modeling residual stresses 9. This stage has two phases: thermal and mechanical. To carry out this simulation, it
is necessary to consider variables, such as cooling rate, laser power and speed.

| 2. Quality Assessment during Welding

During the laser welding process, energy can be emitted in many ways, and to be able to study this energy and the effects
that it will produce in the material, various methods can be used. Several use optical or acoustic sensors to be able to
have a physical model of the phenomena, which occurs between laser and material, including defects that may happen
during the laser welding process (Figure 1) L1,
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Figure 1. Quality assessment during welding 21,



In the literature, 2 shows that nowadays it is possible to control laser welding in real time and evaluate defects that might

occur during the welding process, such as blowouts, undercuts and lack of penetration (Table 2).

Table 2. How to prevent laser welding defects—during welding 1.

Problem Potential Effects Cause Solution How to
Prevent/Control
Hire highly skilled
Human failure welders with
The bead section can be weakened, certification.
Blowout affecting the mechanical strength of . . Thermal
L Low welding Increase welding
the joint.
current current
High speed Lower welding speed
. Incr: re-heatin
Low pre-heating ¢ (::;e Zrztu:e:t 9
p Thermal
Weakening of the bead section, . Combined
. . . . Decrease welding . .
Lack of stress concentrations, nucleation of High welding speed Acoustic emission
. . L speed .
penetration cracks, which can lead to joint techniques

Photodiode sensor
Pyrometer sensor

collapse. Hire highly skilled

welders with
certification.

Human failure

Thermal
Reduction in the part’s resistance High heat input in Decrease welc.!mg V|5|9n
Undercut when it is in working cvcle the ioint power and adjust Combined
g cycle. ] ’ welding speed. Photodiode sensor
Fused techniques
Hire highly skilled
Human failure welders with
certification.
Excessive flow rate Control shielding gas
. Decrease in resistance of the welding in the shielding gas flow
Porosity Thermal

bead .
Inclusion of oxygen

due to ineffective
gas protection

Remove impurities and
follow standards for
joint preparation.

Decrease welding

High welding speed. speed.

In the column “How to prevent/control”, several techniques have been presented, which are explained in the next section:
2.1. Image Processing Techniques

These techniques focus on extracting information, patterns and features from a set of images. They are used in various
types of welding, including laser welding. They are divided into three categories:

« Thermal: this method studies the thermal field. IR thermal cameras can be used to capture the temperature distribution
in the part to be welded. It is expensive and low sampling [13[14](15]116]

« Vision: with this method it is possible to characterize plasma plume, spatters and molten pool in welding. In the
literature, there are papers in which a vision system was used together with vision sensor, based on the principle of
triangulation in which it is possible to obtain information through 3D profiles. Some authors also used couple charged
device (CCD) sensors to extract surface information, such as depth pool LA[LEI19]

« Combined camera-oriented techniques: it is possible to check molten pool, thermal field, spatters and plasma plume.
Since CCD cannot detect mid and long infrared radiations, this technique joints thermal IR cameras with CCD sensor. It
is expensive and presents setup limitations [22121[22],

2.2. Acoustic Emission Techniques

With this technique, it is only possible to study the plume vapor and the workpiece. The only defect that can be verified is

penetration, but since this system is very dependent on sound waves, it has the disadvantage that it is very sensitive to
sound [231[241(25],



2.3. Optical Techniques

These techniques are used essentially for monitoring the welding process itself. The optical sensors are classified in the
following three categories:

+ Photodiode sensor: the variables that can be characterized are steam plume, thermal radiation and reflected laser
beam energy. This method is not able to detect microdefects, but its low cost is an advantage [281271(28];

« Spectrometer: only able to check the spectrum of plasma plume and spatters. The only limitation is that they can only
check the behavior of the plume [22139]:

« Pyrometer sensor: it detects changes in temperature by thermal radiation. It is used to characterize the molten pool and
steam plume. It can be used for real-time temperature monitoring and online quality control BL2]33],

2.4. Fused Techniques

Fused techniques are a new belief that a multi-sensor approach can be more accurate in obtaining data from welding
processes, which will improve the study of welding defects. Authors have studied combinations of infrared and ultraviolet
sensors with acoustic techniques and visual sensing with photodiode sensing [241[351[36],

| 3. Quality Assessment Post-Welding

Even with all existing standards, there is always room for error (Figure 2). Therefore, after the laser welding process, a
sample of parts should be taken and submitted to tests to verify if the batch complies to the requirements.
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Figure 2. Quality assessment post-welding 12,
Each technique presented in Figure 2 is explained in the following section.

3.1. Digital Image Correlation (DIC)

The digital image correlation (DIC) concept used by B7E839 js 3 method of optical analysis, without contact and of total
field. With the use of two cameras and image recording techniques, using correlation algorithms, the surfaces and the
outline of an object can be determined using the DIC method. The surface profiles obtained before and after welding are
compared with the results of the 3D deformation of the object. This method requires the proper calibration of the cameras
and can be used to measure any type of transient welding distortion, as well as welding distortion after the process. The
DIC software, ARAMIS®, developed by GOM®, is one of the best known in this field.

3.2. Photogrammetry

This is a method based on remote sensors that uses photographs to get the exact place of a point or surface using the
triangulation of several points. To measure the distortion occurred in the welding process, the most used type is short-
range photogrammetry. In this method, the camera is close to the object. The configuration used in photogrammetry is like
that of DIC and can be used to obtain the 3D models of the photographed object 9,

3.3. Linear Variable Differential Transformer (LVDT)

Another method that can be used is LVDT, which is a device like an electrical transformer that measures linear
displacements, measuring the variation of the induced internal voltage. The LVDT can be used to measure the size of the
distortion at fixed points during welding and after cooling it (41142,

3.4. Ultrasonic

Ultrasonic inspection methods involve the generation of ultrasonic waves that interact with the weld. If there are defects in
the bead, these will cause waves to be reflected and diffracted. Within the ultrasonic waves, a technique called time of



flight measurement (ToF) allows calculating the quality of the bead through its geometry. However, to apply this method,
an exact knowledge of the speed of sound is necessary to define the geometry 4311441145

3.5. X-ray Radiography

X-rays and gamma rays can be used to show discontinuities and inclusions within opaque material. This feature has
become useful in the study of weld beads, where it is possible to verify defects, such as porosities. However, this
technique requires the operator to be qualified in interpreting the results. Moreover, it is very expensive due to the

handling of parts, equipment and the necessary protection. Usually, it is not used in automated environments 4&l[47][48](49]
[50]

3.6. Eddy Current

Defects and changes in material properties result in changes in the signals of these currents. This method has a great
ability to detect distinctive defects in welds with a depth of less than 2 mm, and it can be automated in the inspection after
the welding process. Despite the advantages, it is only applicable to conductive materials. However, the surface of the

welds must be accessible to the probe because the surface finish and its irregularities can interfere with the reference
standard [BL2153][54]

3.7. Magneto-Optical Detection Method

This procedure is a non-destructive testing based on magneto-optical (MO) imaging, which transforms the magnetic
leakage field into a light intensity map to visualize defects [BSI58I57] |n the study 8], a vertical combined magnetic field
(VCNF) and a parallel combined magnetic field (PCMF) were compared to traditional magnetic fields where it was found
that magneto-optical imaging under VCMF could detect weld defects of any shape and distribution accurately. This
technique was also used in B9, where weld surface and subsurface cracks were detected by an MO sensor. It was shown
that the magnetic flux leakage signals of the weld surface and subsurface cracks could be easily distinguished.
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