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Abstract: Since non-conforming parts create waste for industry, generating undesirable costs, it is
necessary to set up quality plans that not only guarantee product conformity but also cut the root
causes of welding defects by developing the concept of quality at origin. Due to their increasing use
in automotive industry, dual phase (DP) steels have been the chosen material for this study. A qual-
ity plan for welding DP steel components by laser was developed. This plan is divided into three
parts: pre-welding, during and post-welding. A quality assessment regarding mechanical proper-
ties, such as hardness, microstructure and tensile strength, was also performed. It was revealed that
DP steel does not present considerable weldability problems, except for the usual softening of the
heat affected zone (HAZ) and the growth of martensite in the fusion zone (FZ), and the best analysis
techniques to avoid failures in these steels are finite element method (FEM), visual techniques dur-
ing welding procedure and digital image correlation (DIC) for post-weld analysis.
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1. Introduction

There are several international standards that industry must obey to guarantee qual-
ity on products obtained by welding processes. The entities responsible by issuing these
standards are the following: EN (European Standards), ISO (International Organization
for Standardization, Geneva, Switzerland), AWS (American Welding Society, Miami, FL,
USA), ASME (American Society for Mechanical Engineers, New York, NY, USA), among
others [1]. However, product quality does not depend exclusively on compliance with
these standards, but also depends on other factors, such as the material itself, the welding
conditions and the operator’s experience, the last being the most critical. Nevertheless, in
automated processes, defects can also occur due to incorrect parameter setting of the de-
vices, lack of maintenance or failure of the system itself [2] (Figure 1).
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Figure 1. Ishikawa’s diagram of welding defects.
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Toivanen [3] refers that the criteria for producing welded joints are often unknown
by most of the workers in a shop floor and by the hierarchy chain, which leads to constant
non-conform products. It was concluded that the coordination of welding, according to
ISO 3834 [4], is an asset for companies, as it contributes to the continuous improvement of
the process and ensures quality requirements.

The ISO 6520 standard [5,6] describes some hypothetical defects that can occur in
welded joints, especially in fusion or pressure welding processes. The standard defines
that:

*  “Animperfection in welding is the lack of continuity or deviation in the defined ge-
ometry”;
*  “A defect in welding is an inadmissible imperfection”.

ISO 6520 defines the following as defects:

e  Cracks;

e Cavities/porosities;

e  Solid inclusions;

e  Penetration failure;

e Dimensional defects;
e  Various defects.

Within these defects, dimensional deviations or distortions are considered the most
harmful for production, since they cause two main problems: firstly, it results in dimen-
sional inaccuracies that make non-conform parts [7,8], and secondly, this defect increases
production costs, due to the extra rework need to straighten the part, which, as reported
in [9-14], is expensive in terms of time and ergonomics for workers.

Industries, such as automotive, aerospace and naval, are those that have higher costs
about parts rectification. According to [15,16], the corrections of distortions reached 30%
of the total cost of product manufacturing.

The industrial control of welding distortions is performed using empirical formulas,
however, for larger and complex structures these formulas should not be applied [9]. The
alternative is to use numerical models based on finite element analysis. The use of finite
element analysis (FEA) requires an initial investment in equipment and is also time con-
suming [17]. Nevertheless, the time spent correcting the distortions is greater than the
time spent performing the simulation. The use of these techniques had a significant con-
tribution to the development of methods for the prevention of these defects [11].

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. These steels are composed by a ferritic
matrix with about 5 to 20% martensite. The process of transforming austenite into mar-
tensite is done with intercritical heat treatment, followed by quenching [18,19]. Although
the ductility tends to decrease with increasing stress [20], they have good mechanical char-
acteristics with tensile stress values from 450 to 1200 MPa [18,21]. These steels are mainly
used in the industry as stamped, but the need may arise from creating parts by welding.
The spot welding process is one of the most used in the automotive industry, but the laser
welding process has advantages, such as low heat input, low deformation after welding
and high energy density [22].

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 behav-
ior 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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2. Quality Assessment Pre-Welding: Virtual Prototype 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 misalign-
ment, 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 [23].

Problem Potential Causes Solutions How to Prevent/
Effects Control
Welder Welding resorting to jigs. Study
inexperience and adjust jigs through simulation.
. . High heat input and Adjust weld'mg parameters to re-
Distortion and . duce heat input and select the
Geometric number of beads. . . ,
molten pool deformations ideal quantity of beads. FEM analysis
geometry Incorrect welding se- Study different welding se-
quence quencings through simulation.
Slow welding speed Study different welding speeds in

simulation.

2.1. FEM Analysis

Simulation is a set of mathematical models or statistical tools, able to predict the be-
havior 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 [24], 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 elimi-
nating costs of non-quality parts.

To perform a laser welding simulation of a DP steel regarding the study of strains
and distortions that might occur during welding, it is necessary to implement thermo-
mechanical simulation [25-27]. 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, metallur-
gical modelling and mechanical modelling [28].

2.1.1. 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 interac-
tion 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 ne-
glected. Therefore, it is necessary to include these effects in the volume of the heat source
[28].

Heat transfer is an important phenomenon in the simulation, since the major conse-
quences of the laser-material interaction are obtained by its thermal expansion [28]. To
calculate this volume heat source, it is necessary to solve the equation for heat transfer
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from the volumetric heat source to the metal during welding phase, considering convec-
tion and radiation heat losses [29]. Thus, some models can be chosen for simulating the
heat source, such as Gaussian (conical heat source) and Goldak’s model. [29].

2.1.2. 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 simu-
lation 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 [30].

2.1.3. Metallurgical Model

During heating, the only transformation that occurs is into austenite, which does not
depend completely on the heating rate [31]. Owing to changes in thermal expansion coef-
ficient during the welding process, the phase transformation is a key step in modeling
residual stresses [32]. 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.

3. 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 meth-
ods 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 2) [33].

During welding
quality assessment

techniques
|

| | | ]

Image processing Acoustic emission Optical signal Fused sensing
techniques techniques techniques techniques
—] Thermal — Photodiode
— Vision — Spectrometer
Combined camera-

— oriented — Pyrometer

techniques

Figure 2. Quality assessment during welding [34].

In the literature, [34] 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 blow-
outs, undercuts and lack of penetration (Table 2).
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Table 2. How to prevent laser welding defects —during welding [23].

How to Pre-
Problem Potential Effects Cause Solution vent/
Control
The bead section can be . Hire highly skilled welders with
. Human failure .
Blowout weakened, affecting the certification. Thermal
mechanical strength of ~ Low welding current Increase welding current
the joint. High speed Lower welding speed
Low pre-heating Increase pre-heating temperature ~ Thermal
High welding speed Decrease welding speed Combined
Weakening of the bead Acoustic emis-
Lack of section, stress concen- sion tech-
. trations, nucleation of niques
trat - . .
penetration cracks, which can lead Human failure Hire highly sk.ll.led.welders with Photodiode
. certification.
to joint collapse. sensor
Pyrometer sen-
sor
Thermal
Vision
Reduction in th t Combined
N 'uc ronm e.p ?r . S High heat input in the  Decrease welding power and ad- om 1.r1e
Undercut resistance when it is in .. ) . Photodiode
. joint. just welding speed.
working cycle. sensor
Fused tech-
niques
Human failure Hire highly sk'il'led'welders with
certification.
E ive fl te in th
. Decrease in resistance of oo ov Al e Control shielding gas flow
Porosity shielding gas Thermal

the welding bead

Inclusion of oxygen due to Remove impurities and follow

ineffective gas protection standards for joint preparation.

High welding speed. Decrease welding speed.

In the column “How to prevent/control”, several techniques have been presented,

which are explained in the next section:

3.1. 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 di-
vided 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 [35-38].

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 cou-
ple charged device (CCD) sensors to extract surface information, such as depth pool
[39-41].

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
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radiations, this technique joints thermal IR cameras with CCD sensor. It is expensive
and presents setup limitations [42-44].

3.2. 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 [45-47].

3.3. 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 microde-
fects, but its low cost is an advantage [48-50];

e  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 [51,52];

e  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 tem-
perature monitoring and online quality control [53-55].

3.4. 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 de-
fects. Authors have studied combinations of infrared and ultraviolet sensors with acoustic
techniques and visual sensing with photodiode sensing [56-58].

4. Quality Assessment Post-Welding

Even with all existing standards, there is always room for error (Figure 3). 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.

Post welding
quality assessment
techniques

Digital image
correlation

Photogrammetry LVDT Ultrasonic X-ray Eddy Current

Figure 3. Quality assessment post-welding [34].
Each technique presented in Figure 3 is explained in the following section.

4.1. Digital Image Correlation (DIC)

The digital image correlation (DIC) concept used by [59-61] is a method of optical
analysis, without contact and of total field. With the use of two cameras and image re-
cording 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 soft-
ware, ARAMIS®, developed by GOMS, is one of the best known in this field.
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4.2. 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
[62].

4.3. Linear Variable Differential Transformer (LVDT)

Another method that can be used is LVDT, which is a device like an electrical trans-
former that measures linear displacements, measuring the variation of the induced inter-
nal voltage. The LVDT can be used to measure the size of the distortion at fixed points
during welding and after cooling it [63,64].

4.4. Ultrasonic

Ultrasonic inspection methods involve the generation of ultrasonic waves that inter-
act 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
[65-67].

4.5. 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 opera-
tor 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 au-
tomated environments [68-72].

4.6. 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 [73-76].

4.7. 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
[77-79]. In the study [80], a vertical combined magnetic field (VCNF) and a parallel com-
bined 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 [81], 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.

5. Quality Assessment Considering Mechanical Properties

In laser welding, the most common welding joint is butt welding. In this type of joint,
it is necessary to pay special attention to the alignment of the parts, as the size beam is
very narrow compared to other fusion welding processes. Any space between the parts to
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be joined will cause defects, such as weld concavity, undercut, and the appearance of a
notch that increases fatigue in parts [82].

In industry, the laser welding process with keyhole is used, due to the high penetra-
tion and fast welding speed, but it can cause defects, such as rough and ropy surfaces due
to the instability of the keyhole. In addition to these problems, there are also metallurgical
problems, such as the softening of the HAZ. This phenomenon occurs because the mar-
tensite present in DP steel is tempered [82]. This problem will be described in the follow-
ing Section 5.1.

5.1. Hardness

Gathering several authors, it was possible to conclude that there are two main prob-
lems regarding hardness in DP laser welding joints: the growth of martensite in fusion
zone (FZ), and a softening phenomenon in the HAZ.

1. Growth of martensite in FZ:

e  The amount of martensite contributes to the decrease of the joint ductility, as
demonstrated in [83]. For example, the welding parameters presented in [84] led
to a 53.7% increase in hardness in the fusion zone.

e It was possible to conclude in [85] that hardness in FZ, duplicated its original
value, due to the rapid cooling rate after the welding process.

e  The higher the welding speed, the higher the cooling rate [82,86].

e  The FZis strongly dependent on the carbon content. It was verified by [82] that
FZ decreased with the increasing of carbon and other alloys.

Table 3 represents an outline of the papers where the hardness of laser welded DP
steels was studied. It can be verified that hardness in FZ is always greater than in HAZ,
due to the existence of martensite in FZ.

Table 3. Hardness values for several laser welded DP steels.

Welding Hardness Hardness

Author Material \/ thod/Power W) T25ST TYPe 7 vy HAZ HV)

Xie et al. [81] DP590 Continuous/3000 Fiber 365 180
Sunetal. [87] DP590 Pulsed/132 Nd:YAG 270 160
Mansur et al. Continuous/1200- .
DP F 2
[88] 600 1500 iber 350 00
Tun‘[’;lg]et Al bpeoo Pulsed/300 Nd:YAG  300-400  200-400
hi et al.
Ganc[lg S]e a pprso Pulsed/325 Nd:YAG 385 240
Huang et al. Continuous/1000- .
1] DP980 2000 Fiber 500 325
Jia et al. [92] DP980 Continuous/4000 Fiber 415 320
Park L.
ar [‘;th a DP980  Continuous/6000 Fiber 410 240
Saha et al. [94] DP980 Continuous/6000 Fiber 480 295
Xu et al. [95] DP980 Continuous/6000 Fiber 480 280
Tun‘[’glg]et Al bp100o Pulsed/300 Nd:YAG  350-400  290-360

2. Softening phenomenon in HAZ:

e  HAZ softening has been associated with tempered martensite in the base metal.
e  The width of soft zone decreases with increasing welding speed and decreasing
beam width.
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e It was also found in [96] that the appearance of fine-grained martensite in the
subcritical HAZ results in an increased hardness, while the tempered martensite
contributes to a soft zone.

o  The size of the HAZ soft zone decreased with increasing pulse duration 83.

° In the work of [97], DP600, DP800 and DP1000 were studied, verifying that HAZ
softening increased with steel grades, which is related to the amount of marten-
site in each type of DP steel.

To deal with the appearance of martensite and its contribution to increasing hard-
ness, it is possible to use thermal treatments: post-welding heat treatment (PWHT) and
pre heat welding treatment (PHWT).

1. Pre Heat Welding Treatment:

e In[98], the study of DP980 steel welded at room temperature and preheated to
526 °C has been performed. Using preheating, it was observed that the micro-
structure in the FZ of the bead changed from martensitic (with a hardness be-
tween 320 and 500 HV) to a microstructure composed by bainite, ferrite and aus-
tenite, presenting 280 HV of hardness.

2. Post-Welding Heat Treatment:

e In paper [85], two types of thermal treatments were tested with the purpose of
resetting the initial characteristics of DP600 before welding. The hardness values
in the welding and in the HAZ dropped significantly but still showed values
40% above the base metal. In paper [99], PWHT has been used in a DP1400 steel,
and it was shown that the heat treatment had little significance regarding tensile
strength due to the transformation of martensite into tempered martensite.
However, it had relevant results with elongation, which contributes to lower
defects, such as cold cracking.

e In the paper presented by [100], it was verified that using post-welding heat
treatments, the tensile stress decreased from 725 + 7 MPa to 679 + 5 MPa, but the
elongation increased from 2.8% to 3.5%.

5.2. Microstructure

In addition to the nomenclature used to characterize welding joints, BM (base metal),
FZ (fusion zone), HAZ (heat affected zone), there is an extra nomenclature that was
adopted for the HAZ [99-101]. In steels, the peak temperature achieved in the HAZ results
in specific metallurgical transformations is based on the local phase diagram (Figure 4).
The main transformations in DP steels are described below:

1. Sub-critical HAZ (S-HAZ) is the region where the peak temperature during welding
is below Aci temperature of steel phase diagram [101].

e It was verified by [101] that martensite in the BM was transformed into tem-
pered martensite during subsequent heating and cooling, since the local temper-
ature was below Aci and austenization did not take place.

e  The martensite phase in the BM is tempered causing HAZ to soften. The severity
of HAZ softening decreases with increasing distance from the Aci isotherm [82].

2. Inter-critical HAZ (I-HAZ) is the region where the peak temperature during welding
is between Aci and Acs temperature of steel phase diagram [101].

e It was verified by [101] that the local peak temperature was between Acs and
Acy; originating the austenitization of martensite and ferrite from BM and after
cooling, it transformed into ferrite and M-A constituent.

e  The volume fraction of martensite in the HAZ increases as the peak temperature
rises from Aci to Acs [82].

3. Super-critical or upper-critical HAZ (SC-HAZ): during welding, the steel is heated
above Acs [101].
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e  The microstructure changes to austenite during heating. Depending on how
high above Acs the temperature is, it can also occur grain growth. When the area
of the HAZ with a temperature above Acs cools down, it transforms into mar-
tensite [82].

FZ NS

Figure 4. HAZ areas [102].

Table 4 shows a summary of papers with all microstructures that were originated by
laser welding in several DP steels in the HAZ.

Table 4. Microstructural transformations in HAZ.

. Welding
Author Material Method/Power (W) S-HAZ I-HAZ SC-HAZ
1. [87
Sunetal [87]  pbeqy Pulsed/132 TM +F M +F LM
—single spot
Sunetal [87] gy Pulsed/132 TM+TB LM+B+M-A LM
—8 (pulse)
Dietal. [101] DP780 Continuous/2000 ™ F+M-A LM
Paﬂ?;;ist al ppogo Continuous/6000  PTM M ™
Saha et al. F+M + Car-
DP ti - +B
[94] 980 Continuous/6000 bides M

TM—tempered martensite/F—ferrite/TB—tempered bainite/PTM—partial tempered marten-
site/M —martensite/LM —lath martensite/M-A —martensite—austenite compound.

It is possible to verify the existence of predominant structures as: TM in S-HAZ, Mar-
tensite and Ferrite in -k HAZ and LM in SC-HAZ, in almost all grades of DP steel.

Effects of Laser Characteristics in Microstructure

Heat input is the ratio between laser power and welding speed; it increases with laser
power and decreases with welding speed [102]. Heat input not only affects softening phe-
nomenon but also the appearance of defects, such as lack of penetration and pores. The
effect of heat input is usually detrimental for the mechanical properties of welded joint
[86].
¢ Heat input too low (excessive welding speed or insufficient power) may cause lack

of penetration and pores at FZ in the welded joint [79,103].

*  Heat input too high generates larger weld beads, promotes HAZ softening and leads

to a less refined microstructure [104].

*  Lower speed favours weld penetration but increase heat dissipation in the transverse
direction to weld, which leads to wider welds.
¢ Constant welding speed increases welding width and penetration [103].
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5.3. Tensile Properties

Metallurgical properties have a direct influence on the tensile and yield strength val-
ues of all DP steels. The softening phenomenon, for example, can contribute to the collapse
of the joint in the HAZ. Table 5 shows the results obtained in the studies regarding the
mechanical properties of the welded joints of various types of DP steels.

Table 5. Mechanical properties of DP steels weld joints.

Yield Ultimate Ten-

Author Material Megzldill’r:iver Strength Re sile Strength Tota:iloltill(:/nga-
MPa UTS MPA ’
Mansur et al. Continuous/1200— . .

(8] DP600 1500 363 629 15.7
Dietal. [101] DP780 Continuous/2000 525 875 17.2
Heetal. [105] DP800 Continuous/3000 701 868 7.9
Dietal. [101] DP980 Continuous/2000 695 1080 12.7

Parkes et al.
o [‘;Zf ** DP980  Continuous/6000 720 1067 53
Sahaetal. [94] DP980 Continuous/6000 725 1041 4.7
He etal. [105] DP1000 Continuous/3000 883 1034 1.9

* Average values.

It was verified in [88] that the welding process did not change the component yield
behavior. All samples reached the minimum required UTS for DP600 (600 MPa). All sam-
ples have broken at BM, which confirms the absence of softening phenomenon.

Regarding DP780 [101], the fracture occurred in BM. In the fracture surface, dimples
were observed, which means ductile fracture. The curves of similar welding joints were
like BM ones. In that study, high welding speed and lower heat input was selected, thus,
HAZ softening did not occur.

It was found in [105] that different thicknesses (1.3 to 2.1 mm), for the DP800 joints,
did not significantly affect the strength properties, and the fracture occurred in the BM. In
DP1000 steel, the elongation at fracture was reduced compared to the BM values, and the
fracture arose at the welded joint.

Regarding fiber laser [93], the strength of welded joints did not decrease in contrast
to welded joints made with diode laser. It was possible to verify the existence of a smaller
soft zone in the joints produced by fiber laser, than in the joints made by diode laser. It
can be concluded that a smaller laser beam spot, together with a higher power and speed
in the fiber laser, significantly increased the joint strength by decreasing the soft zone.

It was found in [94], that increasing the welding speed from 12 m/min to 16 m/min,
resulted in a decrease in UTS from 1081 MPa to 1041 MPa, although YS has remained like
BM. Fracture occurred in SC-HAZ due to low hardness values (softening phenomenon).

In this work, welded joints on different energy inputs were studied (325 J/mm and
108 J/mm), observing that a low energy input has resulted in greater ductility and, conse-
quently, greater elongation.

6. Discussion

Of all these techniques under analysis in this paper, it is necessary to verify their
effectiveness if they will be more appropriate to the industrial or laboratory scope, regard-
ing the research purposes. To study DP steel, a finite element analysis is necessary, where
a study of influence of laser welding process in the thermal field is verified. Therefore, the
most appropriate analysis techniques to carry out during welding (both laboratory and
industrial) are visual techniques. Among them, the most favorable will be the combination
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of the thermal with the visual ones, due to the variables that are possible to quantify (in-
cluding the thermal field) and the possible defects to be observed. However, in this case,
the high costs for the use of this technique can only be justified due to the necessary in-
vestigation around this material. Moreover, at the industrial level, the same costs can be
amortized in the production of the parts.

Regarding post-weld analysis for laboratory methods, any of the techniques are reli-
able, although laboratories should have the necessary resources to execute these methods.
If the case is transposed to the industrial field, it is possible to conclude that the ultrasonic
method is not practical, this method only works below the surface and only from 2-3 mm,
which in a 3 mm DP plate it is not possible to evaluate anything. Additionally, it is difficult
to obtain X-ray equipment, so this method is also discarded at industry level. The best
option is to opt for DIC or photogrammetry techniques, where it essentially involves the
acquisition of equipment that, as in the case of vision techniques, can be amortized in the
production of components. Table 6 exhibits a summary of which techniques can be used
in industry or in the laboratory field.

Table 6. Comparison of techniques (Industrial vs. Laboratory).

Technique Industry Laboratory
FEM analysis X X
Thermal X X
Vision X X
Combined X
Acoustic emission techniques X
Photodiode X X
Spectrometer X X
Pyrometer X X
Fused Techniques X
DIC X X
Photogrammetry X X
LVDT X X
Ultrasonic X
X-ray X
Eddy current X X
Hardness tests X
Metallographic tests X
Tensile tests X

In the industrial field, it is not easy most of the time to perform metallographic anal-
ysis, which would be necessary to resort to a laboratory. Therefore, analysis must be car-
ried out in specific cases to try to discover if the root cause of a certain defect, has its origin
in a phase transformation.

The main defects in DP steels are the appearance of martensite in the FZ and the
phenomenon of softening in the HAZ of the joint. To overcome these defects, heat treat-
ments should be used. Thus, the company must carry out energy cost studies to verify the
cost-benefit results, and whether to buy ovens to carry out these treatments or to subcon-
tract them.

Tensile tests of laser welded DP steel specimens must be performed before this steel
is used for production. The welds must be performed by the welder responsible for the
process, with the parameters defined by the FEM analysis, to verify that the mechanical
properties of the bead are within the values presented in Table 5.
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The values obtained in Tables 3-5 can be used as reference values for welded joints
of various grades of DP steel, although the hardness values (Table 3) can always be im-
proved using heat treatments. The metallographic values can also be studied for different
laser types, laser modes and other parameters, such as speed and power. From there it
would be possible to have a standard for all DP steel grades. The values presented in Table
5 can be used as UTS values for the presented grades of DP steel, since for all of them, a
UTS above the standard of the raw material was achieved.

Regarding sequence, tensile tests should be done pre-welding, metallography and
hardness post-welding.

To study more acceptance criteria for welding quality, the following standards can
be employed: 3834-1 [106], ISO. 3834-2 [107], ISO. 3834-4 [108], ISO. 3834-5 [109], ISO. 9001
[110], DIN. 18800-7:2008 [111] and ISO. 15609-4:2009 [112].

7. Conclusions

DP steels and laser welding are increasingly being studied, due to their environmen-
tal impact on the automotive industry.

In this paper, a theoretical study about the quality criteria in laser welding DP steels
is presented. The quality assessment for these steels was developed regarding general as-
pects of laser welding and specific criteria for DP steels due to their chemical composition
and specific mechanical properties and microstructure.

DP steel does not present considerable weldability problems, except for the usual
softening of the HAZ and the growth of martensite in the FZ, which can increase hardness
in the weld bead.

The best analysis techniques to avoid failures in DP steel are FEM, visual techniques
during welding procedure and DIC for post-weld analysis.

This plan is divided into three stages related to the welding process: pre, during and
post welding. The values exposed in Tables 4-6 should be considered as possible refer-
ences for welded joints for the different DP steels grades. This plan was developed con-
sidering a possible application in industry, helping researchers rapidly understand what
kind of values they can expect in their works as well.
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