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Abstract 

 

The introduction of stricter and stricter regulations aimed at attenuating global 

warming through the reduction of CO2 and pollutant emissions in the environment 

has a central role in the modern automotive industry. In the last decades, the demand 

for more and more safe, comfortable, and fully-equipped cars has entailed the 

inexorable increase of the vehicle’s mass. Nevertheless, lightening is essential for 

vehicles moved by internal combustion engines as well as for electric ones to reduce 

fuel consumption and maximize energy efficiency. Therefore, car designers are called 

to resolve this challenging problem with solutions that satisfy the conflicting goals of 

all sides. One of the most successfully and widely employed solutions regards the 

adoption of tailored blanks, and among them in particular tailor welded blanks 

(TWBs), in the vehicle body in white. The main peculiarity of this solution is the smart 

use of the typologies and thicknesses of the materials, which allows both the weight 

reduction and the crashworthiness increase of the vehicles. These advantages are 

further emphasized when the ultra high-strength steels for hot stamping are 

combined in TWB solutions, although the characteristic anti-oxidation and 

decarburization coating layer of these steels is problematic in the joining stage. 

TWBs are almost totally manufactured through a keyhole laser welding process, 

which is the benchmark among deep-penetration joining procedures. This particular 

welding process is obtained only when the laser beam power intensity at the 

workpiece surface is sufficiently high to create a long and very narrow capillary, i.e. 

the keyhole, which allows obtaining weld seams with high aspect ratios and small 

heat-affected zones. Although this is by now a commonly industrially employed 

joining process, the keyhole laser welding is still not completely investigated because 

barely directly observable when it runs. Therefore, several numerical procedures 

have been developed for the study of keyhole welding, even if, also in this case, the 

modelling is extremely challenging due to the several physical phenomena taking part 

in the process. However, the modelling of such a difficult process is fundamental for 
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the development of more and more efficient, time and cost-saver methodologies for 

smarter and more sustainable manufacturing of these products. 

This dissertation is the result of the research works conducted during an industrial-

based Ph.D. program realized in the University of Basilicata together with the 

Baosteel Tailored Blanks, which is one of the global leaders in TWB manufacturing 

and supplying to worldwide carmakers and original equipment manufacturers 

(OEMs). Therefore, the nature of the research activities as well as the doctorate itself 

is dual: academic approaches and methodologies for the study of the laser welding 

process have been developed and applied for the deepening of the knowledge in the 

field as well as in support of actual industrial problems and aspirations. The 

theoretical and numerical procedures have been created starting from the literature 

analysis and refined on the basis of experimental tests obtained on production lines 

in real industrial conditions. The industrial reality has been experienced in the Italian 

R&D department of Baosteel Tailored Blanks in its plant located in Tito (PZ), where 

an overall period of 12 months (6 of which in smart working cooperation with 

Baosteel Tailored Blanks Sweden as a replacement for the similar abroad period 

canceled due to the COVID-19 pandemic) has been spent.  

The thesis is composed of four sections. Each section has been thought of as an 

essential part of the dissertation as well as a single segment of the overall work that 

could be referred to separately from the rest. The first section describes diffusely the 

TWB solutions, the hot stamping technology and the combined use of them, showing 

the advantages and the problems related to their applications, also with historical 

background. The section is therefore completed with mentions on the numerical 

procedure commonly used for the modelling of the hot stamping process of TWBs 

and an overview of the relatively new quenching and partitioning (Q&P) steels, which 

are called to be more and more extensively used together with the press hardenable 

ones (PHS) in TWB solutions in the next future. Section 2 reports a literature review 

on the most common tests and procedures employed for the quality assessment of 

laser welded joints of Al-Si-coated steels. This was used as reference for the definition 

of the equipment and methodologies adopted for the experimental analyses 



Abstract 

9 
 

conducted in the research work described in the thesis. Then, the study of the 

keyhole laser welding process was numerically developed through different 

simulation models. The semi-analytical one developed for the laser welding keyhole 

geometry evaluation is described in the third section with details on the novelties of 

the theoretical approach adopted, while Section 4 illustrates the FEM and CFD 

simulations set for the modelling of the keyhole laser welding process. The main 

outcomes obtained from numerical models were collected in order to corroborate an 

innovative laser welding process developed for TWB for hot stamping. This 

methodology of Baosteel Tailored Blanks was finally tested through a DoE 

experimental campaign, whose results are reported and discussed in Section 4. Most 

of the studies and outcomes detailed in this dissertation were or are being exposed 

also in the scientific papers specified in the publications list.  
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Section 1 

State of the art and latest technologies of tailored blanks 

solutions 

 

1.1. Tailored blanks solutions 

The term tailored blanks refers to a wide range of semi-finished products in the form 
of metal sheets characterized by local variations of thickness, material, or mechanical 
properties [1]. These products are developed for applications mainly in the 
automotive field, where are commonly used for the vehicle’s body in white and 
closures. Tailored blanks allow the customization of final components with the 
chance to insert the most suitable material of the right thickness in the desired 
position. This possibility brings several advantages that make the use of tailored 
blanks solutions so widespread in the last decades. A first important advantage is the 
mass reduction of the component that contributes to automotive lightweighting 
purposes. Vehicle mass saving is nowadays very challenging for both thermal and 
electric-powered cars makers. The former have to reduce fuel consumption in order 
to observe stricter and stricter regulations for environmental pollution and 
greenhouse gas emissions. The latter have to counterbalance the increase of weight 
due to the battery stacks of electric vehicles to extend the autonomy ranges as much 
as possible [2–4]. In addition, tailored blanks solutions allow at the same time to 
increase technical and mechanical performances of final products thanks to the 
possibility to strengthen the component using thicker sheets or stronger materials 
only where it is necessary; this entails also the achievement of better crash 
performances in today’s vehicles than the older ones. Finally, the use of tailored 
blanks allows also the reduction of production costs of final products considering 
both the reduction of manufacturing processes compared to conventional 
production methodologies (e.g. the transition from several stamping processes for 
each detached component to a single overall operation of a similar tailored blanks 
solution) and the more optimized use of raw materials (e.g. the reduction of scrap 
generated). Fig. 1.1.1 summarizes the main advantages that can be obtained with the 
use of tailored blanks. 
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Fig. 1.1.1:  Main advantages obtained with the use of tailored blanks. 

 

For long the term tailored blanks was referred to those products obtained joining 
sheets of different materials and/or thicknesses through a welding process, now 
named tailor welded blanks, that will be explained more diffusely later. Nowadays,  
tailored blanks refer also to other kinds of semi-finished products characterized by 
the same customization purposes, as reported in Fig. 1.1.2 [1]:  

 

Fig. 1.1.2:  Typologies of tailored blanks [1]. 
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 Patchwork blanks: consists in partially reinforcing the main sheet with one 
or more littler patches of sheet put on the main one (Fig. 1.1.3). The patch 
could be overlap-joined to the main sheet through spot welding, laser 
welding, or bonding technologies, even in combination [1,5]. 

 

Fig. 1.1.3:  Schematization of a patchwork blank [1,5]. 

 

 Tailor rolled blanks: tailored blanks characterized by continuous variations of 
thickness, i.e. without sharp steps as in tailor welded and patchwork blanks. 
Longitudinal or latitudinal thickness variation can be achieved respectively 
with a flexible rolling process (i.e. with online variable roll gap) and with strip 
profile rolling process (Fig. 1.1.4). 

 

Fig. 1.1.4:  Schematization of the flexible rolling process (a) and the strip profile rolling process (b) for 
the manufacturing of tailor rolled blanks with longitudinal and latitudinal thickness variations 

respectively [1]. 

 

 Tailor heat treated blanks: tailored blanks in which specific areas are locally 
heat treated to modify material properties. Unlike the other kinds of tailored 
blanks that are made regarding principally the performances of the final 
product, this one is generally designed to improve the formability of the part 
in the following stamping processes, as schematized in Fig. 1.1.5. 
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Fig. 1.1.5:  Schematization of tailor heat treated blank [1]. 

 

The original and most common typology of tailored blanks is that of tailor welded 
blanks (TWBs). In this case, two or more sheets are butt joined through a welding 
process before any forming step in order to provide customized properties of the 
final stamped part (Fig. 1.1.6). 

 

Fig. 1.1.6:  Schematization of a TWB for the B-pillar of a car [6]. 

 

Thanks to the achievement of the final complete component just with a single 
forming operation, TWB solutions have revolutionized the procedure for the 
manufacturing of the complete automotive stamped parts that traditionally were 
before formed separately and then joined together [7]. The sheets are joined 
generally by the means of a laser beam, for that reason TWBs can be referred also as 
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laser welded blanks (LWBs). Instead, the use of mash seam welding processes for the 
joining is much less common. The welding could be linear as well as curvilinear or 
multi-linear (Fig. 1.1.7) [6]. 

 

Fig. 1.1.7:  Typologies of joining in TWBs [6]. 

 

TWB solutions find wide applications in vehicle’s upper and underbody parts (e.g. 
rails, floor, body sizes and inners, A-, B-, and C- pillars) as well as closures (e.g. door 
inners, hood inners, tailgates) [6], as schematized in Fig. 1.1.8.  

 

Fig. 1.1.8:  Main applications of TWB in a car [8]. 

 

TWBs emphasize the advantages obtained for a general tailored blank (c.f. Fig. 1.1.1). 
In particular, the mass of the body in white of a vehicle using TWB solutions decreases 
from 20 to 50%, depending on the vehicle typology considered. This result is achieved 
thanks to a cleverer use of materials and thicknesses. In addition, TWBs do not need 
the overlap of sheets for the joining just as for traditional assembling methods, e.g. 
spot welding (Fig. 1.1.9). In this way, the use of butt joints contributes to reducing 
the overall amount of material and, consequently, of weight [9,10]. 
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Fig. 1.1.9:  Comparison between overlap and butt joints [9] 

 

The wider and wider adoption of TWBs in the vehicle’s bodies in white was one of the 
factors that mainly helps the manufacturers to design safer and safer cars in the last 
few decades. This was possible thanks to the chance to combine high strength anti-
intrusive materials with very deformable ones able to absorb a great quantity of the 
impact energy [6,10]. Fig. 1.1.10 shows how the increase of use of TWBs and 
Advanced High Strength Steels (AHSS) is directly related to the improved crash 
performances of cars. The trend continues still today with the increasing combined 
adoption of TWB and hot stamping solutions (as described later in more detail). 

 

Fig. 1.1.10:  Average use of TWB technology during the last decades and related effects on crash 
performances of cars [6]. 

 

Finally, the use of TWBs has several benefits also regarding the costs of production. 
A smarter adoption of materials allows to enhance the use of raw sheets or coils and 
minimize the production of scraps. Moreover, advantages come from the 
simplification of the process manufacturing of the resulting component. Fig. 1.1.11 
shows a comparison of the entire manufacturing steps for the production of a car 
door inner component through a traditional post assembly and a TWB approach. The 
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TWB solution requires the stamping of only one part (i.e. the TWB) instead of the 
separate stamping operations of the door panel inner and the hinge reinforcement. 
Considering also the two different operations necessary for the left and right sides, 
the adoption of TWBs entails the overall elimination of two stamping operations and 
two assembly operations if compared with the traditional monolithic post-assembled 
solution [10]. 

 

Fig. 1.1.11:  Comparison of manufacturing steps of the post assembly process and the tailored blanks 
process for a car door inner component [10]. 

 

Fig. 1.1.12 depicts the overall costs that a car manufacturer has to bear for both the 
production approaches of the car door inner component. The tailored blank process 
requires costs in terms of material supply higher until 30% than the post assembly 
process because in the former a semi-finished product, i.e. the TWB, has to be 
acquired instead of the sheet coils. Nevertheless, the TWB solution implies no costs 
for coil storing and cutting operations (saving of 5-10% of the total cost of the 
complete part), halved stamping ones (additional saving of 10-15%), and above all no 
costs for assembly ones (further saving of 20-25%). The final total saving for each 
finished car door could be estimated at least 5% and up to 20% of the part cost 
compared to the traditional process [10]. 
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Fig. 1.1.12:  Comparison of production costs of the post assembly process and the tailored blanks 
process for a car door inner component [10]. 

 

TWBs were the first and for long the only tailored blank product developed in the 
automotive industry. The first patent related to a TWB approach was registered in 
1964, while the first industrial application was for the production of 3.0-5.0 mm-
thicked electron beam-welded metal blanks for automotive frame members at A.O. 
Smith (USA) since 1968 and until 1993 [1,11]. The Swedish carmaker Volvo was the 
first to introduce the TWB technology in Europe in 1979. In this case, the resistance 
mash seam welding process and later the more efficient induction butt welding 
process were adopted for the sheets joining. However, the German carmaker Audi, 
in cooperation with the steel company ThyssenKrupp, was the first to introduce the 
laser technology for the joining of a TWB.  Since 1983, CO2-laser welding was used for 
the manufacturing of the floor panels of the Audi 100 model (1982-1991) to face the 
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limited width of the sheet steel coil for the required blank size (Fig. 1.1.13). In 
particular, the development of the new laser joining method was due to the 
maximum joining length (1000 mm) that the resistance mash seam welding process 
introduced by Volvo was able to cover at that time, while the Audi 100 floor panel 
needed a longer one (1960 mm) [1,7,11].  

     

Fig. 1.1.13:  The stamped floor panel obtained from a TWB (a) [7] used in the Audi 100 (1982-1991) 
(b) [12]. 

 

The Japanese car manufacturers began to adopt the TWB solutions later than the USA 
and Europe (since 1986) but using directly the laser welding process, also with the 
addition of filler wires [11]. Since the 90s, laser welding became the most common 
joining technology due to the unsuitability of the mash seam welding to join the more 
and more widespread galvanized steel sheets [1]. More recently, TWBs have been 
combined with the hot stamping technology (as will be discussed more diffusely later) 
and there have been also some applications for the joining of sheets of aluminum 
alloys [1]. 

The TWB concept found some applications also outside of the automotive industry. 
In the aerospace sector, TWB approach is employed with the utilization of adhesive 
bonding in place of the welding methods and the chemical milling to obtain the most 
suitable local sheet thickness. In this case, the benefits obtained by the use of TWBs 
are similar to those listed for the vehicle’s body in white [13]. Finally, LWB could be 
used also in the construction field for the manufacturing of structural panels for 
frameless building systems [14]. 

 

1.2. Press hardenable steels and hot stamping technology 

Nowadays there are more and more widespread applications of TWB solutions 
adopted together with the hot stamping technology. The terms hot stamping, hot 
press forming, and press hardening refer to the manufacturing process in which a 
metal sheet is heated at elevated temperatures and then stamped in a cooled die 
when still hot. This relatively new technology allows forming into complex shapes the 

(a) (b) 
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Ultra High Strength Steels (UHSS) in soft conditions (i.e. at high temperature) in which 
the material is characterized by high formability and low springback [15]. Then, the 
sudden temperature reduction that the material undergoes in the die quenches it 
lending it high mechanical strength properties. Therefore, as depicted in Fig. 1.2.1, 
hot stamping is a non-isothermal forming process for steel sheets, where forming and 
quenching take place contemporarily in the stamping step [16]. 

 

Fig. 1.2.1:  Schematization of the hot stamping process [17]. 

 

The steel grades suitable for the hot stamping process are defined as press-
hardenable steels (PHSs), which are B-Mn-alloyed steels with low C content. Table 
1.2.1 reports the chemical compositions and the mechanical properties of the PHSs. 

 

Table 1.2.1:  Chemical components and mechanical properties of PHSs [18]. 

 

As depicted in Fig. 1.2.2 and Fig. 1.2.3, the as-delivered PHS at room temperature 
consists in ferrite and pearlite with iron characterized by a body-centered cubic (BCC) 
microstructure. Then, the heating in the furnace at a temperature between 900 and 
950 °C for 3 to 10 minutes makes the steel completely austenitized and characterized 
by a face-centered cubic (FCC) microstructure. Finally, the stamping/quenching step 
in the cooled die, with the minimum cooling rates for each steel indicated in Table 
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1.2.1, ensures the transformation of the steel microstructure into full martensite, 
which is the hardest form of steel. The rapid cooling of the austenite is fundamental 
to avoid carbon diffusion. The carbon atoms remain trapped in octahedral interstitial 
sites between iron ones and this results in the martensitic body-centered tetragonal 
(BCT) crystal structure, larger and slightly expanded than the ferritic BCC one. Fig. 
1.2.4 schematizes the other transformations of austenite that could be obtained if 
the cooling is not so rapid to ensure a diffusionless transformation. The final fully 
martensitic structure drastically improves the mechanical performances of PHSs but 
also reduces the elongation that the material could tolerate. For these reasons, hot-
stamped steels are mainly used for anti-intrusion parts and structural 
reinforcements, such as side-impact beams, bumpers, A and B-pillars, roof rails, cross 
members, and tunnels. [15,16,18]. Fig. 1.2.3 shows also the different positions of 
PHSs in the global formability diagram of steels used in the automotive industry for 
each step of the hot stamping process.  

 

Fig. 1.2.2:  Fe-C phase diagram [15]. 
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Fig. 1.2.3:  Schematization of steel microstructure and position of PHSs before, during, and after hot 
stamping in the global formability diagram [15]. 

 

 

Fig. 1.2.4:  Possible transformations of austenite with different cooling speeds [15]. 

 

Conventionally two main variants of the hot stamping process exist [15,16,18]: 

 Direct hot stamping process: the blank is heated in the furnace and then 
transferred to the die for the stamping/quenching step (Fig. 1.2.5). 

 

Fig. 1.2.5:  Direct hot stamping process [15]. 
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 Indirect hot stamping process: the blank is cold preformed in a conventional 
die to approximately 90-95% of its final geometry, then heated in the furnace, 
and completely formed and quenched in the cooled die (Fig. 1.2.6). 

 

Fig. 1.2.6:  Indirect hot stamping process [15]. 

 

The specific process to use is chosen considering part geometries and material 
properties. More recently, other two variations of the traditional hot stamping 
processes are establishing themselves [15]: 

 Hybrid or two-stage hot stamping process: similar to the indirect one, but 
with a cold preforming stage less near to the final geometry and a significant 
forming step also in the quenching die (Fig. 1.2.7). This process is particularly 
suitable for deep drawn parts, e.g. transmission tunnels. 

 

Fig. 1.2.7:  Hybrid or two-stage hot stamping process [15]. 

 

 Multi-step hot stamping process: similar to the direct one, but with a 
transfer stamping operated through transfer press heated dies, as in cold 
forming. The quenching takes place no more in the cooled die but directly in 
the air at room temperature (Fig. 1.2.8). This process is suitable only for 
steels with high Mn content and with critical cooling rates for the martensite 
transformation lower than the air one, e.g. 20MnB8 steel.  
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Fig. 1.2.8:  Multi-step hot stamping process [15]. 

 

Several B-Mn-alloyed steel grades are usually employed for hot-stamped 
components. Among these, the 22MnB5 is so far the most common and famous steel 
grade in the automotive field. It is provided by several steelmakers under different 
commercial names (e.g. USIBOR 1500 by ArcelorMittal, MBW1500 by ThyssenKrupp, 
BR 1500 HS by Baosteel). This boron steel is characterized by a yield strength (YS) and 
an ultimate tensile strength (UTS) of around 450 and 600 MPa respectively in the as-
received condition, with a mean total elongation of 22% and a hardness of about 170 
HV. However, once quenched, 22MnB5 boasts a yield strength of more than 1000 
MPa, a typical UTS of 1500 MPa, and a hardness in the range 400-520 HV, while the 
tensile total elongation is around 5%. 22MnB5 has to be quenched with a cooling rate 
of at least 27 °C/s to ensure a fully martensitic final microstructure, as shown in the 
CCT diagram in Fig. 1.2.9. 

 

Fig. 1.2.9: CCT diagram for 22MnB5 steel with the effects of the alloying elements [15]. 
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Fig. 1.2.9 depicts also the effects of the increase of the main alloying components 
starting from the typical 22MnB5 chemical composition (listed in Table 1.2.1). The 
general effects of the main alloying elements for PHSs are listed below [15]: 

 Carbon (C): an increase of C content entails an increase of steel strength and 
hardness but a decrease in ductility and weldability. Higher C concentrations 
lower the martensite start temperature (MS) as well. 

 Manganese (Mn): Mn is used as a deoxidizer and its concentration increase 
has effects similar to C on steel mechanical properties and MS. Mn lowers 
also the austenitization temperature and retards bainite formation, with 
useful effects on the hot stamping process. 

 Boron (B): B improves the hardening properties of steel by forming carbides, 
such as also titanium (Ti) and aluminum (Al) but more effectively than the 
last ones. In addition, B delays the formation of ferrite and pearlite and is 
essential to obtain a fully martensitic structure in hot-stamped steel with a 
water-cooled die [19]. 

 Chromium (Cr): Cr improves mainly the hardenability, the corrosion 
resistance, and, together with molybdenum (Mo), the high-temperature 
strength of the steel. 

 Niobium (Nb): Nb is employed principally to inhibit grain growth during 
austenitization and improves strength and toughness. 

 Silicon (Si): Si acts mainly as a deoxidizer in the steelmaking process, but has 
also a slight hardening effect on ferrite. 

 Aluminum (Al): as Si, Al main function is for deoxidation and grain size 
control in steelmaking. It inhibits also the growth of austenite grains in the 
heating but has adverse effects on hardenability because of the formation of 
stable carbides. 

 Nitrogen (N): N improves steel strength, hardness, and machinability, but 
decreases ductility and toughness. In addition, it reduces the effects of B on 
hardenability. 

Generally, press hardened bare steel can suffer from scale formation and 
decarburization during the hot stamping process (Fig. 1.2.10). Scale formation is due 
to iron oxides formed at high temperatures and is unavoidable when uncoated steel 
is heated in an uncontrolled furnace atmosphere. Scale thickness increases as the 
time in the furnace gets longer, and requires an additional shot blasting or shot 
peening step to be removed. Scale formation usually occurs together to 
decarburization, i.e. the carbon oxidation with the loss of C in the steel layers close 
to the surface and the production of gaseous CO and CO2. Also decarburization 
importance increases with the dwell time in the furnace, until the formation of scale 
that acts as a barrier between the bare steel and the atmosphere happens. 
Decarburization is undesirable since it lowers the strength and the hardness of the 
superficial layers and may affect negatively fatigue life. Generally, a mixture of 
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nitrogen (N2) and natural gas (CH4) is created in the furnace to avoid, or at least 
reduce, scale formation and decarburization during the heating step. However, 
uncoated steels are preferably employed in automotive applications only for the so-
called dry areas, i.e. those zones sealed from external moisture and with a low risk of 
corrosion [15,18,20–22].  

 

Fig. 1.2.10: Macrograph of the superficial layers of an uncoated hot stamped steel affected by scale 
formation and decarburization [20]. 

 

Several coating technologies have been developed through the years to solve the 
problems of uncoated hot-stamped steels. The French steel supplier Usinor (later 
merged to ArcelorMittal) patented the first commercially available coating on PHSs 
in 1998. The coating was designed specifically to resolve the scale formation, but it 
results effective also as an anticorrosive barrier. It is composed of 9-10 wt.% Si, 2-4 
wt.% Fe, and the rest Al; for this reason, it is usually named Al-Si or AlSi coating. In 
the as-delivered condition, the coating is from 20 to 33 μm in thickness, but there 
exists also a much thinner and harder interdiffusion layer (IDL) between the Al-Si 
coating and the steel (Fig. 1.2.11). Nevertheless, during heating, iron from the base 
metal diffuses to the Al-Si coating forming the very hard AlSiFe layer, while Al and Si 
of the coating diffuse to the IDL, growing it in thickness and reducing its hardness. 
The final thickness of the IDL is directly related to the heating time and temperature. 
Al-Si-coated steel sheets cannot be hot stamped through the indirect process due to 
the brittle nature of the IDL. For the same reason, they are not suitable for cold 
forming as well [15,18,20–22].  

 

Fig. 1.2.11: Macrographs of the Al-Si coating of 22MnB5 steel before (a) and after (b) hot stamping 
process [21]. 

 

The zinc-based (Zn) coating represents an alternative to the Al-Si one. It is chosen 
when cathodic protection is needed for the hot-formed part. The Zn-coating for hot 

(a) (b) 
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stamping is much less commonly employed than the Al-Si one due to the problems 
of liquid metal embrittlement (LME) that affect the former during hot forming. The 
Zn coating reacts with the base metal (austenite) during heating, and forms a thin 
solid layer of a BCC solid solution of Zn in α-Fe (α-Fe(Zn)) (Fig. 1.2.12). A micro-crack 
can be initiated in this layer at the grain boundaries of the austenite in the base metal 
during deformation (step A in Fig. 1.2.12). Zinc from the α-Fe(Zn) layer diffuses along 
the austenite grain boundary as the crack propagates, and combines with iron from 
the base steel to form additional α-Fe(Zn) (step B in Fig. 1.2.12). Cracks propagate 
through the weak α-Fe(Zn) grain boundary layer, allowing liquid zinc (with diffused 
iron) to advance into the capillary crack (steps C-D in Fig. 1.2.12). The base metal 
transforms to martensite after quenching, and the liquid Zn transforms to a hard and 
brittle intermetallic phase, Γ-Fe3Zn10, with the presence of the capillary crack that 
weakens the final part (step E in Fig. 1.2.12). Zn-coated hot-formed parts should be 
manufactured only through the indirect hot stamping process to avoid the LME  
[15,18,21–23].  

 

Fig. 1.2.12: Illustration of the LME formation during hot stamping process [21]. 

 

Finally, the application of specific varnish coatings, also known as paint-type or sol-
gel coatings, represents another method to avoid scaling and decarburization. The 
first such coating was named x-tec and developed by Nano-X in 2005, and was made 
of Al particles, graphite, and wax in an inorganic-organic matrix. A 6-7 μm-thicked 
coat of the first-generation x-tec should have been applied on the bare steel to 
guarantee active corrosion protection as well as a tribological behavior that needed 
no additional lubrication steps. However, the removal of this coating by sandblasting 
was required after hot stamping for further painting or welding steps. Instead, the 
second generation of the coating was specifically developed to be weldable without 
sandblasting and required a thinner application of 2-3 μm as well [15,18,21]. Fig. 
1.2.13 shows how the preliminary treatment of a hot-stamped blank with the varnish 
coating is able to avoid the scale formation that affects the same blank made of 
uncoated steel. 
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Fig. 1.2.13: Comparison between a hot-stamped transmission tunnel made of uncoated steel, with 
scale formation (on the left), and the same component made of varnish-coated steel, without scale 

formation (on the right) [15]. 

 

Historically, the hot stamping conception can be traced back even to the forging 
technologies of the Chinese sword smiths during the Tang dynasty (618-917 A.D.). In 
the following centuries, the Japanese developed these technologies for the 
fabrication of weapons. In the 14th century, the steps to manufacture a katana were 
[24]: 

1) Heat the steel to the color of the moon in February; 
2) Transfer the steel from the oven to the anvil; 
3) Form the hot steel with a hammer; 
4) Quench the blade. 

The same general idea was, much more recently, at the basis of the first modern 
development of this technology in Luleå, Sweden, in the 70s. The first application of 
the hot stamping process was filed for patent in 1973 and issued in 1977 by the 
Swedish tier-one supplier Plannja HardTech, a subsidiary of Norrbottens Järnverk 
(one of the three predecessors of today’s steelmaker SSAB). The technology patented 
regarded the manufacturing of steel sheet products employed as a reinforcement 
element in a larger structure and was originally intended for agricultural parts, such 
as saw and lawnmower blades, to improve the wear resistance. However, already in 
1975, the Swedish National Board for Technical Development (STU) funded a 6-year 
R&D project at Luleå University of Technology, together with Volvo Trucks and 
Plannja HardTech, to understand the possible applications of the technology in the 
automotive field. In 1980, a collaboration between Plannja HardTech and the 
carmakers Saab, Rover, and Jaguar was established with the aim to develop PHS side-
impact beams. This results in the first applications of hot-stamped components in the 
automotive industry: the Saab 9000 (1984-1998) became the first production 
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passenger vehicle to use press-hardened components for the door beams (Fig. 
1.2.14), followed by the Jaguar XJ (1986-1994) [15,17,18,25–28]. 

 

Fig. 1.2.14: Hot-stamped door beam (a) [17] and its positioning in the body in white of the Saab 9000 
(1984-1998) (b) [25]. 

 

Nevertheless, the PHS side-impact beams cost three times the conventional ones 
made of cold-formed high strength steel (HSS) and suffered from scratching, warping, 
and oxide scale that needed removal by shot blasting. In addition, the hot-stamped 
components could not be welded as the traditional ones and had to be fixed with 
rivets. On the other hand, PHS door beams were able to satisfy the stringent 
requirements of the American side-impact test even with a downsizing of 50% than 
the cold-formed ones [25].  

In the 90s, the unique automotive hot-stamped parts continued to be door beams 
and the market was monopolized by Plannja HardTech until the expiration of its 
patent in 1995. After that, many other companies started investing in hot stamping. 
In 1996 Renault started to use a hot-stamped bumper beam in its restyled Safrane 
model (1992-2000). The same Plannja HardTech (by then renamed in SSAB 
HardTech), together with Saab, applied for a patent to manufacture B-pillar 
reinforcements by hot stamping in 1997. In 2000 there was the first application of 
hot-stamped A-pillar reinforcement in the BMW 3 Series convertible (1999-2007) 
[15,25,27,28]. 

The growing utilization of hot-stamped parts was sealed by the development of the 
Al-Si-coated 22MnB5 steel in 1998. The Renault Laguna (2000-2007) was the first car 
to adopt Al-Si-coated steels for several hot-stamped components, and above all was 
the first car to receive in March 2001 the maximum ranking of five stars from the 
European car safety performance assessment programme Euro NCAP. Other 
important records were in [15,25,27,28]: 

 2005: Volkswagen Passat (2005-2010) was at that time the car with the highest 
utilization of PHSs (19% of its body in white made of PHSs) and the first car to use 
several components made of varnish-coated steel that facilitated the hot stamping 
through a two-step hybrid process (Fig. 1.2.15). 

(a) (b) 
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Fig. 1.2.15: Hot-stamped components of the body in white of the Volkswagen Passat (2005-2010) 
[18]. 

 

 2006: Dodge Caliber (2006-2012) and BMW X5 (2006-2013) were the first cars to 
use tailor-rolled and hot-stamped blanks for their B-pillars; 

 2007: Audi A4 (2007-2016) was the first car to use a tailor welded hot stamped 
blank for the B-pillar; 

 2007: Volkswagen Tiguan (2007-2016) was the first car to use tailor heat treated 
(or tailor tempered) blank for the B-pillar; 

 2008: BMW 7 Series (2008-2015) was the first car to use Zn-coated press hardened 
components; 

 2014: Acura MDX (2014-2020) was the first car to use a laser-welded hot-stamped 
door ring, i.e. a single tailored blanks that covers the A and B-pillars, the hinge 
pillar, and the front portion of the rocker reinforcement (Fig. 1.2.16); 

           

Fig. 1.2.16: Laser-welded press hardened door ring before and after hot stamping (a) and its 
positioning in the Acura MDX (2014-2020) (b) [29]. 

(a) (b) 
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 2014: Volvo XC90 (2014-today) was, and is still today, the car with the highest 
utilization of PHSs (38% of its body in white made of PHSs) (Fig. 1.2.17). 

 

Fig. 1.2.17: Body in white of a Volvo XC90 (2014-today), which is made for the 38% of PHS (ultra high 
strength steel) [25]. 

 

Fig. 1.2.18 shows the evolution of PHS utilization in the automotive field since its first 
application, highlighting the unrestrained growth registered during the last decade 
and continuing still today [28]. 

 

Fig. 1.2.18: Summary of PHS evolution [28]. 



Section 1: State of the art and latest technologies of tailored blanks solutions 
 

32 
 

PHS technology allowed carmakers to design also unusual vehicles with particular 
body in white structural solutions. Fig. 1.2.19 shows the examples of the Hyundai 
Veloster (2011-2018) and the Ford B-Max (2012-2018). The former was a particular 
2+1 doors coupé with one door on the driver’s side and two doors on the passenger’s 
one. This entails asymmetric front doors and the two B-pillars positioned on different 
planes. The latter was a subcompact MPV without the B-pillar, which was replaced 
with hot-stamped reinforcements located inside the front conventional swing doors 
and the rear sliding ones [15,27,28].  

        

Fig. 1.2.19: The Hyundai Veloster (2011-2018) (a) with the two B-pillars positioned on different 
planes (b); the Ford B-Max (2012-2018) without the B-pillar (c) replaced by hot stamped door 

reinforcements (d) [15,27,28]. 

 

Moreover, the use of PHSs is increasingly considered for the improvement of crash 
performances of aluminum-intensive cars as well. On this point, the evolution of the 
Audi A8 model over the years could be taken as an example. In the first two 
generations (1994-2002 and 2002-2010), the body in white of this model was made 
of 100% aluminum. The third generation (2010-2017) used about 3% of PHSs and 92% 
of aluminum in its body in white, while the last one (2017-today) has increased the 
use of PHSs up to 17%. Finally, the use of PHS technology for the strengthening of the 
body in white finds further advantages both in commercial vehicles, thanks to the 
possibility to increase their payload, as well as in hybrid, electric, and fuel cell vehicles 
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that need to tolerate the additional weight of the battery pack and to guarantee its 
adequate protection [15,27,28].

  

1.3. Latest joining solutions for Al-Si-coated tailor welded blanks for hot 
stamping 

The combination of tailored blanks and hot stamping technologies allows obtaining 
at the same time the advantages described for each one in one fell swoop. In 
particular, since its first application in 2007, there was an increasing diffusion of tailor 
welded hot-stamped blanks in the vehicle’s body in white due to the possibility to 
join PHS sheets not only with another similar steel but also with the softer and more 
ductile ones. The latter could considerably improve the energy absorbing capacity of 
a final component since completely press hardened parts are extremely strong. In 
this direction, lower strength levels named press quenched steels (PQSs) have been 
developed specifically as higher ductility grades for hot stamping applications. 
Generally, PQSs are HSLA (High-Strength Low-Alloy) steel grades, characterized by 
micro-alloying elements, whose mechanical properties, especially for the lower 
strength grades, do not change dramatically with hot stamping as happens for PHSs. 
This lets PQS grades maintain their original high ductility and for this reason PQSs find 
application in tailored blanks for those structural parts of the body in white that need 
high crashworthiness properties, e.g. B-pillars/door rings and front/rear side 
members. Table 1.3.1 reports the most common higher ductility grades for hot 
stamping [15,30]. 

 

Table 1.3.1: Mechanical properties of the most common PQS grades [30]. 

 

Also PQSs suffer from the same oxidation problems of PHSs during hot stamping, and 
the same protective coatings of the latter are employed as well. The development of 
the Al-Si coating acted as a springboard for the diffusion of the PHSs (primarily 
22MnB5) and, more generally, of the hot-stamping technology. However, the 
presence of the protective layer entailed also some critical issues. The main problem 
related to the Al-Si coating is its dilution inside the molten pool in the laser welding 
process for the production of TWBs. The fusion zone (FZ) of laser-welded bare 
22MnB5 is fully martensitic, i.e. FZ has the same microstructure as well as the same 
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physical properties of the hot-stamped base material. Instead, the contaminated FZ 
of Al-Si-coated steel suffers from the formation of Fe-Al intermetallic compounds and 
the modification of cooling diagrams that brings to a final dual-phase region of 
martensite and ferrite (Fig. 1.3.1 and Fig. 1.3.2). Intermetallic compounds and ferrite 
weaken considerably the weld seam in the final hot-formed part [20,31–35].  

 

Fig. 1.3.1: Schematization of the laser welding of Al-Si-coated steel (a) and the fusion zone 
contamination from the coating (b) that brings to ferrite and intermetallic compounds dispersed into 

the martensitic structure (c) [31]. 

 

 

Fig. 1.3.2: SEM observations of the fusion zone microstructures of a hot-stamped TWB without (a) 
and with (b) Al-Si coating [35].   

 

Up to now, several different methodologies have been tested trying to resolve this 
problem. First attempts regarded solutions for the removal of the Al-Si coating near 
the edges to be joined, which could be divided into thermal, chemical, and 
mechanical methods. A surface coating could be chemically removed by etching with 
acid, but this method proves to be very time-consuming since the areas of the blank 
on which the coating is to remain have to be masked or covered. Several mechanical 
methods have been attempted, e.g. through longitudinal planning/milling, 
sandblasting, the use of brushes, scraping knives/rollers, but they are generally time-



1.3. Modeling of hot stamping process of tailor welded blanks 

35 
 

consuming, cost-intensive, and barely controllable because it is not possible to 
directly ensure that the coating has been removed completely.  Thermal methods are 
mainly represented by the most commonly used one for industrial applications, 
which consists in removing the Al-Si coating by means of laser ablation before 
welding. Two similar but distinct methods of laser ablation that differ in the depth of 
the coating removal exist. The complete ablation method, developed firstly by 
ThyssenKrupp, entails the removal of both the Al-Si coating and the intermetallic 
layer between the coating and the base material, while in the partial ablation 
patented by ArcelorMittal only the upper Al-Si layer is eliminated (Fig. 1.3.3). 
Therefore, the latter can preserve efficaciously the underlying Fe-Al intermetallic 
layer that faces the steel substrate, continuing to guarantee minimum protection of 
treated area against oxidation. In laser ablation, the material is removed partly 
mechanically by laser-induced shockwaves (i.e. spallation) and partly thermally by 
fusion and vaporization. In addition, for partial ablation, a specific Q-switch pulsed 
laser manages to preserve the intermetallic layer letting it act as a barrier thanks to 
its higher hardness and fusion temperature than the above Al-Si coating 
[15,20,36,37]. 

 

Fig. 1.3.3: Schematization of partial ablation (a) and complete ablation (b) methods [15]. 

 

The ablation by induction is another thermal method for the removal of the Al-Si 
coating. In this case, the surface coating is heated to the melting temperature and 
then expelled by a high-frequency electromagnetic field. The coating is then removed 
through both the Lorentz force and evaporation [38]. 

The popularity of laser ablation does not imply necessarily that it is the most efficient 
way to resolve the FZ contamination problem during laser welding [31]. Generally the 
coating removal is to be considered not desirable from the industrial point of view  
since it entails additional steps and equipment, increasing times and costs of the 
manufacturing process. For these reasons, the latest attempts are all oriented toward 
methods that avoid ablation as well as any other decoating procedure. Some of these 
are based on the addition of filler material in the form of a wire inside the fusion 
zone, as schematized in Fig. 1.3.4.  
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Fig. 1.3.4: Schematization of a laser welding setup with the addition of a filler wire in the molten 
pool [39]. 

 

The filler wire method causes an enhanced stirring of the melt pool, improving the 
homogeneity of Al distribution inside the fusion zone and bringing to a more uniform 
δ-ferrite distribution (Fig. 1.3.5).  

 

Fig. 1.3.5: Schematization of the molten pool flows in a laser welding process without (a, b) and with 
(c, d) the addition of a filler wire [39]. 

 

In addition, a high-carbon content of filler wire could act as an austenite stabilizer, 
suppressing ferrite formation and improving martensite fraction in the hot stamping 
heat-treated weld seam. The results reported in the literature have shown an 
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effective improvement of the mechanical properties of the joints with filler wire 
compared to those welded without in hot stamped condition. The addition of filler 
wire also allows better control of the weld seam geometry thanks to the possibility 
to properly adjust the wire feeding speed [39–43].  

In other similar approaches, the use of Ni foils as an interlayer between the two 
sheets to be joined or as an additive coating layer on the sheets has been evaluated 
(Fig. 1.3.6). Ni is a strong austenite-stabilizer element, acting in this way similarly to 
carbon filler wire [44–47]. However, the application through interlayered foils does 
not allow direct control of the fusion zone geometry since the variation of thickness 
of Ni foils has not influenced the shape of welded joints. Moreover, the solution of 
an additive Ni surface layer, which has been tested only in bead-on-plate tests, could 
be difficult and time-expensive on butt joints for real industrial applications.  

     

Fig. 1.3.6: Schematization of the laser welding process with interlayered Ni foil (a) [46] and picture of 
a similar setup with Ni added as a coating layer on the sheet (b) [47]. 

 

Other approaches consists in eliminating the Al-Si layer without a real decoating 
procedure but through a preheating treatment or the application of a colloidal 
graphite coating. The former involves heating the steel sheet prior to laser welding 
reaching a temperature of 800 °C that allows the evaporation of Al-Si coating but 
preserving the underlying Fe-Al intermetallic layer (Fig. 1.3.7) [48]. Although it is 
effective, this method is time-consuming and implies anyway an additional step in 
the manufacturing process. In addition, the oxidative effects of a preheating 
treatment of large portions of steel could represent an issue in the following heating 
for the hot-stamping that has not been investigated yet. 

 

Fig. 1.3.7: Schematization of the laser welding process with the preheating treatment [48]. 

 

The latter method uses a colloidal graphite additional coating on the steel that serves 
both as an austenite stabilizer and as an agent for in-situ ablation of the molten Al-Si 
coating. Indeed, the additional coating, having a vaporization temperature higher 

(a) (b) 
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than Al-Si coating, brings to an increase of pressure of the underlying coating that 
finally explodes (Fig. 1.3.8). This method is effective for bead-on-plate joints with the 
highest considered thicknesses of graphite coating [49,50]. However, the application 
and measurement of a coating thickness in the order of 10-4÷10-5 m could be difficult 
in a real production process with butt joint configuration of different thicknesses 
sheets. Moreover, the final appearance of the areas adjacent to the weld seam 
should be investigated since violent spurts of the molten Al-Si coating ejected from 
the weld pool have been observed with the application of the graphite coating. 

 

Fig. 1.3.8: Schematization of the laser welding process without (a) and with (b, c, d) the colloidal 
graphite additional coating on the steel [49]. 

 

Other interesting approaches consist in enlarging the laser spot on the workpiece 
surface through beam defocusing, the use of optics with higher focal length, or with 
particular beam modules, e.g. collateral dual-beam module. Generally, laser welding 
with larger laser spots allows a wider melt pool with enhanced flows that improve 
the Al mixing bringing to an increased martensitic fraction of fusion zone after hot-
stamping [51–53]. A characteristic Y-shaped weld section, instead of the common X-
shaped (or hourglass-shaped) FZ, could be obtained through beam defocusing or 
setting the process parameters in the narrow range of values that allows to weld in 
the particular closed (or blind) keyhole condition [53–55]. Indeed, the weld pool 
resulting from laser welding with closed keyhole experiences less fierce flows than 
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the one with open keyhole due to the tighter width of the flow channels around the 
lower part of the keyhole (Fig. 1.3.9). This results in contamination of the weld pool 
due almost entirely to the top coating, i.e. restricted to the upper portion of the FZ 
[56]. However, the mechanical properties of these kinds of weld in butt joint 
configuration and hot-stamped conditions, i.e. those of a final TWB press-hardened 
part, should be better investigated. 

 

 

Fig. 1.3.9: Schematization of the molten pool flows in a laser welding process in the open keyhole (a) 
and closed keyhole (b) conditions [56]. 



Section 1: State of the art and latest technologies of tailored blanks solutions 
 

40 
 

Baosteel Tailored Blanks developed a novel approach for the laser welding of as-
received Al-Si-coated PHS, i.e. without any preliminary decoating procedure. This 
original method combines the use of a particular filler wire with an innovative 
variable energy distribution (VED) optic module that splits the laser beam in an inner 
circular spot with higher power densities and an outer squared one with lower power 
densities. Although further details cannot be provided because it is thus far a 
confidential patent-pending technology, this approach will be thoroughly evaluated 
and tested in the Section 4 of this dissertation. 

Table 1.3.2 resumes the main details of all the approaches described before. 

Methodology 
Al-Si coating 

removal 
Advantages Disadvantages 

Etching with acid Yes  Inexpensive 
 Procedurally simple 

 Time-consuming 
 Barely controllable 

Mechanical scraping 
(brushes, knives, etc.) 

Yes  Inexpensive 
 Procedurally simple 

 Time-consuming 
 Barely controllable 

Laser ablation Yes  The most effective 
 Controllable 
 The most commonly 

industrially used 

 Time-consuming 
 Expensive 
 

Filler wire No  Effective 
 Controllable 
 Time and cost-saving 
 Procedurally simple 

 Large experimental and 
refining work required 

Ni foil/coating layer No  Effective 
 Inexpensive 

 Barely controllable 
 Time-consuming (coating 

layer) 
Preheating treatment Yes  Effective 

 Controllable 
 Time and cost-consuming 
 Could be an issue for the 

hot stamping process 
Colloidal graphite 
coating 

Yes  Effective 
 Inexpensive 

 Procedurally difficult 
 Ejection of violent spurts 

of molten Al-Si coating 
Laser spot 
enlargement 
(defocusing, Y-shaped 
weld, etc.) 

No  Time and cost-saving  Large experimental and 
refining work required 

 Not always effective 

Filler wire + VED laser 
optic module 
(confidential patent-
pending technology of 
Baosteel Tailored 
Blanks) 

No  Effective 
 Controllable 
 Time and cost-saving 
 Procedurally simple 

 Large experimental and 
refining work required 

 Still under development 

Table 1.3.2: Comparison of the different approaches for the joining of Al-Si-coated TWBs.
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1.4. Modeling of hot stamping process of tailor welded blanks 

Finite Element Modeling (FEM) of stamping processes is widely used in the sheet 
metal forming industry to predict and optimize manufacturing operations and to 
assess the forming feasibility of a part, reducing lead times and costs. Two main 
formulations are implemented in commercial codes: explicit and implicit approaches. 
Explicit formulations allow reducing computation times and granting acceptable 
accuracy in the solution. However, they may present instabilities in the analysis and 
exhibit significant limitations in the prediction of thermal aspects and microstructural 
evolution during hot stamping operations (e.g. Autoform, Pam-Stamp). On the other 
hand, implicit codes (e.g. LS-Dyna, Abaqus) boast higher accuracy in the results but  
they require long computation times due to the non-linearity of the problem. This 
makes them not suitable for industrial applications. However, a hot-stamping process 
is quite more complex than a cold forming one because several phenomena have to 
be considered in addition to the mechanical transformation. The workpiece, initially 
heated to form austenite, is subsequently cooled by heat transfer to the tool parts 
and the austenite evolves into different phases that depend on the temperature 
history and mechanical deformation. Further, both the mechanical and thermal 
properties vary with temperature and deformation, depending on the chemical 
composition of the steel. Consequently, a realistic model used for the simulation of 
the simultaneous forming and cooling must consider interactions between the 
mechanical and temperature fields and the microstructure. Even fluid dynamics in 
the die cooling channels could be modeled to consider in more detail the heating 
removal during the forming step. The diagram of Fig. 1.4.1 resumes all the 
multiphysical phenomena that take part in a hot forming operation [15,57,58].  

 

Fig. 1.4.1: Schematization of the multiphysics of hot stamping [15]. 

 

The reliability of the numerical results depends on the models and the methods that 
are used as well as the accuracy and applicability of the input data. The material 
model and the related material properties data must be consistent with the 
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conditions of the workpiece in the process of interest. The accurate calibration of 
such a model represents a strong requirement to gain reliable results from the 
simulations of the hot stamping process. Besides the parameters that are necessary 
for the simulation of cold stamping, several material, process parameters, and 
boundary conditions need to be additionally considered for a hot forming operation 
[15,57,59].  

Both mechanical and thermal properties are essential input for the characterization 
of the blank material, and in particular [15]: 

 Flow stress: the material’s flow stress must be known at different temperatures 
(up to 800 °C) and strain rates. The effects of the latter become particularly 
significant at higher temperatures (Fig. 1.4.2).  

 

Fig. 1.4.2: Flow stress curves of 22MnB5 steel at different temperatures and strain rates [15]. 

 



1.4. Modeling of hot stamping process of tailor welded blanks 

43 
 

 Elastic properties: elastic (Young’s) modulus and Poisson’s ratio must be provided 
at different temperatures. In particular, for 22MnB5 the elastic modulus decreases 
at the increase of temperature (Fig. 1.4.3), while the Poisson’s ratio increases with 
temperature. 

 

Fig. 1.4.3: Elastic modulus of 22MnB5 steel at different temperatures [15]. 

 
 Heat capacity: is required as a function of temperature and phase (Fig. 1.4.4). 

 
Fig. 1.4.4: Heat capacity of different phases of 22MnB5 steel at different temperatures [15]. 
 

 Thermal conductivity: as the heat capacity, also thermal conductivity must be 
supplied at different temperatures and phases (Fig. 1.4.5). 
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Fig. 1.4.5: Thermal conductivity of different phases of 22MnB5 steel at different 
temperatures [15]. 

 

 Coefficient of thermal expansion: for 22MnB5 steel can be approximated at the 
value of 1.3x10-5 °C-1. 

 Phase transformations: the different microstructures of the steel have to be 
considered during heat treatment processes using e.g. a Johnson–Mehl–Avrami 
equation to calculate the austenite decomposition during quenching. 

Considering the tools, they have to be modeled as thermally conductive in order to 
properly calculate the heat lost by the blank and acquired by the tools. Since thermal 
conductivity and above all heat capacity is required to achieve this, the tools must 
have mass, which only solid elements would have. If shell elements are used, an 
artificial thermal thickness can be added as shown in Fig. 1.4.6. It is assumed that 
below the thermal thickness there would be free convection with air that emulates 
the thermal conductivity of the real tool mass. This lets the tools have a realistic heat 
capacitance and conductance that allows non-isothermal simulations [15]. 

 

Fig. 1.4.6: Schematization of the concept of thermal thickness [15]. 

 

The heat extracted from the blank can be calculated using the thermal contact 
conductance, which is a function of interface pressure if they are in contact, and a 
function of the gap between the blank and the tool if not, as reported in Fig. 1.4.7. 
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Fig. 1.4.7: Thermal contact conductance for Al-Si-coated 22MnB5 steel as a function of pressure and 
gap [15]. 

 

The friction between the blank and the tools during the stamping step is an important 
input for this kind of simulation. In general stamping processes, friction is a function 
of pressure level, relative sliding velocity, interface temperature, and surface 
roughness of both the blank and the tool, but despite this, a constant friction 
coefficient is usually employed in the models. In hot stamping, the presence and type 
of the blank coating, tool material and coating, interface temperature, and contact 
pressure are known to have effects on friction coefficient, which is commonly 
supplied as a function of the temperature. 

Simulation of the hot forming process can be divided into at least four stages, as 
shown in Fig. 1.4.8 and explained hereafter [15]: 

 

Stage Gravity Holding Forming Die Quenching 
Air 

Quenching 
Springback 
(distortion) 

Physics Mechanical Thermal + 
Mechanical 

Thermal + 
Mechanical 

Thermal + 
Metallurgical 

Thermal + 
Metallurgical 

Mechanical 

 

Fig. 1.4.8: Schematization of the stages of a hot forming simulation and physics involved in each 
stage [15]. 

 

 Gravity: the gravity stage is modeled as implicit and includes only the 
mechanical field. In this stage, the lower die set (i.e. the punch and the blank 
holder) is fixed and the blank is subject to an implicit gravity field. Due to the 

Optional stages 
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very short time, heat transfer is not included in this stage, while the elastic 
properties of the material depend on blank temperature. 

 Holding: the holding stage includes both mechanical and thermal fields. Here, 
the upper die set is moved down with the press speed, while the lower die set 
is fixed in all directions. The stage ends when the reaction force on the blank 
holder exceeds the predefined value. To calculate the heat loss properly, it is 
advised to keep the blank on the lower die set for the same duration as in real 
life. 

 Forming: also forming has to be considered both from the mechanical and 
thermal point of view. This is the stage where all the deformation is given to 
the part and ends when the force on the upper die reaches a predefined value 
or the stroke of the press slide is completed. Here, the blank should be still at 
the austenite phase and no phase transformation is desired. 

 Die quenching: the quenching stage involves thermal and metallurgical fields, 
but there may be no mechanical calculations. Indeed, in this stage, while the 
pressure distribution is typically assumed to be constant over time and is 
transferred from the end of the previous forming stage, heat transfer and 
phase transformations take place. Quenching simulations can be done by 
three different assumptions of increasing complexity: 
1) Using shell dies and assuming constant temperature all over the die 

components and through time (isothermal); 
2) Using shell dies and thermal thicknesses for heat capacity (non-

isothermal); 
3) Using solid dies, optionally with cooling channels. 

Consequently, heat transfer could be modeled through three different 
approaches of increasing detail level: 

1) Heat transfer modeled as a function of pressure and gap; 
2) Heat transfer within the tool modeled by the solid dies and the correct 

value of the heat conductivity of the tool steel; 
3) Heat transfer from die to coolant modeled through CFD analysis, with the 

possibility to model also the pressure drop and temperature rise of the 
cooling fluid. 

 Air quenching (optional): if tailored quenching is modeled, the part would be 
moved out of the press when it is still over the martensite start (Ms) 
temperature. This stage must consider both thermal and metallurgical effects 
and its duration in terms of analysis time should be decided by the austenite 
phase fraction since it could be stopped once most of the austenite is 
transformed to other phases. 

 Springback (i.e. distortion; optional): generally hot stamping is known to 
have minimum springback, i.e. elastic recovery of the material after the load 
is removed. However, if the cooling is not uniform, distortion may occur 
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because of stresses caused by thermal expansion or by volume variation due 
to phase changes. In tailored quenched parts, a nonuniform cooling is 
introduced intentionally, and the part distorts above all at the end of the air 
quenching stage, during which the blank was not locked. To quantify the 
distortion, two separate meshes of the part are imported from the air 
quenching stage at its initial and final time steps and distances of consistent 
mesh nodes between the two meshes are evaluated.  

The main targets of press hardening simulations are the part geometry and the 
process parameters, which guarantee a successful forming avoiding excessive 
wrinkling and thinning. In particular, the thickness distribution is used as input data 
in further crash simulations and the thermo-mechanical history of the material model 
is of great importance to capture the residual stress state that is responsible for the 
distortion of the final component.  

Further increasing of the model complexity has to be faced for the modeling of the 
hot stamping of a TWB. In the most common case of the hot forming of a TWB 
obtained by the joining of different steels, e.g. PHS welded with PQS (Fig. 1.4.9), three 
different regions of the blank, i.e. the two base metals and the weld seam, must be 
modeled providing for each of them sufficiently accurate information to describe 
thermal, mechanical, and metallurgical parameters.  

 

Fig. 1.4.9: General schematization of the TWB of a B-pillar [15]. 

 

It could be relatively easy to obtain the necessary input properties for the base steels 
also in the literature. However, the required information for the weld seam needs 
appropriate investigations because different properties could be reached welding the 
same steel combination with different laser welding process configurations (e.g. just 
think about the different properties of the FZ between welding the same steel grades 
with and without the Al-Si coating removal). Studies from the literature confirm that 
the numerical model is able to accurately predict the formability and the material 
flow during the hot stamping process even using common commercial software. Also 
springback effects related to the internal stresses due to the different yield strengths 
and final microstructures of the distinct regions could be properly predicted in the 
distortion evaluation [15,60,61].

Weld seam 

PQS PHS 
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1.5. Quenching and partitioning steels 

PHSs are conventionally classified among the AHSSs of the first generation. However, 
over the last few years, steelmakers have developed several new steel grades with 
the aim of improving both strength and formability. This has led to the consequently 
birth of a second and a third generation of AHSSs [15,62], as depicted in the global 
formability diagram of Fig. 1.5.1. 

 

Fig. 1.5.1: Global formability diagram for steels employed in automotive industry [15]. 

 

Second-generation AHSSs were created with ultra-high strength and exceptional 
formability for higher-efficiency room-temperature stamping, but they require high 
levels of alloying, making them too expensive for widespread implementation. As a 
result, demand has grown for a new third generation of steel that has higher 
formability compared to the first generation but fewer levels of alloying elements 
than the second generation. Among the steel grades of the third generation, 
quenching and partitioning (Q&P or QP) ones are typically composed of C between 
0.15 and 0.4 wt.%, Mn between 1.5 and 2.5 wt.%, and (Al+Si) around 1.5 wt.%, and 
are subject to the Q&P heat treatment process firstly developed in 2003. In a Q&P 
process (Fig. 1.5.2) the completely austenitized steel is quenched to a temperature 
typically in the range 200-350° C, below the start of martensitic transformation (Ms) 
but above the finish one (Mf) (i.e. the temperature at which all austenite transforms 
into martensite), forming a controlled volume fraction of martensite. Then, the 
quenching is interrupted by raising again the temperature (300-500 °C) over Ms and 
holding the steel at this temperature for the partitioning step. This allows carbon 
from the carbon-supersaturated martensite to diffuse into the untransformed 
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austenite, enriching the austenite with carbon while similarly depleting the 
martensite. The carbon enriched austenite increases its room temperature stability. 
Since the partitioning temperature is above that required for martensite formation, 
some of the martensite transforms to tempered martensite, which provides high 
strength with more ductility than untempered one. Finally, the steel is cooled down 
to a temperature below Mf, with the formation of fresh martensite. The resulting 
microstructure of commercial Q&P steels is composed primarily of martensite (50–
80%, formed during quenching), and ferrite (20–40%, formed from the austenite 
phase during the first cooling between Ms and Mf), with dispersed retained austenite 
(5–10%, stabilized by carbon enrichment during partitioning). This allows Q&P steels 
to be formed through a cold stamping process [15,63–66]. 

 

Fig. 1.5.2: Schematization of the Q&P steps with the microstructural evolution [64]. 

 

The steelmaker Baosteel produced in 2009 and successfully commercialized in 2012 
the world’s first industrially processed Q&P cold rolled sheet steel, with a tensile 
strength over 980 MPa [65]. Currently, two levels of Q&P steels are in global 
production, generally named QP980 and QP1180, whose typical mechanical 
properties are listed in Table 1.5.1 [63]. 

 

Table 1.5.1: Typical mechanical properties of currently available Q&P steel grades [63]. 
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The main applications of Q&P steels are for structural components, e.g. A and B-pillar 
reinforcements, and are currently employed by several Chinese carmakers. However, 
new Q&P steel grades with tensile strengths up to 2100 MPa are still in development 
[15]. The ultimate goal at the basis of Q&P steel development is to use them in 
substitution of PHSs. Indeed, Q&P technology can avoid the need for hot stamping of 
PHSs thanks to the higher formability properties of Q&P steels. It can be estimated 
that more than 3 trillion Btu of energy are consumed annually in heating steel for hot 
stamping, based on an average of 24 pounds of hot-stamped boron steel in a typical 
vehicle. By removing the need for a reheating furnace and dies, automakers could 
reduce their energy consumption, as well as the footprint of their process lines and 
their capital costs [67]. For these reasons, the combined employment of PHSs and 
Q&P steels, with the latter that will tend to substitute the lower-strength grades of 
the former, could be a possible future development in the automotive industry in the 
next few years.
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Section 2 

Experimental methods for the characterization of laser-

welded joints 

 

2.1. State of the art 

An experimental test on a laser-welded butt joint consists in evaluating the conditions 
of the joining process on specimens of dimensions suitable for being analyzed to 
assess the quality of the joint. In particular, mechanical and metallographic tests are 
essential for the investigation of weld seam properties in the field of TWB for 
automotive application. Among the former kind of test, the tensile test and the 
hardness analysis are the most characteristic. Instead, the latter ones consist in 
analyzing the section of the weld seam through microscope observations and in 
evaluating the microstructure and chemical composition of the FZ. Hereafter, a 
detailed analysis of the experimental tests commonly carried out for the 
characterization of welded joints of steels for hot forming will be provided with 
examples and results taken from the literature. 

 

 Tensile test 

The tensile test gives the main parameters for the evaluation of the mechanical 
performances of a material. In the case of a TWB, the tensile test could be useful also 
for the assessment of the strength properties of the welded joint. Generally, the 
tensile test on a TWB requires the common dog bone-shaped specimen characterized 
by the presence of the weld seam at the middle of the parallel length and 
orthogonally to the direction of application of the load. To have these characteristics, 
the specimens are opportunely extracted from the welded plate, as prescribed by 
international standards (e.g. ISO 4136:2012) and as also reported in the study of Lin 
et al. [1] (Fig. 2.1.1).  
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Fig. 2.1.1: Schematization of the welded plate with the position of the extracted specimens (a) and 
geometry of a TWB tensile specimen (b) in the study of Lin et al. [1]. 

 

The main purpose of a tensile test on a TWB is to verify that the weld seam has a 
mechanical strength higher than the one of the base metal. In this way, it is ensured 
that the FZ does not represent a critical point of weakness of the final product. 
Therefore, an optimal result for a tensile test of a TWB could be considered when the 
values of strength and elongation are satisfying and the failure does not involve the 
weld seam, i.e. when it develops completely in the base metal. However, a failure 
that occurs near or inside the FZ does not imply necessarily the lower strength of the 
weld seam than the base material, since every point inside the parallel length of the 
tensile specimen, and so the ones near/inside FZ as well, could be a potential starting 
point for the crack. Therefore, in that case, further analyses are mandatory to assess 
the quality of the joint. Fig. 2.1.2 shows the results of the work of Khan et al. [2] 
where the failure position of the tensile tests moves from the FZ to the base metal 
modifying the welding conditions. 

 

Fig. 2.1.2: UTS and failure position at different welding conditions for the tensile tests of Khan et al. 
[2]. 
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Moon et al. [3] tested laser welding specimen made of 22MnB5 steel both in the as-
welded and heat-treated condition. In particular, laser butt joints with several coating 
treatments have been investigated, as reported in Table 2.1.1. 

 

Table 2.1.1: Experimental plan conducted by Moon et al. [3]. 

 

For each configuration, tensile tests in before and after die-quenching conditions 
have been carried out to investigate the effects of the different coating treatments 
applied as well as the comparison with the base material (Fig. 2.1.3). In tests 
conducted in the as-welded conditions (Fig. 2.1.3 a) only the configuration with 
double-side laser ablation (Exp. No. 2) exhibited an engineering strain value similar 
to that of the base metal, while all the welded joints registered lower UTS than 
22MnB5 steel. The results related to the hot-formed conditions (Fig. 2.1.3 b) showed 
that the configuration with double-side laser ablation registered the highest values 
of both UTS and elongation among the welded joints, but if the former is similar to 
the one of 22MnB5 steel, the latter continues to remain much lower than that of the 
base material. 

 

(a) 
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Fig. 2.1.3: Tensile test results before (a) and after (b) die-quenching in the study of Moon et al. [3]. 

 

Also Kang and Kim [4] investigated the effects of the Al-Si coating removal through 
tensile tests. However, they made their considerations on a TWB obtained by the 
joining of PHS and PQS steels. Fig. 2.1.4 shows that all the tensile specimens broke all 
in the PQS base material (the softer one), both with and without the coating removal. 

 

Fig. 2.1.4: Tensile test specimens without (a) and with (b) coating removal in the study of Kang and 
Kim [4]. 

(b) 
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The results of those tensile tests, reported in Fig. 2.1.5, demonstrated that for PHS-
PQS welded joints the Al-Si coating removal causes a slight increase of the tensile 
strength, but a decrease of elongation results, since a higher degree of softening 
occurred in the FZ microstructure due to the Al-Si inclusion. 

 

Fig. 2.1.5: Tensile test results without (a) and with (b) coating removal in the study of Kang and Kim 
[4]. 

 

Tensile tests have been used for the characterization of the welded joint also in the 
work of Rossini et al. [5], where the behaviors of TWBs made of several steel grades, 
and among them also 22MnB5, are evaluated. In this study, during the tensile tests, 
digital image correlation (DIC) by white light speckle technique was used to measure 
the full strain field on the surface of both the welded region and the base metal 
sheets. This method is very useful to better evaluate the deformations of the 
specimen and, above all, of the weld seam. Fig. 2.1.6 illustrates the axial deformation 
field at different load levels of a TWB made of 22MnB5 joined with DP (Dual Phase) 
steel, which is more ductile than the former. 
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Fig. 2.1.6: Axial deformation field from DIC on the DP-22MnB5 TWB specimens, with the 22MnB5 
(DP) sheet on upper (lower) side, at different load levels [5]. 

 

 Hardness test 

The hardness test is another important analysis for the assessment of the mechanical 
performances of the welded joint. This test is commonly carried out on the 
transversal sections of the weld seam, on specimens conveniently mounted and 
polished. It is very useful to evaluate the hardness variations going from the fusion 
zone (FZ) to the heat-affected zone (HAZ) and the base material (BM). Especially for 
TWB for hot stamping, it can detect the presence of ferrite inside the FZ, which is 
softer than the martensite and one of the consequences of Al contamination. 

The work of Moon et al. [3] characterized the welded configurations listed in Table 
2.1.1 also through hardness tests both before and after die-quenching. In the former 
case (Fig. 2.1.7 a), the typical considerable increase of the hardness can be observed 
at the FZ due to the thermal cycle that the melt region undergoes during the laser 
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welding, acting as a quenching step. The hardness profiles of all the joints are 
substantially superimposable, meaning that the superficial coating treatments have 
no considerable effects. Instead, significant variations can be detected considering 
the tests on quenched joints (Fig. 2.1.7 b ÷ f). It can be noticed that only the double-
side removal of the Al-Si layer, both by means of laser and sandpaper, confers a 
uniform hardness distribution from the FZ to the BM. In other configurations, a drop 
of hardness is registered at the FZ, revealing the presence of coating contamination 
that causes the softening of the weld seam. 

       

          

Fig. 2.1.7: Hardness tests before (a) and after (b ÷ f) die-quenching in the study of Moon et al. [3]. 

 

The most common methodology for the hardness evaluation of a welded joint is 
through one or more linear series of hardness points. However, also other procedures 
could be efficaciously adopted for this purpose. Khan et al. [49] assessed the hardness 
of the welded joints through hardness maps (Fig. 2.1.8) that give more information 
on the position of softer zones, although it requires much more hardness points per 
joint to be evaluated. 

(a) Exp. no. 1 ~ 5 (b) 

(c) (d) 

(e) (f) 
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Fig. 2.1.8: Hardness maps at different welding conditions evaluated in the study of Khan et al. [2]. 

 

 Metallographic analyses 

Metallographic analyses allow the evaluation of the morphology, microstructure, and 
chemical composition of a welded specimen. As for hardness tests, generally those 
analyses are carried out on weld sections orthogonal to the welding direction using 
mounted, polished, and, if need be, chemically etched specimens. However, if the 
specimen typologies could be very similar (often the different analyses could be 
developed on the same specimen if they are not altered by the previous tests), 
different instruments are needed for each kind of analysis. Observations with optical 
microscopes are ideal for the morphological analyses of the welded joints, and their 
operative simplicity and affordability make it very common for industrial applications 
of quality control. Indeed, macrographs are the main method to assess the presence 
of welding defects such as undercut, concavity, convexity, lack of penetration, 
porosity. The shape and dimensions of the weld seam are directly related to the 
process parameters, therefore these observations are very useful for the refinement 
of welding conditions. Fig. 2.1.9 reports the macrographs obtained in the work of Lin 
et al. [1] for laser welded joints of PHS. 
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Fig. 2.1.9: Macrographs of 22MnB5 welded joints with Al-Si coating before (a) and after (b) hot 
stamping, and without Al-Si coating before (c) and after (d) hot stamping in the study of Lin et al. [1]. 

 

Observations at the optical microscope at higher magnifications can allow also the 
detection of the microstructure of the weld seam as well as the presence of inclusions 
due to external contamination, as illustrated in the study of Shehryar Khan et al. [6] 
(Fig. 2.1.10). 
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Fig. 2.1.10: Macrograph and higher-magnified observations at the optical microscope of hot-
stamped 22MnB5 welded joints with Al-Si coating in the study of Shehryar Khan et al. [6]. 

 

However, the use of a scanning electron microscope (SEM) is more common and 
reliable for these purposes, thanks to the possibility to observe at magnifications 
much higher than those allowed by an optical microscope. For an objective 
comparison of the observations between the two microscopes, the SEM images of 
the specific area of the joint indicated in Fig. 2.1.10 are reported in Fig. 2.1.11. 

 

Fig. 2.1.11: SEM observations of hot-stamped 22MnB5 welded joints with Al-Si coating in the study 
of Shehryar Khan et al. [6]. 

 

Finally, if the SEM is equipped with an energy dispersive X-ray spectroscope (EDS), it 
is possible to chemically analyze the joint to better evaluate its chemical composition 
and detect the presence of contamination inside the FZ. In the specific case of hot-
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stamped steels, this method is usually employed for the quantitative evaluation of 
the dilution of the Al-Si coating inside the weld seam during the laser welding process 
through the detection of Al content (i.e. the main component of the protective layer). 
The chemical inspection is usually carried out on points of analysis, but even 
elemental maps can be realized. In particular, an example of the latter is in the work 
of Yoon et al. [7] that analyzed the elemental mapping of Al and Si for a laser-welded 
joint for hot stamping. Fig. 2.1.12 and Fig. 2.1.13 show that the highest 
concentrations of Al and Si are localized in those areas where the ferritic structure is 
detected. For this reason, elemental mapping can act as a countercheck for the 
identification of the different phases inside the FZ. 

 

Fig. 2.1.12: Macrographs of 22MnB5 welded joints before (a) and after (d) hot stamping and related 
EDS elemental mapping of Al (b, e) and Si (c, f) in the study of Yoon et al. [7]. 

 

Fig. 2.1.13: Magnification of the macrograph (a) and elemental maps of Al (b) and Si (c) of 22MnB5 
welded joint of Fig. 2.1.12 and related SEM observations (d ÷ f) in the study of Yoon et al. [7].

D 

E 

F 
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2.2. Methodologies developed for the characterization 

The methodologies for the characterization of laser-welded joints for hot stamping 
were developed for the analyses made in this dissertation on the basis of the 
examples from the literature. Hereafter, a detailed description of the implementation 
modalities of the experimental tests for both the mechanical and metallographic 
analyses conducted is provided. 

 

 Tensile test 

Tensile tests on welded joints were conducted on specimens having the central weld 
seam developed orthogonally to the direction of the load application. Fig. 2.2.1 a 
shows the specimen geometry employed for the tensile tests conducted in this 
dissertation. Generally, 3 or 4 specimens were extracted from a welded sheet with 
planar dimensions of 220 x 300 mm, with the weld seam in the central position of the 
plate, as depicted in Fig. 2.2.1 b. When the tests did not involve bead-on-plate (BOP) 
configurations, the final welded plate was obtained butt-joining two sheets of 220 x 
150 mm. 

 

 

Fig. 2.2.1: TWB tensile specimen geometry (a) and schematization of the welded plate with the 
position of the extracted specimens (b) with dimensions in mm. 

 

300 

22
0 

Weld seam 

(a) 

(b) 
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In the experimental campaigns conducted, tensile tests on specimens in both as-
welded and, much more frequently, hot-stamped conditions were examined through 
the equipment of the R&D department of Baosteel Tailored Blanks in its plant located 
in Tito (PZ, Italy). In order to simulate the hot-stamping heat treatment, TWB samples 
were heated to a temperature of 910 °C for 7 min in the Carbolite Gero CWF 13/65 
furnace (Fig. 2.2.2). Then, they were quenched for a period of 28 s in the Schütz+Licht 
ZS1200CN hydraulic press (Fig. 2.2.3) equipped with a room temperature running-
water-cooled tool that ensures a cooling rate of at least 27 °C/s. Finally, the tensile 
specimens were sheared from the quenched plates with the punching tools of the 
press and mechanically side-grinded with the Schütz+Licht PSM 2000 grinding 
machine (Fig. 2.2.4) to eliminate any crack starting point that could affect the tensile 
test results. 

 

Fig. 2.2.2: The Carbolite Gero CWF 13/65 furnace in the R&D department of Baosteel Tailored Blanks 
Tito plant. 
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Fig. 2.2.3: The Schütz+Licht ZS1200CN hydraulic press equipped with a room temperature running-
water-cooled tool (on the left) and punching tools (under the press and on the right) in the R&D 

department of Baosteel Tailored Blanks Tito plant. 

 

 

Fig. 2.2.4: The Schütz+Licht PSM 2000 grinding machine in the R&D department of Baosteel Tailored 
Blanks Tito plant. 
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The tensile tests were carried out mainly on the Instron 5982 universal testing 
machine of the University of Basilicata (Fig. 2.2.5 a), generally at a speed of 2 
mm/min. Sometimes, tensile results were counterchecked with other tests using a 
different machine (the Galdabini Sun 5 universal testing machine of Baosteel Tailored 
Blanks Tito plant, shown in Fig. 2.2.5 b).  

             

Fig. 2.2.5: The Instron 5982 universal testing machine of the University of Basilicata (a) and the 
Galdabini Sun 5 one of the R&D department of Baosteel Tailored Blanks Tito plant (b). 

 

 Hardness test 

The preparation of the cross-sectioned specimens for the hardness test required 
several steps and the equipment of the R&D laboratory of Baosteel Tailored Blanks 
Tito plant. Firstly, a specimen had to be cut from the TWB plate transversally to the 
weld seam (Fig. 2.2.6 a) through the precision cutting machine Struers Secotom-50 
(Fig. 2.2.6 b).  

(a) (b) 
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Fig. 2.2.6: A transversally cut specimen (a) through the precision cutting machine Struers Secotom-
50 of the R&D laboratory of Baosteel Tailored Blanks Tito plant (b). 

 

The specimen had to be dimensioned suitably for the following step, in which it was 
hot-mounted, i.e. incorporated in a resin (Fig. 2.2.7 a), through the mounting press 
Struers CitoPress-30 (Fig. 2.2.7 b).  

             

Fig. 2.2.7: A hot-mounted specimen (a) through the mounting press Struers CitoPress-30 of the R&D 
laboratory of Baosteel Tailored Blanks Tito plant (b). 

 

1 mm 

(a) 

(b) 

(a) 

(b) 
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Then, the mounted specimen was ground by means of three foils of finer and finer 
grain and later polished with three different polishing cloths through the automatic 
polisher Struers Tegramin-25 (Fig. 2.2.8). 

 

Fig. 2.2.8: The automatic polisher Struers Tegramin-25 of the R&D laboratory of Baosteel Tailored 
Blanks Tito plant. 

 

Finally, the specimen was examined on the hardness tester Qness Q30 A+ (Fig. 2.2.9) 
through the HV0.5 method.  

 

Fig. 2.2.9: The hardness tester Qness Q30 A+ of the R&D laboratory of Baosteel Tailored Blanks Tito 
plant. 
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Generally, 2 or 3 linear series of hardness points, sometimes also in the seam 
configuration (Fig. 2.2.10) that allows a denser concentration of the test points, were 
considered for an appropriate characterization of the welded joint including the FZ, 
the HAZ, and the BM. 

 

Fig. 2.2.10: Schematization of a hardness test configuration on a welded joint with 3 linear seam 
series. 

 

 Metallographic analyses 

The metallographic analyses required cross-sectioned specimen configuration similar 
to those for the hardness tests, therefore the same steps of preparation already 
described before were needed. However, an additional final step of chemical etching 
with a 2% Nital solution for 5-10 seconds was required in this case for better visual 
differentiation of the distinct microstructures of FZ, HAZ, and BM, helping their 
observations. Cross-sections were observed mainly by the optics of the hardness 
tester Qness Q30 A+ (Fig. 2.2.9) and, sometimes, also on the Nikon Eclipse MA200 
optical microscope for macrographic analysis (Fig. 2.2.11) in the laboratories of the 
Polytechnic University of Bari. Indeed, while the former could reveal the FZ geometry 
more quickly and easily, the latter was employed when more detailed macrographs 
with chromatic scale and higher magnifications were needed. Fig. 2.2.12 shows a 
comparison between the observations of the same cross-section of a hot-stamped 
welded joint through the two microscopes. 

 

Fig. 2.2.11: The Nikon Eclipse MA200 optical microscope of the laboratories of the Polytechnic 
University of Bari. 
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Fig. 2.2.12: Comparison between the observations of the same hot-stamped welded joint at the 
optics of the hardness tester Qness Q30 A+ (a) and at the Nikon Eclipse MA200 optical microscope 

(b). 

 

If needed, for the same specimens were implemented also the SEM observations with 
the chemical compositional analysis. For this purpose, the JEOL JSM-IT500HR SEM-
EDS of the R&D laboratory of Baosteel Tailored Blanks Tito plant (Fig. 2.2.13) was 
employed using a landing voltage of 20 kV in high-vacuum mode. SEM-EDS analyses 
were performed in the most interesting locations of the welded joint for a total of 5 
areas analyzed per cross-section, as schematized in Fig. 2.2.14. In these areas, the 
chemical composition was analyzed through both elemental maps and points of 
analysis. 

 

Fig. 2.2.13: The JEOL JSM-IT500HR SEM-EDS of the R&D laboratory of Baosteel Tailored Blanks Tito 
plant. 

 

(a) (b) 
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Fig. 2.2.14: Schematization of the position of SEM-EDS investigated areas in the welded joint (upper 
left (UL), upper right (UR), central zone (C), lower left (LL), lower right (LR)). 
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Section 3 

Semi-analytical modelling of the laser welding keyhole 

geometry 

The section harks back to and extends the contents of the published work of Coviello et al. [1].   

 

3.1. State of the art 

As seen in Section 1, metal joining through laser welding is by now a standardly used 
process for TWB as well as a wide range of other applications in the automotive and 
aerospace industries. In this application, a laser beam is used as the heat source for 
the melting of the base material, eventually mixed with a filler one, forming a fused 
pool that becomes the weld seam when it solidifies. When the laser beam power 
intensity at the workpiece surface is sufficiently high [2] (≥ 109 W/m2 according to 
[3,4]; ≥ 1010 W/m2 according to [5–7]), a capillary called keyhole forms inside the melt 
metal pool (Fig. 3.1.1). 

 

Fig. 3.1.1: Schematization of the keyhole laser welding process. 

 

This long and very narrow channel follows the movements of the laser beam, 
permitting its deep penetration into the workpiece. Thus, the keyhole allows the 
formation of weld seams with high aspect ratios and small heat-affected zones. The 
keyhole cavity is formed and kept open thanks to the gaseous phase while the flow 
of the surrounding liquid and surface tension tend to close it [2]. In other 
conventional joining methods, the metal is simply heated up until melting, while the 



Section 3: Semi-analytical modelling of the laser welding keyhole geometry 
 

78 
 

characteristic high laser beam density of keyhole welding provides a heating rate 
much higher than the heat extraction rate due to deeper heat conduction into the 
metal, convection, and back reflection mechanisms [3]. This implicates local heating 
of the metal up to temperatures higher than the boiling point, causing intensive metal 
evaporation and dispersion of the metal vapor. This intensive evaporation causes a 
reactive force in terms of vapor pressure, named recoil pressure, that bends and 
pierces the molten metal forming the keyhole cavity [3,5]. The laser beam interacts 
with the evaporated metal vapor partially ionizing it. In addition, this ionized metal 
vapor mixes with the ambient, shielding, assisting gases creating plasma both inside 
the keyhole (usually named keyhole plasma) and above the workpiece surface 
(usually named plasma plume), as depicted in Fig. 3.1.1 [6,7]. The resulting plasma is 
electrically neutral and consists of metal vapors, electrons, and excited neutral atoms 
and ions in both plasma plume and keyhole plasma [4].  

The presence of plasma plays a fundamental role in the energy transport from the 
laser beam to the workpiece, affecting the welding process through several laser 
absorption, scattering, and refraction phenomena [4,6]. As resumed in Fig. 3.1.2, 
several absorption phenomena take place in a keyhole laser welding process, but 
most of them are governed by the plasma absorption mechanism due to inverse 
Bremsstrahlung. This kind of absorption is quite relevant for CO2 laser radiation due 
to its long wavelength of 10.6 µm. In this case, the absorption becomes stronger 
when the plasma temperature increases, due to the increasing ionization, until a 
maximum value of the related absorption coefficient is reached. Beyond this point, 
any further increase of the temperature causes a decrease of the absorption 
coefficient, which means a weakening of absorption effects, because of the reduction 
of plasma density [8]. Laser beams with shorter wavelengths of around 1 µm are 
much less sensitive to the inverse Bremsstrahlung mechanism, but the resulting 
energy absorption is still significant: the plasma plume attenuation of the beam 
radiation for Nd:YAG laser can reach up to 22% of the total power input [9].  

In the last decades, many attempts of keyhole observation were conducted to better 
understand the several physical phenomena involved in laser keyhole welding. In 
some of them ([10–12]) high-speed cameras were employed, while others ([13–17]) 
adopted an X-ray transmission imaging system. The former method permits an 
observation limited only to the surface of the melt pool and the plasma plume (Fig. 
3.1.3), while the latter allows a deeper investigation of the dynamic phenomena into 
the keyhole and the molten pool (Fig. 3.1.4); but both require generally complicated 
and expensive equipment, frequently without giving results with the desired level of 
detail [9].   
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Fig. 3.1.2: Schematization of the main absorption mechanisms in a keyhole laser welding process [8]. 

 

Fig. 3.1.3: Keyhole behavior observed in a continuous laser welding through an high-speed camera 
[13].  
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Fig. 3.1.4: X-ray transmission images of the keyhole behavior with their schematizations observed in 
a continuous laser welding [13]. 

 

For these reasons, in order to study keyhole laser welding, numerical and analytical 
modeling have been developed by assuming several hypotheses and simplifications 
for a numerical computation, preserving the overall complexity of phenomena 
involved in the process. The analytical calculation of the keyhole geometry is a key 
issue for the modeling of this process, even more than the transport phenomena of 
conduction and convection [9]. The simplest solution is to assume a cylindrical or 
conical keyhole [18–20], but in this way the change of the keyhole profile due to 
different process conditions is restricted only to its depth and not also to its shape. 
Finer solutions consist in considering an energy, pressure, and velocity balance at the 
liquid-vapor interface (i.e. the keyhole wall) through a point-by-point in-depth 
calculation. This approach is often matched with the assumption of a rotational 
keyhole symmetry [21–24], which generally makes the modeling suitable only for low 
welding speeds. Instead, the keyhole shape modeling for higher welding speeds, 
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which are much more commonly employed in manufacturing processes, needs the 
consideration of an asymmetric profile which could be achieved differentiating the 
balance calculations at the front keyhole wall (i.e. the half of the liquid-vapor 
interface which precedes the laser beam) from those at the rear keyhole wall (i.e. the 
other half which follows the laser beam) [8,25–32]. 

 

3.2. Semi-analytical model for the keyhole geometry 

The work described hereafter investigated the keyhole geometry by a semi-analytical 
approach following the assumptions made by Kaplan [8]. In this model, the keyhole 
profile is calculated locally implementing the energy balance between the portion of 
laser power effectively absorbed and the flux dissipated by heat conduction in the 
workpiece (Fig. 3.2.1).   

 

Fig. 3.2.1: Schematization of the energy balance on a generic cell of the model. 

 

The point-by-point calculation of the energy balance yields the local inclination of the 
front (advancing side) and the rear (retreating side) wall, therefore the geometry of 
the keyhole in the longitudinal section can be defined downward (Fig. 3.2.2). 

 

 

 

 

 

 

 

 

 

 
Fig. 3.2.2: Schematization of the point-by-point calculation of the keyhole profile. 
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The model assumes an overall Cartesian coordinate system (𝑥, 𝑦, 𝑧), where the 𝑥 axis 
is located along the welding direction, the 𝑧 axis coincides with the beam axis, and 
the 𝑦 axis is perpendicular to both. The origin of the coordinate system lies on the 
upper surface of the workpiece, as shown in Fig. 3.2.3. 

 

Fig. 3.2.3: Sketch of the keyhole and the melt pool in a laser welding process [29]. 

 

In detail, the local keyhole wall angle 𝜃 could be determined, as a first simplified step, 
by the balance between the heat flux conducted into the keyhole wall, 𝑞 , and the 
locally absorbed beam energy flux, 𝐼 , according to the following relation: 

tan 𝜃 =
𝑞

𝐼
 .  (1) 

The calculation of the heat flux entering into the wall should take into account the 
movement of the heat source relative to the workpiece. The moving line source 
model of Rosenthal [33] gives a solution for the two-dimensional temperature field 
in an infinite plate: 

𝑇(𝑟, 𝜑) = 𝑇 +
𝑃

2𝜋𝜆
𝐾 (𝑃𝑒 𝑟)𝑒 .  (2) 

The solution refers to a location in the plate, in cylindrical coordinates (𝑟, 𝜑, 𝑧), with 
the line source as the origin, and 𝑟, 𝜑 and 𝑧 as the equivalent polar coordinates 
corresponding to 𝑥, 𝑦, 𝑧 Cartesian coordinates. 𝑇  is the ambient temperature, 𝑃  is 
the strength of the line source, i.e. power per unit depth, 𝜆  denotes the thermal 
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conductivity, 𝐾 ( ) is the second kind and zeroth-order solution of the modified 
Bessel function. 𝑃𝑒  is the modified Péclet number 

𝑃𝑒 = 𝑣 2𝑘⁄ , (3) 

that takes into account the welding speed 𝑣  and the thermal diffusivity 𝑘. 

The heat flow 𝑞  inside the material may be derived with a mathematical procedure 
(described in detail by Kaplan [8]) from the temperature field (Eq. (2)) by assuming 
that the temperature at the keyhole wall reaches the evaporation temperature 𝑇  
[79,96]: 

𝑞 (𝑟, 𝜑) = (𝑇 − 𝑇 )𝜆 𝑃𝑒 cos 𝜑 +
𝐾 (𝑃𝑒 𝑟)

𝐾 (𝑃𝑒 𝑟)
 , (4) 

where 𝐾 ( ) is the modified Bessel function of the second kind and first order. Eq. (4) 
is the main formula for the model used to describe the dissipated heat flux at each 
point of the keyhole wall. To obtain the keyhole profile in the longitudinal section 
(𝑥 − 𝑧 plane), Eq. (4) has to be considered in the two cases of interest of the 
azimuthal angles 𝜑 = 0, 𝜋: 

𝑞 𝑥  , 0 = (𝑇 − 𝑇 )𝜆 𝑃𝑒 1 +
𝐾 𝑃𝑒 𝑥

𝐾 𝑃𝑒 𝑥
 , (5) 

𝑞 (𝑥  , 𝜋) = (𝑇 − 𝑇 )𝜆 𝑃𝑒 −1 +
𝐾 (𝑃𝑒 𝑥 )

𝐾 (𝑃𝑒 𝑥 )
 .       (6) 

Eqs. (5) and (6) describe the heat losses of any point at the keyhole front wall (𝜑 =

0) and rear wall (𝜑 = 𝜋) respectively, where 𝑥  and 𝑥  are the distances between 
the line source and the front and rear wall respectively (cf. Fig. 3.2.2). 

In addition, the following relation can be derived from Eq. (2) [25]: 

𝑒

𝐾 𝑃𝑒 𝑥
=

𝑒

𝐾 (𝑃𝑒 𝑥 )
 .        (7)     

𝑥  and 𝑥  can be calculated from Eq. (7) considering that 

𝑥 + 𝑥 = 𝑥 − 𝑥  ,    (8) 

where 𝑥  and 𝑥  are the local positions of the front and rear keyhole wall respectively 
in the Cartesian coordinate system. In general, the front and rear walls have different 
local distances from the beam axis. It should be noticed that the beam axis (𝑧 axis) 
does not coincide with the moving line source, whose position 𝑥  is defined by the 
following relations: 

𝑥 = 𝑥 − 𝑥 = 𝑥 + 𝑥  .    (9) 
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The locally absorbed beam energy flux 𝐼  is the fraction of the original laser beam 
intensity that actually enters the keyhole wall. The first step for the evaluation of 𝐼  
is to determine the intensity of the impinging beam ray 𝐼  on the keyhole wall through 
a laser beam model. The most elegant, simple and powerful formulation of a laser 
beam is the Gaussian beam model (TEM00). A Gaussian-like distribution in cylindrical 
coordinates (𝑟, 𝜑, 𝑧), with the beam axis as the origin, is 

𝐼(𝑟, 𝜑, 𝑧) = 𝐼
𝑟

𝑟
𝑒𝑥𝑝 −

2𝑟

𝑟
 .    (10) 

𝐼  is the peak intensity, determined as 

𝐼 =
2𝑃

𝑟 𝜋
 ,      (11) 

where 𝑃  is the laser power and 𝑟  is the focal radius 

𝑟 = 2
𝑓

𝐷

𝜆

𝜋
𝑀 = 2

𝑓

𝐷
𝐵𝑃𝑃       (12) 

for a laser optics with focal length 𝑓, beam diameter on optics 𝐷 , wavelength 𝜆, and 
beam quality 𝑀 . An ideal Gaussian TEM00 beam has 𝑀 = 1, but real multi-kilowatt 
laser beams have higher values of 𝑀 , corresponding to lower beam quality. The 
beam quality of solid-state lasers is often defined through a Beam Parameter Product 
(𝐵𝑃𝑃), which can be easily related to 𝑀  [34]. The beam radius 𝑟  varies according to 
the following relation: 

𝑟 (𝑧) = 𝑟 1 +
𝑧 − 𝑧

𝑧
,       (13) 

where 𝑧  is the position of the focal plane relative to the upper surface of the 
workpiece, and 𝑧  is the Rayleigh length, defined as 

𝑧 = ±2𝑟
𝑓

𝐷
 .         (14) 

The 𝑟 (𝑧) (Eq. (13)) is a hyperbolic function, so the typical hyperboloid shape of the 
Gaussian beam can be obtained by rotating the function around the 𝑧 axis. 

The impinging laser beam intensity 𝐼  does not reach entirely the keyhole walls due 
to the absorption mechanisms already seen in Fig. 3.1.2. In the simplest case, the 
locally absorbed beam intensity at the keyhole wall should be calculated by 
considering at least the Fresnel absorption of the rays hitting the surface for the first 
time. In this case, the absorbed intensity 𝐼  is obtained by multiplying the impinging 
laser intensity 𝐼  (Eq. (10)) with the Fresnel absorption coefficient 𝛼  [35]: 
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𝛼 (𝜑) = 1 −
1

2

1 + (1 − 𝜀 cos 𝜑)

1 + (1 + 𝜀 cos 𝜑)
+

𝑐𝑜𝑠 𝜑 + (𝜀 − cos 𝜑)

𝑐𝑜𝑠 𝜑 + (𝜀 + cos 𝜑)
 .     (15) 

This coefficient depends on the angle of reflection 𝜑 that the light makes to the 
normal of the hitting surface, and on the material-dependent quantity 𝜀 defined as 

𝜀 =
2𝜀

𝜀 + 𝜀 + (𝜎 /𝜔𝜀 )
 ,          (16) 

where 𝜀  is the permittivity of the vacuum, 𝜀  and 𝜀  are the real parts of the 
dielectric constants for the metal and the air or vapor through which the beam is 
transmitted, 𝜎  is the electrical conductance per unit depth of the workpiece, and 𝜔 
is the frequency of the laser beam.  

Therefore, imposing a constant spacing Δ𝑧 along the 𝑧 axis, the angle of the wall 𝜃 
(both for the front and the rear side) can be calculated from the local energy balance 
(Eq. (1)): 

𝛥𝑥

𝛥𝑧
= 𝑡𝑎𝑛 𝜃 =

𝑞

𝛼 (𝜃) ∙ 𝐼
 =

𝑞

𝐼
 .  (19) 

 

 

3.3. Multiple reflections model 

Once the entire keyhole profile is initially defined by considering only the Fresnel 
absorption, one or more additional runs can be executed considering all the plasma 
absorption mechanisms listed in Fig. 3.1.2. The plasma absorption inside the keyhole 
is taken into account as 

𝐼 = 𝐼𝑒        (20) 

being 𝐼 the power density directly irradiated by the laser (Eq. (10)), 𝛼  the plasma 
absorption coefficient due to inverse Bremsstrahlung and 𝑙 the length of the path 
that the beam ray travels through the plasma inside the keyhole before hitting the 
wall surface. Generally, 𝑙 values are estimated assuming a mean path of the beam 
rays for each kind of absorption mechanism. Generally, the applications of the 
asymmetric keyhole model consider the plasma absorption through inverse 
Bremsstrahlung assuming a constant value of the related absorption coefficient, 
which is temperature-dependent. Moreover, the modeling takes into account also 
multiple reflection effects inside the keyhole. The earliest applications of the energy 
balance model simplify the calculation of this mechanism considering the keyhole 
profile as a symmetric triangle with a mean wall angle �̅� , as depicted in Fig. 3.3.1 
[8,25]. 
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Fig. 3.3.1: Sketch of the simplified keyhole for the calculation of the multiple reflections [25]. 

 

Based on the optical geometry, the angle 𝜃  between the reflected beam and the 
initial incident beam after 𝑛  reflections is calculated as 

𝜃 = 2𝑛 �̅�.        (21) 

It is assumed that the reflected beam leaves the keyhole without being further 
absorbed when 𝜃  becomes higher than 𝜋 2⁄ . Therefore, the number of multiple 
reflections 𝑛  that the mean beam ray experiences inside the keyhole can be 
estimated as: 

𝑛 =
𝜋 2⁄

2�̅�
=

𝜋

4�̅�
 .        (22) 

More recent recoveries of the same model treat multiple reflections with more 
robust ray-tracing or similar approaches, although considering only the downward 
orientated reflections [28,32]. The ray-tracing technique consists in discretizing the 
laser beam in a bundle of rays and calculating the exact path of each ray inside the 
keyhole through the following optical vector equation: 

𝑅 = 𝐼 + 2 −𝐼 ∙ �⃗� �⃗�,       (23) 

where �⃗� is the vector of the reflected ray, 𝐼 the one of the incident ray, and �⃗� 
indicates the surface normal at the irradiated point Pi, as schematized in Fig. 3.3.2 
[36]. However, the accuracy of the calculation of the absorption contribution is 
related to the number of rays in which the laser beam is discretized: the higher is the 
number of beam rays considered, the more precise the calculation obtained, but also 
the higher the computational cost borne. 



3.3. Multiple reflections model 
 

87 
 

 

Fig. 3.3.2: Schematization of the multiple reflection calculation through a ray-tracing technique [36]. 

 

The model developed in this dissertation stands out in the calculation of the multiple 
reflections. An original and iterative ray-tracing approach in which the energy 
deposited in each point by the reflected rays was stored and used in successive 
iterative steps where the energy balance is solved again including the contribution of 
the additional energy due to multiple reflections inside the keyhole was employed. 
In Fig. 3.3.3, a schematic representation of the energy balance of a generic calculation 
step is depicted. 

 

Fig. 3.3.3: Schematization of the energy balance with the energy contribution due to multiple 
reflections on a generic cell of the model. 

 

During the iterative procedure, each portion of the surface on the front and the rear 
keyhole walls is irradiated by additional rays with their own power density that come 
from multiple reflections inside the keyhole. As it happens for the beam rays, the 

A 

B 
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power density of reflected rays is attenuated by plasma absorption before hitting the 
keyhole wall and the effective power density 𝐼  contributing to the energy balance 
is the one by the Fresnel absorption. Therefore, the following equation, 

𝐼 𝛥𝑥 + 𝐼
𝛥𝑥 𝑐𝑜𝑠(𝜃 − α)

𝑠𝑖𝑛(𝜃)
= 𝑞 𝛥𝑧 ,      (24) 

can be obtained, with reference to the notation of Fig. 3.3.3, considering that: 

𝐴𝐶 = 𝐴𝐵 𝑐𝑜𝑠(𝜃 − α) ,     (25) 

𝐴𝐵 =
𝛥𝑥

𝑠𝑖𝑛(𝜃)
 ,     (26) 

𝐴𝐶 =
Δ𝑥 cos(𝜃 − α)

𝑠𝑖𝑛(𝜃)
 .      (27) 

Eq. (24) can be reformulated as follows: 

𝛥𝑥

𝛥𝑧
= 𝑡𝑎𝑛𝜃 =

𝑞

𝐼 + 𝐼
𝑐𝑜𝑠(𝜃 − α)

𝑠𝑖𝑛(𝜃)

 ,      (28) 

that recalls the formulation of the local energy balance (Eq. (1)). Considering all the 
𝑁 reflected rays, each with its inclination angle 𝛼 , hitting the same portion of wall 
surface, the new energy balance for that portion can be finally written as 

𝑡𝑎𝑛𝜃 =
𝑞

𝐼 + ∑ 𝐼
𝑐𝑜𝑠(𝜃 − α )

𝑠𝑖𝑛(𝜃)

 .      (29) 

Eq. (29) is valid for all the possible positions of the impinging ray, included upward 
orientated rays (α < 0) that are commonly neglected. Fig. 3.3.4 shows an example on 
a generic cell of the front keyhole wall, but it continues to be true symmetrically on 
the rear wall as well.  

 

Fig. 3.3.4: Schematization of all the possible positions of an impinging ray on a generic cell of the 
model on the front keyhole wall. 
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Therefore, the iterative numerical procedure consists of the following steps: 

1) The initial configuration of the keyhole shape is calculated by solving Eq. (19) 
in which only Fresnel absorption is considered; 

2) Simplified multiple reflection contribution is included by considering an 
averaged path length of a mean number of multiple reflections for a 
symmetric triangle keyhole geometry (Eq. (22)); 

3) By assuming a discretization grid along the radial direction for the laser light 
distribution, the ray-tracing procedure is applied and Eq. (29) is solved; 

4) The power released on the front and rear walls is calculated for each ray until 
it comes out of the profile and step 3) is repeated up to the convergence is 
reached, i.e. when the relative error of the depth of the keyhole is less than 
1%.  

In order to get the converged solutions, approximately 20 iterations have been 
performed starting from the solution given by considering a mean number of multiple 
reflections as explained in [25]. The same results can be obtained starting from 
different initial conditions, even if the number of iterations could change 
considerably.  

The aforementioned procedure has been applied for the calculation of the keyhole 
geometry. In the simulations 𝛥𝑧 = 10  m was set and, consequently, depending on 
the keyhole depth, about 104 grid points have been obtained in the z-direction. The 
laser source represented by the incident Gaussian intensity distribution of the light is 
decomposed into individual rays and the path of each ray is traced out during 
multiple reflections in order to evaluate the local absorbed intensity. The power 
released on the front and rear walls due to multiple reflections is affected by 
numerical noise which can be significantly reduced by considering the number of 
incident individual rays of the Gaussian intensity distribution of the light equal to the 
number of grid points in the z-direction. 

 

3.4. Results and discussion 

The keyhole geometry was calculated through the procedure described before 
assuming the laser welding process parameters and material specifications indicated 
in Table 3.4.1.  
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Wavelength [µm] 10.6 

Focal length [mm] 200 

Focal radius [µm] 203 

Beam diameter on optics [mm] 34 

Focal plane position [mm] -0.7 

Welding speed [m/s] 0.05 

Laser power [kW] 4.0 

Material 22MnB5 steela 
aThermophysical properties from [37]. 

Table 3.4.1: Process specifications considered for the calculation of the keyhole profiles. 

 

In all simulations, as the first step, calculations were conducted considering only 
Fresnel absorption and neglecting the plasma absorption, i.e. considering 𝛼  null. 
The red profile of Fig. 3.4.1 was obtained considering the calculation of an averaged 
path length of a mean number of multiple reflections assuming the approximation of 
the keyhole geometry to a symmetric triangle, as already seen in the literature (step 
2) [8,25]. The same calculation was repeated adopting a ray-tracing approach for the 
multiple reflections neglecting upward-oriented ones (step 3). 

 

Fig. 3.4.1: Keyhole profiles obtained neglecting the plasma absorption (𝛼 = 0) and modelling 
multiple reflections with averaged geometrical approximation (red curve), and with ray-tracing 

technique (dashed blue curve). 
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Great differences can be found between the two keyhole profiles of Fig. 3.4.1. The 
adoption of the ray-tracing technique, which ensures a more precise and robust 
calculation of multiple reflections paths, implicates a narrower and much deeper 
keyhole geometry than the approximated averaged solution, with also a more 
pronounced difference of slope between the front and rear keyhole walls. As already 
observed [8], the latter is mainly due to the heat conduction phenomenon inside the 
workpiece, whose effects are much stronger in the front wall because of the 
convective effects of the welding speed. Fig. 3.4.2 shows results obtained for 𝛼  = 
100 and 300 m-1, also in this case multiple reflections are taken into account both 
with the averaged geometrical approximation and the ray-tracing technique. Results 
show that, when the geometrical approximation for multiple reflections is used, the 
two different 𝛼  values led to a difference of about 0.5 mm in the depth of the 
calculated keyhole (red curves in Fig. 3.4.2 a and Fig. 3.4.2 b). Approximately the 
same absolute difference exists between the keyhole depth calculated by the 
proposed ray-tracing technique (blue dashed curves in Fig. 3.4.2 a and Fig. 3.4.2 b). 
Nevertheless, for 𝛼  = 100 m-1 (Fig. 3.4.2 a) the difference of the keyhole depth 
between the two approaches is 93% (from 2.55 mm to 4.93 mm) while for 𝛼  = 300 
m-1 (Fig. 3.4.2 b) the analogous difference approaches 115% (from 2.04 mm to 4.39 
mm) highlighting a more pronounced sensitivity of the keyhole depth to plasma 
damping in the multiple reflections when higher plasma absorption is considered. 

      

Fig. 3.4.2: Keyhole profiles obtained for 𝛼  = 100 (a) and 300 (b) m-1 and modelling multiple 
reflections with averaged geometrical approximation (red curves), and with ray-tracing technique 

(dashed blue curves).   

(a) (b) 
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The influence of plasma properties on the keyhole shape and depth is shown more 
explicitly in Fig. 3.4.3, where all the curves obtained with the ray-tracing technique 
and different values of the absorption coefficient 𝛼  are reported. The comparison 
highlights that plasma properties could affect considerably the keyhole shape and 
depth. Ranging from 0 to 300 m-1 the keyhole depth obtained by the iterative 
procedure is in the range 4.38 – 5.5 mm with a difference of up to 26%. This agrees 
with the expectations because higher absorption coefficients implicate stronger 
damping effects of plasma on the laser beam, and this results in shallower keyholes.  

 

Fig. 3.4.3: Keyhole profiles obtained for 𝛼  = 0 (red dotted), 100 (green dashed), 300 (blue dot-
dashed) m-1 and modelling multiple reflections with ray-tracing technique. 

 

As already stated before, the absorption coefficient 𝛼  due to inverse 
Bremsstrahlung is directly related to plasma properties (temperature and chemical 
compositions), therefore its theoretical variation would mean the consideration of 
new welding conditions due to e.g. different welding process parameters, materials 
welded, shielding/assisting gases. 

To better evaluate how the damping effect of the laser beam intensity is distributed 
along the segmented path, Fig. 3.4.4 shows the damping factor 𝒆 𝜶𝒊𝑩𝒍𝒓𝒂𝒚  of the ith-
reflection averaged on all rays of the laser beam. A damping factor in the order of 
magnitude of 10-1 is registered for the first incoming reflection, but a drop of about 
seven orders of magnitude is observed moving to the second reflection. The factor 
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decreases even more in the subsequent reflections, dropping to values in the order 
of 10-12 for the sixth reflection. This proves that the main damping effect is related 
to the first incoming reflection, while those related to subsequent reflections are 
negligible. 

 

Fig. 3.4.4: Damping factors of the first six reflections averaged on all the rays of the laser beam. 

 

The total contributions of the plasma damping equal to the products of the sequence 
of reflections as a function of the position of each ray are represented in Fig. 3.4.5. 
The plasma damping due to multiple reflections is considered constant and equal to 
𝒆 𝜶𝒊𝑩𝒅/𝟐 in the averaged geometrical approximation of multiple reflections [8,25] 
assuming the averaged path length equal to half of the keyhole depth 𝑑. Instead, the 
one obtained with the ray-tracing technique is keyhole-shaped, with the lowest value 
(about 0.6) recorded at the same position of the deepest point of the keyhole. This 
confirms what was already observed, i.e. that most of the energy absorbed by plasma 
due to inverse Bremsstrahlung is at the first reflection of the incoming rays since the 
strongest damping effects occur at the longest first reflections. 
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Fig. 3.4.5: The total contributions of the plasma damping as a function of the position of the ray in 
the multiple reflections model: the averaged geometrical approximation (red curve) is compared 

with the ray-tracing technique (dashed blue curve). 

 

In addition, the effect of the laser wavelength on the keyhole profile was 
investigated. Fig. 3.4.6 reports keyhole profiles obtained with the ray-tracing 
modelling of multiple reflections at different absorption coefficients 𝛼  with both a 
laser wavelength 𝜆 = 10.6 μm (i.e. a CO2 laser source) and 1.06 μm (e.g. an Nd:YAG 
laser source). In the latter case, the keyholes are narrower and shallower, with a 
depth of 3.55 mm for 𝛼  = 100 m-1, -28% compared to the case with 𝜆 = 10.6 μm, 
and 3.08 mm for 𝛼  = 300 m-1, -30% compared to the same with higher wavelength. 
This confirms that the variation of the wavelength of the laser beam affects 
considerably the keyhole shape and dimensions, assuming the same values of other 
parameters. Nevertheless, the effects due to the plasma properties are similar 
regardless of the wavelength: the increase of 𝛼  from 100 to 300 m-1 causes a 
decrease of keyhole depth with a difference of 13% considering the wavelength of 
1.06 μm, while a decrease of 11% was observed for 𝜆 = 10.6 μm. This confirms that 
appropriate modeling of plasma properties is relevant to adequately consider 
damping effects due to inverse Bremsstrahlung also for laser sources with shorter 
wavelengths.                
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Fig. 3.4.6: Keyhole profiles obtained at different laser wavelength for 𝛼  = 100 (red dotted for 𝜆 = 
10.6 μm, black solid for 𝜆 = 1.06 μm), and 300 (blue dot-dashed for 𝜆 = 10.6 μm, green dashed for 𝜆 = 

1.06 μm) m-1, and modelling multiple reflections with ray-tracing technique. 

 

Finally, the influence of the focal plane position on the keyhole shape was 
investigated considering the averaged geometrical approximation of multiple 
reflections with 𝛼  = 100 m-1. Starting from the initial configuration at 𝑧 = -0.7 mm, 
the focal plane was moved to 𝑧 = 0 mm (i.e. on the top surface of the workpiece) and 
𝑧 = 0.7 mm, simulating a distancing movement of the laser head from the sheet. As 
shown in Fig. 3.4.7 a, the variation of the focal plane position in case of laser 
wavelength 𝜆 = 10.6 μm causes differences related to the keyhole depth, that 
decreases from 3.57 mm to 3.19 mm (-11%) and 2.79 mm (-22%) moving the focal 
plane from 𝑧 = -0.7 mm to 0 mm and 0.7 mm respectively, but preserving the same 
global shape. Instead, considerable changes in the keyhole shapes were detected for 
the shorter 𝜆 = 1.06 μm, as depicted in Fig. 3.4.7 b. The keyhole profile obtained with 
the laser beam focused at the upper surface of the workpiece is 23% less deep than 
the one with negative defocusing (depth of 1.96 and 2.55 mm respectively). However, 
the shape of the former one substantially retraces the portion under the focal plane 
of the latter one, which widens significantly in the upper portion over the focal plane. 
Even greater differences can be detected in the geometry of the keyhole obtained 
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with positive defocusing since it develops downward much more widely than in the 
other two cases. However, with a depth of 2.68 mm, in this case the difference of 
depth with the negative defocusing one results more contained (+5%). 

 

 

Fig. 3.4.7: Keyhole profiles obtained at laser wavelength 𝜆 = 10.6 μm (a) and 𝜆 = 1.06 μm (b) and 
different focal plane positions (blue, red, and green curves for 𝑧 = -0.7, 0, and 0.7 mm respectively). 

(a) 

(b) 
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The great differences registered for the keyhole geometries obtained in the two cases 
could be principally due to the strict dependence on the laser wavelength of the 
Fresnel absorption coefficient 𝛼  considering equal incidence angles, as reported in 
Fig. 3.4.8.  

 

Fig. 3.4.8: Fresnel absorption coefficient 𝛼  as a function of the incidence angle for different laser 
beam wavelengths.
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Section 4 

Modelling and testing of the keyhole laser welding process 

The section harks back to and extends the contents of the published work of Busto et al. [1] 

and the submitted work for publication of Coviello et al. [2]. 

 

4.1. State of the art 

Keyhole laser welding is a complex multiphysical problem involving several physical 
phenomena such as light-matter interaction, conduction, melting, vaporization, 
plasma generation, fluid flow, and surface deformation. The first models developed 
to improve the physical understanding of keyhole laser welding addressed the beam-
matter interaction and heat transfer. The fluid flow was neglected, although 
convective heat transfer could be included through boundary conditions. The 
advantage of this simplification is to allow performing, under suited assumptions, an 
analytic resolution of the problem. Instead, the more recent generation of models 
takes into account fluid flow, implying numerical resolution based on CFD techniques. 
Molten and vapor metal flow is of high importance when modeling keyhole laser 
welding since the keyhole cavity surface is dynamic and the surface deformation may 
become unstable and cause weld defects such as porosity. Most of the thermal fluid 
models assume: 

 Newtonian and laminar fluids in a fixed reference frame, 
 Constant thermodynamic and transport properties, 
 At least two phases (liquid and solid), 
 Solidification and melting (mushy zone model), 
 Vaporization, 
 Surface deformation. 

When modeling surface deformation, the numerical evaluation of the surface forces 
(surface tension, Marangoni force, recoil pressure) requires calculating geometrical 
properties (normal and curvature) of the liquid/vapor interface. There exist different 
approaches for mathematically modeling a free surface, such as interface tracking 
and interface capturing. The former is demanding in terms of computational 
resources since it treats the free surface as a sharp interface and follows its motion, 
but it is not commonly used for keyhole laser welding simulation. The interface 
capturing approach is less accurate and less demanding in computational resources 
since it converts the problem to the resolution of a partial differential equation, 
allowing calculating complex interfaces. Level Set (LS) and Volume of Fluid (VOF) 
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methods are the two families of interface capturing methods used in this field. 
However, while the LS method is the most accurate but in its original version it does 
not satisfy mass conservation, the VOF one satisfies mass conservation even if it is 
quite diffusive [3–6]. 

When fluid flows are taken into account, different approaches for the beam-matter 
interaction can be employed. In the simplest case, the keyhole physics is decoupled 
from the convective transport, and a semi-empirical source term of heat flux into the 
cavity wall, which can be used as source term for the fluid equations, is imposed [3,7–
9]. However, the most commonly used method in the field is based on the ray-tracing 
technique, already described in Section 3. In some cases, the keyhole profile is still 
calculated decoupled from the convective transport (i.e. decoupled from the 
resolution of the Navier-Stokes equations), but this approach is limited to moderate 
welding speed for which the bending of the keyhole against the welding speed is not 
significant. For high welding speed, the coupling of the ray-tracing method with the 
resolution of the fluid equations is required [3,10]. A further approach is based on 
the physical wave optics with the Helmholtz equation, where the damping factor is 
proportional to the electric conductivity of the media. An advantage of this technique 
is that the shape of the wave function does not need to be assumed a priori, but the 
drawback lies in the size of the mesh elements that needs to be smaller than the 
wavelength of the laser [3,11]. 

The basic theory of heat flow developed by Fourier and applied to moving heat 
sources by Rosenthal [12] is still the most popular analytical method for calculating 
the thermal history of welds. On the other hand, the complexity of the laser welding 
phenomena can be reduced by using an equivalent moving heat source calibrated 
with the experimental melt pool geometries, removing the fluid flow modeling 
difficulties without losing the capability to compute relevant data and to investigate 
some aspects of the process. Such a Finite Element Modeling (FEM) approach does 
not take into account several phenomena involved in the laser-matter interaction like 
those associated with the dynamics in the weld pool, metal evaporation, plasma 
formation, absorption mechanism in the keyhole, and interaction between laser 
beam and plasma plume [13]. At the same time, like other finite-element-based 
simulation approaches, allows studying many aspects related to the interaction 
between thermal and stress fields experienced by the material during the welding 
process [14]. The high-temperature region (i.e., the weld pool) is approximated by a 
meshed solid, and a given heat input is applied to each element according to the 
relative motion of the laser beam. There are several methods to simulate the heat 
input of the laser beam. Casalino et al. [15] modeled the moving source by associating 
an internal heat generation to specific elements in the weld zone, but, as reported by 
Aghaee Attar et al. [16], the most widespread methods are based on a moving 
volumetric heat source. Several volumetric heat sources have been proposed in the 
last decades. Goldak et al. [17] proposed a non-axisymmetric three-dimensional heat 
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source in a double ellipsoid configuration. Although this model has been extensively 
used in FEM simulations, it is not applicable to deep penetration high-density welding 
processes, such as keyhole processes. Du et al. [18] developed a heat source 
comprising a plane heat source on the top surface of the blank and a cylindrical heat 
source along the laser beam axis, which takes into account the plasma effect and the 
keyhole absorption. Wu et al. [19] proposed a three-dimensional conical heat source, 
where the diameter of the heat intensity distribution region, characterized by a 
Gaussian form at any plane perpendicular to the laser beam axis, is linearly decreased 
along the thickness of the workpiece. However, neither the cylindrical shape nor the 
conical one is able to predict the root widening phenomenon of the weld pool 
associated with a deep penetration laser beam welding. Thus, new types of welding 
heat sources were proposed. Farrokhi et al. [20] presented a modified version of the 
three-dimensional conical heat source developed by Wu and coworkers, consisting 
of two conical moving heat sources, in which the heat density distribution region is 
first linearly decreased along the thickness and then it follows a reverse cone 
configuration to obtain an hourglass shape distribution. The same approach has been 
used by Zhan et al. [21]. To better calibrate the weld pool dimensions, a variable peak 
value of thermal flow along the thickness was used by Rong et al. [22]. In particular, 
the peak flux in the center of each plane perpendicular to the laser beam axis was 
expressed as a function of the distance from the middle plane and of an adjustment 
coefficient. Depending on the value of this coefficient, the peak flux is increased or 
decreased along the thickness direction. 

In this dissertation, the keyhole laser beam process has been modeled through both 
CFD and FEM approaches, in addition to the semi-analytical one described in Section 
3. Table 4.1.1 summarizes the main characteristics and disadvantages of each 
modelling technique implemented. 
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Model Advantages Disadvantages 

Semi-analytical  Fast keyhole shape prediction 
 Multiple reflections 

implemented 

 No coating simulated  
 No dynamics modeled in the weld 

pool  
 Not suitable for 3D modelling 
 No mechanical fields available 

Finite Element 
(FEM) 

 Thermal and mechanical fields 
 3D modelling available 
 Different thicknesses already 

implemented 

 No coating simulated 
 No dynamics modeled in the weld 

pool. 
 Medium computational costs 
 Calibration needed for different 

welding parameters 
Computational 
Fluid Dynamics 

(CFD) 

 Prediction of the coating 
distribution inside the fused 
zone 

 Possible implementation of the 
filler wire in the model 

 3D modelling available 

 Large modelling efforts and 
computational costs 

 No prediction on the mechanical 
stresses. 

Table 4.1.1: Comparison of the different approaches for the laser keyhole welding modelling.  

 

 

4.2. FEM with an equivalent volumetric heat source 

TWBs are often characterized by welding of blanks with different thicknesses, in 
which the fused zone shape is asymmetric and it can be represented as a combination 
of two half hourglass-like shapes, each with specific dimensions depending on 
thickness. Koo et al. [23] studied the phenomena involved during laser welding that 
promote the formation of an hourglass-shaped fusion zone in TWB. However, their 
numerical results are presented in an iso-thickness configuration. Li et al. [24] 
investigated by experiments and numerical simulations the effect of process 
parameters on the shape of the welding pool during laser welding of dissimilar 
thicknesses. In their study, they demonstrated that the difference in thickness in the 
butt joint has a large impact on the weld deviation since it creates different cooling 
rates. In spite of this, in their experiments the depth of the fusion zone was identical 
in the two welded thicknesses. This is not the case in a common industrial TWB. In 
this work, a new volumetric heat source was developed to be implemented in a FEM 
simulation based on thermal conduction heat transfer and capable to predict the 
dimensions of a double half hourglass weld pool shape of a full penetration laser 
welding performed on TWB composed of sheets with different thicknesses. The 
parameters of a variable peak flux heat source with a double conical shape were 
found by the energy balance differentiating them from the two different thicknesses. 
The heat source was calibrated first using two iso-thickness welding configurations 
and then on a different thickness welding configuration. 
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In order to accurately describe the weld geometry between two sheets of different 
thickness, the peak index increment-double cone (PII-DC) heat source, proposed by 
Rong et al. [22], has been appropriately modified. As shown in Fig. 4.2.1, the heat 
source used is composed of two double conical sources, one for each sheet, 
combined with two further three-dimensional elements, called conical hoofs, capable 
of reproducing the bevel generated by welding sheets of different thicknesses. Each 
conical hoof represents one of the two parts obtained by cutting, with an inclined 
plane, a half truncated cone. 

 

Fig. 4.2.1: Schematic diagram of the proposed heat source model. 

 

Assuming that the heat flow 𝑞 , in each cross section, is characterized by a Gaussian 
distribution and that its peak value 𝑞  varies along the thickness direction (z-
direction), the heat source can be mathematically expressed using the following 
formulation 

𝑞 (𝑟, 𝑧) = 𝑞 (𝑧) ∙ 𝑒𝑥𝑝 −
3𝑟

𝑟
 ,          (1) 

where r0 is the distribution parameter (linearly variable along the thickness) and 𝑟 is 
the radial coordinate. For a moving laser heat source in y direction, 

𝑟 = (𝑦 − 𝑣𝑡) + 𝑥  .     (2) 

With reference to Fig. 4.2.2 a, for each zone of the heat source, the distribution 
parameter 𝑟  can be expressed as: 

𝑟 (𝑧) = 𝑟 − (𝑟 − 𝑟 )
𝑧 − 𝑧

𝑧 − 𝑧
          𝑧 ≤ 𝑧 < 𝑧  ,     (3) 

𝑟 (𝑧) = 𝑟 − (𝑟 − 𝑟 )
𝑧 − 𝑧

𝑧 − 𝑧
           𝑧 ≤ 𝑧 ≤ 𝑧  ,     (4) 
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𝑟∗ (𝑧) = 𝑟∗ − (𝑟∗ − 𝑟∗)
𝑧∗ − 𝑧

𝑧∗ − 𝑧∗        𝑧∗ ≤ 𝑧 < 𝑧∗ ,     (5) 

𝑟∗ (𝑧) = 𝑟∗ − (𝑟∗ − 𝑟∗)
𝑧∗ − 𝑧

𝑧∗ − 𝑧∗         𝑧∗ ≤ 𝑧 ≤ 𝑧∗ ,     (6) 

where 𝑟 , 𝑟 , 𝑟 , 𝑧 , 𝑧 , 𝑧 , 𝑧 , 𝑟∗, 𝑟∗, 𝑟∗, 𝑧∗, 𝑧∗ and 𝑧∗ are 13 defined parameters to 
describe the shape of the laser weld; the star apex indicates the quantities relating 
to the thicker sheet while the subscripts 1 and 2 indicate, respectively, the lower and 
upper zone of the heat source. The value of the thermal flux at the center of the heat 
source 𝑞 (𝑧) is expressed as a function of a peak index λ using the following 
equations: 

𝑞 (𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆
𝑧 − 𝑧

𝑧 − 𝑧
         𝑧 ≤ 𝑧 < 𝑧  ,     (7) 

𝑞 (𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆
𝑧 − 𝑧

𝑧 − 𝑧
         𝑧 ≤ 𝑧 ≤ 𝑧  ,     (8) 

𝑞∗ (𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆∗
𝑧∗ − 𝑧

𝑧∗ − 𝑧∗        𝑧∗ ≤ 𝑧 < 𝑧∗ ,     (9) 

𝑞∗ (𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆∗
𝑧−𝑧∗

𝑧∗ − 𝑧∗        𝑧∗ ≤ 𝑧 ≤ 𝑧∗ ,     (10) 

where 𝑞  is the peak value at the 𝑧  and 𝑧∗ sections: 

𝑞 (𝑧 ) = 𝑞∗ (𝑧∗) = 𝑞  .     (11) 

Substituting Eqs. (7), (8), (9) and (10) into Eq. (1), the heat flow can be written as 

𝑞 (𝑟, 𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆
𝑧 − 𝑧

𝑧 − 𝑧
𝑒𝑥𝑝 −

3𝑟

𝑟
         𝑧 ≤ 𝑧 < 𝑧  ,     (12) 

𝑞 (𝑟, 𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆
𝑧 − 𝑧

𝑧 − 𝑧
𝑒𝑥𝑝 −

3𝑟

𝑟
         𝑧 ≤ 𝑧 ≤ 𝑧  ,     (13) 

𝑞∗ (𝑟, 𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆∗
𝑧∗ − 𝑧

𝑧∗ − 𝑧∗ 𝑒𝑥𝑝 −
3𝑟

𝑟∗
       𝑧∗ ≤ 𝑧 < 𝑧∗ ,     (14) 

𝑞∗ (𝑟, 𝑧) = 𝑞 𝑒𝑥𝑝 𝑙𝑛 𝜆∗
𝑧−𝑧∗

𝑧∗ − 𝑧∗ 𝑒𝑥𝑝 −
3𝑟

𝑟∗
       𝑧∗ ≤ 𝑧 ≤ 𝑧∗ ,     (15) 

The adjustment coefficients (𝜆 , 𝜆 , 𝜆∗  and 𝜆∗ ) for the upper and lower zone of the 
heat source, respectively for thin and thick sheet, are expressed using the following 
equations: 
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𝜆 = 𝛼 ∙
𝑟

𝑟
 ,     (16) 

𝜆 = 𝛼 ∙
𝑟

𝑟
 ,     (17) 

𝜆∗ = 𝛼 ∙
𝑟∗

𝑟∗  ,     (18) 

𝜆∗ = 𝛼 ∙
𝑟∗

𝑟∗  ,     (19) 

where 𝛼 is a coefficient introduced to synchronously regulate 𝜆 , 𝜆 , 𝜆∗  and 𝜆∗ . The 
resulting distributions of the heat flux on the 𝑧  plane, on the 𝑧∗ plane, on the 𝑧  
plane, and on the bottom surface are reported in Fig. 4.2.2 b, c, d, e respectively. 
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Fig. 4.2.2: (a) 2D schematic of the heat source and heat intensity distribution at (b) zt plane, (c)  zi
* 

plane, (d) zi plane and (e) the bottom surface. Heat source parameters: P = 5,4 kW, ηl = 0,28044, α = 
2, zt = 1,2 mm, rt = 0,471 mm, zt = 1,2 mm, rt = 0,471 mm,  zt = 1,2 mm, rt = 0,471 mm, za = 1,324 mm, 
rt = 0,471 mm, zt = 1,2 mm, ri = 0,314 mm, zi = 0,45 mm, rb = 0,494 mm, rt

* = 0,517 mm, zt
* = 1,5 mm, 

ri
* = 0,378 mm, zi

* = 0,629 mm, rb
* = 0,743 mm. 

 

The key problem is how to determine the parameter 𝑞 . According to the thermal 
energy conservation law, indicating with 𝑃  the laser power and with 𝜂  the energy 
transfer efficiency (ETE) of laser, an equilibrium equation was developed: 

(a) 

(b) (c) 

(d) (e) 
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𝜂 𝑃 = 𝑄 = 𝑄 = 𝑞 (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧     𝑘 = 1, 2, 3, 1∗, 2∗, 3∗  (20) 

Into Eq. (20), 𝑄  represents the effective absorbed laser power distributed within the 
heat source in different quotas 𝑄 , proportional to the volume 𝑉  of each part that 
composes it. For truncated cone parts, 𝑄  can be expressed as: 

𝑄 = 𝑞 (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧  ,     (21) 

𝑄 = 𝑞 (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧  ,     (22) 

𝑄 ∗ = 𝑞∗ (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧

∗∗

∗
 ,     (23) 

𝑄 ∗ = 𝑞∗ (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧

∗

∗
 .     (24) 

Due to the symmetry of the heat source with respect to the x-z plane, 𝑄  and 𝑄 ∗, 
quantities referring to the conical hoofs [1], can be written as 

𝑄 = 2 ∙ 𝑞 (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 + 𝑞 (𝑟, 𝑧) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧  ,     (25) 

𝑄 ∗ = 2 ∙ 𝑞∗ (𝑟, 𝑧)

∗

∗

∗∗

𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧  .     (26) 

As shown in Eq. (27), isolating the initial peak value of thermal flow 𝑞  from Eqs. 
(21), (22), (23), (24), (25) and (26), it can be expressed as 

𝑞 =
𝜂 𝑃

𝐼 + 𝐼 + 𝐼 + 𝐼 ∗ + 𝐼 ∗ + 𝐼 ∗  ,        (27) 

where 𝐼 , 𝐼 , 𝐼 , 𝐼 ∗, 𝐼 ∗ and 𝐼 ∗ are the values of the integrals reported in [1]. 

After the definition of the heat source model, the weld pool geometry and the 
temperature profile were determined by FEM. For the simulations, the commercially 
available software ABAQUS\CAE was used. In absence of data of some of the thermo-
physical properties of the material (22MnB5 steel), such as latent heat of fusion and 
vaporization, liquidus and solidus temperature, the values referred to chemically 
similar steels and to pure iron were taken from Wang et al. [25], while density, 
specific heat capacity, and thermal conductivity were extracted from the work of 
Kaars et al. [26]. Thermo-physical properties of the investigated steel are summarized 
in Table 4.2.1.  
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Property Magnitude 

Density, ρ 7807 kg/m3 

Solidus temperature, Ts 1693 K 

Liquidus temperature, TL 1733 K 

Latent heat of fusion, Lf 250 KJ/kg 

Latent heat of vaporization, Lv 6.289 MJ/kg 

Boiling temperature, Tv 3273 K 

Specific heat capacity, c c(T) 

Thermal conductivity, k k(T) 

Table 4.2.1: Thermo-physical properties of the material implemented in the numerical simulation. 

 

Three case studies were considered. The first two cases employed two sheets of 
thicknesses 1.2 mm and 1.5 mm, respectively, to determine the energy transfer 
efficiency, which can be very low for thin plates, as demonstrated by Swift-Hook and 
Gick [27] and dependent on the thickness of the sheet as can be seen in the work of 
Sharma and Molian [28]. Secondly, an average value of the ETE was imposed for the 
simulation of the TWB obtained from the welding of the sheets with the 
abovementioned initial thicknesses of 1.2 and 1.5 mm. To save computational time 
in the first two cases, the full size of the specimen was reduced to a symmetric sheet 
of size 12.5 mm × 25 mm, as shown in Fig. 4.2.3.  

 

Fig. 4.2.3: Symmetric plate of size 12.5 mm × 20 mm. 

 

For the same reason, this portion of the sheet was divided into three regions with 
different mesh refinement, as can be seen in Fig. 4.2.4, with the finer one constructed 
by structured hexahedral elements of type DC3D8, an 8-node linear heat transfer 
brick of dimensions 0.1 mm × 0.1 mm.  
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Fig. 4.2.4: Finite element mesh with three levels of mesh refinement and detail view of the finest 
one. 

 

On the top surface of the sheet and on the bottom surface of the welding bead 
region, a constant convection heat transfer coefficient of h = 10 W/m2K was imposed, 
together with an emissivity of 0.5 applied to the whole part. The effect of the 
shielding gas was neglected since an insignificant influence in the temperature 
distribution of a much higher value of h was found. A transient heat transfer 
procedure was set, with no mechanical boundary conditions and a welding time 
period of 0.2 s. The new volumetric heat source was implemented by an external 
subroutine called DFLUX, available in the ABAQUS library, defining a non-uniform 
distributed flux as a function of position and time. The same assumptions, except for 
the symmetry, have been made for the TWB. In this case, the geometry of the weld 
bead was constructed from acquired macrographs of real laser welding specimens, 
taking into account the peculiar bevel feature. 

Laser welding experiments have been conducted by Baosteel Tailored Blanks, in its 
plant located in Tito (PZ, Italy), on Al-Si coated 22MnB5 steel sheets. The sheet 
thicknesses were 1.2 and 1.5 mm, whereas the coating thickness was nominally 30 
µm. Steel sheets were laser-welded by a TRUMPF TruDisk 6006 solid-state disk laser 
(specifications listed in Table 4.2.2) and a weld system for linear and non-linear 
welding. 

Laser welding source TRUMPF TruDisk 6006 solid-state disk laser 

Laser wavelength 1030 nm 

Beam Parameter Product, BPP 25 mm·mrad 

Focusing length 200 mm 

Focal diameter 0.6 mm 

Diameter of collimated beam 33 mm 

Rayleigh length 3.6 mm 

Table 4.2.2: Specifications of the laser welding system. 
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Experiments were run in three different configurations. Sheets of the same thickness 
were joined in two configurations (1.2-1.2 mm and 1.5-1.5 mm), whereas the third 
one concerned the welding of different thicknesses (1.5-1.2 mm). The same process 
parameters were adopted for all the configurations described. The welding speed 
was 5 m/min; the laser power was 5.4 kW. The focal plane was positioned at 1.5 mm 
over the clamping table, and the beam axis was positioned at 0.08 mm from the weld 
line (in the different thickness configurations, the beam axis always hit the thicker 
sheet). The shielding gas was argon, blown on the upper surface of the sheets (the 
nozzle was inside the laser head), with a flow rate of 17 l/min. For any configuration, 
the steel sheets were welded in the as-received condition without any filler material, 
so the Al-Si layer was not removed. After welding, the specimens were prepared for 
the metallographic analysis in the as-welded condition. No heat treatment was 
performed on the welded joints in order to preserve a good visual differentiation of 
fused zone. The cross-sections of the welded joints were obtained with the steps and 
the equipment already described in Section 2. Fig. 4.2.5 shows the cross-sections of 
welded joints in the as-welded conditions. A full-penetrated weld with an hourglass 
shape was achieved in all the considered combinations, so the aforementioned 
double conical heat source model was considered suitable for all the configurations.  

 

Fig. 4.2.5: Cross-sections of welded joints in as-welded conditions: 1.5-1.5 mm (a); 1.2-1.2 mm (b); 
1.5-1.2 mm (c). 

 

In Table 4.2.3, the cross-section measurements according to the geometrical 
parameters of the double conical heat source model defined in Fig. 4.2.2 a are 
reported. 

 

 

 

 

 

 

(a) (b) (c) 
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Dimension 1.5 mm – 1.5 mm 1.2 mm – 1.2 mm 1.5 mm – 1.2 mm 

𝒓𝒃, mm 0.636 0.585 0.494 

𝒓𝒊, mm 0.340 0.351 0.314 

𝒓𝒕, mm 0.565 0.554 0.471 

𝒛𝒊, mm 0.719 0.448 0.450 

𝒓𝒃
∗ , mm - - 0.743 

𝒓𝒊
∗, mm - - 0.378 

𝒓𝒕
∗, mm - - 0.517 

𝒛𝒊
∗, mm - - 0.629 

Table 4.2.3: Geometrical parameters of the welding experiments in the three different 
configurations. 

 

Regarding the numerical results, the first step was to calibrate the model in the iso-
thickness configurations (1.2 mm and 1.5 mm) through the corresponding 
experimental profile. In order to reduce the number of calibration parameters, the 
double conical heat source model developed by Farrokhi et al. [20], with the effective 
laser power distributed in the lower and upper cone, as shown in the work of 
Thasanaraphan [29], was applied. In that formulation, the only unknown (and 
uncertain) parameter affecting the dimension of the weld bead was the ETE. Thus, a 
variable ETE in the range between 0.1 and 0.9 was implemented in the simulations. 
The experimental and the simulated values of the area of the fused zone in the cross-
section of the weld bead were compared and the difference between the two was 
minimized by linear interpolation as shown in Fig. 4.2.6.   

 

Fig. 4.2.6: Numerical results with different values of the energy transfer efficiency for the iso-
thickness configurations. 
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The values of the ETE in the two cases were found to be very low compared to values 
that can be as high as 90% or more for keyhole processes, as pointed out by Swift-
Hook and Gick [27]. However, these results are consistent with those found by 
Sharma and Molian [28] and by Swift-Hook and Gick [27] for thin plates. In welding 
thin sheets with large power levels like in the investigated cases, a through thickness 
keyhole is usually formed, letting a large portion of the laser light be transmitted 
beyond the sheets. For the thinner sheet (1.2 mm), a value of 0.244 was found, while 
for the thicker one (1.5 mm) a value of 0.317 minimized the abovementioned 
difference. Results with the corresponding ETE values are depicted in Fig. 4.2.7. 

 

Fig. 4.2.7: Cross-section of the melt pool geometries of the two sheets: 1.2 mm (a), 1.5 mm (b). The 
grey area represents the fused zone. 

 

An average ETE value of 0.2805 between these two was used for the TWBs 
subsequent simulations. To calibrate the fused zone in the TWB, a variable α (1, 2, 4, 
6, 10) was imposed, with fixed ETE and fixed geometrical dimensions (𝑟 , 𝑟 , 𝑟 , 𝑟∗, 𝑟∗, 
𝑟∗). Results, in terms of values of the peak of the heat flux (𝑞 ) calculated solving Eq. 
(27), are reported in Table 4.2.4. Deviations, in terms of percentage errors between 
experimental and numerical geometrical parameters, are shown in Fig. 4.2.8. A value 
of α = 6 was found to minimize the overall error between experimental and 
simulation values. Numerical results for α = 6, including the body heat flux, are shown 
in Fig. 4.2.9. 

α value 𝒒𝟎, W/m3 

1 4.060 × 1012 

2 2.647 × 1012 

4 1.673 × 1012 

6 1.263 × 1012 

10 8.750 × 1011 

Table 4.2.4: Peak value of the heat flux calculated for different α values. 

 

(a) (b) 
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Fig. 4.2.8: Deviations between experimental and numerical values of the fused zone dimensions. 

 

 

Fig. 4.2.9: Numerical results on the different thickness configuration with α = 6. (a) Temperature 
distribution on the TWB; (b) volume in which the body heat flux is applied with related values; (c) 

volume of the material where the temperature is above the solidus. 
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As it can be seen in Fig. 4.2.8, while an acceptable average error was achieved, 
especially on characteristics radii dimensions, a significant deviation persists in the 
prediction of the neck height both in the best alpha configuration and the other 
simulated ones. No such large errors were found neither by Farrokhi et al. [20] nor 
by Rong et al. [22] in the iso-thickness configuration. Thus, one possible reason for 
these deviations could be the different heat diffusion phenomena along the sheets 
that take place in welds with different thicknesses together with consequent thermal 
fluxes in the thickness direction. In order to have an additional physical dimension for 
the numerical–experimental comparison of the thermal fields achieved on the 
material in the welding process, the dimensions of the heat affected zone (HAZ) were 
measured and compared. The experimental HAZ was evaluated as the distance of the 
margin of the microstructurally altered zone from the center axis and an averaged 
value (among three different values across the sheet thickness) of 0.87 mm and 0.94 
mm was measured for the thinner and the thicker sheets, respectively. The numerical 
extension of the HAZ was evaluated measuring the distance from the center axis 
where the material reached a maximum temperature of 1068 K (Ac1 for the 
investigated steel according to [26]) during the welding process. Values of 0.75 mm 
for the thinner sheet and 0.85 mm for the thicker one were found denoting an error 
of 13.8% and 9.6%, respectively. While few experimental observations of the molten 
pool are available in previous studies like the one by Artinov et al. [30], several 
published numerical results indicate that the width of the molten pool is usually 
larger (transversal direction), as shown by Zhan et al. [21], and longer (longitudinal 
direction), as shown by Artinov et al. [30], on the weld top rather on the bottom, 
contrary to what was found in this work (Fig. 4.2.9 c). It should be recalled that 
published works, dealing with both experimental and numerical results, are related 
to iso-thickness configurations and heat diffusion in the joint is strongly influenced 
by the thickness of the welded sheet. It is thought that the upper part of the weld 
pool is likely to be more rapidly cooled down by the greater heat losses in the upper 
part of the joint since the different thicknesses are welded with the lower edge at the 
same z level. A different weighting of the geometrical parameters or a different 
distribution of the heat flux along the thickness and/or between the two different 
thicknesses, e.g., including additional boundary conditions to the energy balance, 
could be applied to avoid or reduce thermal fluxes in the thickness direction trying to 
reach a better correlation also in the neck height prediction.  Finally, this FEM model 
is suitable also for the investigation of the sheet distortions that could affect the final 
TWB as a result of residual stresses the thermal cycle of the laser welding process 
could generate. However, these effects were not analyzed in this dissertation 
because the process parameters and the sheet thicknesses commonly used by 
Baosteel Tailored Blanks prove to have very negligible distortions on the final 
products.



4.3. CFD modelling in FLOW-3D 

117 
 

4.3. CFD modelling in FLOW-3D 

The CFD modelling of the keyhole laser welding is the most complete, but also the 
most demanding, among the three techniques considered for such a multiphysical 
process. In this work, the commercial software FLOW-3D was employed to obtain 
appropriate simulations. Among the several commercial software for CFD simulation 
such as ANSYS Fluent, COMSOL, or Autodesk CFD (just to cite a few of them), FLOW-
3D was considered the most suitable thanks to its WELD module specific for laser 
welding applications, which allows to properly model in more detail all the physical 
phenomena involved in the process. Generally, FLOW-3D employs the VOF method 
for the calculation of the free surface deformations, and sub-models of laser beam 
profile, multiple reflections in keyhole through ray-tracing technique, Fresnel 
absorption, and recoil pressure are implemented into the WELD module as described 
in the literature [31–34].  

In this dissertation, the CFD approach was employed for the simulation of the laser 
welding process of Al-Si coated 22MnB5 steel sheets having a thickness of 1.6 mm 
and a coating thickness of 30 µm on both the top and the bottom sheet surfaces 
(common configuration used at the industrial partner Baosteel Tailored Blanks). Steel 
sheets were numerically laser-welded in the bead-on-plate (BOP) configuration 
adopting the same laser system properties used for the FEM simulations and listed in 
Table 4.2.2. In particular, it must be known that FLOW-3D models the laser energy 
dispersing it to discrete grids, as schematized in Fig. 4.3.1. If the center of the grid cell 
is covered by the laser beam, the energy density is assumed to be uniform within the 
cell and equal to its value at the cell center, since each cell is deemed as a ray of the 
laser. Therefore, if the center of the cell is not covered by the laser beam, its laser 
energy is deemed as zero. The accuracy of the energy dispersion is determined by the 
number of grids, and it directly affects the temperature distribution, the calculation 
of recoil pressure, and consequently the keyhole shape and melt flow behavior [35].   

 

Fig. 4.3.1: Principle of discretization of the laser beam through the mesh [35]. 

 

In addition, the WELD module is able to take into account up to two different 
materials that take part in the process, generally for the modelling of the laser 
welding between different materials. Instead, in this dissertation, this peculiarity was 
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employed to consider the Al-Si layer typical of the steels for hot stamping, with the 
aim of simulating and studying the coating contamination that affects the weld seam 
of PHS, as described in Section 1. Therefore, thermophysical properties of the 
22MnB5 steel were imposed for the definition of the “First material” in the WELD 
module, while those for the Al-Si layer were assumed for the characterization of the 
“Second material”. As already observed for the FEM model, in absence of data of 
some of the thermo-physical properties of the 22MnB5 steel, such as latent heat of 
fusion and vaporization, liquidus and solidus temperature, the values referred to 
chemically similar steels and to pure iron were taken from Wang et al. [25], while 
density, specific heat capacity, and thermal conductivity were extracted from the 
work of Kaars et al. [26]. However, since there are no available thermophysical data 
on the Al-Si coating and considering that it is made up of Al for almost 90%, the 
“Second material” related to the protective layer was assumed pure aluminum, with 
its properties taken from the FLOW-3D material’s database. Table 4.3.1 lists the 
properties of the two materials set in the WELD module.   

Property First material Second material 

Solidus temperature, Ts 1693.15 K 933.15 K 

Liquidus temperature, TL 1733.15 K 933.55 K 

Latent heat of fusion, Lf 250 KJ/kg 397 KJ/kg 

Latent heat of vaporization, Lv 6.289 MJ/kg 11.370 MJ/kg 

Boiling temperature, Tv 3273.15 K 2743.15 K 

Density, ρ ρ(T) ρ(T) 

Specific heat capacity, c c(T) c(T) 

Thermal conductivity, k k(T) k(T) 

Table 4.3.1: Thermo-physical properties of the 22MnB5 steel (“First material”) and the Al-Si coating 
(“Second material”) implemented in the CFD model. 

 

As depicted in Fig. 4.3.2, the resulting model consists of: 

1) a 22MnB5 (“First material”) steel sheet of 30 × 4 × 1.54 mm; 
2) two Al-Si (“Second material”) layers of 30 × 4 × 0.03 mm disposed on the 

upper and lower surfaces of the sheet; 
3) two regions of 30 × 4 × 1.50 mm over and under the sheet that simulate the 

presence of air at 293 K and atmospheric pressure. 

FLOW-3D considers the fluid regions (1) and (2) as those subjected to the melting 
process, while the void regions (3, i.e. those with gas phases) are needed for tracking 
free surface deformations. 
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Fig. 4.3.2: Illustration of the inner mesh block used in the CFD model (dimensions in mm). 

 

Considering the expensive computational cost of the simulation, the mesh size is set 
to be 0.1 mm. This size allows also a satisfying discretization of the Gaussian 
distribution of the laser beam energy, as illustrated in Fig. 4.3.3. 

 

Fig. 4.3.3: Illustration of the discretized Gaussian laser beam energy distribution in the FLOW-3D 
WELD model (dimensions in m, “HeatFluxFactor” adimensional). 
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However, two additional mesh planes were imposed at the Al-Si layer-steel (“First 
material”-“Second material”) interfaces to guarantee that the thin coating is modeled 
through at least one complete, although flattened, mesh element along its thickness 
(Fig. 4.3.4).  

 

Fig. 4.3.4: Illustration of the inner mesh block used in the CFD model. 

 

In addition, the regions of the model were extended on the planar directions (𝑥 and 
𝑦) with additional similar regions in order to take into account the thermal diffusion 
in the assumption of infinitely large metal sheet and negligible boundary effects. The 
extension of these additional regions is automatically calculated by the WELD module 
through the following relation: 

𝑥 = 2 2
𝑘

𝜌𝐶
𝑡 ,        (28) 

where 𝑥 is the diffusion distance, 𝑘 the thermal conductivity, 𝜌 the density, 𝐶  the 
specific heat, and 𝑡 the simulation end time. An additional outer mesh block that 
contours the starting (inner) one is then added with a quadrupled mesh size, as 
shown in Fig. 4.3.5. Consequently, the boundary conditions of the outer mesh block 
are set all as “Wall”, except the 𝑧 -top and 𝑧 -bottom boundaries imposed as 
“Specified pressure” at atmospheric pressure and room temperature. In these 
conditions, a calculation time of at least 50 hours is required for a simulated welding 
path length of 20 mm using a workstation with CPU Intel Xeon E-2286G and RAM 32 
GB. 

Air 

22MnB5 

Al-Si layer 

Y 

Z 
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Fig. 4.3.5: Illustration of the overall mesh block used in the CFD model. 

 

Two configurations of the welding process parameters were considered for the 
investigation of the fusion zone contamination by the Al-Si layer. A configuration with 
relatively low values of laser power (𝑃  = 2.0 kW) and welding speed (𝑣  = 2 m/min) 
was compared with another having 𝑃  = 5.4 kW and 𝑣  = 5 m/min, i.e. values more 
similar to those commonly used by Baosteel Tailored Blanks on its TWB production 
lines. For both the configurations, two positions of the focal plane were investigated: 
indeed, the laser beam was focused on both the top (i.e. no defocusing, 𝑧 = 0 mm) 
and the bottom (i.e. negative defocusing, 𝑧 = -1.6 mm) sheet surfaces, as schematized 
in Fig. 4.3.6. 

           

Fig. 4.3.6: Schematization of the welding configuration with the laser beam focused on the top (a) 
and the bottom (b) surfaces of the steel sheet. 

 

Moreover, different laser beam configurations were considered. In particular, in 
addition to the common single beam case with Gaussian distribution and circular spot 
(Fig. 4.3.7 a), the case of a double laser beam was investigated. Starting from the 
single beam configuration, an additional laser beam with uniform (top-hat) 
distribution on a squared spot was modeled in FLOW-3D as a second heat source 
coaxial to the first and with the same focusing distance and focal plane position of 
the former (Fig. 4.3.7 b). This particular configuration was set attempting to 
numerically model the effects of the innovative VED optic module adopted by 
Baosteel Tailored Blanks and described later in more detail. In addition, different 

Inner mesh block 

Outer mesh block 

Focal plane Focal plane 

(a) (b) 
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power splits between the circular and the squared laser beam were investigated as 
well. In particular, the case of equal separation of the total power (50% both in the 
circular and squared beam) was compared with cases of unbalanced splits (70% in 
the circular beam and 30% in the squared one, and vice versa). 

             

Fig. 4.3.7: Schematization of the configurations with the circular laser beam (a) and both the circular 
and squared laser beams (b) set in the CFD model (f focusing length, rf focal radius, r0 radius on 

optics, lf focal length, l0 length on optics). 

 

Table 4.3.2 summarizes the results obtained in all the welding configurations 
analyzed. The sections of the FZ show the contamination of the Al-Si layer (i.e. the 
“Second material” for the model) inside the weld seam and are referred all to the 
central 𝑥-section of the model, which is the one where the stationariness is 
hypothetically reached because the farthest from the transient conditions of both the 
starting and finishing point of the welding. The chromatic bar values indicate the 
quantity of coating layer inside the mesh cell and generally could vary from 0 (mesh 
cell empty of “Second material”) to 1 (mesh cell full of “Second material”). However, 
the extremely low overall quantities of “Second material” related to the “First 
material” together with the mesh used in this specific model required the de-
escalation of the chromatic bar to the restricted range of values 0 ÷ 0.30 for good 
visualization of the results. Therefore, it should be noticed that these results could 
give a first qualitative approximation of the coating mixing phenomena inside the FZ, 
but additional more detailed investigations with denser meshes are needed for more 
reliable numerical quantitative analyses. 

(a) (b) 
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Table 4.3.2: Coating contamination in FZ for each configuration investigated with the CFD model. 

La
se

r b
ea

m
 &

 
po

w
er

   
   

   
  

sp
lit

 
W

el
di

ng
 

pa
ra

m
et

er
s 



Section 4: Modelling and testing of the keyhole laser welding process 

124 
 

The results shown in Table 4.3.2 point out that the change of the most important 
process parameters has considerable effects on the coating distributions in the weld 
seam. Firstly, great differences can be noticed passing from lower values of laser 
power and welding speed to higher ones. The latter configurations are characterized 
by more pronounced concavity at the top and convexity at the bottom parts of the 
weld seam, which reveal the presence of more fierce flows in the melt pool. This 
effect is maximized when the highest part of the total power is set to the squared 
beam since evident ripples at the external boundaries of the weld seam could be 
observed. In general, coating distributions less dispersed in the FZ central parts and 
more concentrated in strips located at the FZ lateral corners could be observed 
comparing the not-defocused configurations with their corresponding negative-
defocused ones, as well as the single beam tests with the double ones. These results 
suggest that the use of defocused and/or larger laser beams could effectively reduce 
the crossed mixture between upper and lower coating layers. Therefore, much more 
not-Al-contaminated martensitic structure will be preserved in the core of the weld 
seam minimizing the weakening of the final joint. Finally, the particular welding 
condition through blind keyhole was obtained for the configurations with lower 
speed and 70% of total power in the squared beam. As described in Section 1, this 
condition proves to be effective to reduce the coating contamination issues since the 
bottom Al-Si layer is involved negligibly in the mixing. This effect is confirmed by the 
results obtained, where the coating strips inside the FZ derive only from the top layer 
and delineate a Y-shaped weld.

 

4.4. Experimental validation of laser welding with VED optics 

Section 1 reported a review of the latest methodologies for the laser welding of Al-
Si-coated, in order to avoid any decoating procedure without having the weld seam 
embrittlement due to the coating contaminations. A novel approach combining the 
use of a particular filler wire with an innovative laser beam optic module has been 
developed by Baosteel Tailored Blanks and diffusely tested in its R&D department of 
Tito (PZ, Italy) plant. The peculiarity of this laser welding process lies in using both a 
filler wire and a variable energy distribution (VED) optic module. The use of the VED 
optics is a particular approach of enlarging the laser spot on the workpiece, which is 
one of the possible solutions for the welding of Al-Si coated steel without coating 
removal already studied [36–38] and described in Section 1. Considering the use of 
the VED optics similar to a defocusing in a first simplified approximation, it should be 
recalled the considerable effects of the focal plane position on the keyhole geometry 
investigated through the semi-analytical model described in Section 3. Especially in 
the case of laser beam wavelength 𝜆 = 1.06 μm, great differences in the keyhole 
shape and width were registered and, regarding the specific contamination issues 
from the coating, these results could be reinterpreted as different modalities of the 
keyhole in involving and mixing the Al-Si layer into the weld pool. These outcomes 
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were confirmed by the ones obtained from the CFD modelling, which specifically 
investigated the distribution of the coating layer into the FZ. As explained before, 
advantageous effects on the Al contamination were obtained considering the 
defocusing, the double circular-squared laser beam configuration (which tempts to 
replicate the VED module), and the combination of both. Also the filler wire 
technology is proven to be a valid solution for the joining of Al-Si coated steels for 
hot stamping by the literature [39–41]. However, the combined use of the filler wire 
with approaches that enlarge the laser spot has not been investigated yet in butt-
welding processes. The employment of the filler wire in this novel methodology was 
encouraged by Baosteel Tailored Blanks thanks to its great experience in laser 
welding with filler materials. This company stands out to have successfully adopted 
the filler wire approach for the production of some of its TWB in the last few years 
and aims to confirm this technique for commercial purposes [42,43]. For these 
reasons, the combined use of the two technologies was studied and investigated, 
although fully detailed information cannot be provided since this is thus far a 
confidential patent-pending technology. The main results of a wide experimental 
campaign for the evaluation of the influence of the main laser welding process 
parameters on the performances of the resulting weld seams will be described. 

The filler material used in this methodology is a 1.0 mm-diameter austenite stabilizing 
Cr-Ni-based wire, fed to the molten pool in front of the laser beam with a feeding 
angle of 30° and at a feeding height of 1.2 mm from the workpiece surface (Fig. 4.4.1).  

 

Fig. 4.4.1: Scheme of the welding configuration with filler wire. 

 

The VED module is a multi-spot laser optics (focusing length: 250 mm, defocusing 
distance: 3.0 mm) that splits the laser beam in an inner circular spot with higher 
power densities and an outer squared one with lower power densities (black dashed 
circle and white dashed square in Fig. 4.4.2 respectively). The precise dimensions of 
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the inner and outer spots in the focal plane as well as their variations along the beam 
axis should be still investigated through a beam profiler. However, their values were 
estimated and set in the double circular-squared laser beam configuration analyzed 
in the CFD model (Fig. 4.3.7). 

 

Fig. 4.4.2: Example of the resulting spot of a laser beam with the VED optic module 

 

Laser welding tests were carried out by Baosteel Tailored Blanks Tito plant on 1.5-
mm-thick 22MnB5 (PHS) steel sheets coated with an Al-Si protective layer with an 
average thickness of 30 µm. Rectangular sheet samples of 220 × 150 mm were cut on 
one of the longer sides with a Trumpf TruDisk 6001 disk laser whose beam was 
oriented to obtain a cut angle of 9° (Fig. 4.4.3 a). Butt-joint configurations, wherein 
the laser cut sides were pulled together with no gap (Fig. 4.4.3 b), were joined with a 
Laserline LDF 9000-40 diode laser with no shield/assisting gas and the VED optics. The 
specifications of both cutting and welding lasers are listed in Table 4.4.1. 

 

Fig. 4.4.3: Schemes of laser cut on sheet samples (a) and their positioning for laser welding (b) 
(Dimensions in mm). 
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 Cutting laser Welding laser 

Laser welding source 
Trumpf TruDisk 6001 

disk laser 
Laserline LDF 9000-40 

diode laser 
Laser wavelength [nm] 1030 900-1080 

Beam Parameter Product, 
BPP [mm·mrad] 4 40 

Table 4.4.1: Specification of cutting and welding laser systems. 

 

A 33 full factorial design of experiment (DoE) was planned for the investigation. The 
choice of the factors of the experimental plan was based both on the information 
obtained from the literature review and on the know-how of the Baosteel Tailored 
Blanks on the laser beam welding of high-strength steels. In particular, the laser 
power 𝑃  and the welding speed 𝑣  highly influence the properties of the resulting 
weld seam. In addition, the presence of a filler material introduces an additional 
parameter related to the quantity of material entering the melt pool, which is 
controlled by the wire feeding speed 𝑣 . In order to analyze only fully-penetrated 
welds, the variation of the heat input, defined as 

𝑄 =
𝑃

𝑣
 ,           (28) 

was chosen instead of adjusting directly the 𝑃 . Once defined the 𝑣  and the 𝑄 values 
of a specified welding configuration, the 𝑃  to be set on the laser welding system can 
be derived. This solution allowed to avoid the investigation of experimental 
configurations that, due to the combination of low 𝑃  and high 𝑣  values, could have 
been affected by weld seam penetration depths lower than the sheet thickness. This 
issue would have made less consistent the comparison between the different welding 
configurations and so less effective the analysis of the results obtained. In a similar 
way, also 𝑣  was not directly varied independently by other process parameters, but 
related to the 𝑣  through the adimensional parameter 𝑣 /𝑣 . This further expedient 
was useful to avoid experimental configurations in which a low value of 𝑣  combined 
with a high one of 𝑣  could have caused defects due to the lack of fusion of the filler 
wire since 𝑣  determines the quantity of additional mass per unit of time to be fused 
by the laser beam. Finally, the considered factors for DoE were 𝑣 , 𝑣 /𝑣 , and 𝑄, 
while no changes were made on laser defocusing. The plan was centered on a process 
configuration with 𝑣  = 6 m/min, 𝑣  = 4 m/min (𝑣 /𝑣  = 1.5), 𝑃  = 6.2 kW (𝑄 = 62 
J/mm), and a laser defocus of 4.5 mm. Table 4.4.2 shows the levels considered for 
each factor for the experimental plan. The starting configuration and the parameters 
ranges of variation were selected by Baosteel Tailored Blanks after a preliminary 
experimental campaign aimed at achieving welding configurations that all satisfy the 
visual inspection without undesired seam defects, e.g. undercut and concavity. Three 
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replications were made for each configuration, obtaining a total of 81 overall welded 
samples. 

Level 𝒗𝒘 [m/min] 𝒗𝒘/𝒗𝑭 𝑸 [J/mm] 

Low 5.5 1.25 56 

Medium 6.0 1.50 62 

High 6.5 1.75 70 

Table 4.4.2: Levels for each factor of the 33 full factorial DoE. 

 

Quenched tensile specimens with the centered transversal weld seam were extracted 
from the welded specimen with the modalities described in Section 2. For the 
comparison between DoE configurations, three tensile tests for each configuration 
were carried out on the universal testing machine. Elongation results for DoE 
comparisons were based on the displacement measurements of the movable 
crosshead rather than on extensometer measurements. Although it gives 
approximate absolute elongation values since it takes into account also the machine 
jaws and crosshead deformations, this method was considered more reliable in order 
to have comparable results between all tensile tests of the experimental campaign. 
Indeed, failures inside tensile specimen parallel length (120 mm) but outside the 
gauge length of the extensometer (87.5 mm) happened affecting the strain 
measurement comparability with the extensometer for those tests. However, 
beyond the comparison between all DoE configurations, additional tensile tests were 
carried out in the same conditions but with more precise absolute strain 
measurements with an extensometer for the most relevant configurations. Ultimate 
tensile strength (UTS, [MPa]), elongation to UTS (δUTS, [mm]), and elongation to 
failure (δf, [mm]) results were analyzed in order to evaluate the mechanical behavior 
of welded joints in a wide range of process parameters. Further metallographic 
analyses comprising macrographs, hardness tests, and SEM-EDS observations were 
made on the configurations with the best and the worst mechanical results with the 
procedures already detailed in Section 2. 

Fig. 4.4.4 shows scatterplots related to UTS and elongation results of the tensile 
testing campaign. The first important consideration is that UTS values are all above 
1400 MPa with an average value of 1523 MPa that is much higher than those 
observed in the literature in as-received welded then hot-stamped (ARWHS) 
condition and aligned with those of hot-stamped base material (HSBM) [44].  
Scatterplots show also a good linear correlation between UTS and elongation values 
(Pearson correlation coefficient ρ = 0.75 between UTS and δUTS, ρ = 0.69 between UTS 
and δf); for this reason, the latter will be neglected in the following analyses for the 
identification of the optimal configuration.  
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Fig. 4.4.4: Scatterplots of tensile tests overall results of UTS - δUTS (a) and UTS - δf (b) with related 
Pearson correlation coefficients ρ. 

In Table 4.4.3 the process parameters of the experimental plan are reported together 
with the results of UTS averaged on the three tensile tests replications per 
configuration. 

Configuration 𝒗𝒘 
[m/min] 𝒗𝒘/𝒗𝑭 

𝑸 
[J/mm] 

𝒗𝑭 
[m/min] 

𝑷𝑳 
[kW] 

Average UTS 
[MPa] 

A 5.50 1.25 56 4.40 5.13 1520 
B 5.50 1.25 62 4.40 5.68 1542 
C 5.50 1.25 70 4.40 6.42 1544 
D 5.50 1.50 56 3.67 5.13 1540 
E 5.50 1.50 62 3.67 5.68 1482 
F 5.50 1.50 70 3.67 6.42 1527 
G 5.50 1.75 56 3.14 5.13 1532 
H 5.50 1.75 62 3.14 5.68 1550 
I 5.50 1.75 70 3.14 6.42 1544 
J 6.00 1.25 56 4.80 5.60 1518 
K 6.00 1.25 62 4.80 6.20 1519 
L 6.00 1.25 70 4.80 7.00 1531 

M 6.00 1.50 56 4.00 5.60 1536 
N 6.00 1.50 62 4.00 6.20 1503 
O 6.00 1.50 70 4.00 7.00 1562 
P 6.00 1.75 56 3.43 5.60 1533 
Q 6.00 1.75 62 3.43 6.20 1536 
R 6.00 1.75 70 3.43 7.00 1503 
S 6.50 1.25 56 5.20 6.07 1529 
T 6.50 1.25 62 5.20 6.72 1501 
U 6.50 1.25 70 5.20 7.58 1521 
V 6.50 1.50 56 4.33 6.07 1527 
W 6.50 1.50 62 4.33 6.72 1505 
X 6.50 1.50 70 4.33 7.58 1533 
Y 6.50 1.75 56 3.71 6.07 1512 
Z 6.50 1.75 62 3.71 6.72 1492 

ZZ 6.50 1.75 70 3.71 7.58 1487 

Table 4.4.3: DoE experimental plan. 
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Fig. 4.4.5 shows the boxplots of UTS results considering the variations of DoE factors. 
For all of them, no statistically significant differences were registered on UTS values 
considering their variations with a confidence level of 95%. However, the lowest 
levels of both 𝑣 /𝑣  and 𝑄 could be preferable due to the lower scattering and higher 
repeatability of results. Then, the most interesting configurations were selected for 
further analyses; among these there are the ones that registered respectively the 
highest and the lowest average values of UTS, i.e. configurations “O” (1562 MPa) and 
“E” (1482 MPa). These two configurations differ for 𝑣  and 𝑄 values (both higher for 
configuration “O”) but maintain the same intermediate level for 𝑣 /𝑣 . 

         

 

Fig. 4.4.5: Boxplots of tensile tests results of UTS considering the variations of DoE factors: 𝑣  (a), 
𝑣 /𝑣  (b), 𝑄 (c). 

 

In Fig. 4.4.6 cross-sections macrographs of each welding replication of configurations 
“O” (Fig. 4.4.6 a, b, c) and “E” (Fig. 4.4.6 d, e, f) are reported. Generally, the FZ is 
characterized by the particular light coloration, which was seen also in welding cross-
sections obtained with pure Ni foil/layer [45–47], thanks to the introduction of the 
Cr-Ni-based filler wire. Relatively wide hourglass-shaped weld sections were 
obtained. Generally, weld seams with high aspect ratios characterize the keyhole 
laser welding process. In this case, laser beam power intensities at the workpiece 
surface are sufficiently high for the keyhole formation (≥ 109 W/m2). However, the 
combined use of the filler wire and the VED laser optics enhances the fluid flows, i.e. 

(a) (b) 

(c) 
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the coating mixing inside the weld pool, obtaining FZs with low aspect ratios.   
Macrographs reveal no substantial differences in cross-section shapes both between 
replications of the same configuration and between the configurations “O” and “E”, 
except a generally wider FZ waist of about 0.1 mm due to the higher heat input of the 
former than the latter.  

 

Fig. 4.4.6: Cross-sections macrographs of quenched welded joints: configuration “O” (a), (b), (c); 
configuration “E” (d), (e), (f). 

 

All these cross-sections were further investigated on SEM-EDS. In Fig. 4.4.7 and Fig. 
4.4.8 examples of the SEM-EDS analyses conducted respectively on configuration “O” 
and “E” are reported. Fig. 4.4.7 a and Fig. 4.4.8 a show magnified views of areas 
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indicated in Fig. 4.4.6 c and d taken into account for these examples. High-
magnification images (Fig. 4.4.7 b, Fig. 4.4.8 b) display that FZ is characterized by a 
smooth texture due to the martensite alloyed with filler wire, and, especially close to 
boundaries, by the presence of comet-shaped not-alloyed martensite zones with the 
same lath texture of BM. However, no ferrite-δ was detected in any sample. These 
results are confirmed by chemical analyses conducted in the same high-magnified 
areas. Al and Si elemental maps (Fig. 4.4.7 c, d; Fig. 4.4.8 c, d) prove that the long 
comet shapes along fusion boundaries are not due to ferrite-δ inclusions because 
there are not the corresponding Al and Si concentrations peaks observed in the 
literature [48,49]. Instead, a lower concentration of both Cr and Ni, i.e. the major 
chemical components of the filler wire, that reveals its mixing inside FZ, is detected 
in related elemental maps (Fig. 4.4.7 e, f; Fig. 4.4.8 e, f) right at comet shapes, 
demonstrating that these areas correspond to inclusions of BM not homogeneously 
stirred with the molten filler wire. In addition, complete quantitative chemical 
compositions of examined areas are listed in Fig. 4.4.7 g and Fig. 4.4.8 g.  
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Element Mass % Atom % 
C 0.22 ± 0.00 1.00 ± 0.00 
Al 0.51 ± 0.00 1.04 ± 0.00 
Si 0.36 ± 0.00 0.70 ± 0.00 
Cr 3.06 ± 0.00 3.22 ± 0.00 

Mn 1.26 ± 0.00 1.25 ± 0.00 
Fe 93.11 ± 0.03 91.39 ± 0.02 
Ni 1.48 ± 0.01 1.38 ± 0.00 

Total 100.00 100.00 

Fig. 4.4.7: Magnification of the area α indicated in Fig. 4.4.6 c, i.e. the lower right part of a cross 
section macrograph of the configuration “O” (a); SEM micrograph of a more detailed zone (b) with 

related elemental maps of Al (c), Si (d), Cr (e), and Ni (f), and table of chemical compositions (g). 

(g) 
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Element Mass % Atom % 
C 0.22 ± 0.00 1.00 ± 0.00 
Al 0.62 ± 0.00 1.26 ± 0.01 
Si 0.38 ± 0.00 0.73 ± 0.01 
Cr 3.21 ± 0.01 3.38 ± 0.01 

Mn 1.26 ± 0.01 1.25 ± 0.01 
Fe 92.80 ± 0.04 90.96 ± 0.04 
Ni 1.51 ± 0.01 1.41 ± 0.01 

Total 100.00 100.00 

Fig. 4.4.8: Magnification of the area β indicated in Fig. 4.4.6 d, i.e. the upper right part of a cross 
section macrograph of the configuration “E” (a); SEM micrograph of a more detailed zone (b) with 
related elemental maps of Al (c), Si (d), Cr (e), and Ni (f), and table of chemical compositions (g). 

(g) 
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Table 4.4.4 shows chemical compositions in terms of weight % averaged on the three 
replications per configuration. Considering the averages of all the investigated areas, 
substantially no differences are observed for Al and Si content between the two 
configurations, registering 0.65% and about 0.40% averaged content of Al and Si 
respectively. 

Element [Weight %] Al Si Cr Ni 

Configuration O E O E O E O E 

In
ve

st
ig

at
ed

 a
re

a 

Upper left 0.65 0.59 0.38 0.40 3.31 4.49 1.56 2.15 

Upper right 0.69 0.61 0.37 0.37 2.69 2.76 1.27 1.30 

Centre 0.73 0.78 0.43 0.43 4.84 4.85 2.31 2.32 

Lower left 0.62 0.69 0.40 0.42 4.34 4.74 2.10 2.29 

Lower right 0.57 0.58 0.36 0.37 2.93 3.39 1.43 1.63 

Overall average 0.65 0.65 0.39 0.40 3.62 4.05 1.74 1.94 

Table 4.4.4: Chemical compositions with averaged values per investigated area calculated from EDS 
analyses of three different as-quenched welded joints per configuration. 

 

Fig. 4.4.9 displays the position of the hardness points on samples of configurations 
“O” and “E”, while related hardness tests results are shown in Fig. 4.4.10. For both 
the configurations, hardness values are included in the range 494-543 HV0.5, which 
are aligned with the typical values for the 22MnB5 HSBM [44]. In addition, no 
significant differences can be found either comparing the FZ with the BM or between 
the two configurations. 

 

(a) 
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Fig. 4.4.9: HV0.5 hardness points position of up (green), central (blue) and bottom (cyan) series across 
the same weld sections of configuration “O” (a) and configuration “E” (b) shown in Fig. 4.4.6 c and d 

respectively. 

 

 

(a) 

(b) 
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Fig. 4.4.10: HV0.5 hardness distribution of up (blue circles), central (black squares) and bottom (red 
asterisks) series across the weld section of configuration “O” (a) and configuration “E” (b) with 

BM/FZ zone limiters for each series (dashed lines colored as the respective series). 

 

Fig. 4.4.11 reports the tensile curves obtained from the tests conducted with more 
precise absolute strain measurements carried out with an extensometer. An example 
of both the configurations “O” and “E” is depicted. For the configuration “O”, a UTS 
value of 1567 MPa and a total elongation of 5.35% were registered, while the sample 
of configuration “E” performed 1494 MPa for UTS and 4.90% of total elongation. 
These results confirm those obtained in the DoE comparison described before, and 
are substantially aligned with the same observed for HSBM [44]. 

 

Fig. 4.4.11: Examples of tensile curves of configuration “E” (red dashed line) and configuration “O” 
(black dotted line) butt joints, all in hot-stamped conditions. 

(b) 
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The wide experimental campaign conducted in this work has proven that this laser 
welding process is very stable and reliable thanks to the good results obtained in the 
most critical configuration for a TWB (joining of the same materials with the same 
thicknesses) and even with slight variations of the main process parameters. The 
latter could be intended as the representative case of a typical production process 
where little alterations of optimal process parameters due to unexpected events 
should be borne. In addition, the adduced simplification of the entire production 
process of TWB for hot stamping obtained avoiding any additional decoating step 
should be considered. For these reasons, the proposed welding methodology is in the 
running to be a valid alternative to laser ablation procedures thanks to its particular 
suitability for industrial applications.
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Conclusions and further developments 

 

The common thread that joins all the research works exposed in this dissertation is 

the keyhole laser welding process in TWB manufacturing. The semi-analytical model 

allowed to investigate the keyhole geometry and, although assuming several 

simplifications, revealed itself as an effective instrument for preliminary evaluations 

of the influence of process parameters on the keyhole shape. A difference of 26% in 

the keyhole depth was obtained when comparing the case with null absorption due 

to inverse Bremsstrahlung to the case with the maximum value of the absorption 

coefficient (𝛼  = 300 m-1). The comparison of the 10.6 μm-long laser beam 

wavelength (i.e., a CO2 laser source) with the 1.06 μm-long one (e.g., an Nd:YAG laser 

source) showed that the keyhole profiles obtained with the shortest wavelength are 

narrower and shallower (difference of depth of about 29%) than the same with the 

longest one. In addition, very different effects of the focal plane position were 

detected for the two different laser wavelengths. Considering a movement of the 

focal plane position from negative-defocused to no-defocused and positive-

defocused laser beam configurations in relation to the top workpiece surface, a 

gradual reduction of the keyhole depth of about 12% per step maintaining the same 

global shape was registered for the longest wavelength. Instead, firstly a reduction 

and then an increase of the depth were observed in the case of 𝜆 = 1.06 μm together 

with considerable widening of the keyhole cavity. In particular, the latter result 

suggest that the keyhole could involve and mix the Al-Si layer into the weld pool with 

very different modalities simply moving farther or closer the laser head from the 

workpiece. However, further studies are needed to improve the accurateness of the 

prediction of the keyhole geometry by the developed approach. Next steps for more 

detailed calculations could concern also upward reflections in the ray-tracing method 

for the modelling of multiple reflections effects as well as the estimation of a 

temperature-dependent absorption coefficient inside the keyhole, which implicates 
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the additional study of the state of the vapor and plasma inside the capillary through 

e.g. the Saha’s equation. 

Regarding the FEM approach, an original method for applying a volumetric heat 

source to a laser beam welding configuration where a butt joint involves different 

thicknesses was developed and assessed. Numerical results in the dissimilar thickness 

configuration showed a fairly good prediction capability of the model in terms of 

dimensions of the fused zone into the weld, although noticeable discrepancies were 

found in the prediction of the height of the hourglass neck. While the approach could 

be considered as generally feasible in simulating the laser welding process, the 

parameters found in this work were related to a specific welding configuration. In 

addition, the model could be further employed for the evaluation of the residual 

stresses that cause distortions on the final TWBs. A possible improvement of the 

model could concern the reduction or avoiding of the thermal fluxes in the thickness 

direction through different weighting of the geometrical parameters or different 

distribution of the heat flux along the thickness and/or between the two different 

thicknesses, trying to reach a better correlation also in the neck height prediction. In 

addition, further research efforts are needed to find a suitable relation between 

process parameters and geometrical ones in order to use the developed approach 

also in different welding configurations.  

The CFD simulations developed in FLOW-3D WELD software took advantage of the 

accuracy of this approach and the possibility to take into account the presence of two 

different materials to investigate how the Al-Si coating contaminates the fusion zone 

when steels for hot stamping are laser welded. The results pointed out that the use 

of defocused and/or larger laser beams could effectively reduce the crossed mixture 

between upper and lower coating layers. Therefore, much more not-Al-contaminated 

martensitic structure is preserved in the core of the weld seam minimizing the 

weakening of the final joint. These qualitative results could be improved with more 

precise quantitative ones that require further refinements of the existing model such 

as denser meshes and more detailed sensitive analyses. 
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Finally, all these outcomes were put into practice experimentally evaluating, through 

a 33 full factorial DoE plan, a novel approach for laser welding of Al-Si coated 22MnB5 

steel for hot stamping considering the use of both a filler wire and a variable energy 

distribution (VED) laser optics. This new patent-pending technology developed by 

Baosteel Tailored Blanks, i.e. the industrial partner of the doctoral research program, 

turned out to be effective since all the welding configurations registered UTS results 

higher than 1400 MPa and with an average value of 1523 MPa. SEM high-

magnification images showed the smooth texture of the fusion zone due to the 

martensite alloyed with filler wire, and the presence of comet-shaped not-alloyed 

martensite zones close to the boundaries with the same lath texture of the base 

material. EDS analyses demonstrated that these comet shapes are not due to ferrite-

δ inclusions because no corresponding Al and Si concentrations peaks were observed, 

but they represented inclusions of base material not homogeneously stirred with the 

molten filler wire. In addition, the overall weight averaged content of Al and Si inside 

the fusion zone was about 0.65% and 0.40% respectively. Hardness tests registered 

values in the range of 494-543 HV0.5, aligned with those of hot-stamped base material 

also inside the fusion zones. Further tensile tests carried out on samples welded in 

the optimal welding configurations registered UTS values of 1567 MPa and 1494 MPa, 

with total elongations to failure of 5.35% and 4.90% respectively, confirming the 

strength performances obtained in the DoE. All these tests empirically demonstrated 

the effectiveness as well as the stability and reliability of the proposed methodology 

that makes it suitable for production purposes. 
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