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ABSTRACT

In manufactory industry, welding is a joining technology with noticeable properties. Among fusion
welding technologies, laser welding employs high power laser beam with high density. Laser beam
welding debuted several decades later, after the invention of the laser in 1960, and has demonstrated to be
especially useful in high-speed, automated welding

The laser beam produces a reduced melting zone, which has always been seen positive for the industrial
products. Low thermal distortion, high speed and little heat input per unit of volume can be reached by
fiber laser with some limitations like crack susceptibility, porosity, strict tolerances for edges preparation,
and high reflectivity [1-3]. Hybrid laser arc welding can overcome some of those limitations since its
tendency to flexibility, low crack formation and porosity, high precision, narrow melting zones, high
cooling and heating speeds, deep penetration [1, 4]. Mixing and diffusion phenomena can be controlled
and that reduces the formation of intermetallic compounds in the case of dissimilar joints. In fact,
dissimilar metal welding implicates joining two different metals or alloys by melting, which the addition
of filler metal as an option. Among dissimilar metal weld, aluminum/steel (Al/Fe), advanced high
strength steel (AHSSs) /austenitic stainless steel have increased the attention from aeronautical and
automotive industry because of the properties such as reduced weight, good formability, high mechanical
strength, and more [5, 6]. Dissimilar joining of hybrid Al-Fe structures is often challenging because of the
inevitable formation of brittle intermetallic compounds (IMCs), which can compromise the mechanical
properties of the weld due to their poor ductility. Therefore, it is necessary to limit their formation to
obtain good quality welds.

The major goal of this thesis is to analyze the microstructural and mechanical aspects of dissimilar joints
used in the automotive industry, which were welded by different laser techniques. Particularly, great
importance was given to the microstructure of the fuse (FZ) and heat affect zones (HAZ), being those
zones mainly associated to the mechanical behavior of the weld. The mechanical and microstructural
aspect of the joint were related with the process parameters to study the defects and to obtain the better
mechanical properties.

After the state-of-art on fusion welding processes, the research activity concerned the study of the fiber
laser/TIG weldability of AISI 304 and AISI 410 stainless steel (SS), weldability of Twinning-induced
plasticity steels (TWIP) and Dual Phase (DP) steel dissimilar joint by laser arc hybrid welding with
austenitic filler and finally the assessment of weldability of TWIP and DP steels with AISI 316 stainless
steel. Since the automotive industry has been reducing the vehicle weight and fuel consumption,

advanced high strength steels and stainless steel can be help to this achievement.
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Research activity concerned also the study of the laser welding of the annealed alloy AA5754 with
austenitic stainless steel AISI 316. Particularly, the laser off-set welding (LOW) was used to limit the
formation of brittle intermetallic compounds during the welding process. The laser beam was directed
onto the stainless steel side of the butt weld at a small distance from the edge of the aluminum sheet. The
keyhole formed and the full penetration was reached in the SS side of the weld. Thin layer of intermetallic
compounds of different stoichiometry was found at the interfaces between SS and Al fusion zone (FZ).

Finite Element (FE) analysis was employed to evaluate both the temperature distribution, residual stress
and distortions in the joints. Using Simufact commercial software, the numerical model of the joint was
created and validated through the available experimental data. The target of this part of the research was
to build a methodology to build a numerical model for laser and hybrid welding process, with a particular

attention to the set-up of the heat source model [7].
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1. CHAPTER: Laser-arc Hybrid welding of steels

1.1. Technology of Laser Welding

Welding is one of the most advantageous joining methods applicable in every industrial field. Laser,
Light Amplification by Stimulated Emission of Radiation, is a high-power density heat source that has
had increasingly success in many human field activities. Laser welding is mainly used for joining metals
with a laser beam of high-energy density [1]. The advantages of this technology compared with other
process are high quality and low distortion of joints, high precision, high performance, narrow heat affect
zone (HAZ), high speed and good flexibility [14, 8]. The laser process in the automotive component
manufacture covers engine parts, transmission parts, alternators, solenoids, fuel injectors, fuel filters, air
conditioning equipment and air bags. For these applications, the advantage of laser welding is the ability
to weld pre-machined precision components with limited heat input and negligible distortion [9]. This
enables reducing vehicle weight and, consequently, fuel consumption. Moreover, this process shows good
repeatability and it is easy to automate.

Laser welding has also some advantages respect to electron beam welding [10]. This is due mainly to the
high productivity, the possibility of control of quality of the component during the process and
consequently reducing the manufacturing cost [11, 12]. However, there is a need to spend a high amount

of energy on component preparation and a high precision of component manipulation [13].

1.1.1. Fundamental principles of the laser device

Laser is the acronym of Light Amplification by Stimulated Emission of Radiation, in opposition to
sunlight, which is emitted spontaneously. The term “laser light” represents a part of the electromagnetic
spectrum of energy, although the laser source does not always emit visible electromagnetic radiation, as it
may range from ultraviolet to infrared radiations [14].

It is important, to describe the physical principle on which lasers is based. Atoms and molecules possess
certain energy levels that are discrete. In general, when electron jumps from a higher energy level to a
lower energy level, it emits photon (particle of light). The lowest possible energy level is known as
“fundamental state,” while higher energy levels are called the excited states [15, 16]. There are three ways

in which a photon can interact with atoms: absorption, spontaneous emission, and amplification (Fig. 1).
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Fig. 1 Representation for Absorption, Spontaneous and Stimulated Emission [16].

The laser consists, as simplified presentation, of a chamber containing the active medium, an excitation
source (for example high powered flash lamp or electrical current) and two mirrors [17] as shown in Fig.

2.

/ Oscillating waves \
Pt

— Output Beam
. . S
Active Medium e
E—

11110t

Pumping Process

100% reflector Partial Reflector

Fig. 2 Schematic representation of a basic laser [16].

The chamber (see Fig. 2) comprises two parallel mirrors on each side, one of which is fully reflective and
the other only partial reflective. Within this chamber, the active medium, can be a solid, liquid, or gas that
defines the wavelength produced by the laser.

Initially, the active medium's electron absorbs a certain amount of energy from the electromagnetic
waves, causing the jump of the electrons in the higher energy level (Fig. 1).

Atoms or molecule can only stay in an excited level for a short time, so the excited electrons return to
their fundamental state releasing energy, equal to the difference between the two energy levels, in form of

photon. This emission of photons is incoherent and occurs in all directions. This is the spontaneous
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emission process. This process is typical of light observed in nature. When the photon collides an atom or
molecule in the state already excited, it can stimulate the return to the low energy level and the emission
of a new photon. In this process, the emission is called stimulated. The photon has the same energy,
frequency, and direction of the excited atom, which is a fundamental property of the laser light.

However, if the higher energy level has atoms in greater quantity than the lower energy state, the light in
the system undergoes a net increase in intensity. This a condition for the generation of laser light within
an optical chamber. A system of mirrors can accelerate the stimulated emission and facilitates the

amplification phase through multiple reflections (see Fig. 2).

1.1.1.1. Properties of laser beam

A generic light source, as the sun or a filament lamp, produces incoherent emission of light characterized
by variable wavelengths, while the beam generating from the laser source has properties that distinguish it
from a common heat source. The monochromaticity is the fundamental property of laser beam that is the
radiations have all the same wavelength. Coherency is another important property of laser. All the
electromagnetic waves are in the same phase, while the ordinary light source emit light in every direction
due to the irregular spontaneous emission. Laser emits light with small divergence angle. This small
divergence property is due to a high collimated beam, which means that the laser light doesn’t lose its
intensity at a distance. This property describes the directionality of laser beam. This is a direct
consequence of the fact that the resonant cavity permits only the propagation of the waves along the
optical axis.

It is important to analyze a parameter of the laser beam, that is, the so called "transverse mode". The
transverse mode gives information of the power distribution in the transverse section of the beam.
Moreover, the transversal oscillation mode within the cavity of the laser are precisely described by TEM
(Transverse Electric and Magnetic Modes). The power distribution is Gaussian type when a laser beam
will have TEMyy transient oscillation mode type. Particularly in Fig. 3. different types of transverse mode
are showed. In the case of laser welding, however, several oscillation modes can be used in addition to

TEMyo.
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Fig. 3 Mode patterns [18].

parameter product, the lower is the beam quality. The BPP of a laser beam is determined as the product of beam
radius, measured at the beam waist, and the beam divergence half-angle, measured in the far field. BPP of actual
and non-Gaussian beam is greater than that of the Gaussian beam. Therefore, the beam propagation ratio M is
often used as a relative measure of laser beam quality; it is defined as the ratio between a BPP of the real beam and
a BPP of an ideal Gaussian beam at the same wavelength. For the Gaussian beam, M? is one, whereas real beams

are characterized by M” > 1. The value of parameter M? for a laser beam depends on the laser type [18, 19].

1.1.1.2. Laser source

On industrial scale, the laser can have two different operating modes: Continuous Wave laser (CW) and
Pulsed Wave laser (PW). In the former, the source releases the laser beam with a constant power value
over time, since the photon pumping process is continuous. In the latter, the pumping occurs at very rapid

regular interval (see Fig. 4).
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Fig. 4 Continuous Wave laser (CW) and Pulsed Wave laser mode [17].

Lasers are classified into different types based on the type of laser medium employed: solid, gaseous and
semiconductor. The different type of medium defines the specific energetic source of the pumping. The Table in

Fig. 5 show the different types of laser for welding.

Types of laser Laser characteristics

CO, laser Wavelength: 10.6 pm; far-infrared ray
Laser media: COy-Ny-He mixed gas (gas]
Average power [CW]: 50 kW {Maximum} (Mormal):
1-15 kW

Lamp-pumped YAG laser Wavelength: 1.06 pm; near-infrared ray
Laser media: I\vld3‘:'!":,.‘”.;\‘;1-,2 garnet (solid)
Average power [CW]: 10 kW ({cascade-type max
& fiber-coupling max) (Normal): 50 W=7 kW
[Efficiency: 1-4%])

Laser diode (LD) Wavelength: 0.8=1.1 ym; near-infrared ray
Lazer media: InGaAsP, etc. (solid)
Average power [CW]: 10 kW (stack-type max.), 15
kW (fiber-delivery max.)
Merits: Compact, and high efficiency {20-60%}

LD-pumped solid-state laser  Wavelength: about 1 pm; near-infrared ray
Laser media: Nd":Y,AIEO,z garnet (solid), ete.
Average power [CW]: 13.5 kW (fiber-coupling
max.) [PWI: 6 kW (slab-type max.)

Disk laser Wavelength: 1.03 pm; near-infrared ray
Laser media: Yo' :YAG or YVO, [solid), etc.
Average power [CW]: 16 kW (cascade-type Max.)
Mearits: Fibar dalivery, high brightness, high
efficiency (15-25%)

Fiber lager Wavelength: 1.07 pm; near-infrared ray
Laser media: Yb™*:Si0, (solid), etc.
Average power [CW]: 100 kW (fiber-coupling max.)
Maerits: Fiber dalivery, high brightness, high
efficiency (20-30%6)

Fig. 5 Types and characteristics of laser [19].

Two of the most popular industrial lasers are Carbon Dioxide lasers (CO,) and Nd:YAG lasers. The CO;
laser is a molecular gas laser based on a gas mixture which contains carbon dioxide (CO5), helium (He),

nitrogen (N). In CO, laser, the wavelength is 10.6 um long and the energy required for pumping is
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provided by direct (DC) or alternating (AC) electric discharges. The output power can reach 20 kW in
continuous mode and 10 MW in impulse mode. This type of laser is commonly used for welding steels or
for high-grade metals. The main disadvantage in CO, laser welding is the long wavelength of the laser
beam. Other problems of this type of laser are high reflectivity onto metals and the expensive materials,
which are essential for the optics.

The Nd:YAG laser is a solid-state laser in which the medium is made of a neodymium ions (Ng4) present
in small concentrations in the YAG (Yttrium-Aluminum Garnet, Y3AlsO;,) crystal. When the crystal is
activated by Ny ions, the excitation is then executed by flash lamps that pump the photon. Nd:YAG lasers
emit typically light at mid-infrared wavelength (1.06 um). The shorter wavelength offers some important
advantages in the industrial applications as the beam can be carried out through optical fibers and focused
with ordinary lenses [4].

The power can range from approximately 100 W to over 5 kW in continuous wave. In the pulsed range, it
is capable of pulse durations from 15us to >20ms, peak powers up to 18kW and pulse energies up to 100J
(ideal for the complete range of laser processing applications).

For a long time, high-power diode laser (HPDL) systems were limited to low output powers and low
beam qualities. In HPDL, their resultant focal intensities only permitted welding applications in the heat
conduction mode. Nowadays, thanks to the continuous progress in the laser beam power and beam quality
let to HPDLs that can be used also in keyhole mode [4].

For this laser, the beam quality is like that that of Nd:YAG laser. The produced wavelength of HPDL
depends on the material properties of the semiconductor, the temperature and the driving current. HPDL
systems are particularly suitable in robotic industrial for their compact size and low weight.

Most recently, promising disc and fiber laser systems as special types of diode-pumped solid-state lasers
with characteristic geometries of the laser active medium (disc and fiber, respectively) have been
developed. Fiber lasers (FL) and the disc laser (DL) have the potential to be a disruptive technology as
compared to existing industrial laser technology. These lasers simultaneously offer high optical output
powers, high conversion efficiencies, high beam qualities and a short emission wavelength around 1 pm,
(see Table in Fig. 6).

Nd:YAG laser Nd:YAG lasar Diode laser

CO; laser {lamp-pumped) (diode-pumped) Disc laser Fibre laser (fibre-coupled)
Lasing medium Gas mixture Crystalline rod Crystalline rod  Crystalline disc  Doped fibre  Semiconductor
Emitted wavelength (pm) 10.6 1.06 1.06 1.03 1.07 0.808-0.98
Power afficiency (%) 10-15 1-3 10-30 10-20 20-30 35-55
Maximum output power (KW) 20 6 6 8 50 8
BFP at 4 KW (mm mrad) 4 25 12 2 0.35 a4
M at 4 KW 1.2 75 35 6 1.1 150
Fibre baam delivery No Yos Yas Yas Yes Yas
Typical fibre diameter at 4 kW (mm) 0.6 0.4 0.1-0.2 0.03-0.1 0.4
Mok lity low low low low high high
Maintenance interval (h 1000 500 10000 >25000 >30000 »25 000

Fig. 6 Feature for typical materials processing laser sources [4].
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There are several advantages of fiber and disc lasers compared to other welding technology [4, 20-22].
These lasers exhibit a stable power, mode and pulse shape, high efficiency and roughness. Moreover, disc
and fiber lasers are progressively requested for several welding purpose [4].

Usually is used the diode-pumped laser-active medium Yb:YAG with a laser wavelength of 1.03 um.
Fiber laser multimode systems provide high power as up to 50 kW, single-mode fiber lasers are today
available up to 5 kW. The active gain medium of fiber laser is usually an optical fiber doped with Yb with
wavelengths in the range 1.06 to 1.07 pm.

Generally, each industrial application needs to be evaluated for determining what is the best laser, which

depends on wavelength, peak power, pulse length, flexibility, BPP, initial cost, operating cost, etc.

1.1.2. Welding mechanism: conduction mode and keyhole mode

Conduction mode and keyhole mode are two types of heating utilized to represent the resulting melting of
the metal during laser welding process. These welding modes are due to different power densities, which
are defined as the power of the laser beam divided by the area of the focused laser spot. During
conduction joining the laser beam is focused to give a power density on the order of 10° Wmm™.
Conduction mode is used to create a joint without vaporization. In conduction mode welding, weld
penetration is reached by the heat of the laser conducting down into the metal from the surface are usually
wider than deeper [17, 19, 23].

In keyhole welding, the laser beam is focused with a high-power density onto the component surface,
which vaporizes (i.e. the power density, for steel, is about 10° Wmm™). In the keyhole mode, a narrow
deep vapor cavity or keyhole is developed both by recoil pressure due to the evaporation and by multiple
internal reflection of the beam. The keyhole is surrounded by fusion material and it is preserved during
welding process by equilibrium between the forces produced by vapor pressure and those applied by the
surrounding melted material. In that welding condition, a narrow weld with a high aspect ratio (defined as
the ratio between depth and width) is obtained [24-26]. During the keyhole formation, the laser absorption
is extremely high due to multi-reflection inwards, so deep penetration welding is considered as an
efficient joining process.

A bright plume of evaporated metallic atoms and vapors is expelled from laser-irradiated part. Spattering
of melt metal due to a strong stream of the ejected plume can happen from the inlet of the keyhole [27,
28]. In Fig. 7 are schematically illustrated the fusion zone profile of several heat source densities, so the

geometry of weld is strictly connected to the power density [29].

PhD Thesis - Patrizia Perulli



CHAPTER 1 Laser-arc Hybrid welding Page 18 of 131

Heat Source Fused Zone
Process Intensity (Wm ") Condition Profile
Flux-shielded §x 10® to §x 10"
arc welding
Gas-shielded §x 10® to §x 107 Mormal current
arc welding
High current —?—
Plasma Sx10% to 5x 10" Low current —Q—
High current T
Electron beam 10" 1o 107 Defocused beam —O——-—
and laser
Focused beam ——T——

Fig. 7 Typical heat sources intensity and geometry of fusion zone obtained at respective power densities [1].

1.1.2.1. Keyhole stability and formation

The study of the physical mechanisms is paramount to the ability of control the weld quality in many
industrial applications [30, 31]. In keyhole mode, a deep keyhole is formed by the material evaporation.
When the temperature increases drastically, the liquid metal starts to evaporate rapidly, the plasma
ionizes. High temperature vapor and plasma tend to expand, producing recoil force pushing the liquid
down and produce the keyhole. This is the leading force to the formation and preservation of the keyhole.
In particularly four force operating on the keyhole walls. Here follow the forces that are involved in the

formation of the keyhole. Eq. 1 shows the pressure balance acting on the keyhole wall [18, 32, 33]:
Pabl+5Pg:Pw qu
Where, Py [N/m®] defines the recoil pressure, which is also named ablation pressure since the
evaporation jet produces an ablation pressure on the surface.

OF, represents the excess vapor pressure within the keyhole and it is due to the gas flow out of the

keyhole. It can be defined as in Eq. 2, where d represent the thickness of the works piece and r is the
radius of keyhole.

5Py ~ gmnu2 (%)2 Eq. 2
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Laplace’s formula, displays the pressure due to the surface tension (Eq. 3):

P, = Eq.3

w
r
where [34] W is the surface tension coefficient. Other terms such as the hydrostatic and hydrodynamic
pressures due to the melt can be ignored for a workpiece thickness d<1 cm and for low welding speeds
[35]. In the equation of pressure balance, the pressure terms on the left side act to open the keyhole and
those of the right-side act to close the keyhole.

The plot of the pressure terms on the left- and right-hand sides of equation as functions of the keyhole
radius is showed in Fig. 8. The sum of ablation pressure and excess vapor pressure shows a maximum

value in the graph.

pressure

radius a

Fig. 8 Trend of ablation pressure together with excess pressure and surface tension [34].

N and S points are the intersection of the pressure terms curves on the left- and right-hand sides of
equation, respectively. These points determine the equilibrium point of the keyhole radius. To the left of
the equilibrium state N, the surface tension pressure exceeds the ablation pressure. Therefore, the keyhole
tends to close itself and this leads to a collapsing keyhole. Consequently, point N is unstable and point S

is stable.

1.1.2.2. Welding metallurgy

The microstructure obtained by laser welding is highly influenced by the high solidification rate, typical
of laser welding. Welding process identified different zones at welding bead. Those different zones are
associate with various transformations on equilibrium phase diagrams and are regulated for non-
equilibrium cooling and heating effects [1, 36]. Three different zones are detected in laser welding (see
Fig. 9).
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Fig. 9 Different zones in a cast iron during welding process [37].

The fusion zone or weld metal is designed as FZ is the region of the weld that totally melts during the
welding process.

It is important to understand the properties of the final weld, because it can quite different in structure and
properties from the base material. Clearly, if filler is employed in making the weld, the structure and
composition, and consequently the properties, of the FZ can be completely different than the base
material, due to different the composition of the filler and base material is and on how much dilution
occurred.

In 1976, Savage et al. [38, 39] suggested numerous changes to the terminology used to represent fusion
weld microstructure zones.

At the outward of the fusion boundary is a narrow zone, called unmixed (UMZ) that consists of melted
and re-solidified base metal that does not mix with the filler metal. In some alloy systems, the UMZ can
show microstructures and properties especially when dissimilar filler metals are employed.

In proximity of the fusion zone is a narrow zone named partially melted zone (or PMZ) where the
temperature of the base material due to welding thermal cycle rise to between the liquidus temperature
(Tiiquidus) and the solidus temperature (Tsoliqus) for the alloy. The PMZ is important to the properties of the
weld, as has exhibit some degree of melting and solidification, so different from the base material.
Somewhat farther away from the centerline of a fusion zone, there is a zone heated to near the solidus but
never fused. This zone is called as the heat-affected zone (or HAZ).

Microstructure in the HAZ can be relatively complex, because it depends on both composition and
thermal factors. The variable that can influence the HAZ microstructure are mainly welding process,
material type heat input, and material condition prior to welding. The heat affected zone can highly

modify the mechanical characteristic of the alloy.
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Another zone observed during the welding process is the unaffected base material (UBM) or base
material (BM). In this zone the heat from laser beam do not produce changes in properties and
metallurgical structure.

The so-called “weld zone” include the fusion, partially melted (if any), and heat-affected zones, since this
is the zone where base material structure and properties have been transformed by welding process.

Fig. 10 show the transverse section of a butt laser weld joint.

Fig. 10 Cross-section of weld AISI 304 steel obtained with fiber laser [19]

Laser beam has a high-power density, which enables to form a deeply penetrating weld pool. A narrow
weld bead is obtained with a high aspect ratio, defined as the ratio between the depth and the width of the
fusion zone. The laser joints have normally high aspect ratio.

Usually, laser welding is considered a rapid solidification process, which promotes the formation of non-
equilibrium or metastable crystalline phases, a refinement of microstructure, such as, the size and shape
of grains, and the shape and location of the phases present. In particular, several studies have observed
that the faster solidification rate the better the weld strength and ductility [40]. Also, for laser welding, the
principles of solidification determine the size and shape of the grains, the distribution of inclusions and
porosity and segregation.

Rutter and Chalmers [1, 41] developed a theory to describe the stability of the liquid/solid interface, and
to determine the eventually morphology. The stability of the solid-liquid interface is generally determined
by the thermal and constitutional conditions, i.e. constitutional supercooling, that occur in the proximity
of the interface [1, 42-44]. According to these conditions, the interface growth can occur by either planar,

cellular, or dendritic growth (Fig. 11).
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Fig. 11 Schematic representation of interface morphology during solidification of an alloy [45].

The criterion for constitutional supercooling for plane front instability can be mathematically stated as in
Eq. 4 and Eq. 5 [44]:

Condition for plane front stable — P Eq. 4
R~ DL

Condition for planar instability — S Eq.5
R DL

Fig. 12 displays the relationship between the ratio and the microstructural morphology. The instability
results in the transition from planar to equiaxed dendrite. In the Fig. the ratio between G and R regulars

the morphology of the solidification structure, while their product the size of the structure.

G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Fig. 12 Representation of effect of temperature gradient G vs growth rate R on the morphology and size of solidification
microstructure [45].
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Moreover, to control the properties of the weld metal, it is important to understand the change of the weld
metal grain structure. Savage et al. [46] observed the effect of welding parameters (the heat input and the
welding speed), on the weld metal grain structure. Fig. 13 shows that at low heat input and welding speed,
the weld pool becomes elliptical in shape and the columnar grains curves in the welding direction. While
at high heat input and welding speed, the shape of weld pool is teardrop and the columnar grains are
straight. In both cases, grain growth initiates from the substrate at the fusion boundary and proceeds
toward the weld centerline. While with high heat input and welding speed, the grain can nucleate in the
bulk weld metal [47].

HIGH SPEED

LOW SPEED

Fig. 13 Effect of welding parameters on grain structure [45].

Furthermore, it is important to consider the effect of welding parameters on the heterogeneous nucleation,
hence on the grain morphology.

Kato et al. [48], Arata et al. [49], Ganaha et al. [50], and Kou and Le [47] observed in commercial
Aluminum alloys that higher heat input and welding speed increase the formation of equiaxed grains. The
heat input and the welding speed are increased, the temperature gradient (G) at the end of the weld pool is
diminished [51] (see Fig. 14).
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Fig. 14 Influence of welding parameters on temperature gradient at weld pool end [45].

1.1.2.3. Weld quality and weld defects

In weld application, quality is an important factor. Several defects and imperfections may occur due to the
material and its composition, welding condition, and so on. Laser welding defects are divided into three
groups: geometrical or appearance defects, internal, and property or quality defects [52, 53].

The common geometrical defects are deformations or distortions, poor surface appearance, burn-through
or drop- trough, undercutting, underfilling, reinforcement of weld or overlapping and humping [54]. The
laser welding process can generate also internal or invisible defects and chemical inhomogeneities in the
weld metal. In this classification hot and cold cracking, incomplete fusion or lack of fusion, incomplete
penetration, inclusions, gas and solute segregation (microsegregation and macrosegregation) porosity are
included [19].

Microsegregation essentially happens due to the fast solidification process in fusion welding particularly
for laser beam welding of alloys [52, 53, 55]. Microsegregation can diminish significantly the mechanical
characteristic of the weld, and it can have an important effect on the solidification cracking susceptibility
of the joint. To avoid the reduction in hardness and strength due to the microsegregation, the solid
solution heat treatment of the weld after laser beam welding can offer positive solution.

Macrosegregation is due to the partial weld pool mixing in the fusion zone. Generally, weld pool
convection can usually mix the weld pool well to minimize macrosegregation across the resultant weld
metal. Macrosegregation is observe in the weld fusion zone, in particularly this defect is present in laser
welding of dissimilar materials [56] or using a filler wire different in chemical composition from the base
metal [57]. In fact, in laser welding process, adequate mixing of a filler wire into the base metal is very
difficult, and therefore the compositions of the bottom part of the weld fusion zone are approaching those
of the base material [19, 45].

Porosity defect can be due to by the surface cleanness of the butt joint, gas, welding condition and the
weld shielding. Although round gas pores can be casually distributed in the weld metal, they can also line
up and produce bands of porosity, this condition is severe during weld metal solidification [58]. To avoid
the formation of pores several measures can be performed, comprising keyhole laser welding under the

appropriate conditions, welding with a shallow, stable keyhole or heat-conduction type welding, selection
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of a suitable shielding gas for the material. In welding process, it is important to remark the effect of the
thermal cycle due to high power laser welding. The thermal cycle can cause different microstructure and

therefore different mechanic characteristics in the HAZ.

1.1.2.4. Residual stresses and distortions in weldments

Residual stresses remain in a body after that all the external loads are suppressed. Moreover, if the weld
has previously been subjected to non-uniform temperature changes, residual stresses are often called
thermal stresses. The Fig. 15 shows the distributions of the residual stress in the welding direction (o)

and temperature changes during the welding cycle.

AT=~0 STRESS =~
D
1. SECTION A-A
R e i - |
TEN
.mvwm
REGION WHERE PLASTIC C
DEFORMATION OCCURS 2 SECTION B-8 OMP.
DURING WELDING
""" 3. SECTION C-C
RESIDUAL
STRESS
AT=~0
(A} Waid
4. SECTION D-D
(B} Temparature {C) Stress o,
Change

Fig. 15 Profiles of temperature and residual stress profiles during welding and after cooling [19].

The zone where plastic deformation occurs is the crosshatched area M—M’, and it corresponds to the
fusion and heat affected zone. Section A—A is far away from the heat source, so the temperature is zero,
while section B-B is situated in the middle of the heat source. From section B-B the temperature
distribution becomes less steep in section C-C. The temperature is constant far away from the heat source,
see section D-D. In section A—A where the temperature doesn’t change, the longitudinal stresses oy is nil.
In the region B-B the material melts and the weld pool does not have strength to support external load so
ox 1s close to zero. In the region where the metal is solid, near the weld pool stresses are compressive (ox
is negative) due to the adjacent metal that does not permitting the expansion of these areas. After
solidification in the section D-D, both weld metal and the adjacent base metal have an inclination to

contract generating high tensile stresses and compressive stresses in regions away from the weld.
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The characteristic distribution of longitudinal (o) and transverse (cy) residual stresses in butt weld, after

cooling is showed in Fig. 16.
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Fig. 16 Characteristic distributions of longitudinal (o,) and transverse (o,) residual stresses in butt weld [19].

For the longitudinal stresses, the trend is alike that above described. Low magnitude of transversal tensile

stress formed in the middle area of the weld, where the cool base material, away from the butt joint,

restrains thermal contraction in the transverse section.

Moreover, in the weld welding can observe three fundamental dimensional changes. 1) The transverse

shrinkage that occurs perpendicular to the weld line; 2) the longitudinal shrinkage that occurs parallel to

the weld line; 3) the angular change that consists of rotation that occurs around the weld line (Fig. 17).
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Fig. 17 Typical distortion in the weld: transverse shrinkage, longitudinal shrinkage, angular distortion and rotational

deformation [1].

Transverse shrinkage that occurs is influenced by the size (width and volume) of the weld and, so, heat

input, joint configuration and the thermophysical properties of the base material. In general, longitudinal

shrinkage in a weld joint is typically much less than transverse shrinkage (typically 1/1000 of the weld
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length). Moreover, angular distortion is the consequence of non-uniformity of transverse shrinkage

through the thickness. Angular distortion is mainly a function weld cross-sectional shape.

1.1.3. Laser welding: advantages, disadvantages and application

Laser beam welding techniques promotes many possible advantages over conventional arc welding
technologies. Keyhole mode executes deep penetration welds and to weld particularly thick substrates
with a single weld pass, thus presenting fewer occasions for defects.

Laser welding use a controlled beam which permits low net heat input that can product in considerably
reduced distortion [59].

Laser welding offer several advantages as: low heat distortion, high welding speed and high weld quality,
high weld aspect ratio, low distortion, manufacturing flexibility and ease of automation [60, 61]. In
particular, Nd:YAG and CO, lasers are being generally used in the manufactory industries and aerospace
sectors. Especially, the fiber laser offset welding is an innovative technique, which has revealed to be also
adequate for dissimilar weld [62, 63]. The main disadvantages of laser welding are due the higher cost of
laser equipment than conventional arc welding. Moreover, due to the fast cooling rates cracking, liquation
cracking, hot cracking or formation of brittle microstructures can occur. Other disadvantages of this
technology are the difficult melting of highly thermal conductive metals, the small gap tolerance, and the
formation of porosity in deeply penetrated weld fusion zone. Moreover, it is not safe to employ laser

welding technology in portable or manual operations [4].

1.2. Joints configuration

The type of joint is mainly determined by the geometric conditions, limits of the structure or the type of
loading. Moreover, the choice of the joint type is affected by the type of mechanical load (for example
uniaxial, biaxial, or triaxial; static or dynamic; tension, compression, torsion or bending), the cost and

accessibility for inspection. Fig. 18 shows the principal types of welds.

(a) (b}

(c)

Fig. 18 Joints configuration: (a) butt, (b) fillet, (c) plug, and (d) surfacing [1].
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Generally, groove, fillet, and plug welds are employed for welding structural elements. While surfacing
welds are employed for applying material to a workpiece by welding and preserving from wear and
corrosion.

Five joint configurations for producing structures (1) butt joints, (2) corner joints, (3) edge joints, (4) lap

joints, and (5) T joints, are shown in Fig. 19.

27 1)
@@

(e)

Fig. 19 The five joint configurations for producing structures: (a) butt joint, (b) corner joint, (c) edge joint, (d) lap joint, and
(e) Tjoint [1].

Moreover, there are typical weld joints variations. For example, butt joints are also named square butts or
straight butts when they are obtained from joint elements prepared (before welding) with square or
straight. Alignment of butt joints is crucial due to the small focal spot size; consequently, joint
preparation must be precise. In butt joint, the gap must be sufficiently small so the beam cannot pass
straight through the weld.

However, overlap joints can have single or double fillets. While, T joints can be made using double

fillets, single or double bevels.

1.3. Laser welding of dissimilar metals

Dissimilar laser welding includes different basic elements (e.g. aluminum and steel, magnesium and steel)
and different classes of materials (e.g. aluminum and CFRP). Dissimilar welds are increasingly employed
in the industrial field (petrochemical, chemical and electronics) in order to offer economic advantages and
to improve performance compared to components made of a single material [64]. Dissimilar welds can be
obtained in a variety of different metals and welding processes like laser, arc, and friction stir welding, as
well as by hybrid process like laser-arc hybrid welding. However, the advantages of combinations of
different materials may be numerous, dissimilar welds can offer several problems due to different

materials properties, which have a significant effect on both the connection process and the final
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properties of the joint. Principally, this problem arise from the difference between the thermal expansion
coefficients, causing distortion and residual stresses in the weld. Moreover, the joining of different
materials implicates the development of improper microstructures and second phases (e.g., chemical
segregations intermetallic compounds, martensite) in the fusion and heat affected zone, which have a
negative effect on weld strength. The limited solubility of the dissimilar joints results in brittle
intermetallic compounds (IMCs). The formation of this layer is promoted by diffusion, since it is an
important driving mechanism for phase formation [65]. Thus, the development of Al-Fe phases shows a
key role in realizing an a connection between the two different metals, however the generation of IMCs
results in brittleness and degrades the strength of the weld [66]. Some authors study the welding
conditions which minimize the growth of brittle phases. Meco et al., studied the evolution and distribution
of IMCs associated with the thermal cycle [67]. Gao et al. observed that the non-uniformity in the
thickness and the irregular shape of the interface growth with the heat input [68]. Casalino et al.
investigate the effect of laser offset welding (LOW) on the IMC layer. In this study was demonstrated the
weldability of titanium and aluminum by LOW method [69]. The it has been demonstrated that this
technique restricted the growth of an IMC layer and promoted the diffusion through the liquid-solid
boundary. This method was employed for several dissimilar welds [62, 63, 69].

Moreover, the mechanical properties of dissimilar welds are severely related to the development of IMC
layer, and to its morphology. In fact, the interface zone with its steep property gradient is frequently

connected with crack initiation or crack propagation.

1.4. Hybrid laser-arc welding

Hybrid laser-arc welding (HLAW) is an advanced welding process, that has been development in the last
decade [71, 72]. Hybrid laser-arc welding is prominent joining process since it can compensate for the
weaknesses in laser welding and arc welding by utilizing both features. Hybrid laser-arc welding
combined two heat sources that act in the same time, principally laser beam welding and arc welding (Fig.

20). Hybrid welding provides many advantages over laser welding and arc welding alone [73, 74].
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Fig. 20 Sketch of a hybrid laser-arc welding technology [19].

Hybrid laser-arc welding offer several advantages as high welding speed, deep penetration [75], excellent
gap bridging ability [76, 77]. The formation of pores and cracks are reduced [78, 79]. Lastly, this process
can be considered stable and efficient. This technology is first developed by Steen et al. [74, 80, 81]. The
influence of parameters on penetration, speed and bridging in laser hybrid welding. In their study, a CO,
laser was jointed with a tungsten inert gas (TIG) arc for welding and cutting applications. Japanese
researchers formulated this study, but due to the expensive cost laser joining technique at that time [82],
this technique was not developed into engineering applications. In the early 1990s, when laser source
begins to be more accessible, combined welding processes using a high-power laser beam as the primary
and an additional electric arc as the secondary heating source [80, 81] have been developed.

The heat sources, that is named the “primary source”, used in hybrid welding are CO,, Nd:YAG, and
fiber lasers. The first two types are generally used for several applications, while the fiber laser, due to its
high beam quality, is still in development for industrial applications. The arc heating source, that is named
the “secondary source”, used in hybrid welding are principally electric arcs.

In hybrid welding process, laser and arc are disposed in different way, in all case there is the formation of
a common interaction zone. Mainly, laser and arc can act in the same points, in this condition there is not
any distance between the two heat sources, or in two different points. In the last case, different
configurations are obtainable: parallel or serial arrangement. In the last case the primary and secondary
heating sources are moved along the same welding path with a definite working distance, and the
secondary heating source can either lead or follow the primary heating source. In arc leading
configuration, arc promotes a preheating of the region to be welded, rising the efficiency of the laser
welding process because materials to be welded are locally preheated. In laser leading configuration, the
arc promotes a short-time post-heat treatment of the weld that can modification the weld microstructure
positively.
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During the hybrid laser-arc welding process is important the interaction between arc and laser. Moreover,
numerous studies have been established that the plume temperature is higher in hybrid welding process
than in laser welding, and therefore, the plasma emission intensity growths with an increase in arc current.
In hybrid laser-arc welding there are several process parameters: electric power parameters, laser beam
parameters laser-arc interval, electrode diameter, welding speed, wire feed speed and shielding gas.

There are several combinations of laser and arc welding systems have been developed. GMAW (gas
metal arc welding), MIG (metal inert gas) welding, is used as secondary heat source. The arc is produced
between the consumable metal electrode and the work piece. During the welding process, the laser
produces a keyhole, while the molten filler material incessantly fed from a spool helps to fill the root gap
and ensures welding of the parts with higher gaps [83]. Moreover, the use of filler materials improves the
mechanical properties and chemical composition of the weld [84]. Shielding gases are employed to isolate
the molten weld pool from atmospheric contamination. It has a significant effect on process stability and
the quality of welded joints.

According to the combination of various heat sources hybrid laser-arc welding can be includes: Gas Metal
Arc Welding (GMAW), sometimes concerning metal inert gas (MIG) welding or metal active gas (MAG)
welding, Gas Tungsten Arc Welding (GTAW) or Tungsten Inert Gas (TIG) and Plasma Arc Welding
(PAW).

1.4.1. Gas Metal Arc Welding (GMAW)

The gas-metal arc welding (GMAW) (or metal-inert gas, MIG) process uses in general a continuous
consumable solid wire electrode. GMAW includes a variety of components necessary to produce the arc.
The power supply affords the electrical voltage and current indispensable to sustain the arc. The current is
powered through cables to the contact tip situated in the welding torch, which offers a low resistance
electrical connection to the consumable electrode filler wire.

The consumable filler wire is fed to the welding torch. The shielding gas is powered coaxially through the
torch to guarantee suitable coverage for arc stabilization and process shielding. The torch can be
employed either manually or automatically by robot. Fig. 21 shows a schematic of a typical GMAW

Pprocess.
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Fig. 21 Schematic representation of a typical gas metal arc weld (GMAW) [4].

Shield gas is fed between the consumable electrode and the metal component to weld. A variety of gas
mixture can be used to stabilize the arc and, also to shield the molten weld pool from oxidation with the
atmosphere and from other atmospheric impurities. The choice of shield gas is influenced by the types of
alloy that are being joined, the weld transfer mode and the economics of the manufacturing process. In
general, Argon (Ar) is a used component of shield gas mixtures for welding a variety of metals because it
prevents oxidation of the molten weld pool of the hot metal as it solidifies and cools. A variety of other
gases are CO, and oxygen (O,). They are often used to joining ferrous alloys. However, CO, is low cost
and its reactivity produces a wider and hotter arc that produces a deep penetration profile and often
increased spatter. The use of oxygen promotes to oxidation of alloy contaminants, which can improve
properties because they are discarded undesirable contaminants from the weld zone. However, oxygen
promotes the formation of slag on the weld surface, which can be dangerous in some welding process.
The selection of an appropriate shield gas for a given weld application is a delicate choice.

The consumable electrode is chosen to balance cost of the welding process with through quality
requirements. The choice of electrode alloys and configurations are developed to provide a several
beneficial functions, such as increasing feed ability and process stability, deoxidation and fed of weld
pool contaminants and increased conductivity.

Gas-metal arc welding introduces numerous advantages relative to many other welding processes.
Welding equipment can be quite inexpensive compared to other high cost welding processes like laser
welding. Moreover, the simple process that is quite easy to learn and use, and yet also offers itself to
mechanization or automation. The wire is powered from a roll, and consequently can offer longer length
welds without error prone starts and stops, permitting faster deposition rates. However, this process, with
suitable parameters and process conditions, is appropriate to the joining of a wide variety of metals.
However, the GMAW process presents several disadvantages as compared with other welding processes.
Therefore, suitable parameter selection is sometimes difficult to realize, so there is a possibility of
formation of weld spatter. Additionally, GMAW is not appropriate for the single pass weld of thick

materials, and therefore multi-pass welds are often essential, so cause high heat input and important
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consumption of filler wire material. In addition, the loss of a droplet of material from the electrode

radically changes arc features, so produce in undesirable spatter formation.

1.4.2. Gas Tungsten Arc Welding (GMAW)

This welding technology uses a permanent, no-consumable tungsten electrode to produce an arc to a
workpiece. The tungsten electrode is protected by an inert gas, such as argon or helium (or a mixture of
the two), to avoid electrode degradation. The operator can add filler material to the molten weld pool, if
necessary, through a wire feeding system or manually. Gas, powered through the welding torch, promotes
the formation of the arc and shields the molten metal from atmospheric pollution.

The power supply produces the voltage and current (direct or alternating) essential to support the arc. The
current is powered through cables to the tungsten electrode, positioned in the welding torch. Moreover,
the other lead from the power source must join to the workpiece to complete the electrical circuit once the

arc is established. A representative GTAW setup is shown in Fig. 22.
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Fig. 22 Schematic representation of a typical Gas Tungsten Arc Welding (GTAW) [4].

The welding torch, which may be water cooled, not only contains the tungsten electrode, but also
powered the shielding gas to offer adequate protection for process shielding and arc stabilization.

This technology joins more types of metals than GMAW and many other arc welding processes since the
arc does not necessitate use of a consumable electrode. However, control of heat input permits to obtain
narrow HAZ, which can product in improved mechanical properties of the weld. Additionally, the heat
source control implies an excellent control of penetration and low distortion, so makes the process good
for joining of thin materials. During the welding process, it is possible to obtain joints without slag

because no flux is necessary.
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Moreover, GTAW process produces a stable arc, and therefore are significantly reduced the formation of
sparks or spatter. The GTAW technology is usually considered relatively clean, and an expert welder can
obtain high quality joints.

However, this process produced generally low filler metal deposition and low speeds compared with
GMAW because the filler material is powered in cold. When Gas Tungsten Arc Welding is utilized in an
alternating current mode, such as usually used for aluminum joints, the process is relatively noisy and

disturbing. Furthermore, tungsten inclusions are likely to occur.

1.4.3. Effect of welding parameters on hybrid laser-arc welding
In the combination of an arc and a laser beam in a hybrid welding technology, a wide variety of
parameters must to be considered simultaneously. The influence of the hybrid laser-arc welding

parameters is examined as follows.

1.4.3.1. Laser power

During hybrid laser-arc welding, laser power is responsible of the formation of the keyhole and
guarantees the deep penetration welding [85-87]. In particular, it was established that the weld penetration
increases with laser power [88, 89]. Moreover, filler wire feed rate is necessary to increased due to of
high welding speed that can offer a decrease of weld width and weld penetration [85, 90-92].
Additionally, high welding speed may produce a lack of penetration of the joint, while, a low welding

speed may produce a larger weld pool with incomplete decomposition [86].

1.4.3.2. Positioning of the laser beam and the electrode

In laser leading configuration larger width of arc zone, narrow width of laser zone, larger reinforcement
height, and higher penetration depth [93] are observed. Particularly, the cross section morphology of joint
observed for laser leading set up is ‘cocktail cup-shaped’, while for arc leading is ‘cone-shaped’ [93-95].
Furthermore, using laser leading process, the stability of the arc due to higher stability of the keyhole [96,
97] is detected.

Another important parameter concerning the double heat source arrangement is the distance between laser
and arc [98, 99]. The laser to electrode separation distance is typically kept from 0 mm (for co-axial
arrangement) to 5 mm (for paraxial arrangements), depending on the types of arc welding parameters,

laser parameters, and materials used [97, 100].
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1.4.3.3. Electrode angle

Electrode angle for arc source is in general 45—65° [89, 97, 101, 102] from the workpiece surface. This
inclination allows the shielding gas exit from the torch nozzle to deflect the laser generated plasma from
the fusion zone, rising the laser penetration of the joint. The laser beam is usually directed normal to the

workpiece surface to achieve better penetration [102].

1.4.3.4. Shielding gas

Shielding gases is more important parameter in hybrid laser welding, due to its influence the weld profile,
the arc characteristics, and on the mode of metal transfer [103]. The most employed gases in this
processes are helium and argon [102, 104-107]. Moreover, a mixture of argon, helium and CO; is also
used in CO; laser arc hybrid welding technology [99, 107]. Usually, helium warrants deeper penetration

argon enhances the arc stability.

1.4.3.5. Wire feed rate

In general, unsuitable wire feed rate can produce lack of deposition or the supply of extra material [96,
108]. Nevertheless, when higher wire feed rate is employed, the higher current is necessary to increase the

rate of deposition [102]. Effects of filler wire feed on the efficiency of laser welding.

1.4.3.6. Joint gap

When joint gap is up to 1 mm the welding speed can be growing [83] because the small weld gap
facilitates the penetration, as more filler material reaches to the root of the weld. Usually, in laser welding
the gap is up to 0.2-0.25 mm only, to avoid visible defects like incomplete weld bead or undercut.

Instead, using hybrid laser-arc technology [83, 109] a weld gap of 1 mm can simply be welded.

1.4.3.7. Power regulation of the arc welding system

During the welding process, the current and voltage changes incessantly and their variations can affect the
weld. Usually, current influences filler, the base materials and the rate of melting of the consumable
electrode [108]. In general, constant voltage power supplies have been engaged in the of GMAW
applications. The method of metal transfer in arc welding process is a significant factor. Usually, there are
three different modes of metal transfer detected during arc welding: projected/spray transfer,

gravitational/globular transfer, short-circuit transfer and rotating transfer (Fig. 1) [110].
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Fig. 23 Metal transfer ways in GMAW [4].

Short-circuiting occurs for low values of welding current and arc voltage. In these conditions, the arc
regularly extinguishes while a short-circuiting bridge of molten material is obtained between electrode
and weld pool. While the metal transfer into the molten base material is finished, the arc is revived again.
This metal transfer way permits welding of thin materials without great distortion or residual stress in the
fusion zone. The globular metal transfer way, in general, occurs during GMAW process with higher
welding amperage and using CO, or a CO; rich gas mixture therefore metal is transfer in the form of large
droplets with a diameter usually greater than the diameter of the electrode wire. The globular mode is
restricted to welding ferrous materials with a thickness about 3 mm. During the spray transfer mode, the
filler metal from the electrode is transferred in fine droplets. This transfer way is mainly used for welding
of non-ferrous metals. However, this process permits to obtain good fusion and penetration
characteristics, the good weld appearance and the absence of spatter during the welding process. Finally,
during rotating metal transfer mode the filler wire electrode starts to rotate under the effect of the
surrounding magnetic field. This process permits high deposition rates, consequently the rotating arc is

difficult to controller, and, therefore, this metal transfer way is rarely executed.

1.4.3.8. Welding speed

Hybrid laser-arc welding process is characterized by higher welding speed, which increases the
productivity. However, joint width and weld penetration are inversely executed by the welding speed
[111-114]. Moreover, to overcome this problem, further laser power is necessary applied and the filler
wire feed rate to be increased to preserve a constant volume of weld pool [114]. Consequently, the
welding speed to filler wire feeding ratio is a significant factor for the stability of the keyhole and for the
complete process [83]. Metallurgical defects within weldment can be observed due to the step
temperature gradient at fusion zone [115]. Nevertheless, an increase in welding speed can reduce the

thermal residual stress [116].
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1.4.3.9. Weld configuration and edge preparation

In hybrid laser-arc welding process, joint configuration are butt, corner, edge, lap and tee joints.
Moreover, in hybrid laser arc welding technology thin metal sheets or metal plates having thickness less
than 6-8 mm can be simply welded without edge preparation. While, for thickness more than 6-8 mm the

V or Y groove reminds the shape of a ‘wine glass’ or a ‘“funnel’ [111, 116-118].

1.4.4. Weld appearance

The cross section of butt joints obtained with hybrid laser-arc technology is quite different from those
obtained from other traditionally welding, due to the application of the two heat sources. The weld cross
sections joined by HLAW presents the classic “wine-cup” shape with an upper zone denoted as “Crown
Zone” (CZ), and a narrow lower Laser Zone (LZ) [93, 119]. The two zones exhibited different
characteristic and morphology due to the influence of the two heat source powers. Mainly, the laser beam,
being the laser focused in keyhole mode, principally controls the LZ shape. While the torch controls the
CZ shape, being arc welding generally a superficial heating source. Fig. 24 shows a typical cross butt

section obtained with of hybrid laser-arc welding.

Fig. 24 Typical cross section obtained with hybrid laser-arc technology [4].

HLAW is described by different zones, depending on the heat from which is employed. These zones are
fusion zone, partially melted zone and heat affected zone, but their morphology depends principally from

material and from another factor.

1.4.5. HLAW applications

Hybrid arc-laser welding offers many advantages over traditional welding technology. Among this, low

distortion, high-speed seam welding and single-pass welding in large thickness, easy automation [4],

[120]. This technology has become more and more applied in many fields such as aerospace, automotive,

shipbuilding oil and pressure vessel industries. In general, hybrid arc-laser welding is now making a
PhD Thesis - Patrizia Perulli



CHAPTER 1 Laser-arc Hybrid welding Page 38 of 131

significant influence on the medium and heavy section welding industry. Principally this technology has
been used initially in the shipbuilding industry. Another general application of hybrid laser-arc welding
process is the welding of tanks, containers and tubes. This technology has been used in the automotive
industry for several applications, for example in joining tailored blanks and lap joints in car body. In
automotive industries, the driving force for the employed of HLAW process are the low energy input,
higher welding speed and reduce distortion. Volkswagen and Audi have utilized this technology in the

production lines.

1.5. Hybrid laser-arc welding of dissimilar metals

Hybrid laser arc welding combines the advantages of laser and arc welding and eliminates the
disadvantages, so, the joints exhibits less distortions, a narrow heat affected zone, high welding speed,
arc stability [4]. It has confirmed to be appropriate for dissimilar welding of steels and of steels and
aluminum alloys [121].

Casalino et al., investigated the effect of the post weld heat treatment of AA5754 after fiber arc laser
welding [122].

Spena et al., examined the weldability of high strength steels for automotive application by hybrid laser-
arc welding. Dual phase (DP) steel and twinning-induced plasticity (TWIP) steel were joined by laser arc
hybrid welding. For DP/TWIP steel the austenitic filler wire (316-Si/SKR-Si1) was chosen to avoid
manganese segregations and martensite in the fusion zone and consequently, improve the weld strength
[123].

Moreover, fiber laser system offers high optical output power and high conversion efficiency, high beam
qualities and a short emission wavelength around 1 pm. Casalino et al., studied the weldability of
dissimilar stainless steel joints. So far, some studies have been published about laser-TIG hybrid welding
of dissimilar stainless steel with exhaustive characterization of microstructural transformation and

mechanical properties.

1.6. Materials for automotive industry

Nowadays, car is a multi-material vehicle. The main reason is that the vehicle weight and the fuel
consumption rely strongly on material car body weight. In the last years, the average vehicle weight was
reduced by 18%. New materials production and development plays an important role in the automotive
industry. Therefore, advanced high strength steels (AHSSs), stainless steel and aluminum alloys can be

used in automotive body component with positive effects on the vehicle performance.
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1.6.1. Stainless steel weldability

In the automotive industry, increasing the use of stainless steel to, improve aesthetics, increase safety and
minimize life cycle cost has been increased [124]. The property of this steels are corrosion and fire
resistance however they ensure security and reliability. Moreover, stainless steel exhibit good
combinations of strength and ductility, which is of fundamental property in automotive applications.
Consequently, maintenance cost is lower and this material at the end of its long life is easily recycled. The
high resistance of corrosion is a crucial factor especially in crash situations. In fact, the absence of body
car corrosion means lack of weak points. In automotive applications, stainless steel are most widely used
for exhaust systems (Fig. 25). For example, ferritic stainless steel with stabilization elements like
Titanium, Niobium are widely used in parts of automotive exhaust systems such as manifolds, exhaust

pipes, mufflers, catalytic converters [125].
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Fig. 25 Automotive exhaust system [125].

Moreover, heavy vehicles make wide use of austenitic stainless steel for outer panels. Steels used for
these applications are AISI 301, AISI 304 and AISI 430. Cold worked Cr-Mn Stainless steel is now
employed for full size building of urban bus (Ultralight Urban Bus) (Fig. 26). Due to the property of

weight reduction, a higher percent of passengers can be carried on the same bus.

Fig. 26 (a) Ultralight Urban Bus and (b) Body structure [126].
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Dissimilar stainless steel welds have important applications when it is necessary to combine both the
excellent formability, and their excellent oxidation and corrosion resistance. However, welding of
stainless steel joints is complex due to the chemical, physical and thermal differences between the two
materials, such as different property such as: thermal expansion coefficients, melting points thermal or
conductivities. Mainly the difference in thermal property can produce high stress around the weld
interface due to uneven heating of the metals. Another problem of welding stainless steel joints interests
the reduction of the mechanical properties due to metallurgical phenomena, such as micro segregation,

porosity and grain growth in the HAZ [127, 128].

1.6.2. Advanced High Strength Steels Weldability

In the last year, use of AHSS steel in automotive body design has increased significantly over the past 20
years. The application of high strength steels is due to the need increase the lightweight design, car safety,
fuel economy. This steel exhibit high strength and higher formability. The materials having yield strength
less than 210 MPa are considered as conventional steel. While High-Strength Steels (HSS) has yield
strengths from 210 to 550 MPa and tensile strengths from 270-700 MPa, while Ultra/Advanced High
Strength Steels (UHSS or AHSS) steels have yield strengths greater than 550 MPa and tensile strengths
greater than 700 MPa [129]. The first generation of these AHSS includes: Dual phase (DP),
Transformation-induced plasticity (TRIP), Complex phase (CP), Martensitic (MS). The second generation
AHSS include: Twinning-induced plasticity steel (TWIP).

|
=

)
th o
= =

Elongation (%
w &
S S

NSecond Generation AHSS

Conventional HSS

- HS

R

"’lfm

b
)

First Generation AHSS

St

20
10 o Cp
0 i ' i 1 i i 1 1 1 1 1
300 600 9200 1200 1600

Tensile Strength (MPa)
Fig. 27 Total elongation vs tensile strength [130].

Below are classified the primary types of AHSSs steels. Dual Phase steel microstructure consist of a
ferrite matrix with hard isles of martensite. Increasing the volume of hard martensite generally increases

the strength. DP600 is widely used in automobile applications, and 600 series means that the tensile
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strength is over 600 MPa. Fig. 28 illustrates the application of various DP steels in automotive industry
such as bumper beam, roof bow, rear side member, front floor cross member, floor side reinforcement,
front side members, safety cage components (B-pillar, floor panel tunnel, engine cradle, front sub-frame

package tray, and seat) [131].

seat, shotgun, B-pillar

\Sdfi.'-t‘:; cage components

front sub-frame package tray \ engine cradle

Fig. 28 DP600 for automotive applications [131].

Multiphase (MP) steels or Complex Phase (CP) affords higher level of yield strength at the same
comparable tensile strength levels of dual phase steels [129]. CP steels mechanical characteristics are high
energy absorption, high residual deformation capacity. They are used in automotive industry for frame
rails, chassis components, transverse beams, B-pillar reinforcements, tunnel stiffener, rear suspension
brackets, fender beam, rear frame rail reinforcements [132].

Moreover, TRIP (transformation induced plasticity) steel exhibit: high strength, good elongation and high
energy absorption. Their application in automotive field are frame rails, rail reinforcements, side rail,
crash box, dash panel, roof rails, B-pillar upper, roof rail, front and rear rails [129, 132]. The Martensitic
Steel (MS) steels exhibit a martensitic matrix with small amounts of ferrite and/or bainite. Their exhibit
high ultimate tensile strength level up to 1700 MPa [129].

TWIP (Twinning-induced plasticity steel) steels shows high strength (>1000 MPa) with high elasticity.
However, adding high manganese content (17-24%) causes the steel to be fully austenitic at room
temperatures. The presence of twins in the base material causes a large deformation [129]. Some studies
have exposed the importance of hybrid laser welding of TWIP and DP steels with an austenitic filler,
which avoids the formation of brittle martensite regions and manganese segregations in the fusion zone
[123, 133].

1.6.3. Aluminum alloy weldability

Nowadays aluminum alloys used in automotive field has been constantly increasing. The main reasons for
the interest of aluminum alloys is due to good corrosion resistance, good formability and light weighting
properties. Consequently, lightweight materials reduce the weight and improve fuel economy [134].
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Aluminum castings have been used to various automobile components for a long period. For example, the
material for engine blocks, is being substituted from cast iron to aluminum resulting in important weight
reduction. In automotive applications, aluminum castings have been used for almost 100% of pistons,
about 75% of cylinder heads, 85% of intake manifolds and transmission [134]. However, wrought
aluminum is becoming more active than applying aluminum castings. Nowadays the use of aluminum
alloys is not limited to conventional castings, but includes, trunk lids, outer panels such as doors and
protection covers including heat insulators [135]. For example, AA6181A alloy was used recently thanks
to recycling features. For example, AA6181A alloy was used recently thanks to recycling characteristic.
This alloy was employed for parts that require high strength with good formability. Moreover, AA6061
alloy used in car steering knuckles for instance, exhibit an average tensile strength of 383 MPa and
elongation 10.7%. This alloy was improved by adding minor quantities of zirconium, zinc and copper.
The alloy AA5182, is used for inner panels, present corrosion resistance and high formability, while its
sister alloy AA5754 offers surface quality and is used in structural sheet applications [136, 137].
However, the welding of aluminum alloys has more problems compared to other industrial metals, such
as steels. These difficulties are correlated with the physical properties of aluminum alloys, mainly their
high reflectivity, high thermal conductivity, and low viscosity [138, 139]. Noticeably, aluminum alloys
have high thermal conductivity that causes a rapid heat transfer when the aluminum alloys are exposed to
a laser beam. To this purpose, high density energies are necessary for welding, and higher power
distribution is needed to reach the melting temperature of the welding zones. Another important factor
limiting the weldability of the aluminum alloys is their high reflectivity. The radiation absorption of this
alloys depends on the input laser wavelength. Particularly dissimilar aluminum-steel joints have widely
used in aeronautical and automotive industry. In those industries, the union of both low weight and high
mechanical performances is a key factor in materials selection. The aluminum alloys are characterized by
good recyclability, mechanical characteristics medium-high, and low cost, while steels by very high
specific resistance and corrosion. The binary system Al-Fe [140] is characterized by limited solubility,
consequently intermetallic phase formation occurs. Intermetallic phases include Fe-rich compounds (FeAl
and Fe;Al) and Al-rich compounds (FeAl,, Fe,Als, and FeAls), respectively. The mechanical properties of
dissimilar joints are strongly correlated to the formation of IMC layer, and to its morphology.
Consequently, the interface zone is often related with crack propagation or crack initiation during tensile

test.

1.7. Laboratory of Innovative Techniques for Advanced Materials Welding
(TISMA) DMMM Polytechnic of Bari

Similar and dissimilar welds were performed in the TISMA laboratory of Bari. The TISMA laboratory is
focused to promote the development of new skills, technologies and processes for the regional economy

and for the manufactories industry. In the TISMA laboratory three welding technologies, in detail the
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laser beam, the electric arc and the friction stir welding, are coupled in order to test the welding capacities

of classic and advanced and high-performance materials.

Ytterbium fiber laser GMAW et GTAW

System (4 kW) Generator (500A)
FSW and LAFSW Laser/Arc Hybrid
(3 axis — 18kW) Welding Station

(CNC- 5 axis)

Fig. 29 Equipment of the TISMA laboratory

Combining simultaneously these heat sources a wide range of innovative materials, with low weldability
and difficult to weld with technology traditional welding techniques, could be welded. For example, the
combination of hybrid laser and arc welding offers many advantages, if compared to laser or arc welding,
such as an increase of welding speed, stability of the process, and consequently, a high bead quality.
The equipment of the TISMA laboratory:

e Laser Fiber Ytterbium source (4kW);

e Laser/Arc Hybrid Welding Station (CNC - 5 axis);

e Hybrid Welding Station FSW/Laser & FSW/Arc (3 axis — 18kW);

e MIG/MAG Generator (500A);

e TIG Generator (500A).

1.8. Finite Element Model (FEM) for the welding process

Nowadays is possible simulate the welding technology in order to test the weld quality, the influence of
welding parameters on the metallurgical aspect and the plates stresses and deformation during the

welding process. This aspect is one of the principal factors affecting the lifetime of the welded [141-143].
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A welding process is a complex process that includes numerous different non-linear physical phenomena,
that influences the final properties of the joint. Therefore, the simulation of this process is very difficult
for several reason. The first problem concerns the mathematical description of phenomena; consequently,
simplifications and assumptions are required due to the excessive computational time. The welding
simulation are interested with three main areas: 1) Process simulation, 2) Material simulation, 3) Structure
simulation [144].

The welding simulation concerns the description of the molten pool formation and the fluid flow
dynamics inside the fusion zone, considering the acting physical phenomena and the resulting local
temperature field. The material simulation concerns the microstructural development during and after the
welding process in the weld seam. Principally the hardness, the microstructural phase transformation, the
hot and cold cracking are the principal themes of the welding simulation. The structure simulation defines
the process effects on the adjacent structure, in terms of global temperature field and resulting residual
stresses and distortions of the welded joint.

The method for calculation and simulation of welding process is Finite Element Analysis (FEA). This
technique consist of subdivides a big problem into simpler discrete parts that are called finite elements,
for each part partial differential equations are applied. The aerospace industry is the first field in which
FEA was applied. Today the Finite Element Analysis can be used in different types of simulations:
structural, thermal, electromagnetic etc.

Finite element method includes different steps. The first phase is to produce or import the model from a
CAD program, the model must be as simple as possible. Further step is to mesh the geometry, so the
volume is divided into small elements that approximates a geometry. Consequently, the size and the shape
of the single element are significant factor for computation time and for accuracy of the solution. Next
step is to apply boundary conditions and load, which are severely dependent from the process that must
be simulated. Finally, the results are displayed with contour plots and can be examined.

A significant step in the welding simulation techniques is to determine the heat source model by

examining experimental measurements, for example the size and shape of the fusion zone.

1.8.1. Heat source model for the laser beam

The first heat source model for a 2D numerical laser welding process, has been employed onto a thin
plate. This heat flux model has been employed for sheet metal welding processes since temperature
gradient was supposed constant in the direction of thickness. Later, other researchers [145] study the
influence of heat flow through the weld thickness applying the conical Gaussian heat source model [146,
147]. This volumetric heat source model is frequently used for many 3D simulations in deep penetration

laser welding. Fig. 30 shows a 3D heat source model.
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In this model, the Gaussian distribution is maximum at top surface of the plates and minimum at the

bottom surface.
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Fig. 30 Gaussian heat source model [148].

A moving laser heat source can be mathematically expressed as following Eq. 6 [148, 149]:

2
Qr = Qoexp(%) Eq. 6

with

r=./x?+y? Eq. 7

Where Q; represent heat source intensity, Qo is the maximum intensity, r, and r; describe upper and the

lower radius in the upper plane at z=z, and in the lower plane at z=z respectively.

1.8.2. Heat source model for the hybrid laser-arc welding
Goldak et al. [149-151] developed a double-ellipsoidal heat source model to describe the arc power on the
molten pool. The heat source was described by two different half-ellipses: the at front (q¢) and rear (q,)

volumetric heat flux respectively.
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Fig. 31 Goldak heat source model [152].

A moving arc heat source in the plates can be mathematically defined as sum Q (x, y, z)= q¢(X, y, 2)* qr

(X, y, z) [149]. In particular, the mathematical definition of the double-ellipsoidal heat source was

described as:

6V3frQ 3(x—vt)2  3y% 322
qf = f * ex (_ (—2) _ 3yt 3Z7
agbdVm af bz  d?
6V3£rQ 3(x-vt)2  3y?  3z2
= — % —_—
T aybdVm exp( a? b2 dz )

Eq. 8

Eq.9

Moreover, ar represent front length, a, is rear length, b and d are the width and the depth, respectively (see

Fig. 31). While v is the welding speed, fr and f; are the proportion coefficients at front and rear ellipsoids

and Q is arc power that is calculated of the following Eq. 10:

Qa=n IU

Eq. 10

Where Q, is the arc power; I is the arc current; U represents the arc voltage; and n, is the arc heat

efficiency.
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2. CHAPTER: Laser/TIG weldability of AISI 304 and AISI 410 dissimilar
weld

In this chapter, the Laser/TIG weldability of AISI 304 and AISI 410 have been analyzed. In order to
define the best combination of process parameters that produces high performance in terms of ultimate
tensile strength, the welding parameters (laser line energy and arc current), have been varied, each one in
a range of values which were defined in former laser-TIG welding experiments of other ferrous materials.
Nevertheless, no studies have been published concerning fiber laser-TIG hybrid welding of dissimilar
stainless steel. The goal is the realization of the AISI 304 and AISI 410 stainless steel dissimilar weld by
means of an innovative fiber laser-TIG hybrid welding. However, welding of dissimilar joints is difficult
due to the physical, thermal and the chemical differences between the two materials.

The stainless steel used in the present study are widely used for industrial applications. Austenitic
stainless steel exhibit excellent formability, good corrosion resistance, and high strength and are
employed, especially, in automotive, industrial equipment and petrochemical industries. Future growth in
the use of austenitic stainless steel is planned for automotive industries, due to their unique good fatigue
resistance and formability. While martensitic steels are also suitable for applications where the material is

subjected to both corrosion and wear [153, 154].

2.1. Experimental procedure

2.1.1. Welding configuration and method

An innovative fiber-laser TIG welding has been investigated. A fiber laser Ytterbium Laser System (IPG
YLS-4000), with a maximum available power output of 4 kW was employed in continuous wave regime
(see Tab. 1). An Ytterbium-doped fiber laser is better than traditional lasers, which uses solid or gas
active medium. The laser beam was focused perpendicularly on the surface of the sheet. The experimental
analysis of the AISI 304 and AISI 410 stainless steel dissimilar weld was reported. The heat laser source
was coupled with a TIG generator (SELCO GENESIS 504 PSR). TIG torch tilting angle was 40°, and the
laser beam was focused perpendicularly on the surface of the sheet.

The characteristics of the laser are indicated in term of fiber diameter, beam parameter product (BPP),

wavelength, focal distance and spot diameter.
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Fig. 32 Experimental set-up [155].
Diameter fiber Beam parameter product Wavelength Focal Distance Spot diameter

(pm) (BPP) (mm*mrad) (nm) (mm) (mm)
200 6.3 1070.6 250 0.4

Tab. 1 Laser parameters.

A laser leading configuration was used. The laser beam was the primary heat source. The weld had a

better shape and deeper penetration. Therefore, the laser beam offers high welding speed and stabilizes

the electrical arc [93]. In this case, the distance between the two sources was equal to 3 mm (DLA).

TIG torch

rd

e

Laser beam

Torch angle

N
pecimen

"DLA=3mm
Fig. 33 Fiber laser -TIG hybrid welding system [156].

PhD Thesis - Patrizia Perulli



Laser/TIG weldability of AISI 304 and AISI 410

CHAPTER 2 dissimilar weld Page 49 of 131
Sample Laser power Welding TIG current TIG Voltage Laser Line Arc Line
W) speed (A) ) Energy Energy
(m/min) (J/mm) (J/mm)

S1 3300 2.2 150 24.5 90 100

S2 3700 23 150 24.5 96 96

S3 3000 2.0 250 21.5 90 161

S4 4000 2.5 250 21.5 96 129

Tab. 2 Experimental plane [156].

Moreover, the dimensions of the plates (length x width x thickness) for the butt welding were 100 mm X
80 mm x 6 mm. In order to preserve the weld, the shielding gas adopted was Argon. The configuration of
the experiment was shown in Fig. 33. Tab. 2 shows the experimental plan.

Laser line energy (Qiaser) and arc line energy (Qur) were given from by the following equations [157, 158]

according to the experimental plan shown in Tab. 2:

p J
Quaser = 60 * ?l (%) Eq. 11
1
Qarc = 60+ V x5 (=) Eq. 12

Where P is the laser power (W), V is the TIG voltage (V), I is the TIG current (A) and S is the welding
speed (mm/min). The joints microstructure was investigated using a Nikon Epiphot 200 optical
microscope (OM). Transversal sections of welds were subjected to a standard metallographic preparative
and etching for the characterization.

In order to observe the microstructures, the Vilella reagent (1 g of picric acid, 5 ml of HCI, 100 ml of
ethanol) for martensitic stainless steel and Glyceregia reagent (15 ml HCI, 15 ml glycerol, 5 ml HNO3) to
for austenitic microstructure were used. The residual stresses were measured on two representative
specimens (S1 and S3).

The residual stresses were calculated, using Xgess 3000 G3R Stresstech X-ray diffractometer (Stresstech
Oy, Vaajakoski, Finland). For AISI 410 measurement, the Xray diffractometer was equipped with the Cr
tube (A=0.2291 nm) and 2mm collimator. The X-ray voltage was equal to 30 kV while the X-ray current
was equal to 8 mA. Instead, to measure AISI 304 side, the Mn tube (A=0.210314 nm) powered by 30 kV
voltage and 8 mA arc current was used.

Finally, the mechanical properties were analyzed. Specimens were subjected to Vickers micro-hardness
measurement (Affri Wiky 200JS2), with a load of 0.3 kg for 15s, and to tensile test. The fracture surfaces
were studied by Zeiss EVO scanning electron microscope (SEM) using an accelerating voltage of 20 kV.

The tensile tests were conducted with a 20 KN Ingstrom tensile test machine.

PhD Thesis - Patrizia Perulli



Laser/TIG weldability of AISI 304 and AISI 410

CHAPTER 2
dissimilar weld

Page 50 of 131

2.1.2. Base Material

The chemical compositions of AISI 304 and AISI 410 stainless steel was reported in Tab. 3. AISI 304 is
an austenitic stainless steel and AISI 410 is a martensitic stainless steel. Both steels are cold rolled, in

annealed condition, pickled and skin passed.

METAL C Cr Mn Ni P S Si Fe
AISI 304 0.08 18,0-20,0 2,0 8,0-10,5 0.045 0,03 1,00 balance
AISI 410 0,15 11,5-13,5 1,00 - 0,04 0,03 1,00 balance

Tab. 3 Chemical composition of AISI 304 and AISI 410 (wt.%) [156].

2.2. Base Material characterization

The optical microstructure of AISI 410, in annealed condition, comprised of a matrix of equiaxed ferrite
grains (Fig. 34a). The structure present a micro-hardness value equal to 159 + 5.5 HV0.3 Microstructure
of the base material (BM) AISI 304, exhibited a typical fully austenitic structure with stringers of delta
ferrite (Fig. 34b). This alloy presented a Vickers micro-hardness value equal to 191.6 = 4.5 HV0.3.

g

B-ferrite stringers

N

100 pm
ety

Fig. 34 Optical micrographs shows microstructure of the (a) martensitic stainless steel AISI 410 and the (b) austenitic AISI
304 as received [156].

2.3. Results and discussion

2.3.1. Weld shape and microstructure

The cross sections of the dissimilar joints S1, S2, S3 and S4, after standard preparative metallographic
and chemical etching, is showed in Fig. 35. Moreover, all joints were exhibit incomplete penetration. All
samples presented local porosity, which was severely associated to many conditions regarding the

material and the welding technique.
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The macro graphics of all the joints cross sections at Optical Microscopy (OM), exhibited the typical
“wine-cup” shape constituted by two zones: laser zone (LZ) and crown zone (CZ) (Fig. 36) [112, 159]. In

Fig. 36 is precisely described the classic shape of the joints, with indication of the different zones.

Fig. 35 Optical macrographs of the joints cross-sections: a) S1; b) S2; ¢) S3; d) S4 [156].

(a) “"idth of Crown Zone {CZ!
N ﬂ/'l
Dapth of Fusion Zone
Crown Zon. (F2)
< v
Width of
Depth of N
Laser Zone Lam'ddle
12 ser Zone
Lz}

During hybrid welding the energy distribution from heat source, in the weld zone, is different. The
extension of crown zone was affected from the arc energy. Consequently, the following relationship
between the Depth of Crown Zone (DCZ) and arc line energy was detected: DCZ decreased with a lower

arc line energy, due to higher welding speed. However, the laser energy favored the deep penetration in

Fig. 36 (a) Sketch of cross section; (b) Macro-graph of the joint shape [156].
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the bottom, generating the typical keyhole shape and consequently the laser zone [87, 160]. Therefore,
many researchers confer the deep penetration to the laser power and not to the arc current [87, 161-162].
Fig. 37 shows the relationship between the laser beam penetration, or depth of laser zone (DLZ), and laser

line energy: the DLZ increased with laser line energy.

4000 -

-~ - 150A .
38001 [ 700 x
3600 - o

3400
T 3200 .
2
N 3000- . .o
- e -7
8 2800+ 7 et
2600 R
24004 g¢¢°°
2200 +— ; ; ; ; . .

Line Energy [J/mm]

Fig. 37 Relationship between laser beam penetration (DLZ) and laser line energy [156].

Significant indications were achieved from the variation of laser line energy and TIG current. Therefore,
that increasing the laser line energy only by 6.67%, the DLZ could grow up to about 66% with the same
TIG current (see Fig. 37).

By optical microscope, a predominant martensitic microstructure in fusion zone (FZ) has been observed
(Fig. 38).

Fig. 38 Optical micrograph of FZ showing a prevalent martensitic microstructure [156].
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Moreover, different heat-affected zone (HAZ) has been observed. In the HAZ of austenitic stainless steel,
due to the high cooling speed, stringers of untreated ferrite delta (5) has been observed (Fig. 39).
However, the existence of untreated ferrite 6 can modify the properties of AISI 304, as, high resistance to
corrosion, due to the high percentage of chromium, low fatigue resistance [163, 164]. Moreover, the
formation of ferrite 6 can promote the reduce the growth of grains in the HAZ of the austenitic stainless
steel [165].

&-ferrite

Fig. 39 (a) Optical micrograph shows the interface of HAZ zone, between AISI 304 BM and FZ, at 500x; (b) Interface zoom-up
of selected area at 1000%[156].

While, at the interface between martensitic stainless steel and fusion zone, was observed a continuous
layer of martensite at the ferrite grains boundaries, this layer is due to elevated temperature that are

reached at the fusion boundary (see Fig. 40).

martensite
/

500pm |

50 pm

—

Fig. 40 Optical macrograph of the joint §4 showing HAZ between FZ and AISI 410 BM; (b) high-magnification image of
selected area at 500 [156].
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In particular, at the interface between martensitic stainless steel and fusion zone, the grain size
progressively increased from the edge of HAZ to the fusion boundary (Fig. 41). Consequently, grain

coarsening effect was a function of temperature as well.

5,

Bl R RS

Fig. 41 Grain coarsening effect in HAZ at the martensitic side [156].

Therefore, by means Nikon's NIS-Elements imaging software the quantity of martensite has been
evaluated. Consequently, it was analyzed that the percentage of martensite increased significantly when

the laser line energy decreased (Fig. 40). In fact, this result is due to high temperature and therefore the

martensite had not enough time for the growth [166].

21 " --=--81_82
20 --+--S3 54

Martensite [%6]
?
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a0 ]| 92 23 94 95 9%

Line Energy [J/mm]

Fig. 42 Martensite [%] versus laser line energy [156].
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2.3.2. Defects

All the observed joints presented porosity in the FZ that was probably due to the vapors and gases which
remains entrapped in the molten movements. It is well known that porosity in hybrid laser arc welding
can easily occur, due to the instability of keyhole [167-169]. The graph Fig. 43 displays the effect of arc
current on porosity.

The percentage of porosity was estimated using an image processing software and evaluated as
Y Areapores/Areay.  The graph shows as the porosity decreased with the inverse of the arc current. In
particular, Fig. 43 shows, as the quantity of porosity was very high in the welds that exhibit laser line

energy of 90 J/mm and lower in the joints with laser line energy of 96 J/mm.

6_
. --m--90 J/mm
5. --*--96 J/mm
44 \\\\N\‘\
2 37
= .
o
£ 2]
14 °
o Tl e

140 150 160 170 180 190 200 210 220 230 240 250 260
Arc current [A]

Fig. 43 Porosity [%] versus arc current [A] [156].

Moreover, the porosity reached the maximum value in correspondence with the minimum values of both
the laser line energy and the arc current. Porosities did not have time to escape from the fusion zone

before solidification.

2.3.3. Micro-hardness test

Micro-hardness profiles have been obtained at the middle-height of the cross section at fixed distance. All
welds showed the same trend and maximum micro-hardness. In Fig. 44 the micro-hardness profile for
joint S1 is reported. The micro-hardness was very high in the FZ where the microstructure was

martensitic. In FZ microhardness increased up to an average value of about 350 HV.
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No grain grown was observed in the zone between AISI 304 stainless steel fusion zone and HAZ, which
can be explained by the fact that high cooling rate promoted by to steeper thermal gradient (Fig. 45).
Some authors it was also reported that the formation of ferrite stringers along HAZ grain boundaries limit

the grain growth [165]. In HAZ of AISI 410 martensitic stainless steel the rise of hardness, compared to

interface —.

400 FZ
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Fig. 44 Cross weld section micro-hardness profile [156].

the base material, was due to the growth of martensitic along the ferritic boundary grain.

i O i

Ll

Fig. 45 Interface between fusion zone and austenitic stainless steel [156].

2.3.4. Residual stresses

In this work, residual stresses were measured on two representative specimens (S1 and S3), to study in

which manner they develop in the dissimilar stainless steel welded by laser-arc hybrid welding. The stress
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was measured at different angles (07, £22.5°, +45") setting a tilt oscillation ¢ of+3” and an exposition time
of 40 s, to increase the deep penetration of the beam and to avoid the shear effects. The detection distance
equaled 50 mm. The residual stress was measured along the center line (x=0) of the joints in two
directions for each point (Fig. 46): normal (o. in y-direction) and longitudinal (¢, in x-direction) both on

the top and the bottom surface.

Fig. 46 Sketch of the weld with the coordinate system and the measure lines [156].

On top surface, the longitudinal stress increased from Imm to 2.5 mm from the weld and after decreased
to the values of the base metal for both materials (Fig. 47a). It was observed that the values of 6, on AISI
304 side were higher than those measured on AISI 410 side. In fact, the highest value of 5, (137 MPa) has
been measured in AISI 304 at 2.5mm from the weld (case S1). On the top surface, the S3 set parameters
appeared to guarantee the lowest values of o,in both materials Normal stresses, still on the top surface

(Fig. 47b), showed a similar trend to longitudinal stresses but all measured values were in compression.

Longitudinal residual stress o,, - Top side Normal residual stress o, — Top side
200 - 200

AISI 304 AlS1 410

g
g

o

g

8
§

Residual Stress o, (MPa)
g

Residual Stress o, (MPa)
8

AlSI 304 AlSI 410
400 . 8 - e z -400
50 30 -10 10 30 50 50 30 10 10 30 50

Distance from the weld bead (mm) Distance from the weld bead (mm)
- B S1AISI410 - & -53 AISI410 —=—S1 AISI304  —w—S3AISI304 - E- S1AISMI0 - %- S3AIS410

—£—51 AISI304 —— 53 AISI304

Fig. 47 (a) Longitudinal residual stresses and (b) Normal residual stresses in transversal section (top side) [156].
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On the bottom side, the maximum longitudinal stress (130.4 MPa) was measured at Imm to the weld line
for specimen S1, on AISI 410 side (Fig. 48a), while the other values measured in both material and
specimens were in compression. Finally, also on the bottom side, 6. (Fig. 48b) had quite the same trend

of ¢/ but all the values were in compression.

Longitudinal residual stress o;, — Bottom side Normal residual stress o, — Bottom side
200,0 - 200,0 -
= i e Als| 304 ; AlSI 410
£ 1000 T 1000 ;
£ i s
=T R S DUNUR | | S S S = 0
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a T @ -100,0
3 -100,0 ammmny ]
& & -200,0
8 -200,0 r
b=} . .; -300,0
$ -300,0 4 s X
« AlSI 304 | AISI 410 & -400,0 %
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Fig. 48 (a) Longitudinal residual stresses and (b) Normal residual stresses in transversal section (bottom side) [156].

In conclusion, the compression state evaluated also near the weld bead can depend different factors:
boundary conditions, on lack of complete penetration, original residual stress state of the plates, and the
smallness of the HAZ. In fact, the final residual stress state is the consequence of the stress history of the

component.

2.3.5. Tensile properties and fractography

In hybrid laser welding the mechanical properties are also influenced by high percentage of martensite
existing in HAZ.

Consequently, the fracture occurs when high percentage martensite in HAZ, is incapable to deform at the
same degree and at the same rate as the weld and base metal.

Therefore, the grain growth and martensite formation in HAZ, at AISI 410 side, are principal factors in
tensile strength.

During tensile test all specimens cracked in the HAZ zone of the martensitic stainless steel (Fig. 49), and
after the rupture the fracture surfaces have been observed to Zeiss EVO scanning electron microscope
(SEM).

Particularly, fracture arose from the bottom side and propagated throughout the entire section mainly
along the welding centerline. Particularly, fracture arose from the bottom side and propagated throughout

along the whole thickness of the plates following the shape of HAZ.
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Fig. 49 Photographs presenting the position of fracture in welds (a) S1, (b) S2, (c) S3 and (d) S4 after tensile tests

In Fig. 50 the results of tensile test performed on the sample S4 are presented. SEM fractography showed

small and large conical dimples characterized the rough fracture surfaces (Fig. 50c). Moreover, the

(cross section) [156].

presence of cleavage plane with voids indicates that the mode of failure was brittle (Fig. 50d).

EHT = 20.00 kv Signal A = SE1 Date :28 Jun 2017 EHT = 2000 k' Signal A= SE1
WD = 120mm Phots Ne, = 1146 Time :12:03:10 H WD =105 mm Photo Na. = 1168

Fig. 50 Photographs of the (a) austenitic steel side and (b) martensitic steel side of the tensile tested sample; SEM

In the Tab. 4 values of the yield stress (oy), ultimate tensile strength (UTS) and strain at fracture

fractography of the highlighted points (c) Pl and (d) P2 [156].

(elongation €n,,x) for the samples were definite.
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Sample UTS [MPa] €max [Y0] o, [MPa]
S1 360 3.29 268
S2 354 3.09 281
S3 301 4.06 272
S4 391 4.87 285

Tab. 4 Tensile properties for joints S1, S2, S3 an S4 [156].

The tensile stress-strain curves obtained were shown in Fig. 51.
As above mentioned, the fracture started from that gap at the weld root, being an area with a higher

concentration of stress.

— 51
450 - — 52
— 83
— 54

o [MPa]
:

&[%]

Fig. 51 Tensile stress—strain curves [156].

As all the specimens were afflicted by this problem, it has been executed a comparative evaluation of the
behavior of the welds with the variation of the considered process parameters. The sample S4 exhibited
the highest elongation and the best tensile strength, having the smallest percentage of martensite (see Fig.

42).
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3. CHAPTER: Weldability of TWIP and DP steel dissimilar joint by laser
arc hybrid welding with austenitic filler

In this study TWIP steel has been welded with DP steel, and the microstructural and mechanical
characteristics of TWIP/DP dissimilar butt joints have been investigated.

The steels used in the present study are used automobile industries, and the laminates sheets, with
thickness of 1.5 millimeters, have been used in butt joints configuration. The main mechanical properties
of these steels are high fracture straight, high energy absorption, formability and good fatigue resistance
[170, 171]. The material choice for the future will aim to reduce weight and make the car safer. However,
the manufacturing issues will play a major role in the choice.

Ytterbium fiber laser has confirmed its capability at welding a variety of similar and dissimilar metal
joints [172, 173]. However, that laser can be coupled to an arc torch so to provide some advantages like
high welding speed, low heat input, good process stability, arc stability, and weld penetration [102]. Some
studies have revealed the importance of hybrid laser welding of TWIP and DP steels with austenitic filler,
in order to avoid the formation of brittle martensite regions and Mn segregations in the molten pool [123].
Micro-hardness and tensile properties of the welds were analyzed, in order to understand the weldability
of the TWIP-DP dissimilar joints.

3.1. Fiber laser MAG hybrid welding of DP/TWIP steel

DP and TWIP plates 1.6 mm thick have been welded in butt joints configuration as it is shown in the
sketch in Fig. 52. An Ytterbium Laser System (IPG YLS-4000) has been used. The laser beam has been

focused on the workpiece surface.

A 1

Arc Torch 419 —  » Welding Direction

1.6mm

TWIP

y DP

Zmm
Ll

Fig. 52 Sketch of the welding configuration.
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In the Tab. 5 is reported the chemical composition.

Sample C Si Mn Cr Mo Al Ti
TWIP 0.66 0.2 23.4 0.13 0.12 0.04 -
DP 0.09 0.2 1.65 0.43 - 0.03 0.003

Tab. 5 Chemical composition of TWIP and DP steel (wt.%) [174].

Argon (87%) and carbon dioxide (13%) were employed as shielding gas. In order to reach acceptable
results in term of bead appearance and mechanical strength, that mix was used. The laser source was
orientated at the weld centerline. The torch angle was equal to 40°, while the laser beam was focused
perpendicularly on the sheets surface. The distance between the two sources was equal to 2.5 mm. The

filler material was 316L-Si/SKR-Si and its chemical composition is reported in Tab. 6.

C Si Mn Cr Mo Ni Cu P
Filler 0.016 0.82 1.65 18.1 2.57 12.33 0.03 0.023

Tab. 6 Chemical composition of the 16L-Si/SKR-Si (wt.% )[174].

In the experimental plan, three dissimilar joints have been obtained varying laser powers: 1250 W, 1500
and 1800 W, and with the welding speed equal a 2.7 m/min. The arc parameters have been imposed: a
wire feed rate of 8.6 m/min with 20 V voltage and 94 A current. After etching with Glyceregia (15 cc
HCI, 5cc HNOs3, 10 cc Glycerol) and Villella’s (5 cc HCI, 2gr picric acid, 100 cc ethylic alcohol), the
weld cross sections were observed using the optical microscope (OM). The dissimilar welds have
undergone to micro-hardness and tensile tests. Particularly the Vickers micro-hardness test was performed

with al load of 300gf and with a time of indentation of 15 sec.

3.2. Weld appearance and microstructure

The macro graphics of the joints cross sections at OM, presented two separated fused zones can be
delineated (FZ-Upper and FZ-Below) (Fig. 53a). This phenomenon can be due to the displacement the
laser source to the TWIP side, so can be one of the reasons why the filler wire did not melt appropriately.
While, in Fig. 53b the filler wire and the base material mixed in a better way, thanks a high level of

power. The high-power laser promoted a large fused zone. Moreover, there aren’t defects in both samples.

PhD Thesis - Patrizia Perulli



Weldability of TWIP and DP steel dissimilar joint by

HAPTER
¢ 3 laser arc hybrid welding with austenitic filler

Page 63 of 131

o

| FZ-B HAZ

500 pm 500 pm

Fig. 53 Cross section with partial mix between filler wire and base metal: (a) 1250W and (b) 1800W [174].

In the Fig. 54 the microstructure inside the joints is reported. In the HAZ of DP side, the thermal cycle
induced by the process promotes a martensitic transformation (Fig. 54a). The fusion zone exhibits a
dendritic microstructure and the dendrite are straight (Fig. 54b). The dendritic growth from the edge of
the molten pool and proceeds toward the weld centerline. Grain coarsening effect can also be seen on the
TWIP side of both weldments (Fig. 54c). The grain coarsening effect was due to by low thermal
conductivity of the TWIP steel. This causes heat accumulation, slower cooling, and coarsening in the
TWIP side [175].

DP_HAZIFZ FZ FZ/HAZ TWIP

50 pm

=

Fig. 54 Microstructure of the different zones: (a) interface DP/FZ; (b) FZ and (c) interface FZ/TWIP [174].

3.3. Mechanical testing

3.3.1. Micro hardness test

The micro-hardness in the transverse section of the welds was evaluated for both welds. In Fig. 55 are
showed the micro-hardness profiles of the weld. The micro-hardness was very high in the DP HAZ where
the microstructure was martensitic. The hardness of HAZ decreases with the decrease of content of
martensite, and therefore increasing the distance from the interface FZ/DP HAZ. The lower

microhardness in the HAZ of TWIP was due to the grain coarsening effect. Moreover, both dissimilar
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welds exhibit in FZ low microhardness values, which was caused by dendritic microstructures. In
particular, in HAZ of DP steel, the hardness decreased under that of the base material due to a process
named HAZ softening. This phenomenon is due to the formation of tempering martensite [176, 177]. Xia
et al., [176] report HAZ softening can have a significant effect on weldment strength. As can be seen by

tensile test.
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Fig. 55 Vickers Micro-hardness profiles of the welds: (a) 1250W; (b) 1800W [174].

3.3.2. Tensile test

For tensile test rectangular specimens 100 mm long and 10 mm width were cut transversal to the weld
direction. A standard tensile test machine whose maximum load was 20 kN was used. Fig. 56 shows the
stress strain curves. The welds showed a good strength and an appreciably elongation, see sample with
1800W laser power. During tensile test, both the specimens cracked in the BM of DP steel. Necking and
failure occurred in the DP steel of base material (Fig. 56). The fracture in DP base material can be due to

the presence of tempering martensite. This phenomenon can have detrimental effects on the weld

strength.

Sample UTS [MPa] €max [MmM] o, [MPa]
DP_TWIP_1250W 586 4.7 387
DP_TWIP_1800W 618 5.1 434

DP 880 15 490

TWIP 1050 40 420

Tab. 7 Tensile properties for weld DP_TWIP 1250W and DP_TWIP 1800W: UTS: ultimate tensile strength, €, elongation
at fracture; o,: yield strength.
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Fig. 56 (a) Tensile test and (b) Photographs presenting the position of fracture in weld [174].

Particularly, Tab. 7 reports the values of the yield stress (o), ultimate tensile strength (UTS) and

elongation &, for both samples.
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4. CHAPTER: Fiber laser-MAG hybrid welding of DP/AISI 316 and
TWIP/AISI 316 dissimilar weld

The aim of this chapter is to characterize DP/TWIP steels with austenitic stainless steel AISI 316, which
will be used in laser-MAG hybrid welding. The steels employed in the present work are used in
automobile industries, due to their excellent mechanical properties. However, the automotive industry is
still reducing vehicle weight and, consequently, fuel consumption. Therefore, advanced high strength and

stainless steel sheet can do the trick.

4.1. Experimental set-up

An innovative heat source has been used for fiber laser MAG welding to weld in butt configurations Dual
Phase (DP) /AISI 316 and Twinning Induced Plasticity steels (TWIP)/AISI 316 plates 1.5 mm thick (Fig.
57). The heat source was an Ytterbium Laser (IPG YLS-4000) combined with a MAG generator. The

MAG torch was tilted at an angle of 40°. The heat sources were distant 2 mm each other.

DP/TWIP AIS1 316
L L ; !
Fig. 57 Schematic configuration of hybrid laser welding [178].

Metal C Si Mn Cr Mo Al Ti
TWIP 0.66 0.2 23.4 0.13 0.12 0.04 -
DP 0.09 0.21 1.65 0.43 - 0.03 0.003

Tab. 8 Chemical composition of TWIP and DP steel (wt.%) [178].

Metal C Cr Mn Mo Ni P S Si Fe
AISI
316 0.08 18 2 3 14 0.045 0.03 1 balance

Tab. 9 Chemical composition of AISI 316 (wt.%) [178].
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A laser leading configuration was used, so the laser beam is the main heat source. The filler material
316L-Si/SKR-Si (diameter 0.8mm) has been employed. For the composition of the filler wire see Tab. 6.
In order to promote process stability, the shielding gas was a mixture of 87 % Argon and 13 % carbon
dioxide. Tab. 8 and Tab. 9 show the chemical composition of TWIP, DP, and AISI 316 stainless steel.

Particularly, the same levels of laser power, laser speed, current and voltage for the two welds were used,

according to the experimental plan shown in Tab. 10.

Laser power Laser speed

Wire feed speed Current Voltage
W) (m/min) (m/min) (A) W)
1500 24 8.6 94 20.2

Tab. 10 Experimental plane [178].

The cross section was prepared with standard metallographic techniques and etching to show the
microstructures of the weld. Optical microscopy (OM; Nikon Epiphot 200, Nikon, Tokyo, Japan) was
executed on the cross section of the dissimilar welded. The cross section were prepared with standard
metallographic grinding and polishing techniques and etching to reveal the microstructures with the
following reagents: Glyceregia solution: 15 ml HCI, 15 ml glycerol, 5 ml HNOs for austenitic stainless
steel and TWIP steel and LePera solution: 1% metabisulfite in distilled water and 4% picric acid in ethyl
alcohol for DP steel. Joints were subjected to Vickers micro-hardness measurement (Affri Wiky 200JS2)
with a load of 0.3 kg for 15s. Tensile and bending test of the joints were analyzed, in order to understand

the weld strength and formability.
4.2. Weld appearance and microstructure

The macro graphics of the joints cross-sections after chemical etching are shows in Fig. 58. The

observation with OM reveals the full penetration and the absence of porosity and crack.

Fusion

Zone i K - N\ Tk i/ e s e
(Fz) $ 3 Y. | \ AISI316
i [ | _ SRy

Fig. 58 Macrographs showing joint cross-section of (a) DP/AISI 316 and (b) TWIP/AISI 316 [178].
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In the FZ of the DP/AISI (Fig. 59) a fine microstructure has been observed, due to the rapid cooling rate,

mainly consists of martensite.

Fig. 59 Optical micrograph shows microstructure FZ of DP/ALS [178].

In the TWIP/AISI, the FZ exhibits a dendritic structure (Fig. 60). The dendritic grew toward the weld
centerline in the direction opposite to the heat transfer direction [1, 179]. A small amount of shrinkage
porosities was observed in the interdendritic regions, which means that the shrinkage cavities formed

during the solidification process (Fig. 60).

B

Shrinkage
porosities

Fig. 60 (a)Shrinkage cavities in the fusion zone of dissimilar joint TWIP/AISI 316, (b) Zoom-up of selected area at 500 %
[178].

DP/AISI 316 showed a significant microstructural change in the heat affected zone (HAZ). That zone was
created under the effect of thermal weld cycle. Different regions in HAZ can be observed after welding
process as a function of the distance from the fusion zone (Fig. 61). In the Fig. 61 the microstructure

inside the DP joint compared to BM microstructure is reported.
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Consequently, HAZ can be divided into three sections, as follows: HAZ 1, adjacent to the FZ, where
martensite is the main constituent due to at the rapid cooling (Fig. 61b). HAZ 2 is a region where the
martensitic transformation is partial (Fig. 61c). HAZ 3 where the material was partially quenched to
martensite and the original ferrite remained (Fig. 61d). The amount of martensite in the HAZ decreases
with increased distance away from the fusion zone [180]. While as received material was characterized by

martensite islands in the ferrite matrix.

Fig. 61 (a) Microstructure of the different zones in DP side: (b) HAZ 1, (c) HAZ 2, (d) HAZ 3 and (e) base material [178].

In the BM of the TWIP steel (Fig. 62) a fine a fine austenitic microstructure has been observed. In the
HAZ of TWIP side was observed the grain coarsening effect (Fig. 62). The grain coarsening effect was
due to by low thermal conductivity of the TWIP steel. This causes heat accumulation, slower cooling, and

coarsening in the TWIP side [175].
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Fig. 62 Optical micrography showing grain coarsening effect at HAZ of TWIP side and fine austenitic microstructure in the
base material [178].

The microstructure of the of the sample is shown in Fig. 63. In the AISI 316 HAZ side, delta ferrite
stringers was detected as seen in the picture at high magnification (Fig. 63b). The migration of the ferrite
stabilizers, such as Cr and Mn, from the filler metal to HAZ can promote the formation of delta ferrite,
consequently, grain coarsening and refine the grain can be limited [165]. Moreover, the microstructure of
BM was show in Fig. 63c. Austenitic grain has a polygonal shape with stringers of delta ferrite elongated

in the rolling direction.

o 3

=
R Fusion

boundary

50 pm

Fig. 63 (a) OM of the interface FZ/HAZ, (b) Zoom-up of selected area at 500%; (c) Base material microstructure.
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4.3. Mechanical tests

4.3.1. Micro-hardness test

The micro-hardness in the transverse section of the welds were evaluated. Vickers micro-hardness
profiles have been obtained in the cross section in the middle line. In Fig. 64 are reported the micro-
hardness profiles of the weld. Significant variation in the FZ, HAZ, and BM micro hardness have been
detected.

In HAZ close to DP side, the microhardness was significantly higher, which was over 300 HV. This is
due to the formation of martensitic microstructure as a result of a fast cooling rate. In the fusion zone of
DP/AISI 316 weld the hardness is lower than the HAZ of DP, this is probably due to the austenitic wire.
In HAZ of DP steel, the hardness decreased under that of the base material due to a process named HAZ
softening [176, 177]. In fact, martensite volume fraction of the base material regulates the degree of the
HAZ softening. As showed in tensile and bending test, the degree of HAZ softening in the weld had a
negligible effect on the overall mechanical behavior. Moreover, the hardness of DP base metal was as
high as 216.6 £2.3 HV 0.3.

Hardness points

Austenitic
* Stainless
Steel

BM
Austenitic
- Stainless Steel

Vickers Microhardness [HV 0,3/15]

. M Hardness points

320

300

280 Austenitic

260 < Stainless Steel W Att .....
ustenitic

- ‘z-‘ Stainless Steel

Vickers Microhardness (HV 0,3/15)

Distance fromthe centraline (um)

Fig. 64 (a) Vickers Microhardness of the joint DP/AISI and (b) TWIP-AISI 316 Vickers Microhardness TWIP/AISI [178].
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In HAZ of TWIP steel, the microhardness was lower than that of the base material due to coarse
austenitic grain. The fusion zone of dissimilar joint TWIP/AISI 316 shows low microhardness values,
which was caused by the mixing of the austenitic wire and base material. The hardness of TWIP base
metal was 246.5+4.3 HV0.3. However, both dissimilar joint exhibit the same trend in the microhardness

in the austenitic stainless steel side. The hardness of the base material was as high as 179.5+4.3HV 0.3.

4.3.2. Tensile test

Tensile test has been performed and the specimens were taken perpendicular to the weld seam. The width
was 10 mm. Tensile test was carried out to evaluate the weld strength. Fig. 65a reports the resulting
tensile curve. The rupture occurred in the stainless steel form both type of weld, as it can see in Fig. 65b.

The experimental error is the responsible for that difference

—— TWIP_AISI 316
700 ——DP_AISI 316

600

500 +

(b)

400

300 4

o (MPa)

200

100 4

D T T T T T T 1
0 10 20 30 40 50 80 70
£(%)

Fig. 65 (a) Tensile curves of dissimilar welds and (b) Cracked specimen [178].

In Tab. 11 are reported the properties of the samples, in terms of mechanical response. Difference in the
welds strength and elongation was due to slight difference in the sample size and geometry, which can be

considered as experimental error.

Sample UTS [MPa] e .. [l o, [MPa]
DP/AISI 316 614 61 325
TWIP/AISI 316 672 51 350
DP 880 15 490
TWIP 1050 40 420
AISI 316 640 50 320

Tab. 11 Tensile properties for dissimilar joints DP/AISI 316-TWIP/AISI 316. UTS: ultimate tensile strength, &,,,: elongation
at fracture; o,: yield strength [178].
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4.3.3. Bending test

Three points bending test was performed to evaluate the weld quality. Both samples showed good
behavior. The weld surface was defect-free after bending. Moreover, Fig. 66 shows the good bend

behavior of samples after observation naked eye and optical microscopy (Fig. 67).

:

Fig. 66 (a) Joint appearance after the bend test (b) Frontal views shows then absence of cracks on weld surface [178].

The samples did not show defects on the weld surface after bending, even if they were subject to very

high local deformations.

DP/aISI 316

TWIP/AISI 316

Fig. 67 Cross section after bending: (a) DP/AISI and (b) TWIP/AISI [178].
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5. CHAPTER: Effects of Laser Offset and Hybrid Welding on
Microstructure and IMC in Fe—Al Dissimilar Welding

In this chapter a comparative study between laser offset and hybrid laser welding of AA5754 and 316
stainless steel have been investigated. Realizing a fusion welded joint between Al and Fe alloys is
challenging, due to the difference in thermal properties. Moreover, the nearly-zero solid state solubility of
Al in Fe, and the zero solubility of Fe in Al result in the formation of brittle intermetallic compounds
(IMCs), which deteriorate the mechanical properties [5, 66]. Consequently, the microstructure and
interlayer were characterized by optical and electron microscopy to understand in detail the morphology
of the weld. The phases and their distribution were determined by micro-hardness, which was associated
with data available in the literature. The EDS/XRD analysis revealed the composition of the intermetallic

compounds.

5.1. Material properties and weld configuration

The butt weld configuration was used for examination the weldability of a dissimilar Al-Fe weld. The
dimensions of the plates (length x width x thickness) were 100x50x3 mm® for the aluminum sheet and
100x50x2 mm® for the steel one. The difference in sheets thickness was chosen to enhance the wettability
of aluminum on the steel. Austenitic filler wire (AISI 316) with a diameter of 0.8 mm has been used. The

chemical compositions of as-received alloys are displayed in Tab. 12.

METAL C Cr Mn Mo Mg Ni Ti P S Si Fe Al
AISI316  0.08 18 2 3 - 14 - 0.045 0.03 1 balance -
AAS5754 - 0.30 0.50 - 3.6 - 0.15 - - 0.40 0.40 balance

Tab. 12 Chemical composition of as-received alloys (weight %) [155].

The
Tab. 13 shows the property of the base materials AISI 316 and AA5754:

UTS YS E A K Ty p C

METAL HV 3 .
(MPa) (MPa) (GPa) (%) (W/mK) °C) (g/cm’) J/g C)

AISI 316 580 290 193 50 178 163 1400 8 0.5

AA5754 230 80 68 17 62 147 600 266 0.9

Tab. 13 Properties of the as-received materials: ultimate tensile strength (UTS), yield stress (YS), Young
module (E), elongation to fracture % (A%), Vickers micro-hardness (HV), thermal conductivity (K),
Liquidus Temperature (Ty), density (p), specific heat capacity (c).
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5.2. Welding systems

Two different systems were used to execute the welds:

e A standard laser system was used for laser offset welding. It included a 6-axis robot, a stationary
shielding box system and a workbench, equipped with clamps and supporting table. A YLS-4000
Yb-doped fiber laser with a wavelength of 1070 nm and a maximum power of 4 kW (IPG Laser
GmbH, Barbuch, Germany) was used in continuous wave regime.

o For hybrid laser welding, a CO; laser (Rofin, Hamburg, Germany) whose maximal power was 3
kW was used operating in continuous wave mode. In order to obtain the arc stability, a laser beam

coaxial argon shielding gas has been employed.

5.3. Process parameters

Preliminary tests were executed to find out the process parameters that permitted the weld configuration.
Tab. 14 shows the process parameters used for the analysis. In order to obtain a comparison between the
results reached by the two technologies, the total power assumed for the hybrid process was larger

(3420W vs 2500W), since part of the energy was used to melt the wire.

Laser Power Welding Speed = Wire Feed Speed Current Voltage
TECHNOLOGIES (kW) (m/min) (m/min) (A) V)
Laser Offset Welding 2.5 2 - - -
Hybrid Laser-MIG
3.42 2 1.2 80 24
Welding

Tab. 14 Experimental plane [155].
5.4. Metallographic Analysis and Mechanical Testing

Weld cross sections of samples were cold mounted and subsequently they were grinded and mechanically
polished. The microstructure was analyzed by Epiphot 200 Optical Microscope (OM, Nikon, Tokyo,
Japan) and EVO scanning electron microscope (SEM, Zeiss, Oberkochen, Germany), equipped with an
energy-di energy-dispersive X-ray spectrometer (EDS, Bruker AXS Inc, Madison, Germany). The
specimens were obtained by a standard metallographic technique, and etching with the following reagents
to reveal the microstructures: Keller’s solution (1 ml HF, 1.5 ml HCI, 2.5 ml HNOs3, and 95 ml H,O) for
aluminum microstructure and Vilella’s solution (1 g picric acid, 5 ml HCI, 100 ml ethanol) for steel
microstructure. However, Vickers micro-hardness tests with a load of 0.1 Kg (AffriWiky 200JS2) on the
interface aluminum/steel has been performed. An X-ray diffraction (XRD) equipment was employed
(Rigaku diffractometer with CuKa radiation (A = 0.154 nm)). The X-ray diffraction data were collected at

a scanning rate of 0.02"/s in 20 ranging from 20 to 100" with count time 1.0 s in the fusion zone of both
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the aluminum and steel sheet. In the thin intermetallic layer, the X-ray diffraction data were collected at a

scanning rate of 0.02/s in 20 ranging from 20 to 55 with count time 6.0 s.

5.5. Base Material characterization

The examined alloy belongs to aluminum alloys 5xxx group, and it is based on Al-Mg system. However,
this alloy is a “non-heat-treatable” alloys, in which the strength can be due to alloying elements or
through various degrees of cold working or strain hardening. The name H111 designates that the alloy has
strain-hardened to obtain the desired strength without additional thermal treatments [181]. For this study,

it was supplied in annealed and recrystallized state.

Fig. 68 Optical micrograph of AA5754 base material [155].

The annealing state is employed to give the material its plasticity bringing them back to the state before
the plastic deformation, successfully make re-workable a material hardened by a previous cold working.
The observation at the OM micrograph (Fig. 68) displays the aluminum matrix (solid solution phase)
together with a series of intermetallic precipitates. It’s know from the literature [181-183], that the
acicular shape, light grey particles are (Fe,Mn)Als (Fig. 68), while the rounded shape dark grey particles
are fragile and this particles are identified as (Fe,Mn)3;SiAl;, (Fig. 68). The larger black particles are
identified as Mg,Si (Fig. 68), while the smaller ones are Mg,Al; [182,183].

Polarized light micrograph shows the microstructure of austenitic stainless steel 316L (Fig. 69). The
samples exhibit an equiaxed, twinned microstructure. Austenitic stainless steel are characterized by
annealing twins (induced by heat treatment) and deformation twins. Twins are typical of austenitic
stainless steel and are characterized by low stacking fault energy (SFE). The low SFE austenitic steel

promotes a planar arrangement of dislocations during the deformation inducing deformation twinning.
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Consequently, the twin boundaries are obstacles to the dislocation slipping, which rises the strain-

hardening rate [183].

Fig. 69 Polarized light micrograph of 316L base material [155].

5.6. Laser off-set welding results

The cross section of the weld obtained by laser offset welding (LOW) is shown in Fig. 70. The joint
exhibits full penetration and the undercut at the top surface was prevented. The bottom part of the weld
showed a slight sagging. This geometric defect generally derived from the contraction of liquid walls
during the solidification.

At the interface between aluminum and steel, a layer of intermetallic compounds (IMC) assuming
curvilinear morphology (Fig. 71a). In the aluminum side, Fe-based isles are visible. These isles are not-
uniformly distributed within the thickness. Consequently, a layer of intermetallic compounds is due to the
low thermal input that promoted a slight interaction between liquid-state materials. Fig. 71b shows a

magnification of zone A.
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Moreover, focusing the beam on the steel side limited the interaction between liquid phases into a narrow
area. Thus, the growth of IMCs was limited and consequently laser offset welding considerably reduced
the content of cracks and promoted a narrower intermetallic layer, which was limited to roughly 6 pm.
(Fig. 72). While the aluminum side was not exposed to laser emission. So, neither vaporization of
alloying elements and nor liquid viscous flows towards the interface was detected. Moreover, the rapid
process speed lead to high cooling rate, promoting a narrower fusion zone [181]. Consequently, the

shorter interaction time and narrower fusion area promoted a thinner IMCs layer. Such a result is

AA5754

AlSI316L

500pm
_ |

100 ym

extremely favorable for a larger sample strength [184].
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Fig. 71 IMC layer of the joint at: (a) 200x, (b) high-magnification image of area A in (a) at 500x [155].
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Fig. 72 a) Optical and b) SEM micrographs showing IMC layer [155].

The intermetallic layer was studied by means of back scattered (BS) electron, which unveiled different
zones for chemical composition (Fig. 73 and Fig. 74). The maps of elements at the interface was showed
in Fig. 73 b, c. The element distribution identified the presence both iron and aluminum mainly in the
light gray areas while the fused zones contains respectively iron and aluminum together with their alloy
elements. Principally diffusion of Al alloy elements towards the steel molten pool and vice versa can be

detected too.

Map data 1412 ]
MAG: 1006 x HV: 20.0 kV_WD: 8.6 mm

8.0 0 WO B,

Fig. 73(a) Back scattered electrons showing the IMC layer (b) alloy elements mapping and (c) maps of single elements at the
joint interface [155].
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EDS analysis (Tab. 15) has allowed to identify the composition of IMCs in different zones. in the points
(Fig. 72). In Fig. 74, those zones were marked with P1 (layer 1) and P2 (layer 2) respectively. The
chemical analysis evidenced that in the zone P1 and P2, could be Fe,Als or FeAl, type according to Fe-Al
phase diagram [140].

Cr l M
A e SR m

' st g1 37 gleav 1" 2" 8" 4" s &' 3T gleaw

Fig. 74 SEM micrographs of the IMC zone of the cross section with EDS analysis results in the highlighted points P1, P2 at (a)
5000 _and (b) 10,000 _ magnifications [155].

Point N° Al Fe Cr Ni Mg
P1 63.9 26,2 5,8 33 0,8
P2 71.37 23,43 3,6 1,6 -

Tab. 15 EDS analysis in IMC layer at different points near aluminum/fusion zone interface (at%) [155].

As shown in the Fe—Al binary phase diagram [140], primarily five types of Fe—Al intermetallic
compounds (i.e. Fe;Al, FeAl, FeAl,, Fe,Als and FeAls phases) are obtained during the Fe/Al reaction
process [185]. The sequence of the development of Fe—Al IMCs based on the thermodynamic data of the
free energy designates that AG (Fe,Als) < AG” (FeAls) < AG” (FeAl) <AG® (FeAl) < 0 < AG® (Fe;Al)
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[185-188] suggesting that the first phase to be obtained is Fe,Als. Moreover, to identify the different
compounds in the interlayers, an X-ray diffraction (XRD) equipment was employed. Moreover, both the
fusion zone of aluminum and steel were examined by XRD (Fig. 75b, ¢). In the steel fusion zone were
identified the diffraction peaks of Aluminum and iron, meanwhile in the Al zone only aluminum peaks

were identified.
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Fig. 75 (a) precision X-ray diffraction analysis in the thinner intermetallic layer. X-ray diffraction analysis in the (b)
aluminum and (c) steel fusion zone [155].

The XRD analysis in the intermetallic zone identified only the FeAl, compound together with the Al
matrix while no trace of some other more stable compounds was found. The reason could be the low
amount of the more stable compounds (i.e Fe;Als). In fact, during the welding technology the
solidification is a non-equilibrium process being characterized by high welding speed (2m/min) and
cooling rate. Consequently, the compounds formation could be not in agreement with thermodynamic
condition. Therefore, if thermodynamically more stable compounds (such as Fe,Als), being diffusion
controlled, do not have sufficient time to growth during the cooling of the joint some other less stable
compounds (such as FeAly) could nucleate and growth preferentially [1]. The micro-hardness test in

accordance with typical values reported in the literatures, shows the presence of FeAl or Fe,Als
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intermetallic compounds (Fig. 76a) [189]. In such a case, the values of hardness could be underestimated
due to the effect of Al matrix (Fig. 76b).

S0 pm

S0 pm I |

Fig. 76 Optical micrographs of sample shows the result of Vickers micro-hardness measurements on the interface
aluminum/steel: (a) hardness value due to IMC (b) hardness value due to both effect of IMC and Al matrix [155].

The micro-hardness in the transverse section of the weld was evaluated (Fig. 77). The hardness of the Al
FZ was higher than that in the heat affected zone (HAZ) and the base material (BM). Moreover, rapid

solidification and consequently both grain refining and low grain boundaries precipitation increased the
hardness in the FZ. It is observed in Fig. 77 that the hardness of the Al HAZ is slightly larger than that in

the base material. This result can be probably induced by the dissolution of soluble compounds and the

consequent strengthening by solid solution.
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Fig. 77 Vickers micro-hardness profile for the laser offset welding [155].
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The increase of hardness in the steel is due to grain refinement promoted by laser welding process [190,
191]. Grain boundary precipitation on the aluminum side did not occur during the joint solidification
because the rapid cooling. If grain boundary solidification occurred, the hardness of AA5754 would

strongly decrease. The precipitation of Al-Mg particles inside the grains leads to softening [1, 192].

Fig. 78 Optical micrographs showing (a) base material of 316L stainless steel and (b) fine structure in the fusion zone due to
the fast solidification [155].

5.7. Laser hybrid welding results

Cross section of the joint obtained by hybrid laser-MIG welding has been observed (Fig. 79). The top
surface presented excessive weld metal, while the bottom part exhibited a slight lack of penetration.

These geometric defects can be explained by assessing the process dynamics. Consequently, lower wire
feeding speeds were assumed to improve the geometric outcome and reduce the defectiveness.
Nevertheless, reducing the deposition rate of filler wire must correspond to a reduction of the heat input
to keep the process energy balance and avoid wire overheating. However, the laser power was maintained
constant, because it is mainly responsible for penetration. Nevertheless, even if the laser power was
maintained constant, the low MIG power had a negative effect on the geometry of the sample.

The negative effect on the geometry of the joint is due to the amount of total energy was not adequate to
fully penetrate the sheets’ thickness and produce a consistent bond. Thus, the most satisfactory outcome
was evaluated for the present analysis (see Tab. 14). Fig. 79 shows, a good compromise between
penetration and excessive weld metal. A slight lack of weld penetration was detected at the bottom part
(less than 0.3 mm depth), while the excessive weld metal was limited to 0.6 mm.

The interface between the two metals was highly irregular and non-homogeneous (Fig. 80). Because of
the difference in thermal expansion coefficient between the two metals and the brittleness of IMCs
structures, cracks formed at the interface. Consequently, a huge amount of thermal energy was directly

adduced at the interface between the sheets.
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AA5754

Alsl 316L

.

Fig. 79 Cross section by hybrid laser-MIG welding [155].

Aluminum

Fig. 80 SEM micrograph showing irregular interface between the two metals [155].

_ (b)

S ——Micro cracks

Micro cracks

b

#

Fig. 81 SEM pictures show: (a) Close-up of the upper side of the interface of the sample; (b) Close-up of the lower side of the
interface of the sample [155].
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The geometry of the IMCs layer was analyzed by scanning electron microscope. The width of the IMCs
layer exceeded the value of 14um (Fig. 81).

The arc favored lower cooling rate and non-uniform energy distribution within the thickness and
consequently a longer reaction time for IMCs growth occurred. Micro cracks were identified at both the
upper and lower side of the interface (Fig. 81). IMCs compounds at the interface are extremely brittle.
During welding process, local stresses exceed the elastic limit, leading to small fractures both

perpendicular and parallel to the layer width.
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Fig. 82 Cross weld section microhardness profile for the hybrid laser-MIG [155].

e :"l_;.:ﬂ'_,- ;

e
b
ofa

»oit e
Fig. 83 Micro-hardness indentation of the intermetallic layer [155].

4

In Fig. 82 are reported the micro-hardness profiles of the weld. Adding arc increased the thermal energy
and volume of molten metal compared to single laser welding. Therefore, even if the welding speed was
the same as for the autogenous laser process, the thermal inertia of the fusion zone was higher and the

cooling rate was lower, leading to grain coarsening effect and lower hardness values in the fusion zone.
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Fig. 83 shows the indentation was performed at the aluminum/steel interface with a value of 850 Vickers.
The IMC layer presented much harder than single-alloy fusion zones. Consequently, the intermetallic
layer is locally subjected to compressive and tensile stresses during the non-uniform solidification, which

probably permits crack propagation.
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6. CHAPTER: Thermo-mechanical simulation of fiber laser-arc welding
of DP/AISI 316 and TWIP/AISI 316 dissimilar joints

The most important aspect to simulate laser welding is the heat source model. For a dissimilar laser weld,
the model of the heat source is a paramount boundary condition for the prediction of the thermal
phenomena, which occurs during the welding cycle. In this chapter, three-dimensional (3D) Gaussian heat
sources for simulating the keyhole in laser welding and Goldak’s double-ellipsoid heat source model was
assumed to describe the arc power. These thermal sources were studied for the thermal and mechanical
analysis of the fiber laser welding of DP/TWIP with AISI 316 dissimilar butt joints. Analysis is
performed with numeric code, Simufact welding. The models were calibrated comparing the fusion zones
of experimental and numeric results and were validated by the continuous cooling transformation (CCT)

diagram.

6.1. Experimental set-up

A laser arc hybrid welding butt joint has been produced from plates of DP/TWIP with AISI 316,
according to the scheme of Fig. 84. The welding parameters included 1500 W power at 2.4 m/min
welding speed. Austenitic filler wire with a diameter of 0.8 mm was used (316L-Si/SKR-Si). The heat

sources were 2 mm spaced. The laser focus was put at the sheets surface.

./ Filler Wire

Laser Beam

't'r"flding Dire ction

DP/TWIP

Fig. 84 Scheme of hybrid laser welding on DP/TWIP with AISI 316.
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6.2. Numerical model

The finite element analysis was built using the Simufact Welding 8.0 software. Thermo-mechanical finite
element calculation was executed for the prediction of the fusion zone and prediction of the temperature
fields, thermal cycles and distortions of the plates. The flow chart in Fig. 85 defines the numerical
procedure used in the finite element model: the coupling thermal analysis was used as input for

mechanical analysis step by step.

Geometry - Mesh Heat source
Initial . - Loteaaia
and | [ of material
Boundary condition # Thermal Analysis
b4

Temperature
distribution ’
+ v

| I Calibrationand
Mechanical Analysis el dabice of imodel
i
v
Distorsions

Fig. 85 Flowchart of the simulation process.

6.2.1. Geometry and mesh

For simulate the models, the real setup has been considered. Particularly, two plates of DP/TWIP with
AISI 316 (150x50x1.5mm) were welded along the long side. The accuracy of the temperature distribution
in the zones with high thermal gradient is directly related to the finite element mesh that is used. Fig. 86a
displays the mesh used in the model.

Mesh sizes is equal to 3.2x0.5x0.1 mm” at the contact surfaces of the plates in order to reproduce the high
thermal gradient. The ratio in size between the last element and first element in the distribution is 0.1
(Fig. 86b). A coarse mesh was employed far from the molten pool to reduce the computational cost. The
mapped mesh had 33000 elements.

The top and bottom reinforcements produced during the welding processes require a finer mesh. The

tetrahedron mesh in the top and bottom material had 45000 elements (see Fig. 86b).
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- x
TWIP/DP AIlsSI 316

Fig. 86(a) FEM model used in the hybrid laser-arc welding; (b) Detail view of mesh.

6.3. The welding procedures

The welds were obtained using two different technologies: the laser offset welding (LOW) and the hybrid
laser-MIG welding. In the LOW, the laser source was focused on the steel side at a distance from the
aluminum edge (off-set) (Fig. 87). In this study, the off-set value was about 1 mm from the laser beam
axis. The heat moved to the aluminum side through the steel heat affected zone, as describe in Fig. 88. So,
the thermal energy spreading from the keyhole produced the fusion of the aluminum. In this way, the steel

fusion zone (FZ) divided the steel molten pool from the aluminum-fused zone, which avoided the

excessive growth of the IMC layer.
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Laser
beam
Welding
direction

-

Laser
offset

Fig. 87 Laser offset welding configuration (LOW) [155].

Laser

Fig. 88 Schematic drawing for describing the joining mechanism by LOW technique [155 ].

On the other hand, during laser-MIG hybrid welding the laser-arc coupled source was focused
perpendicularly to the weld surface. However, the wire was located at a 1 mm distance from the laser

focus (see Fig. 89).

Ehﬂﬂ;
Laser 1 rch
beam [* e
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between
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Fig. 89 Sketch of laser MIG welding [155].
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6.3.1. Material property

Tab. 16 displays the mechanical and thermo-physical properties at room temperature of DP, TWIP and
AISI 316 stainless steel. Temperature dependent material properties were considered in the finite element
analysis. The simulation strategy was to execute first the thermal analysis. The thermal load data was

used for the mechanical analysis to evaluate the induced strain fields.

Property DP Steel TWIP Steel AISI 316
Young modulus [GPa] 137.5 171.5 205
Density [Kg/cm’] 7326 7500 7800
Thermal Conductivity [W/mK] 353 40 16.3
Liquidus Temperature [K] 1788 1696 1673
Solidus Temperature [K] 1650 1562 1648

Tab. 16 Mechanical and thermo-physical properties at room temperature of DP, TWIP and AISI 316 steels.

6.3.2. Initial and boundary conditions

The heat transfer in the plates can be obtained by solving the following heat equation [193]:

aT

9 .. T __r
ay) 9, Kz 5T Qx.y.2)=pc 5 Eq. 13

- (K 5oyt 2= (K,
In this equation, Q (Wm ) represents the heat transfer in the work piece and p (kgm ) the density of the
metal. Ky, ky and k, define the thermal conductivity in the x, y and z directions (Wm'K™), C represents
the specific heat capacity (J kg™’ ‘C™"), while t is the time (s),

Moreover, the surfaces include heat losses due to the convection and radiation. The heat losses following
the equation [193]:

—q=¢eo(TF—=T*) +h(T,—T) Eq. 14

where ¢ is the emissivity of the surface, o is the Stefan—Boltzmann constant, T, is the room temperature
(293 K), h is the heat transfer coefficient and can be assumed to 20 W/(m’K) for air and 200 W/(m’K) for
the lower surface in contact with the workspace. The workpiece room temperature of 293K has been

considered.

6.3.3. 3D heat source model for laser
In order to define arc and laser heat source in hybrid laser-arc simulation welding, two different heat

source models were defined and coupled. 3D heat source was considered for both sources.
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In particular, a conical heat source with a Gaussian distribution was defined for the laser welding
simulation (Fig. 90). In this model, the heat intensity decreased from the top to the bottom of the heat

source.

Fig. 90 Conical heat source.

The power distribution in welding direction can be expressed as it follows [194]:

—r2

Qr = Qoexp(—3) Eq. 15

2
To

r=.x%?+y? Eq. 16

In particularly, Q; symbolizes the heat source intensity, Qo is the maximum intensity, r, and r; define
upper and the lower radius in the upper plane at z=z, and in the lower plane at z=z, respectively.

The parameter ry was decreased linearly from the top to the bottom surfaces and it can be expressed as:

_ (ru_rl)(zu_z) Eq 17

rs =71
° v (Zu—21)

6.3.4. 3D heat source model for the electric arc
The double-ellipsoidal heat source proposed by Goldak et al. [194] was employed to describe the arc
power (Fig. 91). The heat source model, as displayed in Fig. 91, combines two different ellipses, i.e. one

in the front quadrant of the power distribution (q¢) and the other in the rear quadrant (q;).
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Fig. 91 Goldak heat source distribution.

Moving arc heat power distribution can be mathematically expressed as [194, 196]:

Q (Xs Y, Z) =qr (X: Y, Z) +qr (Xa Y, Z)

The mathematical definition of the heat source of the two different ellipses is defined by power

distribution inside the front quadrant (Eq. 18) and for the rear quadrant (Eq. 19), respectively:

_ 6V3frQ _ 3(x-ut)?  3y?  3z%

U = Zpava exp( a2 PEE Eq. 18
_ 6V3£Q _ 3(x—vt)? _ ﬁ _ ﬁ

qT - arbd\/ﬁ * exp( aTZ_ b2 d2 Eq' 19

Principally, ar symbolize the front length, a, is the rear length, b and d are the width and depth,
respectively (see Fig. 91). The welding speed is v and fr and f; are the proportion coefficients at front and

rear ellipsoids. Q is arc power that was calculated by the following equation:

Qp,IU Eq. 20

I represents to the arc current. U symbolizes the arc voltage and n, is the arc heat efficiency.
The heat source parameters will be engaged for the calibration of the model according to the welding

parameters.
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The temperature during the FEM analysis has reached 1923K by ensuring the material fusion (Fig. 92).

Temperature [K]

Fusi 1923.00
usion zone 1760.01
11597.03

1 1434.05
1 1271.06
{ 1108.07
1 945.09
782,11

max: 1923.00
min: 283.15

Fig. 92 Temperature field of the welded plates.

6.3.5. Mechanical analysis

Thermal analysis results were employed for mechanical analysis. During mechanical analysis, the same
meshing sizes as those in thermal analysis was used. Temperature dependent mechanical properties of the
material such as, Poisson’s Ratio, Young’s Modulus, and Yield Strength were taken into account in the
FEM analysis simulation.

The distortions are defined as the buckling of the plates due to the contraction and expansion of the plate
material during the welding processes. The total strain is defined by the following general equation [197,
198]:

As = Aef + AP + AeT Eq. 21
Where (AeF) define the elastic strain,(AeP) represent the plastic component and (Ae") represent the
thermal loading.

Another boundary condition supposed that the plates were clamped to the worktable to avoid rotation and

translation.
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6.4. Results and discussion

6.4.1. Calibration of the model

After the simulation, the fusion zone in transversal plane was compared with the experimental one for

calibration purposes.

p—— AISI 316
| AISI316 L Siein e

cross sections

Experimental weld

Numerical weld
cross sections

Peak temperature [K] Peak temperature [K]

Peak temperature [K]

1673.00
1670.50
1668.00
11665.50
1 1663.00
11660.50
+1658.00
11655.50
11653.00
1650.50
1648.00

1 1660.50

11658.00

+—1 1655.50

1 1677.60 —11653.00

g 1663.80 1650.50
H 1650.00 1648.00
max: 1788.00 max: 1673.00
min: 1650.00 min: 1648.00

max: 1673.00
min: 1648.00

Fig. 93 (a), (b) Macrographs after etching, and (c), (d) numerical weld cross sections.

The fusion zones, after etching, were compared with the cross section obtained during welding
simulations. Fig. 93 displays the comparison between the simulated and experimental fusion zone profile
for the two joints: DP-AISI, TWIP-AISI. The geometry of molten pool was like that obtained in the

welding process.

The above results can be quantified by measuring the dimensions of the fusion zone profile in the top,
middle and bottom (see Fig. 94).
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Fig. 94 Drawing of weld cross sections: (a) DP-AISI 316 and (b) TWIP-AISI 316.

In Tab. 17 and Tab. 18 the results simulation and the experimental measurements are reported. The

numerical simulations display good agreement between the predicted and the measured values.

DP-AISI Experimental Data (mm) Numerical Data (mm) Errors (%)
Top 2.5 24 4.0
Middle 0.8 0.75 6.3
Bottom 1.1 0.8 27.3

Tab. 17 Comparison of experimental and numerical dimensions (mm) of the DP-AISI fusion zone.

TWIP-AISI Experimental Data (mm) Numerical Data (mm) Errors (%)
Top 3.2 2.9 94
Middle 1.1 1.2 9.0
Bottom 1.1 1.2 9.0

Tab. 18 Comparison of experimental and numerical dimensions (mm) of the TWIP-AISI fusion zone.

The 3D heat source used in the hybrid laser welding simulation was capable of modeling with adequate
accuracy the shape of the fusion zone dimension and shape (see Fig. 93 c, d).

In the finite element analysis, the heat source parameters must be manipulated to calibrate the weld pool
shape. The calibrate parameters were used during the thermal-mechanical analysis. Particularly, conical
heat source for laser was define by three parameters, while a double ellipsoidal heat source for electric arc

was describe through four parameters. Tab. 19 and Tab. 20 shows the parameters used to calibrate the two

simulated models.

PhD Thesis - Patrizia Perulli



Thermo-mechanical simulation of fiber laser-arc

CHAPTER 6 welding of DP/AISI 316 and TWIP/AISI 316 Page 97 of 131
dissimilar joints
Symbol Reference DP-steel [mm] TWIP-steel [mm]
ry Conical heat source upper radius 0,3 0,6
N Conical heat source lower radius 0,6 0,12
d Conical heat source depth 2,4 2,3

Tab. 19 Parameters calibration of conical heat source for laser (see Fig. 90).

Symbol Reference DP-steel [mm] TWIP-steel [mm]
as Front length 0,36 0,55
a, Rear length 1,5 1,9
b Width 1,4 1,6
Depth 1,5 1

Tab. 20 Parameters calibration of double-ellipsoidal heat source for electric arc (see Fig. 91).

6.5. Models’ validation

6.5.1. Thermal cycles results

To validate the model, was comparison the microstructure in the HAZ of DP steel forecasted using the
thermal cycles with that coming from the CCT curve and the cooling speed. The thermal cycle was
measured in different points of DP steels along the x direction. These points are located at -1,25 mm, -2

mm, -5 mm, respectively (see Fig. 95).
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Fig. 95 Thermal cycle in different points of DP steels along the x direction: x=-1,25mm, x=-2mm, x=-5mm, respectively.

During the finite element analysis, high temperature gradient occurred at the weld zone due to the

interaction the arc heating and laser energy. At the end of welding process, the welded plates cooled to
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room temperature and the peak value of the temperature decreased. The metallurgical behavior followed
the thermal cycles as showed in Fig. 95. Simufact allows describing the thermal cycles in order to verify
the microstructure transformations.
The phase transformation in the HAZ DP steel were validated from the CCT curves. DP steel showed a
substantial microstructural change in the heat affected zone due to the thermal cycle during the welding
(Fig. 96 b, c). Based on the CCT diagram, at high cooling rates (v=81 C/s) martensite and bainite
microstructures were detected. While at slow cooling rates (26 C/s and 21°C/s) a mixed microstructure
was observed (Fig. 96 b, ¢).
CCT are displayed in Fig. 96a. [199 modified]. Optical micrographs of weld DP-AISI displayed the effect
of cooling rate on the microstructure. As function of the distance from the fusion zone, HAZ can be
divided into three sections, as follows:

* HAZ-1 where the rapid cooling favorites the formation of martensite.

* HAZ-2 where the martensitic transformation is partial.

*  HAZ-3 this zone due to greater distance from fusion zone a martensitic and ferritic microstructure

has been observed.

(a) 1000

(b)

8
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§ 8§ 8
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(c)

V=21°C/s

Fig. 96 (a) Schematic representation CCT curves for DP steel; (b) Macrograph after etching show three section of the HAZ,
(c) Details view of HAZ and their respective cooling rate.
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While, in the HAZ of TWIP steel a grain coarsening effect was detected. For TWIP steel, Fig. 97a

displays the thermal cycle measured in four different points along the x direction.
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(b)

Fig. 97 (a) Thermal cycles was measured in different points of TWIP steel along the x direction,
(b) Micrograph, after etching, show a grain coarsening in HAZ and a fine austenitic microstructure in the base material.

6.6. Distortion results

During welding process, several types of deformation (bending distortion, longitudinal shrinkage,
buckling or angular distortion) occurred due on the welding parameters and mechanical clamping
conditions. Moreover, during the hybrid welding process, big strain develops in the molten pool and near
weld region. The plates displayed a distortion of about 2 mm (Fig. 98a). This value was evaluated using a
software for the image analysis. Fig. 98b displays the simulated distortion values distribution in z

direction after cooling and compared with the measured values. It was verified that the higher distortion
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existed at the fusion zone and around HAZ (Fig. 98b). Consequently, the conical and double-ellipsoidal

heat source model assumed predicted distortion profile comparable with that of the measured distortion.

Fig. 98 (a) Photo show distortion of the plate after welding, (b) Simulation of welding residual distortion of the plate
DP-AISIL
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7. CHAPTER: FEM model for TIG hybrid laser butt welding of 6 mm
thick austenitic to martensitic stainless steel

In this chapter, was analyzed a thermal simulation of plate butt joints austenitic stainless steel (AISI 304)
and martensitic stainless steel (AISI 410) welded by fiber laser-TIG hybrid welding system. Three-
dimensional (3D) Gaussian heat source to represent the laser power and Goldak’s double ellipsoid to
describe the arc power have been proposed. The models were calibrated comparing the fusion zones of
experimental and numeric results and were validated by acquiring the effective temperature by the

continuous cooling transformation (CCT) diagram.

7.1. Experimental set-up
A fiber laser-TIG welding butt joints have been produced from two plates of AISI 304 and AISI 410

stainless steel of 100mm x 80mm x 6mm (length x width x thickness), according to the scheme of Fig. 99.

Laser Beam

., 7

< =
2 o /f _y Molten Pool

N/
=

AlSI 410

Welding Direction

Fig. 99 Scheme of laser TIG welding.

Thermo-physical and mechanical properties of the stainless steel (AISI 304/AISI 410), such as thermal
conductivity, density, Young modulus, have significant influences on the results of welding simulations
[200]. In particular, mechanical and thermo-physical properties of stainless steel were given in Tab. 21.
Particularly the thermal conductivity and density have been considered variable as a function of

temperature (Fig. 100).
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Property AISI 304 AISI 410
Young modulus [GPa] 193 200
Poisson 0,29 0,27
Liquidus Temperature [K] 1728 1755
Solidus Temperature [K] 1673 1805

Tab. 21 Mechanical and thermo-physical properties of stainless steel [201].

E e ﬁ §
= 5 I I
EE i:E i% ok

Tampsmriure [K] Tacpsrsiars [K]

Fig. 100 Thermal conductivity (W/mK) and density (Kg/m’) as a function of temperature [201].

7.2. Finite element analysis
In order to simulate, with satisfactory accuracy, the fiber laser-TIG hybrid welding, finite element
software has been used. For this purpose, butt joints of 6 mm plates were modeled using the commercial

code Simufact.

7.2.1. Geometry and mesh

A finite element analysis was developed to simulate fiber laser-TIG hybrid welding process. Fig. 101
displays the mesh employed during the FEM simulation. In order to obtain more accurate results, a fine
mesh (element size 3.2 x 0.5 x 0.1 mm®) was adopted at interface of the two plates (in the fusion zone and
in HAZ). So, achieve accuracy of solution with reasonable calculation time. A coarse mesh was employed
moving away from the weld centerline in order to reduce the calculation time (Fig. 101). The mapped

mesh in the plats has 43000 elements.
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AlSI 410,

Fig. 101 FEM model [201].

7.2.2. Initial and boundary conditions

Fourier law describes the temperature in welding process (Eq. 22) [202, 203]:

0 0 T\, 0 0 OT 0 . OT or
7 K30 T35 (Ky 30) +3; (K2 3) + Qxy.z)=pe 5 Eq. 22

where, ky, ky and k, represents the thermal conductivity in the x, y and z directions (Wm'K™), C is the
specific heat capacity (J kg "C™"), p is the density (kg/m’), t is the time (s), and Q(X,y,z) represents
internal heat generation rate per unit volume (W/m’). In the welding process, the work piece, exchanges
heat with the surrounding due to convection and radiation. According to Newton’s law and Stefan-

Boltzmann's law the heat losses is given by Eq. 23 [202, 204]:
—q=¢e0(T —=T*)+h(T,—T) Eq. 23

Where, o represents Stefan Boltzmann constant (5,67*10° W/m°K), and ¢ is the emissivity, h is the
convection heat transfer coefficient.

This coefficient can be assumed equal to 20 W/(m’K) for air and 200 W/(m?’K) for the lower surface in
contact with the work piece. While Tr represents the room temperature equal to 25 C. However, in order
to avoid translation and rotation, the plates were clamped to the worktable. While at time t=0 T (x, y, z,
0)=25C.
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7.3. Moving distributed heat source

In order to simulate the distribution of temperatures in fiber laser-TIG hybrid welding process two
different heat source models have been modelled. In this chapter, as illustrated in Fig. 102, the best heat
source model for simulating laser welding process was a cylindrical Gaussian heat source.

While the Goldak’s double-ellipsoid heat source model was assumed to define the arc power. However,
the choice of heat source models to define the power distribution is essential to precisely model the
welding heat source in order to find a relationship with the weld profile.

Consequently, as described below, in order to simulate hybrid welding process is crucial calibrate the heat
source parameters, that will be examined in this work. Fig. 102 displays parameters that describe the size

and shape of the molten pool.

Fig. 102 Cylindrical and double-ellipsoidal heat source model [201].

7.4. Result and discussion

7.4.1. Calibration of the model

After the simulation, the fusion zone in transversal plane was compared with the experimental one for
calibration purposes. In order to predict the dimensions of the weld transversal section by the numerical
model, experimental welds were prepared and measurements were taken for their Width of Crown Zone
(WCZ), Depth of Crown Zone (DCZ), Depth of Laser Zone (DLZ) and Width of Crown Zone (WCZ)
(see Fig. 103 for display).

These measurements were used for the calibration of the heat sources to be used during the FEM

simulation. The calibration process was a trial-and-error one.
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Width of Crown Zone: W(Z

Fig. 103 Sketch of weld cross section [201].

In order to obtain the accuracy of the simulation, the heat source parameters must be manipulated to
achieve the dimensions of the numerical cross section, which match those of the experiments. This phase
is paramount because the accuracy of the FEM simulation depends strongly on its accuracy.

A cylindrical heat source model was chosen for the laser source and its dimensions were defined by three
parameters. Otherwise, a double ellipsoidal heat source model was used for the arc source that required
four parameters (see Fig. 102).

Tab. 22 and Tab. 23 display the adopted parameters for the two heat sources at the end of the calibration

process.
Symbol Meaning S1 S2 S3 S4
Iy Upper-lower radius (mm) 0.5 0.6 0.5 0.6
d Depth (m) 4.0 5.0 4.5 5.0
Tab. 22 Cylindrical heat source parameter [201].

Symbol Meaning S1 S2 S3 S4

as Front length (mm) 0.55 0.55 0.55 0.55

a, Rear length (mm) 2.0 3.0 2.0 3.0

b Width (mm) 1.5 2.0 1.8 4.5

d Depth (mm) 1.5 0.5 0.5 0.5

Tab. 23 Double-Ellipsoidal heat source parameters [201].

The calibration was obtained by comparing the cross sections obtained by the numerical simulations with
the cross sections obtained during hybrid laser welding simulations.

In Tab. 24, Tab. 25, Tab. 26 the sizes of the fusion zones and HAZ the experimental measurements are
reported. are shown in Tables 6-9. Otherwise, the dimensions of the FZ profiles can be observed in Fig.
104b and Fig. 105b. It was detected that the numerical models for the weld joints was in good agreement
between the predicted and the measured study.

Fig. 104c and Fig. 105c¢ displays a good match between the temperature field produced by fiber laser-TIG
hybrid welding and those predicted by software.
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Alsta10

004

AlS| 304
AlISI 410

Fig. 104 Welds (a) S1 and (b) S2 experimental and (c) numerical cross sections with temperature [201].

S1 Experimental data (mm) Numerical data(mm)
HAZ 0.4 0.3
WCZ 3.7 3.6
DCZ 2.1 2.1
WLZ 0.8 0.9
DLZ 2.3 2.3

Tab. 24 Comparison of experimental and numerical weld dimensions for sample SI1 [201].

S2 Experimental data (mm) Numerical data(mm)
HAZ 0.5 0.4
WCZ 4.5 43
DCZ 1.5 1.7
WLZ 0.8 0.8
DLZ 3.1 3.1

Tab. 25 Comparison of experimental and numerical weld dimensions for sample S2 [201].
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AlS1304 AlSI410
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Peak temperature [°C]

AlS| 304
AlSI 410

Fig. 105 Welds (a) S3 and (b) S4 experimental and (c) numerical cross sections with temperature [201].

S3 Experimental data (mm) Numerical data(mm)
HAZ 0.3 0.2
WCZ 43 4.1
DCZ 1.9 2.0
WLZ 0.8 0.8
DLZ 2.5 2.4

Tab. 26 Comparison of experimental and numerical weld dimensions for sample S3 [201].

S4 Experimental data (mm) Numerical data(mm)
HAZ 0.5 0.6
WCZ 5.0 4.7
DCZ 1.8 1.7
WLZ 0.9 0.8
DLZ 3.6 3.4

Tab. 27 Comparison of experimental and numerical weld dimensions for sample S4 [201].
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The liquidus and solidus temperatures were 1455°C and 1400°C for AISI 304 and 1531°C and 1482°C
for AISI 410, respectively.

Consequently, the calibration of heat source parameters depicts with accuracy the shapes of molten pool
and HAZ.

7.4.2. Model validation

The model was validated by comparison of the microstructure in the HAZ of AISI 410 predicted using the
thermal cycle with that coming from the CCT curve and the cooling speed (Fig. 106b). The thermal cycle
was measured at a point in the HAZ of the AIST 410 (Fig. 106a).
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Fig. 106 (a) Thermal cycle evaluated in HAZ of AISI 410, (b) CCT curve for AISI 410 and its respective cooling rate;
(¢) Detail view of HAZ shows continuous layer of martensite.
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Based on the CCT diagram [205], at high cooling rates (v=45°C/s) martensite and ferrite microstructures

were observed. Optical micrograph displays the microstructures at interface (Fig. 106c).

During the hybrid laser welding, in the HAZ of AISI 410, the microstructure was partially martensitic. In
the HAZ the thermal cycle induced by the process promotes the formation of a continuous layer of
martensite at the ferrite grains boundaries during the heating (Fig. 106c). The transformation is

incomplete due to the short time in temperature so, after cooling, the HAZ microstructure is only partially

martensitic (Fig. 106c).
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8. CHAPTER: Conclusions

The content of this thesis dealt with laser/hybrid laser welding of dissimilar metals, mostly used in the
automotive industry. Laser welding offers many benefits, as it uses a concentrated heat source that allows
high-quality junction ones. However, this junction process presents same limitations: for some alloys,
susceptibility to cracks and porosity, strict tolerances for edges preparation, and high reflectivity. Hybrid
laser arc welding overcomes some of those limitations. In fact, there are numerous advantages for this
welding process. Hybrid laser welding is promising welding technique to join traditional and AHSS
sheets in the automotive industry in order to obtain the best quality in terms of mechanical and
metallurgical characteristics of the joint. Among dissimilar metal weld, aluminum/steel (Al/Fe),
advanced high strength steel (AHSSs) /austenitic stainless steel present numerous difficulties, which are
related to the metal properties. To improve the weldability, laser and arc welding of TWIP steels with DP
steels (or TWIP/DP steel with austenitic stainless steel) require appropriate filler metals to avoid the
occurrence of brittle metallurgical compound formation in the fusion zone, including manganese
segregation and martensite formation, which reduces the weld ductility and toughness. Moreover, the use
of an innovative fiber laser-TIG hybrid welding system to join dissimilar stainless steel permits to
improve weldability and reduces the weld defects.

In the case of dissimilar stainless steel, a high efficiency fiber laser-TIG hybrid welding system was used
to join AISI 304 and AISI 410 stainless steel plates. In this study, it was demonstrated that the use of a
hybrid welding source allowed to solve many problems connected with the fabrication of dissimilar
stainless steel joints. The microstructure of the weld fused zone, of dissimilar AISI 304/AISI 410 joints,
was predominantly martensitic, also confirmed, by the increase in micro-hardness. The heat affected zone
of the AISI 410, was only partially martensitic. The ferrite grain boundaries, in the HAZ of the AISI 410
had a continuous layer of martensite, which had formed at elevated temperature. While, in the HAZ of
AISI 304, was generally constituted by an austenite matrix. At interface FZ/HAZ AISI 304 stringer of
untreated ferrite delta has been observed. The formation of ferrite stringers along HAZ grain boundaries
could limit the grain growth. However, porosity reached a minimum, when the maximum values were
used for laser line energy and arc current. Therefore, it was possible improve the mechanical strength of
dissimilar stainless steel the smallest percentage of martensitic. Eventually, this study demonstrated the
good and easy weldability of dissimilar austenitic and martensitic stainless steel in annealed condition by
fiber laser coupled with an electric arc.

Regards to hybrid laser-MAG welding of dissimilar DP/TWIP, the austenitic filler (316L-Si/SKR-Si
austenitic stainless steel), was chosen in order to dilute the high Manganese content of TWIP steel, which
can cause brittleness in the joints. However, the tensile test demonstrated that the hybrid welding and

austenitic filler can have a positive effect on the weldability of the DP-TWIP dissimilar joint.
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For hybrid laser welding DP/TWIP steels with austenitic stainless steel (AISI 316), the microstructures,
mechanical properties and bending were analyzed. In particular, the heat affected zone on the TWIP side
was fully austenitic and showed grain coarsening effect. In fact, HAZ hardness values was slightly lower
than that of the corresponding base material, which was due to the coarsening of austenitic grains during
the welding process. On DP steel side new martensite formed close to the fusion zone. The amount of
martensite in the HAZ decreased with the distance from the fusion zone.

Hybrid laser-MAG welding can improve the mechanical strength. In fact, the bending tests confirmed the
attitude of the weld towards ductility. Both samples show defect-free surface and cross section. Therefore,
MAG-laser welding can be a valid means for real “tailor-made” solution for steel sheet welding in the
automotive industry.

In the case of Al/Fe dissimilar welds obtained by fiber off-set and hybrid laser welding, due to of
differences in the chemical composition of base metal and filler material the structures near the fusion
line are very complex. Particularly the microstructure and the intermetallic compound formed, can affect
significantly the mechanical properties of the joints. With thorough investigations on the intermetallic
layer, its composition has been identifying. This layer is characterized by FeAls, FeAl, FeAl, Fe,Als and
Fes;Al compounds. Specifically, FeAl, nucleates on the aluminum side. The reason for this is that more
stable compounds (such as Fe,Als), being diffusion controlled, do not have enough time to growth during
the cooling of the joint, while some other less stable compounds (such as FeAl,) could nucleate and
growth preferentially. However, full penetration and low defectiveness were reached by laser offset
welding. Moreover, the high cooling rate enabled short reaction time and narrow IMC layer. Such a result
is beneficial for enhancing mechanical properties. Consequently, hybrid laser-arc welding resulted less
reliable. Because the large difference in thermal and fluid-dynamical properties of the two metals,
promote the formation of irregular and non-homogeneous intermetallic layer. Excessive weld metal was
observed at the top surface, while the bottom part presented a lack of penetration. It can be concluded that
LOW effects on Al-Fe dissimilar metallurgy and IMC can be controlled better than those of the hybrid
laser-arc welding. Therefore, further investigation on the weldability of Al-Fe dissimilar welds will focus
on the LOW welding technique.

In order to evaluate the temperatures, distortions and metallurgical transformation during the welding
process, a numerical model for the butt DP/TWIP with AISI 316 and AISI 304/AISI 410 stainless steel
dissimilar weld was developed. 3D heat source was considered for both sources. 3D heat source with a
Gaussian distribution was adopted for the laser welding simulation and Goldak heat source distribution
was used for electric arc. Particularly, the calculations for the fusion zones dimensions and shapes were
accurate for the 3D heat source. It was demonstrated that the 3D and a double-ellipsoidal heat sources can
be used for hybrid welding simulation with satisfactory accuracy and a low time-consuming procedure.
Further development of this investigation will concern the definition of a mathematical link between the

welding parameters and the numerical parameters of the power distribution.
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Study on the fiber laser/TIG weldability of AISI 304 and AISI 410 dissimilar weld

[G. Casalino, A. Angelastro, P. Perulli, K. Casavola, V. Moramarco, Study on the fiber laser/TIG weldability
of AISI 304 and AISI 410 dissimilar weld, Journal of Manufacturing Processes, 35, (2018), 216-225]
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Weldability of TWIP and DP steel dissimilar joint by laser arc hybrid welding with
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Fiber laser-MAG hybrid welding of DP/AISI 316 and TWIP/AISI 316 dissimilar weld

[G. Casalino, A. Angelastro, P. Perulli, P. Posa, P. R. Spena, 12th CIRP Conference on Intelligent
Computation in Manufacturing Engineering, 18-20 July 2018,
Gulf of Naples, Italy, Procedia CIRP 79 (2019) 153-158]
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FEM model for TIG hybrid laser butt welding of 6 mm thick austenitic to martensitic
stainless steels

[G. Casalino, M. Dassisti, P. Perulli, FEM model for TIG hybrid laser butt welding of 6 mm thick austenitic
to martensitic stainless steel, 13th CIRP Conference on Intelligent Computation in Manufacturing
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Thermo-mechanical simulation of fiber laser-arc welding of DP/AISI
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