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Abstract
The objective of the work is to present a new approach to the simulation of the ther-
mal field in laser beam welding, based on an experimentally-fitted analytical model, 
applied to investigate the weldability of AISI 304L austenitic steel. Reference is 
made to the welding trial in a single pass of two 10 mm thick butt-positioned plates. 
Welding was performed under the keyhole full penetration mode, which is charac-
teristic of high-power laser beam, and simulated by an analytical model based on a 
multipoint-line thermal source system and fitted on the experimental fusion zone 
profile. The model was applied to simulate the effects of welding speed changes on 
thermal fields and cooling rates, in order to determine how they can affect the weld 
composition, the solidification mode and the possible formation of a sensitized zone 
in the heat affected zone. A limit value of welding speed, which allows the weld for-
mation without lack of fusion, was identified. For all the welding speeds considered, 
the formation of a sensitized zone can be excluded. The contribution of welding 
speed on cooling rate, not significant near the welding axis, results to be determi-
nant at the boundary of the fused zone with base metal. The combined choice of the 
filler material and the welding speed, which in all cases gives rise to primary ferrite 
solidification modes, affects the content of residual ferrite, which must be balanced 
to enhance the resistance to solidification cracking, avoiding the adverse effects due 
to too high contents. As a conclusion, the model proves to be a valid support in 
investigating the thermal effects, which result from the setup of welding parameters, 
on the weldability of the base metal-filler system.
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Introduction

Components of machines and structures made of AISI 304L steel are commonly 
assembled by welding and it is well-known that weldability issues might occur. In 
particular the solidification mode of an austenitic steel is crucial to establishing its 
material susceptibility to hot cracking, considering also other issues, such as sensi-
tizing to intergranular corrosion and loss of toughness, due to carbide precipitation 
at grain boundaries [1].

Laser beam welding continues to play an increasing role in manufacturing pro-
cess. Generally, weld quality and efficiency depend on laser beam characteristics, 
material properties and processing parameters. Metallic materials are considered 
weldable with a certain process and for given purposes when the integrity of the 
welded parts and every technical requirement are ensured. Due to the low energy 
input applied per unit length, laser beam welding allows to weld in a single pass 
thick plates, producing a narrow heat affected zone (HAZ) and reduced thermal 
distortions.

With this regard, AISI 304 stainless steel is characterized by a good weldability, 
being such as to allow full penetration in laser beam welding of plates thick 10 mm 
and more, also without filler material [2].

Weldability can also be defined through the metallurgical features of the weld 
metal and heat affected zones [3]. In fact, austenitic steels undergo the so-called 
sensitization phenomenon for heating at temperatures around 500 °C. It consists of 
a chromium carbides precipitation along the grain boundaries, which leaves chro-
mium depleted areas, with the consequent implications in terms of material embrit-
tlement and sensitizing to intergranular corrosion and stress corrosion cracking [4].

The tendency toward hot cracking during weld solidification is another serious 
issue of weldability for austenitic stainless steels, caused by the presence of little 
amounts of sulfur and phosphorus; these elements have a strong tendency to segre-
gate along the boundaries of the dendrite grains, forming low-melting point eutectics 
distributed as a liquid film, resulting in cracks formation under the force of contrac-
tion [5]. The presence of a small amount of ferrite enhances the resistance to solidi-
fication cracking: if an austenitic steel solidifies primarily as ferrite-δ with austenite 
solidification at the latter stage (FA mode), it results less susceptible to hot cracking, 
due to the high solubility of the impurities in the ferritic phase and the consequent 
restriction of their partitioning in the interdendritic regions. The δ/γ interface shows 
also a better cracking resistance than δ/δ or γ/γ ones, because they have higher grain 
boundary wettability with respect to the eutectic liquid enriched by impurities, as 
discussed in [6] and more recently in [7] where the role of the microstructure of the 
mushy zone is experimentally highlighted.

The ability to predict microstructures and properties of austenitic stainless steels, 
according to the heating during welding and the subsequent cooling phase, is the 
topic of many researches. Recently, several studies have been developed to simu-
late, by the finite element method (FEM), the welding thermal fields (for a review 
on these numerical methods, see the work of Marques et al. [8]). Furthermore, Sun 
et al. [9] carried out a work to evaluate the dilution grade in multi pass arc welding 
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and predict the final microstructure of the weld; more recently, Kik [10] calibrated 
the heat source by selecting the finite element mesh in such a way that the calculated 
shape of the melt pool corresponds to that from real tests. However, these numerical 
simulations require increasing computing capacity and time, according to the degree 
of accuracy of the mesh into which the joint is subdivided [11], and needs to be 
validated by experimental measurements which, by their nature, are specific of the 
welding conditions considered [12].

A less complex approach, from the point of view of the thermal field calcula-
tion, is given by the phenomenological laws of the heat conduction (for a review 
on this approach to thermal field modeling, see the work carried out by Mackwood 
and Crafer [13]; a complete overview on basic mathematical formulation of the heat 
sources in conduction-based modeling is reported by Franco et al. [14]). In the case 
of high-power laser beam welding, however, a model based only on heat conduc-
tion would not take into account the complex fluid dynamics phenomena inside the 
keyhole, which affect the thermal distribution and are very difficult to simulate ana-
lytically. So, in order to compensate for the simplification inherent in the model-
ling carried out according to the laws of heat conduction, an experimentally-fitted 
multipoint-line system of the thermal source was proposed by Giudice et al. [15]. 
The parameters of the source system were set in order to obtain the best fit between 
the analytical profile of the fused zone (FZ) and the one detected experimentally, 
with the purpose of giving a complete 3 D simulation of the resulting thermal field.

With the core objective to demonstrate the usefulness of the model in inves-
tigating the laser beam weldability of a base metal-filler system, in a previous 
work [16] it was applied to evaluate thermal field and cooling rates in laser beam 
welded AISI 304 L steel plates. The simulation carried out allowed to foresee the 
weld composition, solidification mode, and microstructure (austenite matrix with 
residual ferrite), resulting in agreement with the experimental observations. This 
work can be considered as a preliminary approach to a full-field investigation of 
the AISI 304 steel weldability, and did not take into account the effects of varia-
tions in the main process parameters.

Particularly, welding speed can have important effects on material weldability, 
as investigated in literature by simplified analytical models of the thermal con-
dition over time applied to high strength steel [17], or by numerical simulation 
(FEM) aimed at assessing the effects on mechanical properties of duplex stainless 
steel welds [18].

In the present work, referring to the case of butt-welded AISI 304L thick 
plates, the potential of the proposed analytical approach to heat source mod-
eling has been investigated, with specific regard to the prediction of the effects 
on thermal field and cooling rates, due to welding speed variations, and their 
consequences on the metallurgical properties of welding. In particular, the cool-
ing rate has turned out to be a crucible parameter to determine the fused zone 
microstructure. As a matter of fact, based on results in the literature, not only the 
weld composition, but the two parameters together determine the percentage of 
residual ferrite, or ferrite number (FN), resulting decisive for the weld perfor-
mance [19, 20]. For example, for AISI 304 steel the optimum value of FN is in 
the range 4–8%. At low cooling rates, this value depends primarily on the weld 
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composition. In this respect a good value of the ratio  Creq/Nieq is around 1.7, but 
the consequence of high cooling rates, which can be reached during laser beam 
welding, are not to be overlooked: cooling rates higher than  102 K/s lead to the 
formation of an excessive amount of residual ferrite, which is detrimental to the 
mechanical properties [20].

With these premises, the current work presents a novel and more complete inves-
tigation of the AISI 304 L laser beam weldability, focused on the following funda-
mental parameters, which in turn depend on the welding speed:

• the composition of the fused zone FZ, considering both the use of filler material 
(which becomes necessary in the case of very thick plates or welding of dissimi-
lar steels), and the case of autogenous welding;

• the cooling rate at the interface between FZ and the base metal, where the melt 
pool solidification starts, and the sensitivity to the formation of solidification 
cracks is high.

Furthermore, it has to be considered that the cooling rate governs both the solidi-
fication process and the subsequent solid-state transformations, so as to determine 
the final microstructural characteristics of this specific region. Therefore, its trend 
at the FZ boundary has been analyzed along the whole cooling paths corresponding 
to different values of v, from the liquidus to the solidus temperatures, for a check of 
the solidification mode, and down to the lower limit of the miscibility gap (δ+γ), to 
predict the percentage of residual ferrite, which is due to the solid-state transforma-
tion δ → γ.

Materials and methods

Welding trial

Two plates (each one with length 1000, width 1000  mm and thickness 10  mm), 
made of austenitic steel AISI 304L, were butt-welded in a single-pass by a  CO2 gas 
laser beam.

Although AISI 304 steel can be welded in an autogenous way, the plates were pre-
pared with square edges, no gap, and filler material interposed in the form of four con-
sumable inserts (each one being a sheet with length 1000, height 10 mm and width 
0.4 mm), in order to diversify the FZ composition. The inserts were initially fixed by 
gas tungsten arc tack-welding. The gap absence avoids energy losses due to the laser 
beam reflections on the metal internal surface, which were investigated in [21].

The incident beam energy is so high that the portion of irradiated material melts 
and vaporizes, forming a capillary cavity (keyhole), surrounded by molten metal. 
At high temperatures, a part of the vapor ionizes forming plasma, which is harm-
ful because it absorbs energy and attenuates the laser beam effects. The control of 
plasma was performed by a transverse helium flow, through a nozzle, directed above 
the interaction zone of the laser beam with the molten bath. Helium is technically 
preferable to argon, although more expensive, because of its greater resistance to 
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ionization. The experimental setup, developed for clad steel in [22], is shown in 
Fig. 1; the process parameters are given in Table 1.

The focus position was located beneath the upper surface of the plates at a dis-
tance Δz = 5.5 mm, which is indicated by a positive number as, for simplicity of cal-
culation, in the model a reference system with the origin on the plate upper surface 
and the z-axis oriented downwards has been considered.

The compositions of base (BM) and filler material (FM) are shown in Table 2. 
BM consists of two plates of AISI 304L. The letter L indicates a reduced carbon 
concentration respect to the usual concentration C = 0.08% of the common AISI 304 
grades, with the purpose of limiting the risk of carbide precipitation.

The inserts utilized for the welding trial were made of AWS 309L, more alloyed 
than AISI 304 steel and thus suitable for welding dissimilar materials. This filler 
material was chosen to diversify the composition of the FZ with respect to that of 
the BM, and compare the contents of Ni and Cr detected experimentally in the joint 
with those obtained by applying the analytical model.

Furthermore, simulations were carried out hypothesizing that the consumable 
inserts are made of AWS 308L, which is a less alloyed filler material commonly 
used for welding AISI 304L [23].

For a useful comparison, the case of autogenous welding was also considered in 
the simulations.

This specific welding procedure was chosen because, in addition to being easy 
to use, it ensures great tolerance with respect to any geometric imperfections in the 
preparation of the edges and/or errors in the alignment of the beam; moreover, with 
a correct number of inserts, it allows the avoidance of the risk of incomplete fusion 
more easily than using filler wire. By this way, it is also possible to obtain an easier 
control of the degree of dilution.

Visual inspections, performed for a first quality check, ascertained that the welded 
bead is free from cracks and other macroscopic defects. Macrographic observations 
of the cross-section showed a full penetration of the fused zone (FZ) along the whole 
plates thickness: it has a regular shape, with a width of about 2 mm, which becomes 
slightly wider near the external surface at the laser beam side and shows a certain 

Fig. 1  Setup of the welding process: a cross-section, b longitudinal section of the plates
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enlargement in correspondence to the focus position (Fig.  2a). The micrographs, 
taken after a suitable metallographic preparation by mechanical grinding and etch-
ing through the Glyceregia reagent (16%  HNO3, 42% HCl, 42% glycerol), show a 
regular boundary of the FZ and no enlargements of the austenitic grains in the BM 
(Fig. 2b); the FZ has a homogeneous dendritic structure, characterized by austenitic 
matrix with the presence of residual ferrite (Fig. 2c).

Thermal field modeling

The actual heat input generated by the keyhole and its effects on the melt pool and 
on the weld cross-sections was modeled by a heat sources system constituted by a 
line source along the entire thickness and two point sources located, respectively, on 
the surface and inside the joint, at the focus point of the laser.

It is well kwon that a line source produces a thermal profile uniform along the 
plate thickness, while a point source introduces also thermal gradients along the 
thickness [13]. Hence, it is a fact that both of these sources are far from approximat-
ing the actual temperature distribution produced during laser beam welding. There-
fore, in our work we experimented a parameterized combination of these types of 
sources that can simulate the real distribution of temperatures. The parameters of the 
source system were set in order to obtain the best fit between the analytical profile of 
the fused zone and the one detected experimentally.

Considering a reference system (x,y,z), whose origin is fixed to the thermal 
source, that moves along the welding axis x with speed v (m/s), in the case of a point 
heat source  QP (W) the temperature T(x,y,z) in a generic point is given by the fol-
lowing equation:

where  T0 is the initial temperature, c a numeric coefficient, k (W/mK) the ther-
mal conductivity, α  (m2/s) the diffusivity,  rP (m) the radial distance from the point 
source:

where zP is the depth of the mobile source respect to the axes’ origin, which is 
located on the body surface.

(1)T(x, y, z) = T0 +
QP

c� k rP
e
−

v

2�
(rP+x)

(2)rP =

√
x2 + y2 +

(
z − zP

)2

Table 1  Laser beam welding parameters

Laser beam 
power P (kW)

Welding speed 
v (m/min)

Focus 
diameter 
(mm)

Focus 
position Δz 
(mm)

Helium flow 
rate (l/min)

Consumable inserts (mm)

14 1.2 0.5 5.5 20 1.6 (4 sheets, each width 0.4 mm)

471Lasers in Manufacturing and Materials Processing  (2021) 8:466–490

23456789)1 3



The numeric coefficient in the denominator of Eq. (1) is c = 2 when  zP = 0 (point 
source on the body surface) and c = 4 when  zP > 0 (point source inside the body).

In the case of a mobile source uniformly distributed on a line along the body 
thickness (z axis), Rosenthal [24] gives the following equation for the temperature 
fields in the plane xy:

where  QL (W/m) is the power per unit of the source length,  K0 the modified Bessel 
function of the second kind of order zero,  rL (m) the radial distance from the source 
in the plane xy:

The approach presented in [15] is based on the set up the system of types (1) 
and (3) sources, able to produce the same thermal effect of the actual interaction 
between the laser beam and the workpiece, without evaluating the complex energy-
transfer processes that characterize keyhole mode laser welding. This effect is repre-
sented by the shape and boundaries of the weld bead on the plane orthogonal to the 
direction of source movement. The generalized model can be adapted to the specific 
case to be analyzed, on the basis of the geometrical features of the experimentally 
detected bead cross-section.

By varying the configuration of the model, it is possible to simulate the thermal 
sources system capable of determining the laser welding beads of the most common 
shapes, from those typical of deep penetration laser welding, to those characterized 
by low penetration and parabolic cross-section beads. After the setup of the most 
suitable combination of heat sources, the multi-source model is defined in detail by 
fitting, on the shape of the bead cross-section experimentally detected, the param-
eters that characterize the geometric layout and strength of the sources: the length 
of the line source and the location depth of the point sources  (zL,  zP1, …,  zPi, …), 
which define the layout of the model; the distribution coefficients (γL, γP1, …, γPi, 
…) of the laser’s thermal power absorbed by the keyhole, which define the strength 
distribution among the sources.

In the case under consideration, the thermal analysis was carried out by an ana-
lytic model based on the superimposition of two point sources and one line source, 

(3)T(x, y) = T0 +
QL

2� k
e
−

v

2�
x
K0

(v rL
2�

)

(4)rL =
√
x2 + y2

Table 2  Composition of the base metal and the filler (% by weight)

a FM utilized for the experimental welding trial and for the analytical simulations.
b FM also considered for the analytical simulations.

C Mn Si P S Ni Cr Mo Fe

AISI 304L 0.018 1.15 0.41 0.025 0.001 10.1 18.4 – Bal
AWS  309La 0.010 1.65 0.33 0.020 0.010 12.4 24.5 0.47 Bal
AWS  308Lb 0.025 1.40 0.30 0.030 0.030 10.0 20.0 – Bal
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whose thermal fields, according to the conductivity-based modeling previously 
introduced, are expressed by Eqs. (1) and (3):

where  T0 is assumed equal to the room temperature (293 K).
To simulate the full penetration welding and the keyhole effect, reproducing the 

experimental profile of the molten area in the best possible way, the thermal sources 
were located as follows:

• first point source on the external surface, at the laser beam side  (zP1 = 0 mm);
• second point source inside the bead where the beam is focused 

 (zP2 = Δz = 5.5 mm);
• line source along the whole bead thickness  (zL = 10 mm).

This choice was made according to the morphology of the FZ profile in the 
welded section: the line source contributes to the formation of a regular shape of 
the FZ along the entire thickness, while the point sources give rise to the convexities 

(5)T(x, y, z) = T0 +
∑2

i=1

QPi

ci�krPi
e
−

v

2�
(rPi+x) +

QL

2�k
e
−

v

2�
x
K0

(vrL
2�

)

Fig. 2  Macro- and micrographic images taken on the welded section: a welded bead cross-section, b FZ 
boundary, c FZ microstructure
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that characterize the experimental profile, respectively, near the surface exposed to 
the laser beam and inside the joint, where the beam is focused.

Once the model layout was defined, the sources’ strength parameters γL and γPi 
were introduced in order to distribute the overall power of the laser beam between 
the line and the two point sources. Of course, the sum of these partition coefficients 
of the thermal power must respect the condition: γL + γP1 + γP2 = 1.

Being P = 14 kW, the net power carried by the laser beam, the fraction absorbed 
by the plates can be expressed by introducing the coefficient η < 1, in order to 
exclude the fraction absorbed by the plasma and dispersed in the environment. 
Therefore, the following expressions of the power delivered by each source are 
defined by the following expressions:

under the condition of balancing the total power input:

The absorption coefficient η in Eqs. (6) and (7), and the sources’ strength distri-
bution parameters γPi and γL, are variables to be determined numerically to allow the 
best fitting of the analytical profile on the experimental FZ boundaries.

Assuming, in all the considered cases, constant values at T = 700  °C (Table 3) 
for the thermophysical parameters, the construction of a 3D model of the FZ was 
achieved by applying Eq. (5) in order to obtain the isothermal curves on horizontal 
planes at different values of z.

Equation (5) allows the expression of the thermal field of the two point and line 
sources model in each point (x,y,z) according to the reference system fixed on the 
heat source moving on the surface of the workpiece. To analyze the temperature 
cycles in a fixed detection point, as time varies, i.e., as the distance of the mobile 
sources from the detection point varies during their movement, the following coordi-
nate transformation must be operated in Eq. (5):

where v is the moving speed along the x axis, and t is the time.
By means of this transformation, a fixed point on the workpiece, with respect to 

the mobile reference system xyz, is identified by the coordinates (ξ,y,z).
The model is further implemented to determine the cooling rate in (ξ,y,z) fixed 

points of the workpiece, deriving Eq.  (5) with respect to time after having trans-
formed x into ξ (8):

being a’i =  QPi/ciπk, a’’ =  QL/2πk, b = v/2α,  rPi and  rL expressed by Eqs. (2) and (4) 
where the transformation x → ξ is applied,  K0 and  K1 are the modified Bessel func-
tion of the second kind of order zero and one. This equation allows the calculation 

(6)QPi = �Pi�P QL = �L�P∕zL

(7)�P =
∑2

i=1
QPi + QLzL

(8)x → � = x − vt

(9)�T(�, y, z)

�t
=
�2

i=1

⎡⎢⎢⎢⎣

a�
i
v � e−b (rPi+�)

r3
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−
a�
i
b
�
−
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− v
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of the cooling rates at each point (ξ,y,z), as the heat sources approach it and move 
away along the x direction.

Application and preliminary results

Experimental fitting of theoretical model

Figure 3 shows the 3D modeling of the melt pool together with the fitting of theoret-
ical FZ profile on the one detected experimentally in the cross-section plane of the 
welded joint. The isothermal surface of the melt pool (at 1400 °C solidus tempera-
ture) was constructed by calculating the isothermal curves on xy planes at various 
depths along the z axis (Fig. 3a). The theoretical profile of the weld bead was calcu-
lated by projecting the maximum contour of the 3D model of the melt pool onto the 
yz plane (Fig. 3b). In this way, the imprint of the maximum width of the FZ on the 
cross-section of the joint was obtained.

The fitting with the experimental profile was optimized by minimizing the sum 
of the squared distances along the y axis, between the experimental and the theoreti-
cally calculated profiles (Fig. 3c). The optimization was performed by the evolution-
ary solving tool implemented in Excel, obtaining the convergence to a stable solu-
tion that closely approximates the experimental profile.

As a result of this procedure, the distribution parameters of the beam power (γL = 0.81, 
γP1 = 0.10, γP2 = 0.09) and the absorption coefficient (η = 0.51) were obtained. With 
regard to the latter result, a model presented to calculate the absorption terms in keyhole 
mode laser welding [26] has been applied to the specific conditions under consideration, 
allowing to estimate η = 0.55, a value that validates the fitting of the calculated profile to 
the experimental one. This value is aligned with those calculated in [27].

Simulations of welding thermal behavior

Once the model has been fitted, various simulations to evaluate the effects of 
the mobile heating source can be performed.   With the purpose of evaluating 
the effects of the welding speed v, four different values (0.4, 0.9, 1.5 and 1.8 m/
min) have been considered in addition to the experimental value (v = 1.2 m/min). 
Figure  4a shows the FZ profiles in the transverse plane zy calculated for each 
welding speed. The corresponding weld seams, constructed for each speed v, are 
shown in Fig. 4b.

Table 3  Thermophysical parameters utilized in the calculation [25]

Solidus temp Ts 
(K)

Density ρ (kg/m3) Specific heat  Cp (J/
kg K)

Thermal conduct k 
(W/m K)

Diffusivity α  (m2/s)

1673 7682 600 25 5.42·10−6
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Focusing on the FZ cross-sections represented by the profiles in Fig.  4a, in 
which the area occupied by the inserts is represented by the gray rectangles, it can 
be observed that the thermal input is generally sufficient for their complete fusion 
together with a part of the base material. The condition corresponding to the highest 
speed (v = 1.8 m/min) is an exception: in this case the extension of the molten area, in 
correspondence to some regions along the thickness, is not fully sufficient and reveal 
the possibility of weld defects onset, due to incomplete fusion of the filler metal.

In Fig.  4c, for each of the intermediate simulated welding speed (0.9, 1.2, 
1.5 m/min), the isotherms in the plane xy at z = 5 mm (i.e. at the center of the 
plate thickness) are drawn for three significant temperatures: 1400  °C solidus 
temperature, 500 °C lower limit and 850 °C upper limit of temperature for carbide 

Fig. 3  FZ modeling: a isothermal curves for melt pool construction, b 3D model of the melt pool and 
projection of the FZ cross-section profile, c comparison between the calculated and experimental profiles 
of the weld bead cross-section
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precipitation. These isotherms give an indication of the width of the FZ and the 
zone heated in the sensitizing range of temperature.

Finally, Fig.  4d shows in detail the FZ boundary for v = 1.2  m/min, highlight-
ing two limit isotherms at liquidus (1454 °C) and solidus (1400 °C) temperatures, 
respectively. This detail anticipates the way the FZ boundary has been modeled for 
the simulation of the whole cooling path, which has to comprise both the solidifi-
cation stage (from liquidus to solidus temperatures), and the subsequent solid-state 
cooling stage down to solvus temperature. With this purpose, the FZ boundary will 
be considered as a region between two limits, defined by the points such that the 
maximum of the thermal cycle is equal to the liquidus and the solidus temperature, 
respectively.

The temperature–time curves, obtained by means of the x → ξ transformation 
(8), are shown in Fig.  5 for v = 0.6 m/min (lower welding speed, to which cor-
responds the greatest heat input), at different distances y from the welding axis, 
being y = 2.60 mm the value corresponding to the FZ-HAZ limit.

The intersections of these curves with the horizontal dashed lines allow the calcu-
lation of the permanence time in the sensitizing range 500–850 °C. In the case under 

Fig. 4  Simulation results: a profiles of the FZ as the welding speed v varies, b weld seams construc-
tion, c isotherms in the xy plane at z = 5 mm corresponding to the intermediate values of v considered, 
d detail of the FZ boundary for v = 1.2 m/min, with the two limit isotherms at liquidus and solidus tem-
peratures

477Lasers in Manufacturing and Materials Processing  (2021) 8:466–490

23456789)1 3



examination, due to the short permanence time, which reach a maximum value equal 
to about 12 s for v = 0.6 m/min, this kind of deterioration can be excluded [28].

The cooling rate were calculated through the Eq.  (9) for the welding speeds 
considered, near the welding axis at y = 0.2 mm and in correspondence of the FZ 
boundary. Values of y lower than 0.2 mm, i.e. a greater proximity to the welding 
axis were not considered because the Rosenthal-type equations lose reliability, 
being based on the incident point source hypothesis that leads to infinite tempera-
ture at the sources (y = 0) [24].

Results of the Eq. (9) application on the plane xy, at z = 5 mm, are shown in 
Figs. 6 and 7. It can be observed that at y = 0.2 mm (Fig. 6), the cooling rates are 
very high, reaching maximum values around 6·104 K/s, which are very similar for 
the five welding speeds analyzed.

With regards to the FZ boundary, as anticipated before and shown by Fig. 4d, it 
has been modeled as a region between an internal and external limit, defined by the 
points at the distance y from the welding axis such that the maximum of the ther-
mal cycle is equal to the liquidus temperature (1454 °C) and the solidus temperature 
(1400 °C), respectively. Within these two limits, during heating, the base metal only 
partially melts; in particular, the external limit defines the welding contour beyond 
which the base metal remains in the solid state, and therefore is the boundary 
between the FZ and the HAZ. The internal limit of the FZ boundary, instead, defines 
the distance from the welding axis where the cooling starts exactly from the liquidus 
temperature, and thus includes the whole solidification down to the solidus tempera-
ture, and the subsequent solid-state transformation down to the solvus temperature, 
during which the structural constituents are created in the specific quantities which 
will characterize the FZ boundary region at room temperature.

Fig. 5  Temperature–time trends for the indicated values   of y, at z = 5 mm and v = 0.6 m/min
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As a consequence, the cooling rates at the FZ boundaries (Fig. 7) are differenti-
ated between these two limit points, for each welding speed. In this case the max-
imum values of cooling rates result lower and more varied than those calculated 
at y = 0.2 mm. Table 4 reports the detailed maximum values calculated for cooling 

Fig. 6  Cooling rate curves for the five welding speeds considered, at z = 5 mm and y = 0.2 mm

Fig. 7  Cooling rate curves for the five welding speeds considered, at z = 5 mm and at the FZ internal and 
external boundary limits

479Lasers in Manufacturing and Materials Processing  (2021) 8:466–490

23456789)1 3



rates at y = 0.2 mm and at the internal and external limits of the FZ boundary (with 
the specification of the corresponding y values, which vary with the welding speed).

As a general conclusion, cooling rates are very high near the welding axis with 
limited variation as a function of the welding speed. They drastically reduce moving 
from the welding axis towards the boundary of the fused zone, where the formation 
of solidification crack is more probable; moreover, in this zone they show significant 
variations when the welding speed increases.

Extended investigation and discussion

Fused zone composition and properties

The filler material composition and the degree of dilution are decisive for the joint 
properties. Considering the area occupied in the cross-section by the consumable 
inserts  (AFM = 16  mm2) and the calculated area of the FZ  (AFZ), the weld bead com-
position can be obtained by carrying out a weighted average of the BM and FM 
compositions, using as weights 1-AFM/AFZ and  AFM/AFZ, respectively.

Obviously, the size of the FZ area is determined by the thermal input and thus by 
the welding speed, in this case equal to 0.3, 0.9, 1.2 (experimental value), 1.5 and 
1.8 m/min. As already observed, the heat input due to 1.5 m/min welding speed is just 
sufficient to avoid a lack of fusion at the interface with the consumable insert (Fig. 4a). 
So v = 1.5 m/min represents a limit value. With this regard, the highest speed (1.8 m/
min) turns out to be critical. In all cases, excessive welding speeds are not recom-
mended because provides fast cooling rate, resulting into fine dendritic microstructure 
which enhances the probability of solidification cracking and lack of penetration [29].

The values of  AFZ and  AFM/AFZ, obtained for each welding speed, are given in 
Table 5. The equivalent value of the weld width (W) was calculated dividing  AFZ 
by the weld depth (D = 10  mm), in order to obtain the weld depth to width ratio 
(R = D/W), shown in Table 5. The ratio R is strongly dependent on the heat input, 
increasing as v increases until it approximates the values   reported in [2] for fiber 
laser welding of AISI 304 stainless steel plates without filler material.

The FZ compositions, which depend on the dilution grade and thus on the weld-
ing speed, are calculated considering the consumable inserts made of AWS 309L 
(used in the experimental trial) and also hypothesizing that they are made of AWS 
308L. The results are reported in Table  5, together with the equivalent composi-
tions  Nieq = %Ni + 35%C and  Creq = %Cr + %Mo, calculated according to the Weld-
ing Research Council diagram (WRC-1992) [30], still widely used today for ferritic-
austenitic microstructures.

First of all, it is worth noting that the calculated contents of Ni (11.5%) and Cr 
(22.2%) for the experimental conditions (v = 1.2 m/min and inserts in AWS 309L) 
agree with the values measured experimentally by EDS, as reported in [16].

In Table 5 is also given the volume percentage of the residual δ-ferrite, that is 
the so-called ferrite number (FN), read on the WRC-1992 diagram [30] in corre-
spondence to the calculated values of  Neq and  Creq. In Fig. 8, the FZ compositions, 
expressed as  Nieq and  Creq, are superimposed on the WRC-1992 diagram.
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In the case of AWS 309 L inserts, the weld composition is strongly affected by 
dilution and thus by the welding speed values; the representative points are charac-
terized by high FN values and solidification as ferrite (F mode), which subsequently 
transforms partially into austenite during cooling [31]. Conversely, the simulations 
with the AWS 308 L inserts gives lower values of FN and representative points 
placed across the boundary between FA and F mode.

In the case of autogenous welding of AISI 304 L steel, the solidification mode is 
FA (in the manner already described in the introduction) with the amount of residual 
ferrite FN = 7 (in the absence of filler material, it is not affected by dilution). This is 
an optimum value which allows to prevent the hot cracks formation. During cooling 
of welded structures, the transformation of ferrite into austenite does not proceed to 
completion and some residual ferrite is retained at room temperature. For example, 
a content of ferrite up to 10% is desirable in austenitic welds [28], a condition that 
can be obtained also in the case of lower speeds (e.i. higher dilutions) by using AWS 
308L inserts. Small amount of residual ferrite enhances the resistance to solidifica-
tion cracking, but the presence of too much ferrite, as that calculated for the inserts 
in AWS 309L, may give adverse effects, because grains can be selectively attacked 
by certain corrosive media and ferrite can transform into the brittle σ phase at oper-
ating temperatures in the range of carbide precipitation.

An alternative approach to the evaluation of FN based on the composition of 
the FZ has been also applied. It uses a mathematical model to forecast the level of 
residual δ ferrite in terms of FN in austenitic stainless steel welds as a function of 
 Creq and  Nieq, and has been proven to provide a more accurate FN assessment than 
WRC-1992 within the range of compositions 1.2 <  Creq/Nieq < 2.0 and up to  103 ºC/s 
cooling rates [32]. The results, reported in the last column of Table 5, even if under-
estimate the values   of FN, if compared to those derived from the WRC-1992 dia-
gram, confirm the criticality of using AWS 309L inserts in terms of an excessive 
residual ferrite content.

Analysis of cooling conditions and effects on weldability

It is a fact that, other than composition, cooling rate is a crucible parameter to 
determine both the solidification mode and the fused zone microstructure. In laser 
beam welding, where it is common to encounter cooling rates up to  106 K/s, rapid 

Table 4  Maximum cooling rates, calculated by Eq. (9) at y = 0.2 mm and FZ boundary limits

v (m/min) y (mm) dT/dtmax (K/s) FZ bound. int. 
limit y (mm)

dT/dtmax (K/s) FZ bound. ext. 
limit y (mm)

dT/dtmax (K/s)

0.6 0.2 5.09·104 2.50 0.27·103 2.60 0.24·103

0.9 0.2 5.52·104 1.70 0.58·103 1.76 0.52·103

1.2 0.2 5.94·104 1.32 1.16·103 1.37 1.04·103

1.5 0.2 5.93·104 1.10 1.83·103 1.14 1.62·103

1.8 0.2 5.74·104 0.95 2.47·103 0.98 2.32·103
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solidification of materials may produce microstructures during solidification that 
are markedly different from those observed in more conventional process. In this 
respect, the work carried out by Vitek et al. [20] deals with a new model, based on 
a neural network analysis of existing data supplemented with newly generated ones, 
for predicting ferrite content in stainless steel welds as a function of composition 
and cooling rate. This model shows, for austenitic stainless steels, an increase in FN 
with increasing cooling rate, due to the inhibition of the solid-state ferrite to austen-
ite transformation. This trend continues up to a maximum value (equal to  104 and 
3·105 K/s respectively for 304 and 309 steels), beyond which it decreases with cool-
ing rate, in accord with the transition to a primary austenitic solidification mode.

On the basis of these findings and considering the previously introduced simula-
tion of cooling rate at the FZ boundary (Fig. 7), where the solidification of the melt 
pool starts and the formation of solidification cracks is more probable, it is possible 
to obtain significant predictive information regarding both the solidification mode 
and the residual ferrite content of the final structure, as the welding speed varies.

Focusing on what in the previous Sect. “Simulations of welding thermal behav-
ior” was defined as the internal limit of the FZ boundary, that is the points at the 
distance y from the welding axis such that the maximum temperature reached in the 
thermal cycle is equal to the liquidus temperature, a complete cooling process can 
be simulated, which includes:

• a first stage of complete solidification starting from the liquidus temperature 
(1727 K), under the initial condition of zero cooling rate (the temperature being 
maximum), and ending at the solidus temperature (1673 K);

Fig. 8  Representative points of the simulated weld compositions (Table 5), superimposed on the WRC-
1992 diagram [30]
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• a second stage of solid-state transformation down to the solvus temperature (lim-
iting the δ +  γ miscibility gap in the Fe–Cr–Ni pseudo-binary system), which for 
1.7 <  Creq/Nieq < 1.8 can be assumed equal to 600 °C (873 K) [33].

Figure 9 shows the cooling paths for each of the considered welding speed, simulated at 
the points corresponding to the internal limit of the FZ boundary (Table 4). The two stages 
are defined by the isothermal dashed lines at liquidus, solidus, and solvus temperatures.

Figure 10 shows the cooling rate trends corresponding to the paths in Fig. 9. In 
each curve, the points corresponding to the liquidus, solidus, and solvus tempera-
tures are highlighted. They divide the cooling rate profiles into the two sections cor-
responding to the solidification and the subsequent solid-state cooling. Therefore, it 
is possible to associate to each of the two sections a mean value of the cooling rate, 
to be taken as a reference for the predictions on the solidification mode and on the 
microstructural composition at the end of the cooling path, respectively.

The values of the cooling rates at the FZ boundary characterizing the two-stages 
paths in Fig. 9, calculated as the mean values of the two sections of each cooling 
rate profile in Fig. 10, are reported in Table 6.

With regards to the first stage (solidification), the limit value of the cooling 
rate  104  °C/s, beyond which primary austenite solidification can occur for both 
304 and 309 alloys [20], is not exceeded. Approximately the same limit was con-
sidered could be extended in general for Fe–Ni–Cr stainless steels with  Creq/
Nieq > 1.60 [34]. More recent findings have established that this limit condition 
in laser welding of austenitic stainless steels is lowered to  103 °C/s, in the case of 
alloys characterized by  Creq +  Nieq = 35% and  Creq/Nieq > 1.68 [35]. It can there-
fore be concluded that, for each welding speed considered, at all corresponding 

Fig. 9  Cooling path at the FZ boundary (z = 5 mm), as welding speed varies
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solidification cooling rates (Table  6) and compositions of the diluted FZ 
(Table  5), the primary austenitic solidification modes are excluded, confirming 
the FA or F solidification modes deduced from the WRC-1992 diagram (Fig. 8).

The mean value for cooling rates in the second stage (solid-state transforma-
tion inside the δ +  γ miscibility gap) is the parameter that affects the residual 
ferrite content evaluation. Its values calculated according to Vitek et al. [20], as a 
function of the mean cooling rate  (FNCR), are reported in Table 6 for AWS 309 L 
filler material and AISI 304 autogenous welding, respectively.

These data are plotted in Fig. 11, showing that for the AWS 309 L the values 
of  FNCR result too high, while for the AISI 304 the welding speed of 1.2 m/min 
represents a watershed below which the values of residual ferrite are acceptable.

Fig. 10  Cooling rate trends at the FZ boundary (z = 5  mm) during the two-stages cooling process, as 
welding speed varies

Table 6  Analysis of the two-stages cooling paths in Fig. 9

v (m/min) FZ bound. int. 
limit y (mm)

Solidification 
 Tliquidus →  Tsolidus

Cooling (solid-state)  Tsolidus →  Tsolvus

dT/dtmean
(K/s)

Solid. mode dT/dtmean
(K/s)

FNCR 309 FNCR 304

0.6 2.50 0.012·103 FA/F 0.015·103 10.0 6.0
0.9 1.70 0.028·103 FA/F 0.033·103 12.0 8.5
1.2 1.32 0.057·103 FA/F 0.064·103 13.5 10.5
1.5 1.10 0.089·103 FA/F 0.100·103 14.5 12.0
1.8 0.95 0.120·103 FA/F 0.135·103 16.0 13.0
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Finally, in Fig. 12 the trends of  FNCR, calculated as functions of the cooling 
rate at the FZ boundary corresponding to each welding speed (Table 6, Fig. 11), 
are compared to the values of the residual ferrite content obtained by means of 
the compositions of the FZ (Table 5), considering both the WRC-1992 diagram 
 (FNWRC ) and the mathematical formulation proposed by Valiente Bermejo [32] 
 (FNVB). These results highlight the determinant effect of the cooling rate in esti-
mating the residual ferrite content in the weld.

Conclusions

In the present work, an analytical model, based on the assumption of a virtual heat 
sources system experimentally-fitted on specific process conditions, was used to 
simulate the thermal field due to high power laser welding. It was applied to inves-
tigate the laser beam weldability in a single pass of thick plates, made of AISI 304L 
austenitic steel, butt-positioned with the interposition of consumable inserts as filler 
material, with specific regard to the prediction of the effects on thermal field and 
cooling rates due to welding speed variations, and their consequences on some key 
metallurgical aspects of welding.

The following conclusions can be drawn:

• A limit value of welding speed, that allows the weld formation without lack of 
fusion, was identified (it is equal to 1.5 m/min in the case considered).

• For all the welding speeds considered, the formation of a sensitized zone can be 
excluded, due to the short time of permanence between 500 and 850 °C.

Fig. 11  Mean cooling rate during solid-state transformation at the FZ boundary and corresponding resid-
ual ferrite content values  FNCR vs. welding speed
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• In the case of AWS 309L inserts, the weld metal compositions at each welding 
speed, if superimposed on the WRC-1992 diagram [30], result in the range of F 
solidification mode, with higher residual ferrite content.

• The simulation with inserts made of AWS 308L shows compositions near the 
boundary between the FA and F mode, according to the WRC-1992 diagram. 
In this respect, the lowest welding speeds considered (v = 0.6 and 0.9  m/min) 
allows to obtain a good value of residual ferrite and an FA solidification mode.

• In the case of autogenous welding, the WRC-1992 diagram shows for the AISI 
304 composition an FA solidification mode and a residual ferrite content FN = 7, 
which is suitable to enhance the resistance to solidification cracking, avoiding at 
the same time any negative effect due to an excessive content.

• The residual ferrite contents obtained by the mathematical modeling of its rela-
tionship with FZ composition [32], even if are slightly underestimated in com-
parison to those reported on the WRC-1992 diagram, confirm the criticality of 
using AWS 309L inserts in terms of an excessive residual ferrite content.

• Near the welding axis the maximum cooling rate is not significantly affected by 
changes of the welding speed. However, it is reduced moving towards the bound-
ary of the fused zone, becoming markedly affected by the welding speed values.

• The results of analytical simulation highlight the decisive contribution of weld-
ing speed on cooling rate at the boundary of the fused zone with base metal, and 
consequently in the estimation of the residual ferrite content.

• Taking into account the effect of welding speed, for the simulations with the 
AWS 309 L inserts, the residual ferrite content result lower than those calcu-

Fig. 12  Comparison between the results of different approaches to the evaluation of residual ferrite con-
tent: composition-based approaches  (FNWRC ,  FNVB), and cooling rate-based approach  (FNCR)
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lated both through the WRC-1992 diagram and the FN mathematical modeling, 
but they remain too high in each case examined. Conversely, in the case of AISI 
304 autogenous welding, the ferrite percentage result higher than those calcu-
lated both through the WRC-1992 diagram and the FN mathematical modeling; 
moreover the welding speed of 1.2 m/min represents a limit value below which 
the residual ferrite content show values capable to guarantee good performance 
of the weld.
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