N

N

An experimental and numerical case study of thermal
and mechanical consequences induced by laser welding
process
Yabo Jia, Yassine Saadlaoui, Hédi Hamdi, Julien Sijobert, Jean-Christophe
Roux, Jean-Michel Bergheau

» To cite this version:

Yabo Jia, Yassine Saadlaoui, Hédi Hamdi, Julien Sijobert, Jean-Christophe Roux, et al.. An exper-
imental and numerical case study of thermal and mechanical consequences induced by laser welding
process. Case Studies in Thermal Engineering, 2022, 35, 10.1016/j.csite.2022.102078 . hal-04082654

HAL Id: hal-04082654
https://hal.science/hal-04082654
Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04082654
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2214157X22003240
Manuscript_80a7a91553857220528adf0b96ddc63d

Case Studies in Thermal Engineering 35 (2022) 102078

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

-

.A‘?%
ELSEVIER journal homepage: www.elsevier.com/locate/csite

An experimental and numerical case study of thermal and
mechanical consequences induced by laser welding process

Yabo Jia ";, Yassine Saadlaoui, Hédi Hamdi, Julien Sijobert, Jean-Christophe Roux,
Jean-Michel Bergheau

University of Lyon, Ecole Centrale de Lyon-ENISE, LTDS, UMR 5513 CNRS, 58 rue Jean Parot, 42023, Saint-Etienne Cedex 02, France

ARTICLE INFO ABSTRACT

Keywords: In this study, an experimental benchmark with different welding conditions is developed. In-situ
Experimental benchmark diagnostics tools (high-speed camera, thermocouple) and ex-situ diagnostics devices (high-reso-
Laser welding process lution digital microscope, measuring arm, X-Ray diffraction device) are exploited to measure
Finite element method various physical quantities. These measurements set up a complete database of laser welding

Thermo-mechanical simulation benchmarks, which can establish a relationship between welding parameters and thermo-

mechanical consequences. Meanwhile, the finite element method is used to investigate such a
process and understand the multi-physics coupling problems behind the process. Numerical and
experimental comparisons are performed in two steps. Firstly, the molten pool morphology and
temperature evolution are employed to calibrate the 3D volumetric heat source. Secondly, a
thermo-mechanical coupling is carried out by imposing the thermal strain calculated from the
calibrated thermal model. Thermo-elastoplastic models with isotropic and kinematic hardening
are used to compute the distortion and residual stresses. Mechanical results (distortions and re-
sidual stresses) of numerical models are compared with those of the benchmark. Overall, a good
correlation is found. Thus, this paper provides a full experimental case study and numerical so-
lution for laser welding process, which allows researchers to validate their numerical models and
also gives some insights for modeling welding processes.

Nomenclature

X coordinate perpendicular to scanning direction (mm)
Y coordinate along scanning direction (mm)

Z coordinate in depth (m)

C heat capacity (J/K)

T temperature (K)

a(T) thermal expansion coefficient (1/K)
Qheat input heat flux (W)

Qloss heat losses (W)

Re2 heat source parameters (mm)

Ri2 heat source parameters (mm)
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Ratio heat source parameters (mm)

n heat source parameters (—)

Tair room temperature (K)

Hy kinematic parameters (Pa)

H, kinematic parameters (Pa)

Qo normalized maximal energy input (W/mm®>)
heon convective loss coefficient (W/mm?K)
Aii thermal conductivity in ii direction (W/mm K)
p material density (Kg/mm3)

€ surface emissivity (0.8)

1) Stefan-Boltzmann constant (Kg/s’3K’4)
c cauchy stress (Pa)

S fourth-order compliance (Pa)

? body force (N/mm®)

o displacement (mm)

€ linearized strain (—)

€ elastic strain (—)

eP plastic strain (—)

el thermal strain (—)

71 kinematic parameters (—)

oy yield stress (Pa)

1. Introduction

Laser welding process is widely used in the industry for joining high integrity components. The heat source generated by laser beam
impacts directly the size of the melting and heat-affected zones. Distortions induced by high power density welding technologies (laser
welding, electron-beam welding) are generally less than those of other classical welding technologies (arc welding, resistance welding,
etc.). Moreover, high welding speed, well-controlled welding path, welding without contact, and possibilities of assembling different
materials (both metallic and non-metallic) are its main advantages. All these features make laser welding technology becoming an
increasing process. Apart from welding [1,2], laser can also be used for various materials processing applications, such as heat
treatment [3], selective laser melting [4] and surfacing [5], etc.

The wide use of laser welding process and the need to improve its performance led to the development of several studies.
Experimental approach is often used to study and analyze this thermo-mechanical process. For example, Rong et al. [6] have studied
the phase transformation during the laser welding of EH36. Xu et al. [7] and Deraskhshan et al. [8] have investigated the residual stress
of butt joint induced by laser welding. Ramkumara et al. [9] and Saadlaoui et al. [10] have worked on the microstructure and melt pool
morphology. Generally, it consists in optimizing the process parameters, such as laser power distribution [11], laser welding condition
[12-14], to ensure a better quality of welded parts. However, experimental trials are not always accessible and they can be very
expensive considering that the process parameters are numerous. For these reasons, numerical simulation is of special interest for
optimizing process parameters, and for predicting the final consequence of welded parts with a reasonable cost and computation time.

Numerical approaches used to simulate the laser welding can be classified into two groups according to the modeling scale. The first
group includes the thermo-mechanical simulation to predict the mechanical consequences (distortions and residual stresses) induced
by welding. For example, Ahn et al. [15] and Chen et al. [16] have studied residual stresses in laser welded T-joints. These stresses in
multipass welding have been modeled by Duranton et al. [17] and Feulvarch et al. [18]. Herrnring et al. [19] have investigated the
residual stresses considering the precipitation. Huang et al. [20,21] proposed high efficient finite element models based on local mesh
refining method and Graphics Processing Unit for predicting residual stress. The second group consists in simulating the process itself
(multi-physics simulation) considering the fluid flow in the weld pool. For example, Saadlaoui et al. [22] and Zhang et al. [23] have
studied the effect of fluid flow on simulation accuracy of the thermal field. The laser welding on key-hole has been simulated by Xu
et al. [24] and Xie et al. [25]. Jiang et al. [26] have studied the effect of fluid flow on solidification. Compared to the multi-physics
simulations, thermo-mechanical simulations are widely used because of their lower computation cost. Moreover, the
thermo-mechanical simulations allow estimating residual stresses and distortions at the same scale as industrial structures, thus
providing very useful information for fatigue lifetime predictions or welding sequence optimization. However, thermo-mechanical
models require calibration of heat source and must be validated by comparing numerical results (melt pool morphology, thermal
cycles, residual distortions, etc.) with those of experimental tests.

Different experimental measurements have been reported in the literature to satisfy the numerous research demands in laser
welding. For example, Lei et al. [1] measured the deformation of cutting surface to validate their mechanical model. Similarly, to
investigate the inhomogeneity of AISI 316L butt joint part, Rong et al. [2,6,7] measured the melt pool morphology and angular
distortion after the welding process for validating their numerical models. Gao et al. [27] studied the formation of molten pool and the
keyhole during Nd: YAG laser welding of stainless steel. Derakhshan et al. [8] only employed the ex-situ diagnostics tools to investigate
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Fig. 2. (a) Diagram of defocused laser beam; (b) laser beam analysis; (c) energy distribution of defocused laser beam.

residual stress and welding distortion induced by laser-based welding processes, which cannot provide the information during the
processes. Ramkumar et al. [9] provided only melt pool shape after the laser welding process. Performing a complete experimental
benchmark is quite complex, and requires the installation of various in-situ and ex-situ diagnostics tools. Different physical quantities
were measured separately by the aforementioned work. However, a complete experimental benchmark that allows validating different
models, in both thermal and mechanical aspects, is still lacking.

In this context, a complete benchmark, including melt pool morphology, temperature evolution, distortion, and residual stress, is
presented. To benefit the developed experimental benchmark and study the laser welding process, a thermo-mechanical simulation is
also presented in this paper. This benchmark allows calibrating and validating the thermo-mechanical model, and the numerical model
can provide supplementary details and results on the laser welding process.

The paper is organized as follows:

@ The proposed experimental set-up is presented in Section 2;

@ Some details of numerical model are presented in Section 3,

@ Numerical and experimental results are compared and discussed in Section 4.
@ Conclusions are addressed in Section 5.

2. Experimental set-up

As it is shown in Fig. 1, a specific experimental setup is designed and carried out by using two in-situ diagnostics tools (high-speed
camera, thermocouples). These tools allow us to capture the evolution of temperature and molten pool morphology during the laser
welding process.

A TRUMP LASMA 1054 CNC machine, a PRECITEC YC52 laser head, and a LASERLINE LDM 3000-60 diode multimode laser source
(with a power of 3 kW and a wavelength of 930 nm) is used in this study. This multimode laser is generally used only for conduction
mode manufacturing processes (welding, selective laser melting, laser cladding, etc). A real laser power of 2.5 kW was measured by a
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Fig. 3. Weld’s sketch: (a) Locations of thermocouples; (b) Positions for where residual stress are determined; (c) x-z cross section in the middle of weld’s length:
measurements of maximum vertical displacement Uz.
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Fig. 4. Thermo-mechanical simulations procedure and couplings with experiments.

wattmeter. Laser beam is defocused by 5 mm to carry out a laser welding by conduction (without keyhole). This configuration gives a
laser beam diameter of 2.4 mm (Fig. 2). Samples 100 mm x 100 mm x 10 mm were extracted from an Austenite AISI 316L hot rolled
plates. All samples were subjected to a relaxation heat treatment (610 °C for 2.5 h with slow natural cooling rate in a neutral at-
mosphere) to reduce residual stresses related to the machining and rolling processes. A single weld bead of 90 mm length is created for
each sample. In order to have significant outputs for each experiment, three welding speeds of 600, 1600, and 2600 mm min ' were
tested and three samples are prepared for each welding speed.

A PHANTOM VEO 710 high-speed camera (resolution of 1280 x 800 pixels, maximal rate of 7400 fps) synchronized with an
auxiliary laser light (CAVILUX diode laser) is used to track the formation of the weld pool. This system allows measuring the length and
width of the weld pool. Its depth and height can be determined by observing a cross section with an optical microscope. Thermocouples
of type K with a diameter of 0.2 mm are used to acquire temperature evolution.

A FARO GAGE 3D measuring arm with a precision of 0.02 mm is employed to measure maximal distortions induced by the welding.
A PROTO™ XRD device specially designed for residual stress determination is used to measure surface residual stresses. For each point,
measurements in x and y-directions are carried out. A Manganese tube generating an X-Ray beam with a wavelength of about 2.10314
pm is chosen to make sure that the (hkl) Miller indices describing planes 311 of the stainless-steel FCC Crystallographic structure
diffracted at the Bragg’s angle 152.8°. The sin?(y) method is used to determine residual stress with X-ray elastic constants of the family
of planes 311: %52311 =7.18x10°° [MPa}_1 and — Sy331 = 1.20 x 10°°[MPa] . In the present study, fourteen y directions were
considered.

Fig. 3 resumes the locations of thermocouples (P1,P2,P3), positions for measuring residual stress, and measurement of distortions
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Fig. 5. Volumetric heat source: Power density distribution of the heat source on the top surface (a); Heat source position in the welding part, beneath the surface (b).
for different welding speed (600 mm/min, 1600 mm/min, 2600 mm/min).

3. Numerical model

In general, thermo-mechanical computation can be achieved in two steps: a strong coupled thermal and metallurgical simulation,
followed by a mechanical computation taking into account temperature and metallurgical phases previously computed. In the present
work, metallurgical transformations are disregarded; the application presented is the AISI 316L stainless steel devoid of such trans-
formations. Fig. 4 resumes the numerical simulations procedure and the couplings with experimental benchmark. Experimental
measurements can be used to calibrate and validate the numerical models, and the numerical results can enrich the database.

3.1. Thermal analysis

In the present study, thermal analysis is performed using classical first-order tetrahedral elements. Compared to hexahedral mesh,
tetrahedral mesh can greatly facilitate the meshing of complex geometries using currently available meshing tools. In this section,
thermal modeling is performed for simulating a moving heat source. In a solid medium with a domain €, governing equation for
transient heat transfer analysis [28] is given by Eq. 1:

Ca_Tfi}\ﬂ_;_i}\ﬂ—i-i}\ﬂ-l- +
P B _ax XX()X ay yy()y oz ZZaZ Gheat Qioss

Fourier type condition: Agrad T-n=¢g(T,f) on 09, )
Dirichlet conditions: T =T,(t) on 0Qr
0Q = 0Q, U 0Qr

where p, 1 and C are, respectively, the density, conductivity and specific heat. Ayy,y,., represent the thermal conductivity of X,Y,Z
direction. T is the temperature at nodes. 0Q is the boundary of domain Q. gpeq represents the input heat flux to simulate the laser
impact, and gy is the heat losses due to convection and radiation on the free surface.

As the fluid flow is neglected by Eq. 1, the thermal convection in the melt pool is missing. Therefore, different numerical models
(without fluid flow) giving accurate prediction on the melt pool morphology have been proposed [29-31], which are based on a
volumetric heat source or equivalent thermal conductivity technique. This paper adopts a volumetric heat source to simulate thermal
convection in the melt pool.

An elliptical truncated conical shape heat source with Gaussian power density distribution (Qo, Rel, Re2, Ratio, zi, ze) is proposed
to simulate the laser impact. Fig. 5 shows the power density distribution of the proposed heat source and its position in the workpiece.
Note that this heat source moves in Y direction. Its energy distribution is defined in Eq. (2):

X* v
TR PR

bZ
P
b = 27 (Re2 — Ri2) + Ri2 &)
ze — 17
b
“ " Ratio

The volumetric power density given by Eq. (2) is applied at the Gauss points. The total power really input in the model may
therefore depends on the local mesh where the heat source applies. Therefore, the n value is calculated at each moment in order to
ensure that the total power input is equal to desired value for the geometry considered.

Convective heat loss (heon = 20 W/m?) is computed by applying Newton’s law:
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Table 1

Parameters of Armstrong-Frederick model at different temperatures.
Temperature (°C) n Hy Hy Oy
20 90 4000 1635 260
200 85 3500 1517.5 173
400 55 2000 1285 140
500 40 800 1191.5 130
700 30 500 830 112
900 20 300 530 78
1000 5 20 385 57
1100 5 20 228 40
1400 60 120 1 1

Geon = Dcon (T - Ta[r) 3

Heat dissipation by radiation is defiend by Stefan-Boltzmann’s law:
9raa = 58(T4 - Tjir) (4)

where §, ¢ are Stefan-Boltzmann constant and the surface emissivity (¢ = 0.8), respectively. T and Tg; are in Kelvin.

3.2. Mechanical analysis

Regarding mechanical calculation, first-order tetrahedral finite elements are known to exhibit poor behavior in elastoplastic cal-
culations based on von Mises plasticity criterion due to volumetric locking problems. The Nodal-Integration Based Finite Element
Method (NI-FEM) presented in Jia et al. [32] is therefore used. The NI-FEM has been validated on different non-linear problems,
including thermomechanical problems such as spot welding [33].

In the context of NI-FEM, the nodes are used as the integration points. Nodal strains are thus calculated as the mean values of the
strains on the nodal domains. The stresses and the internal variables are then calculated at each node from the strain history by solving
the constitutive equations of the material.

Now, let us first shortly review the equilibrium equation, dynamic effects being disregarded:

— — —
dive+ f =0 5)

The global strain e = 1 (grad U+ gradTﬁ) is the virtual linearized strain associated to the nodal displacement . This global strain
can be decomposed as an elastic strain €, a (visco)plastic strain €?, and a thermal strain el

Elastic strain, €, is a function of the variation of stress tensor between the initial state (6;) and actual state (¢), which can be
expressed as follow:

e =S:(6—0;) ©)

where S is the fourth-order compliance tensor defined by elastic coefficients.
Thermal strain, €7, depends on actual temperature T, reference temperature Ty and expansion coefficient a*(T), which can be
written with the identity tensor I as follow:

e’ =o' (T)(T—Ty)I @

The computation of plastic strain €? is defined by three properties: (i) criterion for plasticity; (ii) flow rule; (iii) hardening model. In
the case of laser welding, the criterion of von Mises is adopted, and metallic plastic behavior follows J, flow (2nd stress deviator tensor
invariant) in general. In present study, the effect of hardening model is investigated and presented in the following part.

To descibe the material behavior of AISI 316L stainless steel during welding process, both isotropic and kinematic hardening model
have been discussed and tested for predicting residual stress in multi-passe TIG welding [34]. Two hardening models perform in the
same way for the first traction. However, once the material is plastically deformed, the isotropic hardening model will expand the
elasticity domain, which means an increase of the yield strength. In the contrast, the kinematic hardening model will displace the
center of the elastic domain. Kinematic strain-hardening model is always used to represent the Bauschinger effect, and are conse-
quently recommended for cyclic loading.

In the context of laser welding process, one should know that the weld material undergoes a cyclic loading. Thus, the Bauschinger
effect can be produced due to this cyclic load (especially for multi-passes case), and Depradeux et al. [35] shows the isotropic
hardening would over-estimate the residual stresses. Therefore, it can be interesting to also test the kinematic hardening for welding
simulations.

The uni-axial isotropic non-linear plastic strain-hardening curves of AISI 316L are taken from SYSWELD™ database [36]. For
kinematic hardening, the parameters of Armstrong-Frederick model have been calibrated to reproduce the same strain-stress curve at
different temperatures (more details can be found in the documentation of SYSWELD™ [36]1), and the parameters are shown in
Table 1. In the case of the material behavior must be characterized on the interval of important plastic strain, 3 linear kinematic
variables have been considered. Then, the relationship between uni-axial strain and stress for the first tensile can be given by Eq. (8):
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Fig. 6. Mesh and boundary conditions: (a) Free tetrahedral mesh (68,640 nodes/360,275 tetrahedrons); (b) thermal boundary conditions; (¢) mechanical bound-
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Table 2
Heat source parameters.
welding speed Energy input Qo0 Re2 Ri2 Ratio height (ze-zi)
600 mm/min 625 6 1.5 1.5 0.54 2.78
1600 mm/min 625 12 1.1 1.0 0.52 1.45
2600 mm/min 625 13 0.7 0.55 0.45 1.05
Speed : 600 mm/min Speed : 1600 mm/min Speed : 2600 mm/min
unit : °C
0.123+0.02
- _ 1400.00
1.007+0.1 1260.00
1120.00
_ 980.00
_ 840.00
700.00
L 560.00
[2.98 + 0.2]
420.00
280.00
140.00
0.00
Fig. 7. Numerical and experimental results of the weld pool morphology (unit: mm).
H ;
6="2(1—e) 4 Hyx " + oy ®)

71

where Hj, y1, H» are kinematic parameters to calibrate at different temperature and oy is the yield stress.

3.3. Mesh, material properties and boundary conditions

The thermal physical properties of AISI 316L are equally taken from SYSWELD™ database [36].

Fig. 6-(a) shows the FEM mesh for modeling laser welding process. Thanks to the symmetry plane, only half of the geometry needs
to be discretized. The mesh is used for step-by-step transient simulation. Therefore, mesh must be refined along the heat source’s
trajectory.
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Fig. 8. Numerical and experimental results of the temperature evolution.

Table 3

Comparison of vertical displacements given by experimental measurements and simulations.
values/welding speed V600 V1600 V2600
Measurements 0.411 + 0.02 0.174 + 0.02 0.091 + 0.02
Isotropic-hardening 0.47 0.170 0.093
Kinematic-hardening 0.401 0.162 0.090

Fig. 6-(b)/(c) presents the boundary conditions for thermal analysis and mechanical analysis. Because of strong diffusivity of heat in
the support made by 7020 aluminium alloy, the heat losses due to contact is considered. The aluminum support is simplified by a
strong convective loss with the air, this heat transfer coefficient is calculated by using aluminum’s thermal conductivity dividing by the
thickness of aluminum support (0.136 W/(mm*K)/20 mm). A constant room temperature of 25 °C is considered for the aluminum
support during the simulations. Mechanical contact with the aluminum support is out of considering since the plate is out constrained.

4. Results and discussion

The heat source parameters are calibrated by comparing the weld pool given by numerical models and experimental results.
Finally, Table 2 presents the calibrated heat source parameters. Katayama et al. [37] presented the laser absorption in fiber laser
welding of stainless steel, and it was found that the absorption depends on the wavelength and surface roughness, and decreased with
an increase in the welding speed. Therefore, the absorption in the case of laser welding AISI 316L is in the range of 0.36-0.55 [38,39].
In this study, a value of 0.5 is used in simulations of V600, and a good correlation of melt pool shape is observed. Therefore, the same
value of laser absorption is applied to all the study. The parameter n in Eq. (2) is calibrated automatically by software to ensure the
desired value for energy input (625 Watt).

Fig. 7 illustrates numerical and experimental results of the weld pool morphology. The melting temperature is 1400°. First, the
measured fusion profile after the manufacturing are presented. The cross-section of melt pool decreases with the increasing of welding
speed, as the line energy input decrease (equal to energy input dividing by welding speed). Overall, a good correlation is found be-
tween these results. Note that the presented melt pool is observed in the deformed geometry after the manufacturing, including the
mechanical deformation. Even though the line energy input decrease, the melt pool length increases with the increasing of welding
speed.

Numerical results of temperature evolution are also compared to those given by thermocouples in three points P1, P2, and P3. For
simplicity, the V600, V1600, and V2600 are used to represent the results obtained from the welding speed of 600 mm/min, 1600 mm/
min, and 2600 mm/min respectively. Fig. 8 shows a perfect correlation between numerical and experimental results. An acceptable
maximal relative error less than 5% is found.

The melt pool morphology can be employed to calibrate the heat source model, and the proposed heat source is capable of
reproducing almost the same melt pool shape (width, length, depth) as the experiments. In addition, the temperature evolution
comparisons between numerical and experimental results checked the whole thermal model’s accuracy, including the heat source
model, material properties, laser absorptivity, and boundary conditions. Numerical experience shows that the comparisons of tem-
perature evolution and width are indispensable steps to validate the whole thermal model; unfortunately, the measurements of melt
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Table 4
Transversal residual stress measured by DRX machine (unit: [MPa]).
2.5 (mm) 4 (mm) 8 (mm) 12 (mm) 16 (mm)
V600 —25+ 27 36 + 39 287 £15 179 + 19 164 + 14.5
V1600 192 + 34 300 £ 15 133 + 42 44 + 18 81 +19
V2600 252 + 25 330 + 35 141 +18 87 £ 13 124 +11
Table 5
Longitudinal residual stress measured by DRX machine (unit: [MPa]).
2.5 (mm) 4 (mm) 8 (mm) 12 (mm) 16 (mm)
V600 445 + 28 452 + 32 33+33 29 +19 3+13
V1600 445 + 28 186 + 18 -118 £ 16 —-19+15 —3+22
V2600 440 £+ 20 103 + 28 10 £ 16 —-18 + 15 21 £ 16

pool width have been rarely reported in the aforementioned experiments. One should notice that if only the comparison of fusion
profile (melt pool width and melt pool depth) is performed, nothing ensures that the melt pool length and whole thermal model are
accurately predicted. One should note that the inaccurate thermal results will be used for mechanical predictions.

Once the thermal validation has finished, mechanical results of numerical and experimental studies are compared. As first me-
chanical results, Table 3 provides a comparison of maximal vertical displacements for three welding speeds. It is found that the
maximal vertical displacement decrease when the welding speed increase. The kinematic hardening model leads to smaller vertical
displacements than those of isotropic hardening. For welding speed of V600, the vertical displacement simulated by kinematic
hardening model is closer to experimental values. For the others welding speed, both isotropic and kinematic hardening model give
good correlation with measurements.

Fig. 9 shows a comparison between the experimental and numerical results of transversal and longitudinal residual stresses.
Experimental results of residual stresses measured at the upper surface of the plate, with a distance 2 mm — 16 mm away from the weld
center-line. Tables 4 and 5 provide the measured residual stresses. In general, 16 mm from centre-line of weld bead is far enough to
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Isotropic-hardening Kinematic-hardenina

V600

unit (Mpa)
700.00
l 615.00
530.00
. 445.00
_ 360.00
275.00
190.00
105.00
20.00
-65.00
-150.00

V1600

V2600

Fig. 10. The distributions of the longitudinal residual stress (sy,) simulated by different hardening models.

ensure a very small residual stress.
From residual stresses results presented in Fig. 9, several conclusions can be made:

@ A significant effect of hardening patterns is noted in the HAZ, where the material has been plasticized and experienced cyclic
loading. This effect is less visible outside the HAZ;

@ Same tendency of residual stresses can be observed between numerical and experimental results;

@ Maximum residual stresses increase when welding speed increases. For example, a difference of 100 MPa is found between the
maximal value of the longitudinal residual stress for speeds of 600 mm/min and 2600 mm/min.

Fig. 9 shows the simulated transversal residual stresses by kinematic and isotropic models are comparable, while the longitudinal
residual stress are different at the heat-affected zone (HAZ). Fig. 10 provides contours of longitudinal residual stresses for better
appreciating the effect of hardening model. Different from the comparison of transversal residual stress, it is found that the hardening
model has an important effect on longitudinal residual stresses. Indeed, residual stress values given by the model with an isotropic
hardening are clearly much higher than those of the kinematic hardening model at HAZ. This difference can be explained by the fact
that the HAZ undergoes strong compression stress (heating phase) and tensile stress (cooling phase) during the process. Thus, Bau-
schinger effect can strongly decrease tensile yield strength.

5. Conclusion

In this study, a complete experimental benchmark of a laser welding case has been presented. It allowed to have enriched
knowledge on different physical quantities for three welding speeds (molten pool morphology, temperature evolution, distortions, and
residual stresses). Thermo-mechanical simulations were performed to simulate laser welding process.

The following more specific conclusions can be drawn from this work:

@ Variation of welding speed during the experimental study showed that it has a great effect on the molten pool morphology and
temperature evolution. For example, the weld pool was shallower and longer for high speeds. It is also found that the increase of
this speed leads to an increase in the residual stress, while distortion decrease. These effects of welding speed were also confirmed
by numerical simulations.

@ A 3D numerical heat source (elliptical truncated conical shape) with Gaussian power density distribution has been defined using
experimental thermal results (molten pool morphology and temperature evolution). It is found that this heat source has the
capability to accurately reproduce experimental thermal cycles and is able to simulate laser’s welding process as closer of real
physics.

@ It is found that hardening model has an important effect on residual stresses at the HAZ zone. Distortion become less sensible to
hardening model with increasing of welding speed.

To better identify the hardening model for laser welding simulation, it would be necessary to carry out the satoh tests. Note that the
proposed benchmark can be used by other authors to test or validate different numerical models.
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