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• French company, founded in 2006, 4 Ph. D. Engineers

• Experts in Modeling, COMSOL Certified Consultants:
• CFD
• Structural mechanics
• Electromagnetism
• Heat transfer
• Chemical engineering

• Services:
• Numerical modeling
• Custom-made training sessions
• Modeling assistance

• Main Clients:

SIMTEC, www.simtecsolution.fr
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Problem / Objectives

Succession of
Impacts

Melted Zone

Pulsed Laser 
Welding

To predict the residual stresses and 
distortions after welding in order to 

optimize the process

• Highly localized heating
• Phase transitions
• Non-uniform dilatation 

and contraction of the 
material
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Physical Phenomena

Thermo-hydraulic Thermo-metallurgy

Thermo-mechanics

 Laser/matter interaction 
 Welding pool formation

 Residual stresses
 Plastic deformations

 Metallurgical phase changes

𝛼′ 𝛼′ + 𝛼 + 𝛽

𝛼 + 𝛽
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Thermo-hydraulic Phenomena
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2 thermodynamic phase 
transitions:

fusion and vaporization
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Laser beam trapping

 Recoil pressure generation induced by the 
vaporization process

 Deformation of the vapor/liquid interface

 “Keyhole” formation
 Increase of the global absorptivity

liquid
liquid

solid
solid

From PIMM Laser, Arts et métiers ParisTech, France

]kW[laserP

10 ]ms[t

1

Vaporization process

][KTsurf

10 ]ms[t

vapT

5



Thermo-hydraulic Model

INTRODUCTION – THERMOHYDRAULIC          – THERMOMETALLURGY          – THERMOMECHANICS          – CONCLUSIONS

• Melting Transition:
Viscosity evolution

Tmelt

solid

gas

• A three-phase description: Bruyere et al. A Phase Field Approach to Model 
Laser Power Control in Spot Laser Welding, 
Proceedings of the 2014 Comsol Conference 

Cambridge (2014)
 Two-Phase Flow, Phase Field approach
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CFDHeat transfer

𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌 𝒖 ⋅ 𝛻 𝒖 = 𝛻 ⋅ −𝑝  𝐼 + 𝜂 𝛻𝒖 + 𝛻𝒖𝑇 + 𝜌𝒈β T − T𝑚𝑒𝑙𝑡

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ 𝜌𝒖 = 0

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝒖 ∙ 𝛻𝑇 = 𝛻 ∙ 𝑘𝛻𝑇 + 𝑄𝑖

In condensed phase:

𝜌 = 𝜌 𝑇

𝐶𝑝 = 𝐶𝑝 𝑇 + 𝐿𝑓
𝑑𝛼

𝑑𝑇
𝑘 = 𝑘 𝑇

with  
𝑇𝑚𝑒𝑙𝑡−

Δ𝑇

2

𝑇𝑚𝑒𝑙𝑡+
Δ𝑇

2 𝑑𝛼

𝑑𝑇
𝑑𝑇 = 1

Δ𝑇 = 40𝐾
𝐿𝑓 = 3,9 ⋅ 105 𝐽/𝑘𝑔



Vaporization Process

 𝑚 = 1 − 𝛽𝑅
𝑀𝑚𝑜𝑙

2𝜋𝑅𝑚𝑜𝑙𝑇
(𝑝𝑠𝑎𝑡

𝐶𝑙𝑎𝑝𝑒𝑦𝑟𝑜𝑛
−𝑝𝑎𝑚𝑏)

𝑝𝑠𝑎𝑡
𝐶𝑙𝑎𝑝𝑒𝑦𝑟𝑜𝑛

= 𝑝0𝑒

𝐿𝑣𝑀
𝑚𝑜𝑙

𝑅𝑚𝑜𝑙𝑇𝑣𝑎𝑝
1−

𝑇𝑣𝑎𝑝
𝑇

ambiant pressure

vacuum

𝑇𝑣𝑎𝑝

INTRODUCTION – THERMOHYDRAULIC          – THERMOMETALLURGY          – THERMOMECHANICS          – CONCLUSIONS

• CFD: Recoil pressure generation

• Heat transfer: Vaporization flux
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𝐹𝑙𝑢𝑥𝑣𝑎𝑝 = −𝐿𝑣 ⋅  𝑚

 Mass transfer neglected
 Pressure jump added at the liquid/gas 

interface when 𝑇 > 𝑇𝑣𝑎𝑝

Results: Exp.
Num.

Num.
Exp.



𝛼-phase:

 𝑧𝛼 =

𝑧𝛼 ∗
𝑧𝑚𝑎𝑥
𝑐 𝑇 − 𝑧𝛼 − 𝑧𝛼′

𝜏𝛼 𝑇
𝑖𝑓 𝑇 < 𝑇𝛽

𝑧𝛼 ∗
𝑧𝑚𝑎𝑥
ℎ 𝑇 − 𝑧𝛼 − 𝑧𝛼′

𝜏𝛼 𝑇
𝑖𝑓 𝑇 > 𝑇𝛽

𝛼′-phase:

 𝑧𝛼′ =
𝑧𝛼′ ∗

𝑧𝑚𝑎𝑥
𝑐 𝑇 − 𝑧𝛼 − 𝑧𝛼′

𝜏𝛼′ 𝑇
𝑖𝑓 (  𝑇 > 0)

−
𝑧𝛽

𝜏𝐵(𝑇)
 𝑇 𝑖𝑓 (  𝑇 < 0)

𝛽-phase:

𝑧𝛽 = 1 − 𝑧𝛼 − 𝑧𝛼′

Metallurgical Behavior and Modeling

𝛼′

𝛼′ + 𝛼 + 𝛽

𝛼 + 𝛽

TA6V (90% Titanium, 6% Aluminum, 4% Vanadium) 2 ODEs 

Coefficients calibrated with literature data

3 metallurgical phases: 𝛼, 𝛼′, 𝛽

• At initial state, 𝑇 = 20°𝐶 , 𝑧𝛼 = 92%, 𝑧𝛼′ = 0,
𝑧𝛽 = 8%

• During the heating process, a metallurgical phase
change occurs if 𝑇 > 𝑇𝑏𝑒𝑡𝑎, 𝑧𝛽 𝑧𝛼

• During the cooling process, the 𝛽-phase is partially
or totally transformed into 𝛼′-phase

Y. Robert, « Simulation numérique du soudage du TA6V par laser YAG impulsionnel : caractérisation 
expérimentale et modélisation des aspects thermomécanique associées à ce procédé », PhD, « Ecole 

des mines de Paris », 2007
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• 0D-model in COMSOL (2 point ODEs)

• 3D example with welding operating conditions (2 domain ODEs)
T [K] 𝑧𝛼′ [-]

Metallurgical COMSOL Model

𝑇𝛽

𝑇𝑚

Experimental Fusion 
Zone after cooling

𝑧𝛼′ = 1

 𝑧𝛼 = 𝑓 𝑧𝛼 , 𝑧𝛼′ , 𝑇,  𝑇

 𝑧𝛼′ = 𝑓 𝑧𝛼 , 𝑧𝛼′ , 𝑇,  𝑇

𝑧𝛽 = 1 − 𝑧𝛼 − 𝑧𝛼′

𝑇𝑚𝑒𝑙𝑡

Temperature cycle [K]
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𝑑𝑇

𝑑𝑡
= 10 000[𝐾/𝑠]

Phase fraction [-]

𝑇𝛽𝑇𝑚



𝜀 = 𝜀𝑒 + 𝜀𝑝

𝜎 = 𝔼 𝑇 : 𝜀 − 𝜀𝑝 − 𝛼 𝑇, 𝑧𝑖 ⋅ 𝑇 − 𝑇0 𝑰

Thermal DilatationViscoplasticity with non-
linear kinematic hardening

Mechanical Behavior and Modeling

 𝜀𝑝 =  𝑝
3

2

𝜎′ − 𝑋′

𝐽2 𝜎′ − 𝑋′

 𝑋 =
2

3
𝐶 𝑇  𝜀𝑝 − 𝛾𝑋  𝑝

 𝑝 =
𝐽2 𝜎 − 𝑋 − 𝜎𝑦 𝑇

𝐾 𝑇

n T

From literature [1,2]:

• Influence of viscoplastic effects at high
temperature 𝑇 > 0,5 ∗ 𝑇𝑓𝑢𝑠𝑖𝑜𝑛

• Predominance of Baushinger effect  kinematic
hardening

• No isotropic hardening

“Lemaître & 
Chaboche” 

model

3D :
13 domain ODEs
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Deformation scale * 50

Mechanical COMSOL Model
• 2D-axi model

𝜕𝑤

𝜕𝑡
=  𝜀𝑑𝑒𝑓𝐿0 ⋅ 𝑓(𝑡)

𝑟

𝑧

•  𝜀𝑑𝑒𝑓 = 10−3𝑠−1

• 6 temperatures :
𝑇0 = [20, 200, 400, 500, 600,

, 800] {°𝐶}

• Mechanical coefficients 
obtained from literature and 
computations

𝜀33 [-]

𝜀33 ≤ 0,01+ constraint :

Y. Robert, « Simulation numérique du soudage du TA6V par laser 
YAG impulsionnel : caractérisation expérimentale et modélisation 

des aspects thermomécanique associées à ce procédé », PhD, 
« Ecole des mines de Paris », 2007
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Thermo-mechanical Results
Comparison with experimental results (from Robert)
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Influence of the deformation rate

Experimental Characterization

𝑻𝟎 = 𝟐𝟎𝟎°𝑪

𝑻𝟎 = 𝟕𝟎𝟎°𝑪

No 
influence

Experimental Numerical

 𝜀𝑑𝑒𝑓  𝜀𝑑𝑒𝑓
Influence of 
viscoplastic

effects
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𝜎𝑣𝑜𝑛 𝑀𝑖𝑠𝑒𝑠 [𝑃𝑎]

• Fusion and vaporization phase changes modeled with COMSOL

• Development of a thermo-mechanical model taking into account:

• metallurgical phase change

• non-linear kinematic hardening

• viscoplastic effects

• Validation of the numerical implementation in COMSOL by comparison with
experimental results

Relevant for industrial
operating conditions such as 

pulsed laser welding
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Conclusions and Outlooks



Thanks for your attention .. and your questions!

Vincent BRUYERE

SIMTEC

(+33) (0)9 53 51 45 60

vincent.bruyere@simtecsolution.fr


