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Fundaments of the Modelling of FSW
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Modelling of Friction Stir Welding
Why Modelling ?

To Develop
 Tool Material 
 Tool Geometrical Features
 Clamping System
 Process Parameters

To Know the Physics of FSW

To Predict
 Tool life
 Defects
 Performance Properties

(E.g., Mechanical, Creep, Corrosion)

 Residual Stress and Deformation

To Control the FSW Process

To Assess
 Temperature + Hydrostatic Pressure @ 3D viscoplastic material flow  (near field)
 Temperature + Stress /Strain distribution @ elasto-plastic domain (far field)
 Metallurgical history
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Friction Stir Welding Process
Fundaments – 3D Material Flow

FSW is ALIVE inside!

Perspective of visco-plastic material flow in longitudinal (x-z) plan… Taken from the Retreating/Flow side



Materials Joining and NDT
Department of Engineering Design 

and Production

Modelling of Friction Stir Welding
Complex Multiphysics Coupled Phenomena
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Friction Stir Welding Process
Fundaments – Hot versus Cold Material Flow Pattern

Vickers Hardness
Field

Vickers Hardness
Field

Courtesy of HZG
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Fundaments of Modelling
Modelling Structure
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Fundaments of Modelling
Formulation Methods
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Fundaments of Modelling
Discretization Methods

Discrete
Model

Discretization

Mathematical
Model

Finite Element Method

Finite Difference Method

Finite Volume Method

Meshless Method (SPH)
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Fundaments of Modelling
Integration Methods
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Example of Numerical Modelling Approach
Integration CSM / CFD

Elastic - Plastic 
Analysis of the plates remote from tool

HAZ and Base Material

Viscous - Plastic 
Analysis near the tool

Nugget and TMAZ

Updated at interface :

- Temperature

- Pressure

Structural Mechanics 

Approach

(E.g. Abaqus)

Fluid Dynamics 

Approach

(E.g. Fluent)

Results
Residual Stress Field

Residual Deformation

Thermal History of the HAZ

Results
Material Flow for different 

tool geometries

Thermal History at the 

vicinity of the tool  

Integration

FE Mesh

- Pressure

- Temperature
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Example of Numerical Modelling Approach
Description of the Integration CSM / CFD

D

 This integration imposes a thermal field in 

the CSM domain equal to the CFD thermal 

field in the vicinity of the tool: D > Shoulder

X0

Weld length 

Steps
 The integration generates an 

history that moves the thermal field 

across the CSM domain to simulate 

the welding process…
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Example of Numerical Modelling Approach
Features of the Integration CSM / CFD
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Visco-plastic Material Modelling for CFD 
Zener-Hollomon Model
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Material Modelling for CFD 
Zener-Hollomon Model
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Material Modelling for CSM 
Elastic-Plastic Material with Thermal Expansion

Temp. 

ºC
aexpansion [m/m.K]

Thermal Properties

Depending on Temperature

K (T) [W/m.K] Cp (T) [J/Kg.K]

 thermalthermal ET a   expansion

Solid Mechanics

Thermo-Mechanical Analysis:

E=73 GPa ; n=0.33

Mechanical Properties at Elevated Temperatures

Temp. [K}
Time at 

Temp. [h]

YTS

[MPa]

UTS 

[MPa]
Elong %

Fusion Temperature [K] ?

Solidus Temperature [K] ?

Liquidus Temperature [K] ?
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Temperature (oC)

Cooling 1110 - 725 (Austenite)

Phase Transformation 725 - 535

Cooling to Ambient 535- 20 (Martensite/Bainite)
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Co-efficient of expansivity
22.78 x 10-6 (/oC)

Co-efficient of expansivity
14.94 x 10-6 (/oC)

Co-efficient of expansivity
-0.73 x 10-6 (/oC)
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Modelling of Friction Stir Welding
Final Remarks

 Highly non-linear character (geometric, material, formulation)

 Physical properties vary throughout the FSW process  Demands:

Reliable Material Model Data (depending on: Temperature + Strain Rate)

 Heat generated at sliding interfaces between the tool and the workpieces

material depends on a frictional complex phenomena

 Visco-plastic flow dissipates significant heat to workpieces thus the correct 

simulation of material flow in the TMAZ is fundamental

 Thermal flow into the tool, anvil and clamping system does affect significantly 

the thermal field in the workpieces

 FSW model needs to allow hybrid formulation (solid and fluid mechanics)

 Not possible to apply symmetry simplifications 

 Complex tool profile implicates a complex discretization
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