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1 Abstract 

The last two decades have witnessed significant advances in friction stir welding 

(FSW). This solid-state welding process was originally used for joining Aluminum 

alloys before being extended to other metallic and non-metallic materials. The high 

complexity in FSW stems from the complex interactions between highly coupled 

physical phenomena. As experimental procedures are costly and time-consuming, 

numerical simulations were used extensively in an effort to develop a comprehensive 

understanding of the process. This research consists of two parts: one part provides a 

critical review of the three fundamental components of the numerical simulation of 

FSW; which are the numerical method, the constitutive model, and the contact model. 

The second part contains the detailed development of the finite element model to study 

the FSW process and submerged FSW process (SFSW), with emphasis on the effect of 

submerging on the temperature profile and thermal history. The finite element model is 

developed using the Coupled Eulerian-Lagrangian modeling technique and is validated 

against previous experimental work for the Aluminum 5083 alloy. Temperature profiles 

for different welding conditions are investigated to validate the model. The developed 

finite element model is able to predict the temperature profile in both FSW and SFSW 

processes. It also captures the dissymmetrical temperature distribution around the 

welding line; and the effect of using the SFSW process on peak temperatures, cooling 

rates, and size of the heat affected zone. Moreover, flash formation and the material 

flow patterns are successfully captured. The results show that increasing the rotational 

speed from 1000 rpm to 1700 rpm for the SFSW of the Aluminum 5083 alloy resulted 

in an increase in peak temperature by 200%. This temperature rise yields to material 

softening, improved the material flow, and higher weld quality. 

Search Terms: Friction Stir Welding, Johnson-Cook Model, Submerged Friction 

Stir Welding, Coupled Eulerian-Lagrangian modeling, Heat transfer, Numerical 

Modeling. 
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1 Chapter 1. Introduction 

 
In 1991, The Welding Institute (TWI) (Cambridge, United Kingdom) invented a 

solid-state joining process called Friction Stir Welding. This process uses a third body 

tool to join two similar or dissimilar materials without melting them. The joining 

process is achieved by rotating a non-consumable cylindrical tool with a specifically 

designed shoulder and probe. The tool is radially plunged at a constant rate into the 

joint (Figure 1.1). Consequently, due to the frictional contact between the tool and 

workpiece, frictional heat is generated. The frictional heat plus the heat generated due 

to plastic deformation, along with the adiabatic heat within the material, lead to material 

softening without melting [1]. After the tool probe is completely plunged into the joint, 

the tool is moved in the transverse direction developing a highly characteristic welding 

zone. The side of the weld at which the tool’s feed velocity and tangential velocity are 

additive is designated as the advancing side. At the retreating side, the tangential tool’s 

feed velocity and tangential velocity are opposite as shown in Figure 1.1. 

 

 

Figure 1.1 Sketch Drawing of FSW Arrangement 
 

FSW has several advantages when compared to conventional welding methods. 

As FSW is a solid-state process, it does not require shielding gases or flux and it avoids 

common problems of fusion welding such as weld porosity, hot cracking, and lack of 

https://en.wikipedia.org/wiki/Adiabatic
https://en.wikipedia.org/wiki/Melting_point
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fusion.  It consumes less energy when compared to fusion welding processes, and it 

generates no fumes or pollutants. In addition, thermal and mechanical tensioning can 

control residual stresses. The intense plastic deformation at a high temperature in the 

weld zone results in fine equiaxed recrystallized grains that yield to excellent 

mechanical properties [1-5]. Based on Friction Stir Welding (FSW), Friction Stir 

Processing (FSP) emerged as a tool for microstructural modification [1]. In FSP, the 

rotating tool is inserted in a monolithic workpiece to provide localized modification 

and control of the microstructure for specific property enhancement. Other variants of 

FSW are Friction Stir Spot Welding, Friction Stir Back Extrusion, Micro FSW, Ultra-

Sonic Vibration Enhanced FSW. 

The FSW/FSP is a very complex process that includes complex interactions 

between different thermomechanical processes like frictional heat dissipation, heat 

dissipation due to plastic deformation, the flow of material, local cooling, and dynamic 

recrystallization. As a result, the welded material undergoes severe plastic deformation 

and dynamic recrystallization. Moreover, the FSW process is considered a high strain 

rate process; strain rates to 10 s-1 were recorded in previous studies [2, 6-8].  

Recent advancements in high-performance computing and numerical 

algorithms have led to increased usage of numerical simulations for modeling the FSW 

process. Numerical simulations provide an effective tool to investigate the behavior of 

nonlinear physical systems that have complex mathematical models; FSW and its 

variants are typical cases. Benefits of numerical simulations include lower cost and time 

saving when compared to experiments. Fewer assumptions and more realistic 

mathematical description are applied when compared to analytical methods. 

Due to the non-linearity and highly complex interactions in the FSW process, 

several researchers [9-16] attempted to simulate FSW numerically in an effort to 

understand the material flow and the effects of process parameters on the different 

aspects of the FSW process. The general framework of the numerical simulation of FSP 

is shown in Figure 1.2. Numerical simulations start by observing the physical 

phenomena and establishing the mathematical models that are expressed in terms of 

governing and constitutive equations with the proper initial and boundary conditions. 

Then the governing equations; represented in most cases in the form of partial 

differential equations, are solved numerically. The numerical method generally 
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includes domain discretization, numerical discretization, and the numerical routine 

used to solve the resulting set of algebraic or ordinary differential equations.  

The numerical method plays a very important role in the accuracy of the 

computational results and computational cost. In this work, the numerical methods used 

in literature to simulate FSW are classified based on whether a Lagrangian approach or 

a Eulerian approach is used. The Eulerian approach has been used in most of the CFD 

codes.  On the other hand, in the meshfree methods, the continuum is discretized using 

a finite number of discrete particles that interact without mesh constraints. Several 

researchers [17-21] used meshfree methods to simulate FSW because of its native 

ability to model large deformation and determine the time history of all the field 

variables for any particle in the continuum.       

Numerical simulations in solid mechanics can be considered reliable only when 

a proper constitutive model that describes the material behavior is used.  Johnson-cook 

model, Sellars and Tegart model, Zerilli Armstrong model, and other models have been 

used in the literature due to their ability to capture the effect of strain, strain rate, and 

temperature on the flow stress of the material. As the FSW is a coupled thermo-

mechanical process, the effect of heat generation on the flow behavior should also be 

considered.  Heat generated during FSW is highly dependent on contact conditions at 

the tool-workpiece interface. Several mechanical friction models have been used to 

characterize the contact conditions using numerical simulations. Columb, Tresca, 

Columb limited by Tresca, and the Viscoplastic Friction Law are the most commonly 

used models in the literature.  

The aim of this research can be summarized in two points: first, to provide a 

critical review on the three main building blocks for numerical simulation of FSW that 

are the numerical method, the constitutive model, and the mechanical friction model. 

In each section, the current state of the art is presented along with a critical comparison 

between different methods and models. The review will be based on literature related 

to numerical simulations of FSW and FSP of metals. 

Second, to create a finite element model that is able to capture temperature 

distribution, material flow and the effect of submerging the process underwater in 

temperature distribution. The model is validated against the experimental work done by 

Kishta and Darras [22]. 
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Figure 1.2 General framework for conducting numerical simulations in FSW 
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2 Chapter 2. Eulerian Approach 

 

2.1. Description of Motion and Governing Equations 

 In the Eulerian approach, the integration domain (mesh/grid) is defined in a 

Eulerian reference system 𝑅𝑅𝑥𝑥 that remains fixed (inertial system) while the continuum 

moves across the fixed mesh. The nodes are defined as spatial points in space and the 

velocity of the mesh 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 0 . The fundamental property in the Eulerian framework 

is the velocity field 𝑣𝑣(𝑥𝑥, 𝑡𝑡); where 𝑥𝑥 is a spatial point (coordinate of a point in space) 

defined in the fixed Cartesian domain 𝑅𝑅𝑥𝑥 and 𝑡𝑡 is the time. On the other hand, in the 

Lagrangian approach, the integration domain (grid/mesh) is defined in a material 

reference system 𝑅𝑅𝑋𝑋where the grid is attached to the material and deforms with it.  

To apply the conservation laws in the Eulerian reference frame, the material 

derivative (the rate of change of a property following a fluid particle) in terms of 

Eulerian quantities should be evaluated. The material derivative is defined as follows: 

 
𝐷𝐷
𝐷𝐷𝑡𝑡

=
𝜕𝜕
𝜕𝜕𝑡𝑡
�
𝑥𝑥

+ 𝒗𝒗.𝛁𝛁𝒙𝒙 
(1) 

where 𝐷𝐷
𝐷𝐷𝐷𝐷

 is the material derivative, 𝜕𝜕
𝜕𝜕𝐷𝐷
�
𝑥𝑥
is the spatial derivative (time rate of change at 

a given fixed point), 𝒗𝒗 = 𝜕𝜕𝒙𝒙(𝑿𝑿,𝐷𝐷)
𝜕𝜕𝐷𝐷

  is the spatial velocity, 𝛁𝛁𝒙𝒙 =  𝜕𝜕
𝜕𝜕𝒙𝒙

 is the spatial gradient. 

The second term 𝒗𝒗.𝛁𝛁𝒙𝒙 is the convective derivative, which is the time rate of change due 

to the movement of the material element from one location to another where the flow 

properties are spatially different.  

The governing conservation equations in PDE form in the spatial domain 𝑅𝑅𝑥𝑥 
consisting of spatial points 𝑥𝑥 for the Eulerian description are [23]: 

 

Mass 
𝐷𝐷𝐷𝐷
𝐷𝐷𝑡𝑡

=
𝜕𝜕𝐷𝐷
𝜕𝜕𝑡𝑡
�
𝑥𝑥

+ 𝒗𝒗.𝛁𝛁𝒙𝒙𝐷𝐷 = −𝐷𝐷𝛁𝛁𝒙𝒙.𝒗𝒗 

(2) Momentum 𝐷𝐷
𝐷𝐷𝒗𝒗
𝐷𝐷𝑡𝑡

= 𝐷𝐷 �
𝜕𝜕𝑣𝑣
𝜕𝜕𝑡𝑡
�
𝑥𝑥

+ (𝒗𝒗.𝛁𝛁𝒙𝒙)𝒗𝒗� = 𝛁𝛁𝒙𝒙.𝝈𝝈 + 𝐷𝐷𝒃𝒃 

Energy 𝐷𝐷
𝐷𝐷𝐷𝐷
𝐷𝐷𝑡𝑡

= 𝐷𝐷 �
𝜕𝜕𝐷𝐷
𝜕𝜕𝑡𝑡
�
𝑥𝑥

+ 𝒗𝒗.𝛁𝛁𝒙𝒙𝑬𝑬� = 𝛁𝛁𝒙𝒙. (𝝈𝝈.𝒗𝒗) + 𝒗𝒗.𝐷𝐷𝒃𝒃 



  

13 
  

where 𝐷𝐷 is the mass density,  𝝈𝝈 denotes the Cauchy stress tensor, 𝒃𝒃 is the specific 

body force vector, and E is the specific total energy.  

The current position of a particle X can be determined as follows [24]: 

 

 𝒙𝒙(𝑿𝑿, 𝑡𝑡) = 𝑿𝑿 + � 𝒗𝒗(𝑿𝑿, 𝑡𝑡)𝑑𝑑𝑡𝑡
𝐷𝐷

0
 

(3) 

where 𝒙𝒙(𝑿𝑿, 𝑡𝑡)is the current position of a particle, 𝑿𝑿 is the reference position of the 

particle at 𝒕𝒕 = 0. Several researchers [12, 25-33] used the Eulerian approach along with 

the Finite Volume Method (FVM) to discretize the governing equations and simulate 

the FSW process. This approach is employed in majority of the CFD commercial codes. 

Details about the results obtained using CFD codes will be presented in section 2.4. 

2.2. Material Constitutive Model 

In the Eulerian approach, the material is modeled as an incompressible highly 

viscous non-Newtonian fluid. Nandan et al. [28], Kim et al. [27], Hasan et al. [26], 

Colegrove et al. [12], Aljoaba et al. [34], and Pal & Phaniraj [30] defined viscosity as 

a function of temperature and strain rate. They used Perzyna viscoplasticity model that 

defines the dynamic viscosity in terms of the effective flow stress and the effective 

strain rate:  

 𝜇𝜇 =
𝜎𝜎(𝑇𝑇, 𝜀𝜀̇)̅

3𝜀𝜀̇ ̅
 

(4) 

where 𝜎𝜎 is the effective stress, which needs to be determined using a solid-based 

constitutive relation, and 𝜀𝜀̇ ̅is the effective strain rate. 

The constitutive relation for calculating the viscosity is based on the Sellars and 

Tegart [35] model used in hot working processes: 

 

 𝜎𝜎𝑚𝑚 = 𝜎𝜎𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠ℎ−1 �(
𝑍𝑍
𝛽𝛽

)1/𝑚𝑚� 
(5) 

where 𝜎𝜎𝑅𝑅, 𝛽𝛽, 𝑚𝑚 are material constants. Z is the Zener-Hollomon parameter, defined as: 

 𝑍𝑍 = �̇�𝜀𝑒𝑒 exp ( 𝑄𝑄𝑅𝑅𝑇𝑇) 
(6) 

where Q is the activation energy of the material, and R is the universal gas constant. 

The effective strain rate is given by [28]: 
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 𝜀𝜀̇ ̅ = (
2
3

 𝜀𝜀𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖)1 2�  
(7) 

where the strain rate tensor 𝜀𝜀𝑖𝑖𝑖𝑖 is given by: 

 

 𝜀𝜀𝑖𝑖𝑖𝑖 =
1
2

( 
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+  
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

 ) 
(8) 

Sellars and Tegart model assumes that the flow stress is independent of the plastic strain 

and equal to the dynamic recrystallization steady state stress. In other words, it assumes 

stress saturation at a constant strain rate, which might be the case for high-temperature 

deformation processes. On the other hand, it might neglect and overestimate stresses at 

low strains [36]. Moreover, Sellars and Tegart model can predict grain size, as the Zener 

Hollomon parameter is related directly to the average grain size of dynamic 

recrystallization [37]. 

Nassar and Khariasheh [29] modified the viscosity term in Perzyna model to 

account for localized melting due to excessive heating.  They assumed that the volume 

fraction of the liquid phase (𝑓𝑓𝐿𝐿 ) formed during melting increases linearly from zero at 

the solidus temperature to one at the liquidous temperature according to the following 

piecewise function: 

 𝑓𝑓𝐿𝐿 =  �

   0                         𝑇𝑇 < 𝑇𝑇𝑚𝑚
𝑇𝑇 − 𝑇𝑇𝑚𝑚
𝑇𝑇𝐿𝐿 − 𝑇𝑇𝑚𝑚

       𝑇𝑇𝑚𝑚 ≥ 𝑇𝑇 ≥ 𝑇𝑇𝐿𝐿

1                     𝑇𝑇 < 𝑇𝑇𝐿𝐿

        
(9) 

They assumed that the modified viscosity of the material is: 

 

 𝜂𝜂𝐷𝐷𝑡𝑡𝐷𝐷𝑡𝑡𝑡𝑡 = 𝑓𝑓𝑆𝑆 .  𝜂𝜂𝑆𝑆 + 𝑓𝑓𝐿𝐿 . 𝜂𝜂𝐿𝐿 
(10) 

 

 𝜂𝜂𝑚𝑚𝑡𝑡𝑚𝑚 = (1 − 𝑓𝑓𝐿𝐿) .𝜎𝜎𝑅𝑅  sinh−1 ��
𝜀𝜀̇ ̅exp  (𝑄𝑄/𝑅𝑅𝑇𝑇)

𝐴𝐴
�
1 𝑛𝑛�

�  /3𝜀𝜀̇ ̅
(11) 

where 𝜂𝜂𝐿𝐿 is the melt viscosity and  𝑓𝑓𝑆𝑆 = 1 − 𝑓𝑓𝐿𝐿 is the fraction of the solid phase. 

Note that in the previous equations, for the material they used Mg AZ31, at 

which the viscosity of the liquid is very small compared to that of the solid and therefore 

can be neglected.   
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2.3.  Contact Conditions and Heat Generation  

 In the modeling of FSW, it is critically important to define the interface boundary 

condition at the tool-workpiece interface. Three different contact states; without 

considering a realistic friction model, are imposed in modeling FSW using the Eulerian 

approach: 

1- Sliding Condition: in this state, the velocity of the matrix material (V matrix) at 

the interface is zero.  This implies that the contact shear stress is less than the 

matrix yield shear stress. 

2- Sticking Condition: In this state, the tool velocity (𝑉𝑉𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜔𝜔 . 𝑟𝑟) and the martix 

velocity are identical on the interface, and the contact shear stress is equal to the 

material yield shear stress. Most studies assumed that a sticking condition exists 

at the tool-workpiece interface [9, 12, 33, 38-40]. This assumption is not 

realistic; especially in the shoulder region, and leads to over prediction of the 

deformed zone. Heat generation is assumed only to be due to plastic 

deformation without heat generation by friction. Other studies [29] assume 

sticking condition on the tool’s pin interface only.  

3- Partial sliding/sticking: In this state, the matrix velocity at the interface is less 

than the tool velocity. A spatially variable fractional slip (𝛿𝛿) between the tool 

and the workpiece interface is introduced. If 𝛿𝛿 = 1, the contact state is pure 

sliding. If 𝛿𝛿 = 0, sticking takes place at the interface. In Partial sticking sliding, 

the contact shear stress is less than or equal to the shear yield stress and the 

contact state variable is in the range of 0 < 𝛿𝛿 < 1. Based on experimental data 

of tool workpiece interfacial slip in cross wedge rolling process [41], the contact 

state variable is expressed as [28]: 

 𝛿𝛿 = 1 − exp  �−  
1
𝛿𝛿𝜊𝜊

 
𝜔𝜔
𝜔𝜔𝜊𝜊

 
𝑟𝑟
𝑅𝑅𝑚𝑚
� 

(12) 

where 𝛿𝛿𝜊𝜊 is a constant that is determined by trial and error, 𝜔𝜔𝜊𝜊 is a constant to non-

dimensionalize the rotational speed of the tool and 𝑅𝑅𝑚𝑚 is the shoulder radius (refer to 

Figure 2.1).  

Nandan et al. [28] defined the velocity at the tool pin interface in terms of the 

tool translation velocity and the tool pin angular velocity as follows: 
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Figure 2.1 A top view for a schematic diagram of FSW tool [28]. 
 

 𝑢𝑢 = (1 − 𝛿𝛿)(𝜔𝜔𝑅𝑅𝑃𝑃 sin𝜃𝜃 − 𝑈𝑈1) 
(13) 

 𝑣𝑣 = (1 − 𝛿𝛿)𝜔𝜔𝑅𝑅𝑃𝑃  cos𝜃𝜃 
(14) 

At the shoulder interface, the velocity condition is expressed as follows: 

 

 
𝑢𝑢 = (1 − 𝛿𝛿)(𝜔𝜔𝑟𝑟 sin𝜃𝜃 − 𝑈𝑈1)  

𝑣𝑣 = (1 − 𝛿𝛿)𝜔𝜔𝑟𝑟 cos 𝜃𝜃 � 𝑠𝑠𝑠𝑠 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑒𝑒 𝑅𝑅𝑃𝑃 ≤ 𝑟𝑟 ≤ 𝑅𝑅𝑆𝑆 
(15) 

Equations (15) were implemented by Hasan et al. [42] and Pal et al. [30] using the 

commercial CFD code Fluent. 

 It can be concluded that in the Eulerian approach, it is very difficult to handle 

realistic frictional contact conditions.  Several assumptions should be made to define 

the contact conditions and there is a lack of a unified description of the contact behavior.    

 The heat generated during FSW is due to plastic deformation and interfacial 

friction at the tool-workpiece interface. A steady-state energy conservation equation 

was used by Nandan et al. [28] and Pal et al [30] that has the following form: 

 𝐷𝐷𝐶𝐶𝑝𝑝 
𝜕𝜕(𝑢𝑢𝑖𝑖𝑇𝑇)
𝜕𝜕𝑥𝑥𝑖𝑖

= −𝐷𝐷𝐶𝐶𝑃𝑃𝑈𝑈1  
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥1

+  
𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

 �𝑘𝑘 
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥𝑖𝑖

� + 𝑆𝑆𝑖𝑖 + 𝑆𝑆𝑏𝑏  
(16) 

where 𝐶𝐶𝑝𝑝  is the specific heat and k is the thermal conductivity of the workpiece/tool, 

𝑆𝑆𝑖𝑖 is the heat source term arising from friction at the tool workpiece interface, and 𝑆𝑆𝑏𝑏 is 

the heat generation rate due to plastic deformation. The term 𝑆𝑆𝑖𝑖 is represented as [25, 

28]: 
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 𝑆𝑆𝑖𝑖 =  �(1 − 𝛿𝛿)𝜂𝜂𝜂𝜂 +  𝛿𝛿𝜇𝜇𝑓𝑓𝑃𝑃𝑁𝑁� (𝜔𝜔𝑟𝑟 −  𝑈𝑈1  sin 𝜃𝜃) 
𝐴𝐴𝑟𝑟
𝑉𝑉

 
(17) 

where 𝑟𝑟 is the radial center distance from the tool axis, 𝑉𝑉 is the control volume 

enclosing any small area on the pin/workpiece interface (𝐴𝐴𝑟𝑟), 𝜂𝜂 is the mechanical 

efficiency, 𝜂𝜂 the maximum shear stress at yielding, 𝜇𝜇𝑓𝑓 is the spatially variable 

coefficient of friction, and 𝑃𝑃𝑁𝑁 is the normal pressure. 

Note that when full sticking conditions occur (𝛿𝛿 = 0), the heat is generated only 

by plastic deformation. However, when 𝛿𝛿 = 1 heat is generated by friction.  The heat 

generation rate due to plastic deformation is represented as 𝑓𝑓𝑚𝑚𝜇𝜇𝜇𝜇, where Φ is 

represented as follows: 

 

Φ = 2 ��
𝜕𝜕𝑢𝑢1
𝜕𝜕𝑥𝑥1

�
2

+ �
𝜕𝜕𝑢𝑢2
𝜕𝜕𝑥𝑥2

�
2

+  �
𝜕𝜕𝑢𝑢3
𝜕𝜕𝑥𝑥3

�
2

� + �
𝜕𝜕𝑢𝑢1
𝜕𝜕𝑥𝑥2

+ 
𝜕𝜕𝑢𝑢2
𝜕𝜕𝑥𝑥1

�
2

+  �
𝜕𝜕𝑢𝑢1
𝜕𝜕𝑥𝑥3

+
𝜕𝜕𝑢𝑢3
𝜕𝜕𝑥𝑥1

�
2

+  �
𝜕𝜕𝑢𝑢3
𝜕𝜕𝑥𝑥2

+
𝜕𝜕𝑢𝑢2
𝜕𝜕𝑥𝑥3

�
2

 
(18) 

where 𝑓𝑓𝑚𝑚 is an arbitrary constant that indicates the extent of atomic mixing in the 

system. The value of 𝑓𝑓𝑚𝑚 will tend to 1 for a well-mixed system in the atomic scale. In 

systems where the grains remain largely intact as in FSW [28], the value of 𝑓𝑓𝑚𝑚 will be 

very small. Nandan et al. [28] and Cho et al. [25] assumed 𝑓𝑓𝑚𝑚 = 0.05. 

Pal et al. [30] defined the friction heat generation rate as: 

 �̇�𝑞 =   𝑣𝑣𝑚𝑚𝑡𝑡𝑖𝑖𝑝𝑝 𝑓𝑓𝑆𝑆 = (𝑣𝑣𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡 −  𝑣𝑣𝑚𝑚𝑡𝑡𝐷𝐷)𝑚𝑚𝜂𝜂 
(19) 

where 𝑣𝑣𝑚𝑚𝑡𝑡𝑖𝑖𝑝𝑝 and 𝑓𝑓𝑆𝑆 are the slip velocity and friction stress at the interface, 𝑣𝑣𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡 and 

𝑣𝑣𝑚𝑚𝑡𝑡𝐷𝐷 are the tangential velocity of tool and work- piece, 𝜂𝜂 is the shear yield stress of 

the workpiece and 𝑚𝑚 is the friction factor.  

Nassar and Khraisheh [29] defined the heat generation due to friction as follows: 

 𝑞𝑞𝑓𝑓𝑟𝑟 = 𝜇𝜇
𝐹𝐹𝑓𝑓𝑡𝑡𝑟𝑟𝑓𝑓𝑚𝑚
𝐴𝐴𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡

𝜔𝜔𝑟𝑟 
(20) 

where 𝜇𝜇 is the friction coefficient between the tool’s shoulder and the workpiece, 

assumed in their work to be 0.3, 𝑟𝑟 is the radial distance from the tool’s axis, 𝜔𝜔 is the 
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rotational speed in rad/s, and 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐴𝐴𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡

 is the normal pressure applied by the tool on the 

surface of the workpiece. 

2.4. Results Based on Eulerian Approach 

In this approach, most researchers studied temperature distribution, heat 

generation, and the flow of material. Zhang et al. [33] modeled FSW of the 6061-T6 

aluminum alloy and conducted that high temperatures can be found at the interface and 

tend to decrease along the thickness direction. He also conducted that, the temperature 

values are higher in the advancing side than the retreating side as shown in Figure 2.2. 

Figure 2.2 Temperature distribution in the workpiece: (a) Top view; (b) section 
view perpendicular to the welding direction; (c) section view parallels to the welding 

direction [33]. 

Cho et al. [25] used a 3D thermomechanical model simulating FSW to study heat 

transfer and material flow for ferritic stainless steel. They conducted that the major 

material transfer happens on the retreating side of the weld, which corresponds to a 

zero-velocity zone in the retreating side as shown in Figure 2.3. 

Kim et al. [27] used a thermomechanical simulation of a friction stir butt 

welding process for AA5083-H18 to calculate streamlines near the tool with effective 

strain and temperature at different tool speeds and welding velocity as shown in Figure 

2.5. 
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                  Figure 2.3 Flow streamlines around the tool [25]. 
 

Hasan et al. [42] studied the effect of viscous flow deformation around the tool 

on tool wear in FSW using a methodology based on a FLUENT CFD model and a 

modified Archard equation. The model displayed peak temperature results that are 

consistent with literature as shown in Figure 2.4. 

Figure 2.4 Temperature distribution at 0.002 mm weld distance:(a) plate to 
surface (b) pin tip plane (c) plate bottom surface [42]. 
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Figure 2.5 Streamlines with effective strain and temperature: (a) 1000 rpm and 
100 mm/min; (b) 1000 rpm and 300 mm/min; (c) 1500 rpm and 150 mm/min [27]. 
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3 Chapter 3. Lagrangian Approach 

 
             The Lagrangian description is a material description where the material domain 

𝑅𝑅𝑋𝑋 ∈ 𝑅𝑅𝑛𝑛𝑠𝑠𝑠𝑠 with 𝑠𝑠𝑚𝑚𝑚𝑚 spatial dimensions, is made up of material particles X. This 

description is typically used in the computational solid mechanics; where the grid is 

attached to the material throughout the computational process. As each node in the grid 

follows the associated material particle, the grid deforms according to the relative 

movement of the connected nodes.  

The advantages of Lagrangian grid-based methods include [23, 43]: 

1- Free surfaces, moving boundaries and material interfaces can be easily 

tracked as grid nodes can be placed along boundaries and interfaces.  

2- History-dependent field variables at any material point can be easily tracked 

and obtained because the material is attached to the grid. 

3- Ability to handle arbitrary irregular geometries by using an irregular mesh.    

Because of these advantages, Lagrangian methods are favored for solving 

computational solid mechanics problems. The main weakness of Lagrangian methods 

is their inability to handle large distortions of the computational domain without the 

need to rezone or re-mesh the computational domain; which is a time-consuming 

process.  

 In the Lagrangian approach, the material derivative reduces to a simple time 

derivative. This is because the material points and the grid points coincide during 

motion. The material derivative is defined as 
𝐷𝐷
𝐷𝐷𝐷𝐷

= 𝜕𝜕
𝜕𝜕𝐷𝐷
�
𝑋𝑋

. 

The governing conservation equations in PDE form in the spatial domain 𝑅𝑅𝑋𝑋 
consisting of material points 𝑋𝑋 for the Lagrangian description are [23]: 

 

 

Mass     
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

= 𝜕𝜕𝐷𝐷
𝜕𝜕𝐷𝐷
�
𝑋𝑋

 

Momentum    𝐷𝐷 𝐷𝐷𝒗𝒗𝐷𝐷𝑡𝑡 = 𝐷𝐷𝜕𝜕𝑣𝑣𝜕𝜕𝑡𝑡�𝑋𝑋 

Energy    𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 = 𝐷𝐷𝜕𝜕𝐷𝐷𝜕𝜕𝑡𝑡 �𝑋𝑋 
|(21) 
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The spatial gradient for Lagrangian description is: 

𝛁𝛁𝒙𝒙 = 𝑭𝑭−𝑻𝑻.𝛁𝛁𝑿𝑿 

where 𝑭𝑭 = 𝜕𝜕𝒙𝒙(𝑿𝑿,𝒕𝒕)
𝜕𝜕𝑿𝑿

 is the deformation gradient accounting for grid deformation, 𝛁𝛁𝑿𝑿 is 

the material gradient calculated at the original position of the mesh.   

 A number of studies [10, 14, 44-49] have been performed to model the FSW 

process using pure Lagrangian approach. However, the severe deformation during FSW 

causes high distortion of the mesh that has an adverse effect on the accuracy of the 

results. For example, Khandkar et al. [46] simulated FSW using DEFORM-3D in order 

to assess the residual thermal stresses that develop during the welding process. They 

reported that most experimental stress values found in the literature are much lower 

than the values calculated by their model. They indicated that this discrepancy is 

because the finite element meshes need to be adaptive in nature to better simulate the 

residual stresses. 

 To avoid the disadvantages of the pure Lagrangian description, several 

researchers used the Arbitrary Lagrangian-Eulerian (ALE) description that combines 

the best features of Eulerian and Lagrangian descriptions. In ALE, the mesh moves 

independently of the material so that mesh distortion is minimized. The nodes of the 

computational mesh may be held fixed (Eulerian description), moved with the 

continuum (pure Lagrangian description), or moved to in an arbitrarily specified more 

advantageous way. This freedom of movement improves the ability of the mesh to 

handle large distortion of the continuum without affecting the accuracy of the analysis.  

In ALE, a referential domain Rχ is used; where χ represents the reference 

coordinates that identify the grid points. The grid velocity is introduced as follows: 

 𝜐𝜐�(𝜒𝜒, 𝑡𝑡) =
𝜕𝜕𝑥𝑥
𝜕𝜕𝑡𝑡
�
𝜒𝜒

 
(22) 

The convective velocity c, which is the relative velocity between the material and the 

mesh is defined as: 

 𝑐𝑐 ∶=  𝜐𝜐 − 𝜐𝜐� 
(23) 

To apply the conservation laws in the ALE referential frame, the material 

derivative is defined as follows: 
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𝐷𝐷
𝐷𝐷𝑡𝑡

=
𝜕𝜕
𝜕𝜕𝑡𝑡
�
𝜒𝜒

+ 𝒄𝒄.𝛁𝛁𝒙𝒙 
(24) 

If the material velocity in above equation is replaced by the convective velocity, the 

ALE governing conservation equations in PDE form is obtained: 

 

Mass     𝜕𝜕𝐷𝐷
𝜕𝜕𝐷𝐷
�
𝜒𝜒

+ 𝒄𝒄.𝛁𝛁𝝌𝝌𝐷𝐷 = −𝐷𝐷𝛁𝛁𝝌𝝌.𝒗𝒗 

Momentum    𝐷𝐷 �𝜕𝜕𝜕𝜕
𝜕𝜕𝐷𝐷
�
𝜒𝜒

+ �𝒗𝒗.𝛁𝛁𝝌𝝌�𝒗𝒗� = 𝛁𝛁𝝌𝝌.𝝈𝝈 + 𝐷𝐷𝒃𝒃 

Energy    𝐷𝐷 �𝜕𝜕𝜕𝜕
𝜕𝜕𝐷𝐷
�
𝜒𝜒

+ 𝒗𝒗.𝛁𝛁𝝌𝝌𝑬𝑬� = 𝛁𝛁𝝌𝝌. (𝝈𝝈.𝒗𝒗) + 𝒗𝒗.𝐷𝐷𝒃𝒃 
(25) 

ALE technique has the ability to implement sliding boundary conditions in the 

interface between the tool and the workpiece by assuming a constant slip rate or various 

values for the coefficient of friction. However, as the ALE uses Lagrangian elements, 

it cannot withstand voids and need to be filled continuously with the material. As a 

result, severe mesh distortions will happen to lead to failing the model for a non-

converge solution. 

Another method that was used to solve the issue of mesh distortion is the coupled 

Eulerian-Lagrangian (CEL) method. The CEL method suggested by Noh W.F. [50] 

combines the advantages of both Lagrangian and Eulerian methods. It engages them in 

separate regions (or with some overlap) of the problem domain. Therefore, the CEL 

method has the ability to simulate material flow and void formation during the FSW 

process. Usually, the practice is to discretize solid materials in Lagrangian frame and 

fluids or material that behave like fluids in a Eulerian frame. Both grids interact with 

each other through a coupling module in which an exchange of computational 

information is occurred by mapping or other interface treatment.  

According to Xiamen [51], the governing equations of the CEL technique can 

be written as in Equations (26), (27), and (28).  

Continuity equations: 

 𝐷𝐷𝐷𝐷
𝐷𝐷𝑡𝑡

+ 𝐷𝐷∇. 𝑣𝑣 =
𝛿𝛿𝐷𝐷
𝛿𝛿𝑡𝑡

+ 𝑣𝑣.∇𝐷𝐷 + 𝐷𝐷∇.𝑣𝑣 (26) 

Momentum Equation: 

 𝐷𝐷.
𝐷𝐷𝑣𝑣
𝐷𝐷𝑡𝑡

= ∇.𝜎𝜎 + 𝐷𝐷𝜌𝜌 (27) 



  

24 
  

𝐷𝐷(𝑣𝑣)
𝐷𝐷𝑡𝑡

=
𝛿𝛿(𝑣𝑣)
𝛿𝛿𝑡𝑡

+ 𝑣𝑣.∇(𝑣𝑣) 

Energy equations: 

 𝐷𝐷
𝐷𝐷𝐷𝐷
𝐷𝐷𝑡𝑡

= 𝜎𝜎. 𝜀𝜀̇ + 𝐷𝐷�̇�𝑄 (28) 

where 𝜀𝜀̇ = 1/2(∇𝑣𝑣 + ∇𝑣𝑣𝑇𝑇) is strain tensor ratio.  

The boundary of the Lagrangian domain is taken to represent the interface 

between the different domains. The velocity of the Lagrangian boundary is used as a 

kinematic constraint in the Eulerian calculation, while the stress from the Eulerian cell 

is used to calculate the resulting surface stress on the Lagrangian domain [52]. Various 

CEL algorithms may be classified depending on how they treat the interface condition. 

The common practice when using CEL technique to model FSW is to discretize 

the tool using the Lagrangian frame and the workpiece using Eulerian frame [53-55]. 

As the CEL method discretizes the workpiece using a Eulerian frame, it was used to 

simulate material mixing as well as plunge and dwell phases of FSW [53, 55]. It was 

used also by Al-Badour et al. [53] to study void formation. 

3.1. Material Constitutive Model 

The commonly used constitutive models in simulation of FSW/FSP using 

Lagrangian approach are the Johnson-Cook’s model, the Sellars and Tegart model, and 

the Zerilli-Armstrong model. Those material models shall be discussed in details in this 

section. 

3.1.1. Johnson-cook model. Johnson-Cook model is widely used for 

modeling of FSW/FSP process [53-56]. That is due to its ability to describe the behavior 

of the material when subjected to large strain, high deformation, and high-temperature 

conditions. JC model defines the yield stress as a function of the equivalent plastic 

strain, the equivalent plastic strain rate, and temperature using the following empirical 

relation: 

 

 𝜎𝜎𝑦𝑦�𝜀𝜀𝑝𝑝, 𝜀𝜀�̇�𝑝,𝑇𝑇� = �𝐴𝐴 + 𝐵𝐵(𝜀𝜀𝑝𝑝)𝑛𝑛��1 + 𝐶𝐶𝐶𝐶𝑠𝑠(𝜀𝜀𝑝𝑝∗)̇ �[1 − (𝑇𝑇ℎ)𝑚𝑚] 
(29) 

where 𝜎𝜎𝑦𝑦 is the flow stress, 𝑇𝑇ℎ is the homologous temperature, and 𝜀𝜀𝑝𝑝, 𝜀𝜀�̇�𝑝 are the 

equivalent plastic strain and the equivalent plastic strain rate respectively. A, B, C, n, 

and m are the material constants.  
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 𝜀𝜀𝑝𝑝∗̇ ≔
𝜀𝜀�̇�𝑝
𝜀𝜀�̇�𝑝0

  and  𝑇𝑇ℎ ≔
(𝑇𝑇 − 𝑇𝑇0)

(𝑇𝑇𝑚𝑚 − 𝑇𝑇0)
 

(30) 

where 𝜀𝜀�̇�𝑝0 is a user-defined plastic strain-rate, 𝑇𝑇0 is a reference temperature (room 

temperature), and 𝑇𝑇𝑚𝑚 is a reference melting temperature. When we have  𝑇𝑇ℎ < 0, then 

we assume that 𝑚𝑚 = 0. 

Grujicic et al. [57] listed a number of shortcomings of this model that are mainly 

related to microstructural changes during FSW. These shortcomings are due to the 

inability of this model to account for the following aspects: 

• The irreversible decrease in dislocation density due to annealing and 

recrystallization. 

• Grain growth due to high-temperature exposure. 

• Dynamic recrystallization induced grain refinement. 

As parameter A is affected by the grain size, in case plastic deformation takes 

place at a temperature that is below the recrystallization temperature, the value of A 

would remain constant. However, the effects of dynamic recrystallization induced grain 

refinement and grain growth should be accounted for in case the deformation 

temperature exceeds the recrystallization temperature. As a result, Grujicic et al. [57] 

calculated the parameter A based on  the Hall-Pitch equation: 

 

 𝐴𝐴 = 𝐴𝐴𝐻𝐻𝑃𝑃 + 𝐾𝐾𝐻𝐻𝑃𝑃𝐷𝐷−1/2 
(31) 

where AHP  is the single crystal annealed yield strength, KHP is an alloy-specific grain 

size invariant parameter, and D is the mean grain size. The mean grain size equation 

has the following form [57]: 

 

 𝐷𝐷(𝑡𝑡 + ∆𝑡𝑡) = 𝐷𝐷(𝑡𝑡) + �̇�𝐷𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓∆𝑡𝑡 + �̇�𝐷𝑟𝑟𝑚𝑚𝑓𝑓𝑖𝑖𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝐷𝐷∆t 
(32) 

where �̇�𝐷𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓 is the grain size growth rate due to Oswald ripening, and �̇�𝑫𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒕𝒕 

is the grain size refinement rate due to dynamic recrystallization. The grain growth is 

assumed to be inversely proportional to the grain size as follows: 
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 �̇�𝐷𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓 =
𝑘𝑘𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓

𝐷𝐷
 

(33) 

where kcoarsening is a parameter that depends on temperature as follows: 

 

 𝑘𝑘𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓 = 𝑘𝑘𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓,0 exp (
−𝑄𝑄𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓

𝑅𝑅𝑇𝑇
) 

(34) 

where 𝑘𝑘𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛𝑖𝑖𝑛𝑛𝑓𝑓 is the pre-exponential rate term, R is the universal gas constant, and 

T is the absolute temperature.  The grain refinement rate is relatively proportional to 

the recrystallized plastic strain as follows: 

 �̇�𝐷𝑟𝑟𝑚𝑚𝑓𝑓𝑖𝑖𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝐷𝐷 = 𝐷𝐷𝑟𝑟𝑚𝑚𝑓𝑓𝑖𝑖𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝐷𝐷
∆𝜀𝜀�̅�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚

𝑝𝑝𝑡𝑡

∆𝑡𝑡
 (35) 

where Drefinrment is taken as a constant evaluated from experiments and  The 

recrystallized equivalent plastic strain increment, ∆𝜀𝜀�̅�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚
𝑝𝑝𝑡𝑡 ,  is calculated as 

follows: 

 

∆𝜀𝜀�̅�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚
𝑝𝑝𝑡𝑡

= (𝜀𝜀̅�̇�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚
𝑝𝑝𝑡𝑡 �𝜀𝜀�̅�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚

𝑝𝑝𝑡𝑡 �
𝑝𝑝

exp (
−𝑄𝑄𝑟𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚

𝑅𝑅𝑇𝑇
)∆𝑡𝑡 (36) 

where 𝜀𝜀̅�̇�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚
𝑝𝑝𝑡𝑡  is a pre-exponential rate, p is a constant, and −𝑄𝑄𝑟𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚 is 

the associated recrystallization energy. The values of these parameters are determined 

from experiments using an inverse engineering approach.  

Grujicic et al introduced a modified equivalent plastic strain that accounts for 

recrystallization, ∆𝜀𝜀�̅�𝑚𝑡𝑡𝑚𝑚𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚𝑚𝑚
𝑝𝑝𝑡𝑡 , to replace the equivalent plastic strain, 𝜀𝜀𝑝𝑝.  The modified 

equivalent plastic strain has the following incremental form: 

 

 𝜀𝜀�̅�𝑚𝑡𝑡𝑚𝑚
𝑝𝑝𝑡𝑡 (𝑡𝑡 + ∆𝑡𝑡) = 𝜀𝜀�̅�𝑝𝑡𝑡(𝑡𝑡) + ∆𝜀𝜀�̅�𝑝𝑡𝑡 + ∆𝜀𝜀�̅�𝑟𝑚𝑚𝑐𝑐𝑟𝑟𝑦𝑦𝑚𝑚𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑟𝑟𝑚𝑚𝑚𝑚

𝑝𝑝𝑡𝑡  
(37) 

Grujicic et al.[57] implemented the modified JC model in Abaqus to predict the 

grain size and the mechanical properties at room temperature in different FSW zones. 

They reported that the implementation of the modified JC model in computational 

analysis codes can be used to establish processing/microstructure and property relations 

in the weld that could serve as a guide in the selection of the optimum welding process 

parameters. 
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Table 3.1 Modified Johnson-Cook material parameters for AA5083 
Parameter Symbol Unit Value Ref. 

Reference Strength A MPa 167 [56] 

Strain Hardening Parameter B MPa 596 [56] 

Stain Hardening exponent n N/A 0.551 [56] 

Room Temperature Troom K 293 [56] 

Strain-rate coefficient C N/A 0.001 [56] 

Melting Temperature Tmelt K 893 [56] 

Temperature Exponent m N/A 1 [56] 

Alloy-specific Grain size invariant 

parameter 

KHP MPa.μm1/2 827 [57] 

Pre-exponential rate term kcoarsening,o μm2/s 31.59 [57] 

Activation Energy Qcoarsening KJ/mol 23.75 [57] 

Single Crystal annealed yield strength AHP MPa 50 [57] 

3.1.2. Sellars and Tegart model. Another constitutive model that is used 

often in simulating FSW is the one proposed by Sellars and Tegart [35], which relates 

the flow stress to temperature and strain rate as follows: 

 𝜎𝜎𝑚𝑚 = 𝜎𝜎𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠ℎ−1 �(
𝑍𝑍
𝛽𝛽

)1/𝑚𝑚� 
(38) 

where 𝜎𝜎𝑅𝑅, 𝛽𝛽, 𝑚𝑚 are material constants. Z is the Zener-Hollomon parameter, defined as: 

 𝑍𝑍 = �̇�𝜀𝑒𝑒 exp ( 𝑄𝑄𝑅𝑅𝑇𝑇) 
(39) 

where Q is the activation energy of the material, and R is the universal gas constant. 

Sellars and Tegart model assumes that the flow stress is independent of the 

plastic strain and equal to the dynamic recrystallization steady state stress. In other 

words, it assumes stress saturation at a constant strain rate, which might be the case for 

high deformation processes. On the other hand, it might neglect and overestimate 

stresses at low strains [36]. Moreover, Sellars and Tegart model can predict grain size, 

as the Zener Hollomon parameter is related directly to the average grain size of dynamic 

recrystallization [37]. It has been used by Pan et al. [17] with SPH numerical method 

to study temperature variation, grain size and micro-hardness, and texture evolution. 

Also, it was used by Nassar and Khraisheh [29] with CFD analysis to study temperature 
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distribution, partial melting and effect of partial melting on heat evolution and material 

flow. 

The Sellars and Tegart model reduce the computational time as it assumes stress 

saturation. On the other hand, it does not describe strain hardening, the high-

temperature effect on grain growth, and dynamic recrystallization induced softening 

phenomenon. 

3.1.3. Zerilli- Armstrong model- ZA6. The Zerilli-Armstrong model is based 

on thermally activated dislocation mechanics [58]. Since it is based on dislocation 

interactions, it has different forms for different material type structures (BCC, FCC, 

and HCP). 

For FCC metals, the dislocation motion is restricted by dislocation-dislocation 

interactions, which leads to considerable strain hardening [59]. The general form that 

developed by Zerilli and Armstrong for FCC metals is as follows [58]: 

 

 𝜎𝜎 = 𝐶𝐶0 + 𝐶𝐶1𝜀𝜀1/2 exp(−𝐶𝐶2𝑇𝑇 + 𝐶𝐶3𝑇𝑇𝐶𝐶𝑠𝑠𝜀𝜀̇) + 𝐾𝐾𝜀𝜀𝑛𝑛 
(40) 

The relation shows dependencies of temperature softening and strain rate sensitivity on 

strain hardening. While for bcc metals, the dislocation motion is controlled by the 

Peierls-Nabarro stress stemming from the dislocation –lattice interaction, which results 

in slight strain hardening [59]. The general form that developed by Zerilli and 

Armstrong for bcc structure is as follows [58]: 

 

 𝜎𝜎 = 𝐶𝐶0 + 𝐵𝐵𝑒𝑒𝑥𝑥𝐵𝐵(−𝐶𝐶2𝑇𝑇 + 𝐶𝐶3𝑇𝑇𝐶𝐶𝑠𝑠𝜀𝜀̇) + 𝐾𝐾𝜀𝜀𝑛𝑛 
(41) 

The strain hardening is decoupled from strain rate sensitivity and temperature softening, 

and a strain hardening term is added. Generally, the temperature softening, strain rate 

sensitivity and grain size dependencies are larger if compared with fcc metals [57]. The 

hcp metals, have a behavior that is between the FCC and BCC metals. The ZA model 

is able to describe the strain rate, strain hardening, temperature softening, and grain 

size. 

  The Zerilli and Armstrong model was used extensively to simulate high 

temperature and high strain rate problems [60-62]. Although it was rarely used in 

modeling of FSW, it was recommended by Ammouri and Hamade for modeling of FSP 

of twin roll cast AZ31B [36]. The Zerilli and Armstrong model cost less 
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computationally than Jonson-Cook model, but it does not consider grain growth due to 

high temperature.  

3.2. Friction Model 

  In this section, the friction models that are commonly used in modeling friction 

within the FSW process are addressed. Also, the contact conditions shall be discussed. 

There are two main advantages of using physical based contact models to 

describe the contact conditions (sticking, sliding, partial sticking/sliding) at the tool 

material interface. The first advantage is that void formation can be predicted if the 

material constitutive model accounts for elastic behavior (compressibility) since 

material contact is not enforced in the analysis. The second advantage is that the 

mechanical interaction between the tool and workpiece can be determined using 

numerical simulations.  Based on simulation results, the heat generated by friction can 

be calculated without the need for using analytical models similar to the ones used in 

CFD based simulations. In this section, two friction models that are commonly used in 

literature will be described.   

3.2.1. Modified coulomb friction law. In the classical Coulomb model, the 

contact pressure between the two parts in contact is directly related to the frictional 

shear stress. In the classical model, the frictional shear stress is calculated as follows: 

 

 𝜂𝜂𝑓𝑓 = 𝜇𝜇𝐵𝐵 
(42) 

where μ is the coefficient of friction which plays a key role in shear stresses 

transmission, 𝐵𝐵 is the contact pressure, and 𝜂𝜂𝑓𝑓 is the frictional shear stress. As the 

relation between 𝜂𝜂𝑓𝑓 and 𝐵𝐵 is linear, at high contact pressures 𝜂𝜂𝑓𝑓 may exceed the shear 

strength of the material. Thus, the Coulomb model was modified to define the frictional 

shear stress as the minimum of the classical coulomb and the material critical shear 

stress of the softer material in contact as follows: 

 𝜂𝜂𝑓𝑓 = min (𝜇𝜇𝐵𝐵,
𝜎𝜎𝑢𝑢
√3

) 
(43) 

where μ is the coefficient of friction, 𝐵𝐵 is the contact pressure, 𝜎𝜎𝑢𝑢  is the ultimate tensile 

strength., and 𝜎𝜎𝑢𝑢
√3

 is the shear strength of the material. 
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Several researchers have used the modified Coulomb friction model in modeling 

FSW [11, 56, 63-65]. This model is a combination of the classical Coulomb model that 

is appropriate to describe friction between rigid bodies in sliding contact and the Tresca 

model that limits frictional shear stress by the maximum shear admissible by the 

material. Zhang et al. [63] compared between the classical and modified Coulomb in 

the simulation of friction stir welding, and he conducted that the classical model fails 

to simulate temperature distribution and material flow at higher angular velocities due 

to the dynamic effect of the tool at higher velocities. 

Several values for the coefficient of friction were suggested in the literature. 

Shmidt and Hattel [66] used a value of μ = 0.3 between the AA 2024-T3 workpiece and 

the tool. Hamilton et al. [67] assumed that the coefficient of friction varies between 0.4 

and 0.5 depending on the energy generation level. As the energy generated increases, 

the workpiece material softens causing the tool to slip, which lowers the friction 

coefficient.  

On the other hand, Song et al. [68] suggested that the coefficient of friction be 

linearly temperature dependent, given by: 

 𝜇𝜇 = −0.00027𝑇𝑇 + 0.5810 
(44) 

where T is the local temperature at the tool surface. 

3.2.2. The viscoplastic friction law. Assidi et al. [64], Chiumenti et al. [24], 

and Guerdoux and Fourment [69] used the Norton’s model that takes into account the 

surface temperature and the sliding velocity. Norton’s model has the following form: 

 

 𝜂𝜂𝑓𝑓 = −𝛼𝛼𝑓𝑓𝐾𝐾(𝑇𝑇)‖∆𝑣𝑣𝑚𝑚‖
𝑞𝑞−1∆𝑣𝑣𝑚𝑚 

(45) 
where 𝛼𝛼𝑓𝑓 and q are the Norton friction coefficients, ∆𝑣𝑣𝑚𝑚 is the relative sliding velocity, 

and 𝐾𝐾(𝑇𝑇) is the temperature dependent material consistency. Assidi et al. [64] 

calibrated this model for an AA6061 aluminum plate and an unthreaded concave tool 

by comparing the welding forces and tool temperature obtained from simulations to 

experiments at different tool travel speeds. A good agreement was obtained for the 

welding forces. However, the tool temperature was not predicted accurately. The 

highest values for temperature were obtained experimentally at the tool probe. 

However, the model predicts the highest temperature at the tool shoulder.  
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3.3. Heat Generation 

 Though some researchers used analytical models with FEM to predict heat 

generation due to friction [10, 67, 68], it is believed that a physical based model is more 

appropriate for heat generation modeling as it can be implemented for any type of tools 

and workpiece materials.  When the workpiece is treated as elastic/plastic material, the 

heat generated due to friction can be represented as follows [70]: 

 

 𝑞𝑞𝑚𝑚𝑢𝑢𝑟𝑟𝑓𝑓 = 𝜇𝜇𝐵𝐵�̇�𝛾 
(46) 

where μ is the friction coefficient, p the pressure and γ ̇ is the slip rate.  

The heat generated due to plastic deformation can be represented as follows 

[70]: 

 𝜂𝜂𝑠𝑠𝑖𝑖𝑖𝑖𝜀𝜀�̇�𝑖𝑖𝑖
𝑝𝑝𝑡𝑡 (47) 

where η the fraction of plastic energy dissipation, 𝑠𝑠𝑖𝑖𝑖𝑖 the deviatoric stress tensor and 

𝜀𝜀�̇�𝑖𝑖𝑖
𝑝𝑝𝑡𝑡is the plastic strain rate tensor.  
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4 Chapter 4. Mesh Free Methods 

 
 A meshfree method is defined as a method that establishes a system of algebraic 

equations for all the problem domain without using mesh to discretize the domain [71].  

Generally, meshfree methods use a set of particles or distributed nodes without 

mesh as the connection between them, but rather depend on their interaction with the 

adjacent particles, in order to provide accurate and stable numerical solution for integral 

equations or PDEs with all possible boundary conditions. Meshfree methods were 

developed mainly to apply it on the problems which conventional FDM and FEM are 

difficult to apply; like problems with deformable boundary, moving interface (for 

FDM), free surface, large deformation (for FEM), complex mesh generation, mesh 

adaptivity, and multi-scale resolution. 

 

 

 

All the meshfree methods share common features, but they differ from each 

other in the ways of function approximation and the implementation process. 

Figure 4.1 FEM domain and Mesh free method domain 
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Meshfree methods were used to solve both problems of solid mechanics and 

fluid dynamics. In this section, the meshfree methods used to simulate FSW shall be 

investigated and described whether considering the fluid approach or the solid approach 

in describing the FSW problem. 

4.1 Meshfree Methods for Fluid Approach 

 The meshfree methods are considered a promising option to be used in solving 

CFD problems. Basically, there are three types of methods that are utilized in solving 

CFD problems [71]: 

1. Finite integral representation methods (smoothed particle hydrodynamics 

method (SPH), and reproducing kernel particle method (RKPM)). 

2. Finite series representation methods (meshless Petrov-Galerkin method 

(MLPG), and the local radial point interpolation method (LRPIM)). 

3. Finite differential representation methods (the finite point method, and the finite 

difference method with arbitrary irregular grids). 

In this section, only the SPH method shall be explored as it is the most popular in 

solving FSW problem. 

4.1.1. Smoothed particles hydrodynamics method. Smoothed particle 

hydrodynamics (SPH) method was developed by Lucy [72] as a meshfree and particle 

method for modeling astrophysical phenomena without boundaries. SPH is basically a 

Lagrangian particle code without a background spatial mesh which it can take excessive 

deformation in an original Lagrangian frame [73]. The method was developed for 

hydrodynamic problems that in the form of PDE equations of field variables. Attempts 

have been made to search for numerical solutions since it is not usually possible to find 

an analytical solution. The steps to obtain a numerical solution are as follows: first, 

discretizing the problem domain where the PDEs are interpreted. Second, a method 

should be used to yield an approximation to the field function values and their 

derivatives at any point. Then, a set of ODEs (in a discretized form with respect only 

to time) should be produced by applying the function approximation to the PDEs. At 

last, these ODEs should be solved using conventional finite difference method. 

 As mentioned above, there should be a method to provide an approximation to 

the PDEs. The method that is used for SPH is the integral function representation 

method or termed as Kernel approximation of field functions. Furthermore, the Kernel 

approximation is also approximated further using the so-called particle approximation. 
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Generally, the particle approximation method replaces the integration in the kernel of 

the field function and its derivatives with summation over all the corresponding values 

at the neighboring particles in a local domain called the support domain. In this section, 

only the implementation of SPH in solving Navier-Stokes equations for CFD problems 

is discussed.  

 The mass, momentum, and energy equations with SPH discretization is written 

as follows [17]: 

Mass 
 
Momentum 
 
Energy 
 
 

𝑑𝑑𝐷𝐷𝑖𝑖
𝑑𝑑𝑡𝑡

= 𝐷𝐷𝑖𝑖�
𝑚𝑚𝑖𝑖

𝐷𝐷𝑖𝑖
𝑣𝑣𝑖𝑖𝑖𝑖 .∇𝑖𝑖𝑊𝑊(𝑟𝑟𝑖𝑖 −

𝑖𝑖

𝑟𝑟𝑖𝑖 ,ℎ�𝑖𝑖𝑖𝑖), 

𝑑𝑑𝑣𝑣𝑖𝑖
𝑑𝑑𝑡𝑡

= −�𝑚𝑚𝑖𝑖 �
𝑃𝑃𝑖𝑖 + 𝑃𝑃𝑖𝑖
𝐷𝐷𝑖𝑖𝐷𝐷𝑖𝑖

+⊓𝑖𝑖𝑖𝑖� ∇𝑖𝑖𝑊𝑊(𝑟𝑟𝑖𝑖 −
𝑖𝑖

𝑟𝑟𝑖𝑖 ,ℎ�𝑖𝑖𝑖𝑖) + 𝐹𝐹𝑖𝑖𝑏𝑏 , 

𝐶𝐶𝑝𝑝,𝑖𝑖
𝑑𝑑𝑇𝑇𝑖𝑖
𝑑𝑑𝑡𝑡

= −�
𝑚𝑚𝑖𝑖

𝐷𝐷𝑖𝑖𝐷𝐷𝑖𝑖
4𝑘𝑘𝑖𝑖𝑘𝑘𝑖𝑖
𝑘𝑘𝑖𝑖 + 𝑘𝑘𝑖𝑖

�𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖� 
𝑖𝑖

𝑟𝑟𝑖𝑖𝑖𝑖.∇𝑖𝑖𝑊𝑊�𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖 ,ℎ�𝑖𝑖𝑖𝑖�

�𝑟𝑟𝑖𝑖𝑖𝑖�
2

−
1
2
�𝑚𝑚𝑖𝑖 ⊓𝑖𝑖𝑖𝑖 𝑣𝑣𝑖𝑖𝑖𝑖 .∇𝑖𝑖𝑊𝑊�𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖 ,ℎ�𝑖𝑖𝑖𝑖� − 𝑅𝑅𝑇𝑇𝑖𝑖𝛿𝛿𝑖𝑖
𝑖𝑖𝑖𝑖

 

 

(48) 

where ⊓𝑖𝑖𝑖𝑖 is the viscous term expressed as follows: 

 ⊓𝑖𝑖𝑖𝑖 =  −16 
𝜌𝜌𝑣𝑣𝑖𝑖𝑖𝑖 . 𝑟𝑟𝑖𝑖𝑖𝑖
�𝑟𝑟𝑖𝑖𝑖𝑖�

𝜇𝜇𝑖𝑖𝜇𝜇𝑖𝑖
�𝜇𝜇𝑖𝑖+𝜇𝜇𝑖𝑖�ℎ𝐷𝐷𝑖𝑖𝐷𝐷𝑖𝑖

 (49) 

   

where 𝑠𝑠 𝑟𝑟𝑠𝑠𝑑𝑑 𝑗𝑗 denote the neighbor fluid particles, 𝑟𝑟 is the position, 𝑣𝑣 is particle velocity, 

and 𝜇𝜇 is the fluid viscosity. 

 The strategy of the formulation of SPH method led it to be a meshfree, adaptive, 

stable and Lagrangian solver for dynamic problems [43] as discussed below. 

• The SPH is a meshfree method since the domain is represented by particles 

which are not connected with any mesh. 

• The SPH method can handle severe deformation problems (adaptive) since the 

particle approximation that applied every time step depends only on the current 

local distribution of the particles. 
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• The SPH method can have all the features of the Lagrangian method since the 

particle approximations are applied to all terms related to field functions in the 

PDEs to obtain a set of ODEs in discretized form with respect to time only. 

• The SPH method can solve dynamic problems, since an explicit integration 

algorithm is used to solve the ODEs, in order to achieve fast time stepping and 

to determine the time history of all the field variables for the whole particles.  

• In the SPH method, complex constitutive behavior can be applied simply and 

accurately. 

On the other hand, SPH formulation has key limitations summarized as follows: 

• In solid applications, SPH formulation has difficulties associated with the 

tensile instability and the spurious modes. 

• As the SPH formulation has an explicit dynamic nature, it prevents the adoption 

of an implicit version for the post-welding residual stress analysis. 

Pan et al. [17]  simulated FSW and considered the welded material as a non-Newtonian 

fluid. They used the above formulation of SPH based on Navier-Stokes equations to 

study how the tool speed and rotational speed can affect grain size and temperature 

distribution, material hardness, and texture in the welding zone. 

      Figure 4.2 3D SPH model for FSW [15] 
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4.2. Meshfree Methods for Solid Approach 

 There are many meshfree methods that can be used to solve solid mechanics 

problems, but the most popular ones are the element-free Galerkin method (EFG) 

developed by Belytschko et al. [74] and the meshless local Petrov-Galerkin method 

(MLPG) developed by Atluri and Zhu (1998). In this research, only the EFG method 

will be explored as it was used to model FSW. 

4.2.1. Element –free Galerkin method. The Element-Free Galerkin method 

(EFG) was developed by Belytschko et al. [74], which is basically a Galerkin weak 

form with Moving Least Squares Approximation. The spark of the development of EFG 

was the raising of the Diffuse Element Method (DEM) by Nayroles et al. [75]. The 

combination of the interpolants that Nayroles et al. [75] used in their method (which 

later called Moving Least Squares interpolants (MLS)) with the Galerkin method 

created the EFG [74]. The discretized systems of the equation based on the weak form 

is considered more stable and offers more accuracy than the one based on the strong 

form. Also, the MLS offers a smooth and continuous approximated field in the problem 

domain. One drawback of the MLS shape functions that it does not possess the 

Kronecker delta function property, which allows ease in treating boundary conditions 

as same as in FEM. 

 The interesting feature of EFG is its adaptivity; because it does not need a new 

finite element mesh to adopt an incremental variation in the number of points in the 

component, nevertheless it does need a background mesh for integration of system    

matrices.  

In the solution procedure of EFG method, first, the geometry of the problem 

domain is modeled. Then, the problem domain is represented by a set of nodes as in 

Figure 4.3. Next, the assembly of system matrices is done in two loops; one outer loop 

for the cells of the background mesh, and one inner loop for the Gauss quadrature points 

within a cell [71]. 

According to Simkins and Li [76], meshfree methods based on Galerkin 

approach are very effective in dealing with von Mises and pressure dependent materials 

in large deformation analysis. Wu et al. [19] introduced a numerical procedure based 

on the EFG method, which uses the Lagrangian meshfree convex approximation and 

two-way adaptive procedure for the thermomechanical analysis of the FSW process. 

They founded that, the Lagrangian meshfree convex approximation has a vital role in 
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suppressing tensile instability, minimizing the adaptivity-induced discretization 

sensitivity, simplifying the boundary condition enforcement as it allows weak 

Kronecker Delta property at the boundaries, and offering a precise and reliable 

projection operation in the remapping procedure. For more details about the EFG 

method formulation in FSW, you can refer to the work done by Wu et al. [19]. 

 Major advantages of this method include: first, no post-processing is needed for 

the field variables, which are derivatives of primary-dependent variables. Second, it has 

a great capability in industrial applications, since meshing nodes and elements are not 

needed here. Last, it is considered an adaptive method. 

  

Figure 4.3 Cell Structure for Quadrature in EFGM and domains of quadrature               
point [46]. 
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5 Chapter 5. Numerical Modeling of Submerged Friction Stir Welding 

 

5.1 Introduction 

Submerged friction stir welding (SFSW) or also called underwater friction stir 

welding (UFSW), is a process of choice to potentially improve the FSW process. In 

SFSW, water is used as a coolant to reduce peak temperatures and increase the cooling 

rate at the weld zone. The reason behind using a coolant is to limit grain growth in FSW 

due to high temperatures induced, which leads to the reduced mechanical performance 

of the weld joint [77-79]. 

SFSW enhances the mechanical properties of the material by reducing welding 

defects such as shrinkage, porosity, and solidification cracking. Moreover, SFSW 

produces a high-quality weld joint, due to the distinct change in grain size in various 

zones of the joint. Also, due to the high heat capacity of water, the width of TMAZ and 

HAZ regions is reduced by minimizing the heat input due to friction and plastic 

deformation [80, 81]. The SFSW process is commonly used for Aluminum alloys, as it 

is adequate for responsive alloys to high temperatures amid the welding process [82]. 

SFSW has a wide range of applications such as oil and fuel tanks, shipbuilding, and 

submarines.  

In this section, a 3D coupled thermo-mechanical finite element model was 

developed in ABAQUS Explicit software to simulate the FSW/SFSW processes by 

using the coupled Eulerian-Lagrangian (CEL) approach.  

     Figure 5.1 Sketch of SFSW [83] 
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5.2. Experimental Procedure 

The developed model is based on the experimental investigation of underwater 

friction stir welding done by Kishta and Darras [22]. The material is Aluminum alloy 

5083 marine-grade of 4 mm thickness sheet. A tool with a flat shoulder of 15mm 

diameter, a threaded pin of 5 mm diameter and 4 mm length was used in the experiment. 

Different rotational speeds in a range of 1000 rpm – 1700 rpm and a welding speed of 

75 mm/min are considered. A detailed description of the experiment can be found in 

the investigation held by Kishta and Darras [22]. 

5.3. Model Description 

A 3D coupled thermo-mechanical model was established to predict temperature 

distribution during FSW/SFSW processes, based on CEL technique, modified 

Coulomb’s frictional law, and Johnson-Cook constitutive material law. A detailed 

description of the model is presented in this section. 

5.3.1. CEL model. In the CEL method, the workpiece was modeled as a 

Eulerian part, while the tool was modeled as a Lagrangian part. The conservation 

equations in the Eulerian formulation are written using the spatial time derivative, while 

in the Lagrangian formulation the material time derivative is used. The relation between 

the above derivatives is as follows [84]: 

 

 
𝐷𝐷𝐷𝐷
𝐷𝐷𝑡𝑡

=
𝜕𝜕𝐷𝐷
𝜕𝜕𝑡𝑡

+ 𝑣𝑣. (∇𝐷𝐷), 
(50) 

where 𝑣𝑣 is the material velocity, 𝐷𝐷 is an arbitrary solution variable, 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

 is the material 

time derivative, and 𝜕𝜕𝐷𝐷
𝜕𝜕𝐷𝐷

 is the spatial time derivative. 

Then, the Lagrangian mass, momentum and energy equations represented in the 

Eulerian conservation equations are as follows: 

Mass 

Momentum 

Energy 

 

𝜕𝜕𝐷𝐷
𝜕𝜕𝑡𝑡

+ ∇ . (ρv) = 0, 

𝜕𝜕𝐷𝐷𝑣𝑣
𝜕𝜕𝑡𝑡

+ ∇ . (ρv⨂v) =  ∇.𝜎𝜎 + ρb, 

𝜕𝜕𝑒𝑒
𝜕𝜕𝑡𝑡

+ ∇ . (ev) = 𝜎𝜎:𝐷𝐷, 

 

(51) 
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5.3.1.1 Geometrical model and mesh generation. To solve the governing 

equations for the FSW process, ABAQUS Explicit was used. For the sake of 

computational time reduction, only a localized region of the workpiece is considered in 

the analysis. The workpiece thickness is 4 mm, while the Eulerian domain is 6 mm 

thickness. The size of the tool pin is 5 mm diameter and 3 mm length, with a flat tool 

shoulder of 15 mm diameter. The Eulerian domain was meshed using 8-nodes thermally 

coupled Eulerian elements, while the tool was considered Lagrangian rigid body. 

5.3.1.2 Boundary conditions. In this study, the three phases of friction stir 

welding were considered in the analysis, which are the plunging phase, dwelling phase, 

and the welding phase.  A reference point was set on the tool at which all the boundary 

conditions were applied to it. The workpiece was kept fixed during the complete 

analysis, while the tool was rotating anti-clockwise with a fixed rotational speed 

throughout the analysis. 

In the plunging phase, the tool was set to move in the radial direction through the 

workpiece until the bottom surface of the shoulder is in contact with the workpiece. The 

plunging depth was controlled by a constant value equal to the pin length. While in the 

welding phase, the tool was set to move in the transverse direction with a constant 

welding speed throughout the step. Two Different rotational speeds were used to study 

their effect on temperature variation. 

  Figure 5.2 Model geometry and mesh 
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5.3.2. Heat generation and heat transfer modelling. As mentioned earlier, 

during the FSW process, heat is generated by both friction and plastic deformation. In 

this model, both were considered in the analysis.  

The heat of plastic deformation is generated by inelastic work under sticking 

condition inside the shear layer of the material and can be calculated as in Equation 

(52). 

𝜂𝜂𝑠𝑠𝑖𝑖𝑖𝑖𝜀𝜀�̇�𝑖𝑖𝑖
𝑝𝑝𝑡𝑡       (52) 

where the percentage of plastic work converting into heat was considered 90%. On the 

other hand, heat generated by friction was calculated as per Equation (53). 

𝑞𝑞𝑚𝑚𝑢𝑢𝑟𝑟𝑓𝑓 = 𝜇𝜇𝐵𝐵�̇�𝛾 
      (53) 

where μ is the friction coefficient, p the pressure and �̇�𝛾 is the slip rate. In this study, the 

coefficient of friction was considered a constant value of 0.58 similar to previous works 

[53, 84]. A modified Coulomb friction law was employed in the model with a shear 

limit of 167MPa. 

In this model, heat transfer is modeled by introducing a type of interaction in 

Abaqus Explicit called Surface Film Condition. In surface film condition interaction, a 

film coefficient and a sink temperature are defined. The sink temperature was 

considered as 25 C for both water and air. The film coefficient acts as a heat transfer 

coefficient and the values in the model are tabulated in Table 5.1. 

            Table 5.1 Film Coefficients for FSW and SFSW (W/m.K) 
Workpiece Tool Backing Plate 

Air 30 30 30 
Water   300 300 300 

5.3.3. Constitutive model. The material constitutive law that is considered in 

this model is the Johnson-Cook model (refer to section 3.1.1). Johnson-Cook plasticity 

model constants used are shown in Table 5.2. 

Table 5.2 Johnson-Cook model constants for Al-5083-O [85] 
A (MPa) B (MPa) C n M Tref (K) Tmelt (K) 

170 425 0.0335 0.42 1.225 297 913 
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5.3.4. Material properties. Thermal properties and Elasticity of AA 5083 are 

considered as temperature dependent, and inelastic coefficient of 0.9 is considered to 

convert plastic work into heat. All material properties of AA 5083 used in this model 

are tabulated in       Table 5.3. 

            Table 5.3 Thermal and mechanical properties of 

AA 5083 
T (◦C) ρ (kg m−3) E (GPa) ν Ҟ ( W/m.K) Cp (J kg−1◦C−1) α(µm m−1◦C−1) 

25 2650 72 0.33 121 900 25 
100 2650 68.5 0.334 131 933 26.1 
149 2630 66.6 0.335 138 955 27.2 
204 2620 62.4 0.336 146 985 28.3 
260 2620 58.2 0.338 155 1012 29.4 
316 2600 54 0.36 161 1040 30.5 
371 2600 49.8 0.4 171 1068 31.6 
427 2570 34.4 0.41 178 1100 32.7 
482 25.9 0.42 1123 

5.4. Results and Discussion 

5.4.1. Temperature. Friction Stir Welding (FSW) was compared to 

Submerged Friction Stir Welding (SFSW) in terms of temperature variation in time. 

In order to study the effect of the coolant on temperature variation, two simulations 

were conducted. In both simulations, the tool rotational speed was fixed to 1700 rpm, 

and the welding speed was fixed to 75 mm/min. The results show a higher cooling rate 

in the case of SFSW when compared to In-air FSW as shown in Figure 5.3, and that is 

due to the fact that, the high heat capacity of water allows to transfer the heat from the 

TMAZ and HAZ regions, and consequently reduces peak temperatures. It can be seen 

that, the simulated results are very close to the obtained experimental ones, with lower 

temperature values in the case of SFSW. This is due to the method of modelling heat 

transfer, as a sink of constant temperature was considered, while in reality the 

temperature of water increases due to the heat from the welding process. 

In Figure 5.3, in both FSW & SFSW, slightly higher temperature rates were 

captured in the advancing side than in the retreating side of the weld zone, due to the 

fact that, the relative movement of material flow to the tool rotations leads to a 

higher plastic strain and thus higher heat dissipation in the AS than in the RS. 
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In addition, in the AS, the material has higher velocity and higher shearing rate 

than in the RS, which results in higher temperatures in the AS than in the RS, which 

is in line with the literature [25, 33]. Furthermore, as shown in Figure 5.4 a and b, 

as the tool moves in the transverse direction, it faces low-temperature material 

and disposes it at the RS, which results in lowering the temperature in the 

RS and raising the temperature in the AS. For the SFSW Process (see Figure 5.4a), 

the temperature decreases rapidly in the transverse direction away from the tool, if 

compared to FSW (see Figure 5.4b). That is due to the fact that, the heat is 

generated mainly at the contact area between the shoulder and the workpiece, and 

then transferred to other regions, decreasing gradually as we move away from the 

shoulder. It can be seen that the temperature gradient in SFSW (see Figure 5.5a) 

is higher than in FSW (see Figure 5.5b), due to the high convection coefficient 

between the workpiece and the water, when compared to the convection coefficient 

between the workpiece and air. Also, the model predicted very well the flash 

formation in the SFSW process, which is similar to the one obtained by Kishta and 

Darras. 

Figure 5.3 Comparison of temperature variation in FSW & SFSW between 
simulated and experimental results 
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In order to observe the temperature history during the FSW and SFSW 

processes, temperature variation with respect to time has been recorded in four 

different nodal points in the workpiece. Two points were considered in the advancing 

side, and two in the retreating side as shown in Figure 5.6. These nodal points are 

considered on a cross-sectional area 28 mm away from the initial plunging position, 

and at the surface of the workpiece. 

Figure 5.5 Comparison of temperature profile between FSW & SFSW: (a) Side 
view of SFSW, (b) Side view of FSW 

Figure 5.4 Comparison of temperature profile between FSW & SFSW: (a) Top 
view of SFSW, (b) Top view of FSW 
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The thermal histories for the FSW and SFSW processes at the specified nodal 

points are shown in  Figure 5.7 and Figure 5.8 respectively. 

The nodal points AS-1 and RS-1 are in the TMAZ zone, whereas AS-2 and 

RS-2 are in the HAZ zone. It can be seen that the thermal cycles of the nodes 

in the advancing side are slightly higher than the corresponding nodes in the 

retreating side for both FSW and SFSW. Furthermore, the heating and cooling rates 

are higher for the nodes near to the tool and decrease gradually when considering the 

nodes away from the tool, which is in line with the literature [86, 87]. Also, it was 

observed from the model results that 20%-30% reduction in peak temperatures 

was recorded when using SFSW instead of FSW at this process parameters. 

Moreover, the peak temperature in the RS is approximately 7% less than the AS for 

FSW, while for SFSW it is around 14% less. 

Figure 5.7 Thermal histories for the nodal points shown in Figure 5.6 for FSW 

Figure 5.6 Location of Nodal points for Temperature monitoring 
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Figure 5.8 Thermal histories for the nodal points shown in Figure 5.6 for SFSW 
 

5.4.2. Effect of tool rotational speed on SFSW. To observe the effect of the 

tool rotational speed on temperature variation during the SFSW process, two values 

were considered in the study. Figure 5.9 presents the effect of the tool speed in 

temperature variation during SFSW process. It is clear that the tool rotational speed 

directly affects the heat input, as higher speeds lead to higher friction and higher plastic 

deformation, and thus higher temperatures. As a result, the tool rotational speed plays 

a major role in material flow and the stirring process, as low rotational speed may result 

in insufficient material softening, and thus incomplete stirring process.  In contrary, 

high tool rotational speed may lead to good material flow and weld quality, but 

compromising the mechanical properties of the material due to grain growth that results 

from high temperatures. 

In SFSW, peak temperatures can be reduced due to the high cooling rate of 

water, and so limiting the grain growth while maintaining high rotational speed, which 

results in good weld quality and material flow [22]. 
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Figure 5.9 Tool rotational speed effect on temperature for SFSW process of 
AA5083 Aluminum alloy. 
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6 Chapter 6. Conclusion and Future Work 

 
In this research, a 3D coupled thermo-mechanical finite element model for AA 

5083 was developed in ABAQUS Explicit software, by using CEL technique to model 

the FSW and SFSW processes. Modified Coulomb friction law was used to define the 

contact state at the tool-workpiece interface, while Johnson-Cook constitutive law was 

used to predict material behavior. By using the CEL technique, the tool was modelled 

as Lagrangian solid body, while the workpiece was modelled as a Eulerian thermally-

coupled body. The model well predicted the temperature profile and distribution in both 

FSW and SFSW processes, being the first model developed to simulate SFSW process. 

Plus, the model visualized the material flow and flash generation properly. The model 

was validated against the experimental investigation done by Kishta & Darras, by 

comparing the temperature variation between FSW and SFSW at 1000 rpm tool 

rotational speed and 75 mm/min welding speed. Results show that simulated 

temperature values are close to the ones obtained by the experiment, but lower. That is 

due to considering constant sink temperature in the model, while actually the cooling 

fluid temperature increases during the process.  

The thermal histories in FSW and SFSW processes were studied considering a 

tool rotational speed of 1700 rpm, and 75 mm/min welding speed for both processes. It 

was observed that, 20% -30% reduction in peak temperature values was recorded when 

using SFSW process. The width of the HAZ region was reduced considerably when 

using SFSW, due to the high effect of heat transfer at this region, as no plastic 

deformation exist in it. Also, a slight temperature reduction was recorded in the RS 

when compared to the AS. This reduction is doubled in the case of SFSW process 

reaching 14%. The effect of the tool rotational speed on temperature in SFSW process 

was investigated. It was found that, increasing the tool rotational speed from 1000 rpm 

to 1700 rpm, resulted in rising the peak temperature by 200%. This temperature rise 

may have a major impact in improving the weld quality during the process. 

Future Work 

The proposed future work is to investigate the effect of using SFSW process in 

grain size and Microhardness. Also, to evaluate the optimum process parameters 

(welding speed and rotational speed) required to achieve good weld quality and better 

mechanical properties during SFSW process. 
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