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ABSTRACT 

Friction stir spot welding (FSSW) is a novel process of metal joining. In the present work, the authors 

analysed the possibility of using this process to solve current problems in shipbuilding industry regarding 

small vessels by replacing the current arc welding techniques with the aforementioned process. Numerical 

simulation was carried out by the multiple purpose solver framework for Finite Element Method with a novel 

modelling approach. The problem was solved using a coupled mechanics system of equations in an 

axisymmetric continuum where material velocities were calculated in three dimensions, coupled with 

pressure and thermal fields. The heat source was calculated as a consequence of internal friction dissipation 

only. Two boundary conditions were analysed, adiabatic and with heat dissipation. Experimental welding 

tests were performed using a milling machine. Comparison between numerical modelling results and 

experimental FSSW testing results was done and analysed in detail. 

Keywords: FSSW, finite element method, axisymmetric, shipbuilding industry. 

1. INTRODUCTION 

The process of building a small ship is usually done by welding sheets to a structure built of aluminium 

profiles due to their resistance to corrosion and high strength-to-density ratio. The AA6000 series are mostly 

used for both structural and sheet components. Spot arc welding is commonly used to fix the sheets and 

plates to the profiles. Metal Inert Gas (MIG) welding is used for the inner welds while Tungsten Inert Gas 

(TIG) welding is used for the external welds due to its better surface finish. These methods require highly 

qualified personnel and moving the welding equipment across long distances in places difficult to reach 

inside the shipbuilding facility. Arc welding involves using electricity in high currents, X-ray and UV 

radiation, toxic fumes and a high risk of injure to the workers. In addition to these drawbacks, arc welding 

usually leaves residual stress and distortions in the welded parts. The Friction Stir Spot Welding (FSSW) 

process does not involve the use of an electric arc to join the metal pieces, it does not produce fumes or 

harmful radiation, nor it requires highly qualified personnel. In addition, it leaves small residual stresses and 

a good surface termination [1, 2].Following these advances, the main goal of the present work is to study the 

FSSW welding parameters to obtain better quality welds, especially to study the role of the strain rate fields 

in the dwelling stage. 

Friction Stir Spot Welding is a novel technique for joining sheets or plates by thermomechanical work 

initially developed for the automotive industry[3]. The rotating tool is usually a cylindrical rod with an 

almost flat front surface called shoulder, which has a much smaller diameter rod called pin protruding axially 

from its flat surface, as shown in Figure 1. The tool is rotated at a fixed speed and moved axially against the 

materials to be joined. The pin presses and heats the material until it penetrates the metal parts and stirs them 

together producing the weld. This stage is called plunging. The shoulder adds pressure to the parts against a 

backing plate thus expanding the heating zone. After a so-called dwelling time (stirring stage) in which the 

axial position of the tool (pin and shoulder assembly) is kept constant while spinning, the tool is withdrawn 
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from the weld zone (drawing out). The shoulder minimises the occurrence of flaws and avoids the metal to 

spin out of the weld zone. During the dwelling time the materials from both plates are stirred up and the weld 

zone is expanded. In order to extend the limits of applicability for this welding process and to make it more 

reliable, a great amount of research is needed [4]. 

 

Figure 1: The three stages of Friction Stir Spot Welding. 

Experimental modelling in FSSW is quite expensive and time consuming, given the numerous 

variables to be determined and the size of the test samples required. Due to the high temperature gradients in 

the welded parts, it is very difficult to measure their thermal history throughout the welding process. 

Numerical modelling is a known and very useful tool to aid the engineers in estimating the best tests to be 

carried out experimentally. It can be used to obtain a detailed estimation of thermo mechanical history so that 

microstructural changes can be well predicted. In the present work, the study of this process was done by 

numerical modelling and experimental testing and comparison between the results was done. Many authors 

have done reviews [4] and research [5] in this topic using diverse modelling techniques. The computational 

model approach used in this work is novel. It consists in using a two-dimensional mesh a with three-

dimensional axisymmetric continuum model. This is explained further in section 2.3. The comparisons were 

done between the thermal and velocity fields from numerical modeling and the shape of the stirred zone in 

experimental results. 

2. MATERIALS AND METHODS 

The friction stir spot welding of two stacked AA6063 aluminium alloy round plates was done using a FSSW 

equipment and numerically simulated using the Finite Element Method [6].  

The alloy composition is shown in Table 1. The pin and shoulder material was H13 steel alloy, and 

was modelled as analytical rigid for mechanical equations. The material parameters for both the plates and 

tool are shown in Table 2. The tool and plates dimensions for samples and modelling are shown in Table 3. 

Table 1: Alloy composition (%wt).[7] 

Alloy Al Si Fe Mn Mg Cu Cr 

AA6063 Base 0.2-0.6 0-0.35 0-0.1 0.45-0.9 0-0.1 0-0.1 

  

Table 2: Material thermal parameters.[8] 

MATERIAL PROPERTY STEEL TOOL ALUMINIUM PLATES 

ρ [Kg/m 3 ] 7.8·103
 2.7·103

 

Cp [J/Kg ºC] 0.5·103
 1.05·103

 

k [W/m ºC] 40.0 207.0 

 

Table 3: Tool and plates dimensions. 

TOOL DIMENSION [mm] PLATES DIMENSION [mm] 

Pin diameter 2.4 Plates thickness 1.2 

Pin length 1.9 Plates radii (axial symmetry) 50 

Shoulder diameter 4.8   
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Experimental welding was done using circular plates of 50mm radius and a thickness of 1.2mm each. 

The shoulder and pin front surfaces were flat and smooth. The pin lateral surface was cylindrical and not 

threaded. The plates were welded at a rotating speed of 2000 rpm (209 rad/s). The backing plate was a two-

inch thick mild steel plate. The plunging rate was about 6mm/min, while the dwelling stage was set at 5s. 

2.1 Numerical modelling. Continuum mechanics equations. 

The welding process under study is computationally costly, due to the high deformation rates, the 

temperature gradients and the highly non linear nature of the viscoplastic friction terms. This problem can be 

solved using a coupled thermo mechanical system of equations. Some simplifications were assumed: body 

forces and inertial forces were neglected; all gradients along the angular direction, θ, were assumed null. 

Therefore, all values of velocities, temperatures and pressure were constant respect to the angular dimension. 

Only the dwelling stage was modelled and temperature and velocity field results were obtained for every time 

step. Results at t=5s were chosen for discussion. The shoulder indentation in the upper plate was not 

considered for the present work. 

The set of coupled equations can be written as: 

;    (1a) 

 (1b) 

In the system of equations above ρ is the material density, Cp is the heat capacity, k is the thermal 

conductivity, T is the temperature and γ is the rate of heat generated by mechanical work. This term was 

modelled as: 

 (2) 

Where the term enclosed in parentheses is the contraction (inner product) between the stress deviator 

tensor and the strain rate tensor. The constant η is the fraction of mechanical work that is converted 

into heat (η=0.9) [5] . σ is the Cauchy stress tensor: 

 (3) 

In equation (3), p is the pressure, I is the identity tensor, and D, the strain velocity tensor, which was 

described by the symmetrical part of the velocity field gradient: 

 (4) 

Adopting the incompressibility hypothesis for representing the material behaviour, the stress deviator 

tensor can be related to the strain velocity tensor by the following expression: 

 (5) 

Using expressions (4) and (5) we can calculate the effective stress and strain rate tensors σe(the second 

invariant of Cauchy stress tensor σ)and the strain rate tensor εe: 

 (6) 

 (7) 

Using these definitions we can express an effective viscosity μ for the material (Perzyna’s relation): 
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 (8) 

The rate of deformation was assumed as dependant on temperature and strain rate, taken into account 

in the following expression for σe (Sellars and Tegart or Sheppard and Wright law) [10]: 

;      where  (9) 

Z is the Zener-Hollomon parameter, where Q is the activation energy, R is the universal constant of 

gases and T is the temperature in °K. Values for materials parameters constants n, A, Q and α. are shown in 

Table 4. 

Table 4: Viscosity parameters[10] 

MATERIAL A α [mm
2
N

-1
] n Q [J mol

-1
] 

Aluminium alloy 0.224·1013 0.052 4.54 177876.4 

2.3 Finite element modelling. 

The continuum was modelled using an axisymmetrical mesh with a total of seven degrees of freedom per 

node: temperature, T, velocities in three dimensions, Vx, Vz, Vθ, node positions Ux, Uy, and pressure, P. This 

approach is considered novel, given that some authors used axial symmetry [11,12] but considered two 

dimensions in velocities, neglecting the importance of shear stresses due to the gradients of angular velocities 

in the other two coordinates, x and y. 

The base plates were modelled using triangular elements with quadratic velocity interpolation and 

linear pressure interpolation, in order to have stability in pressure calculation in conjunction with null 

divergence in the velocity field. The quadratic interpolation of velocities allows the calculation of high stress 

gradients with better precision than with linear elements. The mesh used can be seen in Figure 2. 

 

Figure 2: Two dimensional axisymmetric mesh. Full (top) and detail of the weld zone (bottom). 

The boundary conditions regarding the thermal model were chosen as follows: A) heat loss due to 

convection and conduction, and B) completely adiabatic. For condition A, the heat flux was considered as 

normal convection type for free surfaces (top and perimeter surfaces) and contact diffusion type through the 

steel backing plate (boundary along x axis) and through the tool material. Heat loss through the backing plate 

was modelled as a Neumann type domain interface assuming a two inch thick backing steel plate in perfect 
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contact with the aluminium lower plate. The free end of the steel backing plate was considered at room 

temperature. Heat loss through the tool material was considered in the same manner. 

The initial conditions were chosen at the end of the plunging stage but with a room temperature 

thermal field so that only the dwelling stage was modelled. This choice allowed the authors to estimate the 

heat generation of by the dwelling process alone. The heat generated has two sources: friction between tool 

and plates and internal friction due to plastic work. According to NANDANet.al. [9] only 5% of the total 

internal work is consumed in material change of shape and creation of dislocations and the rest is 

transformed into heat. 

The mechanical boundary conditions were chosen as null vertical movement for the lower plate 

boundary (y=0 along x axis), symmetry around y axis (vertical axis at the left of the mesh in Fig 2). At the 

tool-material interface a prescribed tangential material velocity in coordinate θ was set (perpendicular to the 

mesh plane) as a linear function v = ω x, being x the radius. The angular speed ω=209 rad/s in θ was chosen 

equal to the experimental tool spinning rate of 2000 rpm. 

The algorithm of resolution involved two substeps: for the first substep, the velocity field was 

obtained assuming a constant temperature field, iterating to non-linearly adapt the values of viscosity 

associated to the local strain rates calculated in the previous iteration. Discrete equations were obtained from 

the classical Stokes problem for fully incompressible fluids and in concordance with the previously 

mentioned interpolations with an added Chorin type pseudo compressibility[13]. The linear system of 

equations for each iteration was solved by squared conjugate gradients using an incomplete LU factorisation 

pre-conditioner (SparseKit), as proposed by SAAD [14]. The temperature field was solved in the second 

substep using quadratic interpolation and a convection-diffusion problem, taking into account the heat 

generated by plastic flow using the velocity field calculated in the previous substep and a totally implicit 

solving scheme. The numerical solving method was the same as with the previous substep. 

The time stepping scheme was implemented as totally implicit, used mainly as a pre-conditioner of the 

system of equations. Dwelling time was set equal to 5s. The problem was solved using a multiple purpose 

solver framework [15]. 

3. RESULTS 

Numerical modelling for both conditions (A, with heat flow across the boundaries and B, adiabatic) was 

carried out and the results are shown (temperature and velocity fields) in Figures 3 to 6 below. Velocity fields 

in x and y coordinates resulted negligible, and therefore not shown. 

 

Figure 3: Temperature field att=5s for the Stokes problem A, with heat flux across the boundary, whole model (top) and 

weld zone (bottom). Temperatures are shown in degrees Celsius. Maximum temperature reached was 332ºC. 
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Figure 4: Temperature field at t=5s for the Stokes problem B without heat flux across the boundary, whole model (top) 

and weld zone (bottom). Temperatures are shown in degrees Celsius. Maximum temperature reached was 381ºC. 

 

Figure 5: Velocity field in cm/s (perpendicular to the mesh surface) at t=5s for the Stokes problem A (with heat flux 

across the boundary), whole model (top) and weld zone (bottom). 

Experimental welding was done on samples with the same dimension as the modelling. A photo of a 

cut through one sample is shown in Figure 7. 
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Figure 6: Velocity field in cm/s(perpendicular to the mesh surface) at t=5s for the Stokes problem B (without heat flux 

across the boundary), whole model (top) and weld zone (bottom). 

 

Figure 7: Longitudinal cut section of a test sample made of two stacked plates of1.2mm thickness welded using FSSW. 

The tool dimensions were the same as used in numerical modelling. 

4. DISCUSSION 

According to numerical modelling results, the resultant velocity fields were mainly tangential to concentric 

circles around the tool. The components of the velocity field in radial (x coordinate) and vertical (y 

coordinate) were negligible and therefore not shown. This can be due to the lack of grooves in the pin lateral 

surface and the flat shoulder surface used for the model. Future models should take into account these tool 

characteristics, most common in the industry. It is worth noticing that the heat input in the modelling was not 

due to friction in the tool-material interface since perfect adherence was set as boundary condition. 

In D’URSO et. al.[6] authors used a two-dimensional model but did not consider material motion in 

circumferential direction or mixing of the welded material. 

On the other hand, MA et.al. [16] did not consider the circumferential motion but added a set of 

boundary conditions called rotors by the authors to add vertical movement taking into account somewhat the 

effect of the pin thread. 

By observing Figure 7 it can be seen that a stirred zone was established. It can be seen that some 
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material from the weld may have remained attached to the tool upon withdrawing, leaving rounded edges and 

a conical surface around the pin hole. 

 

Figure 8: Superimposed images of numerical results (thermal field at t=5s for Stokes problem A) onto a longitudinal cut 

section of a test sample. 

 

Figure 9: Superimposed images of numerical results (velocity field perpendicular to the mesh surface at t=5s for the 

Stokes problem A) onto a longitudinal cut section of a test sample. 

Making a comparison between the stirred zone in Figure 7 and the velocity fields in coordinate θ 

shown in Figures 5 and 6 (the comparison is shown in superimposed images in Figures 8 and 9), it can be 

seen that the experimental weld zone was larger than the high strain rate zone in the modelling results. It 

must be taken into account that the initial thermal field was assumed at room temperature since it was not 

possible to measure a starting temperature map for the ending of the plunging stage. This may have lead to an 

underestimation of the heat input and high strains in the plunging stage. Nevertheless, and according to 

JEDRASIAK [17] the experimental values of temperature peaks were around 380°C for a similar 

experimental setup, material and geometry. The dwelling time was chosen 5s, during which a stable 

temperature field was almost reached in every part of the continuum, as seen in the results. The nugget zone 

at the bottom of the welded samples (close to the origin of coordinates in the model) showed a profile of 

heavily deformed re-crystallised microstructure at the pin edges that matches the high strain rate fields 

derived from the velocity fields shown in Figures 5,6 and 9 at the same zone and the highest temperature 
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zones shown in Figures 3, 4 and 8.It should be taken into account that the during the plunging stage the 

material is deformed and heated by friction and internal plastic work. This, in addition to the high 

temperatures at that spot, leads to a complete re-crystalisation of the material just underneath the pin front 

surface, as shown in Figure 7. 

It seems that a perfect adherence between tool and base material is not a realistic condition, for it has 

to be taken into account the generation of heat by friction, previous to, and during the dwelling stage so that 

the calculated heat input can result in higher temperatures in the material. Future models should take this 

process into account by means of an interface friction model, for both the plunging and the dwelling stage, 

which introduces massive strains and material flow that cannot be predicted otherwise without that stage. 

The constitutive equation used for the modelling was chosen for its material data availability in the 

range of strain rates and temperatures of FSSW. Nevertheless, it gives lower strain values than other 

constitutive equations, such as Johnson-Cook or Kocks and Meking laws, after KUYKENDALL[18]. This 

may have lead to lower values of internal heat due to friction, as seen in the temperature field results shown 

above.  

 

4. CONCLUSIONS 

Numerical modelling of the dwelling stage of the FSSW process was done using an axisymmetrical two-

dimensional continuum. A novel approach using three-dimensional velocity fields and scalar temperature and 

pressure fields were used for the modelling. Two thermal boundary conditions were chosen: with heat loss to 

the surrounding media and adiabatic. 

Experimental welding of aluminium sheets was done and samples from through-cut specimen were 

taken and compared to the modelling results. 

The velocity fields showed the same shape as the experimental stirred zone, which means that the 

strain rate gradients are dominant in the process of friction stir spot welding through the internal heat 

generated by material viscous flow. The velocity and temperature fields results showed that the approach was 

successful despite a more accurate heat transfer boundary conditions have to be preset in future models to 

obtain more realistic results, taking into account the tool-plate friction into the heat input terms. This may 

lead to higher temperature values, even though the peak values found were close to those reported in 

literature. In addition, for future work it was found necessary to model the plunging stage since it generates 

initial thermo mechanical conditions for the dwelling stagethat cannot be obtained otherwise and end up in 

weld characteristics found in experimental specimens. 
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