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Highlights 

 Evolution of the contact conditions with welding parameters. 

 Analysis of strain rate sensitivity to process parameters. 

 Prediction of grain size evolution with process parameters. 

 Influence of contact conditions on heat generation. 

 Analysis of the mechanisms governing material flow. 
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Abstract 

In friction stir welding (FSW), the real contact conditions between the tool and the 

workpiece and the range of strain rates experienced remain quite unclear. In this work, a 

coupled 3D thermo-mechanical numerical model was used to simulate the FSW 

process. A Parametric finite element analysis of the evolution of the contact conditions, 

strain rates and temperatures with the processing parameters, tool dimensions and base 

material plastic properties was conducted. The numerical model was able to capture the 

evolution of the mixed slipping/sticking contact conditions with the welding time and 

welding parameters. The temperature and strain rate gradients obtained in the numerical 

simulations were validated with experimental data, by calculating the grain size 

distribution, in the stirred volume, using the Zener-Hollomon parameter. Full sticking, 

full slipping and mixed slipping-sticking contact domains were identified in a process 

parameters chart. It was found that, meanwhile the temperature and the sticking fraction 

evolve in the same way with the processing parameters, the strain rate is mainly 

determined by the tool rotation speed, varying from an average of 68 to 324 s
-1

, when 

the tool rotation speed is increased from 300 to 1200 rpm. The contact conditions and 

the base material plastic properties were also found to mutually influence the material 

flow. In full sticking contact, high strength materials, with high strain rate sensitivity, 

may display a similar flow pattern to that of low strength materials. However, coarser 

and more uniform grain structures may result from the welding of high strength 

materials, as a result of the narrower range of strain rates experienced during welding 

combined with high heat input. 

Keywords: FSW; Contact conditions; Strain rate; Numerical simulation. 
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1. Introduction 

During Friction Stir Welding (FSW), the tool rotation and translation movements 

promote not only the heating by friction of the materials to be joined, but also its plastic 

deformation under complex loading conditions and variable strain rates. The complex 

loading conditions, at high temperatures, are responsible for the material flow and for 

the microstructural phenomena taking place during welding. So the understanding of the 

mechanisms that govern the plastic deformation during welding, which are conditioned 

by the contact conditions at the tool/workpiece interface, temperature and strain rates 

inside the stirred volume, are very important to predict the final microstructure of the 

welded materials as well as the possibility of defect formation. 

Several works attempted to analyse and measure the plastic deformation and the 

strain rates during FSW, by using different techniques, such as microstructural analysis, 

tracing materials, analytical models and numerical simulation. Table 1 summarises the 

strain rate values reported in the literature, determined using the above described 

techniques, for different base materials and process conditions. Frigaard et al., 2001 [1], 

Gerlich et al., 2006 [2] and Gerlich et al., 2007 [3] measured the grain size in the 

stirring zone to compute the strain rate values by using the Zener–Hollomon parameter, 

in FSW and Friction Stir Spot Welding (FSSW) of Aluminium alloys. Frigaard et al., 

2001 [1] calculated strain rate values, between 1 to 20 s
-1

 in FSW of AA6082 and 

AA7018. According to the authors, these results indicated the occurrence of slipping 

contact conditions between the tool and the workpiece, since the calculated strain rate 

values were very low when compared to the angular velocity of the tool. On the other 

hand, Gerlich et al., 2006 [2] and Gerlich et al., 2007 [3] in FSSW of AA7075 and 

AA2024, respectively, reported a decrease in the strain rates, from 650 to 20s
-1

 and 

1600 to 0.6s
-1

, by increasing the rotation speed from 1000 to 3000 rpm and 750 to 3000 
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rpm, respectively. They attributed these results to the local melting of second phase 

particles. Masaki et al., 2008 [4] determined the strain rate values during FSW of 

AA1050, by comparing the grain size in the welded zone, with the grain size of 

specimens loaded in plane-strain compression, under various temperatures and strain 

rates. Using this technique, the authors found that by increasing the rotation speed from 

600 to 1200 rpm the strain rates varied between 1.7 to 2.7 s
-1

. 

Chen and Cui, 2009 [5] and Liu et al., 2019 [6] determined the strain rates in 

FSW of A356 alloy and C1100P copper, respectively, by measuring the distortion of 

tracer materials in the post-weld microstructure. Chen and Cui, 2009 [5] calculated 

strain rates between 3.5 to 85 s
-1 

in the
 
leading side of the tool, while Liu et al., 2019 [6] 

calculated an average strain rate of 20.8 s
−1 

in the band formation zone. The use of 

tracers has also been used to determine the strain rates and the material flow velocity 

during FSW by Morisada et al., 2015 [7], Morisada et al., 2015 [8] and Kumar et al., 

2018 [9]. Morisada et al., 2015 [7] calculated a maximum strain rate value of almost 15 

s
-1

, for the FSW of A1050 at 1000 rpm. Also, in the FSW of A1050 Morisada et al., 

2015 [8], observed that the tracing particles rotated around the tool several times, when 

the rotation speed was higher than 400 rpm, although the angular velocity of the tracer 

was always lower than the angular velocity of the tool. For rotation speeds lower than 

300 rpm the tracing particles stopped rotating around the tool and defects were observed 

in the weld. Kumar et al., 2018 [9] analysed the influence of the rotation and traverse 

speeds on the strain rate, in the FSW of a viscoplastic fluid. According to the authors, 

the tracing particles also rotated several times around the tool pin, up to a maximum 

velocity of 60 % of the pin angular speed. The tool rotational speed was found to be the 

main factor governing the strain rates. Increasing the rotation speed from 75 to 425 rpm 

lead to an increase in the strain rates between 8 and 44 s
-1

. 
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Chang et al., 2004 [10] and Long et al., 2007 [11] proposed analytical models to 

estimate the strain rates during welding. Chang et al., 2004 [10] proposed that the strain 

rates are proportional to the size of the dynamically recrystallised zone and to a fraction 

of the tool rotational speed, due to the sticking/slipping contact condition at the 

tool/workpiece interface. Using the previous model, Chang et al., 2004 [10] calculated 

an increase in the strain rates between 5 to 50 s
-1

 by increasing the rotation speed from 

180 to 1800 rpm. The Long et al., 2007 [11] model estimated the strain rates by 

considering the distance that the tool advance in one rotation, as the initial length of the 

undeformed material. Then, during the tool rotation, this portion of material is stretched 

in the front side of the pin and is finally compressed in the trailing side of the pin, where 

it is deposited. Considering the previous model, Long et al., 2007 [11] calculated an 

increase in the average strain rates from 20 to 350 s
-1

 by increasing the rotation speed 

from 544 to 844 rpm, respectively. 

Due to the difficulty in calculating the strain rates experimentally during 

welding, numerical simulation has been used as a tool to determine the strain rates 

experienced during FSW. Nandan et al., 2006 [12], Nandan et al., 2006 [13] and 

Nandan et al., 2007 [14] used a three-dimensional viscoplastic model to simulate the 

FSW of 304 stainless steel, AA6061 aluminium and AISI 1018 steel, respectively. The 

authors determined maximum strain rate values of 130 s
-1

, 150 s
-1

 and 40 s
-1

, for rotation 

speeds equal to 344, 300 and 450 rpm, respectively. Du et al., 2020 [15] used numerical 

simulation to model the FSW of AA2017, AA5083 and AA6082 aluminium alloys and 

computed strain rate values between 23.16 to 434.25 s
-1

 by varying the rotation speed 

from 100 to 1100 rpm. Mukherjee and Ghosh, 2010 [16] used two-dimensional finite-

element simulation using ABAQUS, to model the FSW of AA5083 aluminium alloy. 

The authors concluded that a 0.1 ratio between the base material velocity matrix and the 
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tool velocity, best characterised the material flow. For these conditions, a maximum 

strain rate of 87 s
-1

 was determined. Ammouri et al., 2015 [17] used a 3D thermo-

mechanically coupled FE model to simulate the FSW of AZ31B, under different 

rotation and traverse speeds. The authors observed that the strain rates increased with 

the rotation and traverse speeds. Although, the rotation speed presented higher influence 

on the strain rate values than the traverse speed. Sharghi and Farzadi, 2018 [18] used a 

three-dimensional model based on the computational fluid dynamics to simulate 

dissimilar welding of AA6061/Al-Mg2Si aluminium alloys. The authors computed a 

maximum strain rate of 975 s
-1

 near the top surface of the workpiece at the outer edge of 

the tool shoulder. 

The contact conditions at the tool/workpiece interface are also critical to 

understand the welding mechanisms occurring during FSW, although they are difficult 

to study experimentally. In general, the contact conditions are considered to be fully 

sticking [19–27] or fully slipping [19,24,28–30]. However, this assumption may be 

restrictive in order to simulate the welding process accurately. Some works have also 

considered the partial slipping/sticking phenomena during the welding process by 

prescribing imposed velocity profiles at the tool/workpiece interface [19,24,31–33]. 

Considering all the works analysed, it is possible to conclude that the calculated 

strain rate values widely vary, in accordance with the different measurement techniques, 

process parameters, contact conditions and base materials used. In current work, a 

coupled three-dimensional thermo-mechanical model was used to simulate the evolution 

of the mixed slipping/sticking contact conditions and to compute the strain rates and 

temperatures during FSW of different base materials under a wide range of 

parametrically varied welding conditions. The range of temperatures and strain rate 

obtained in the numerical simulations were validated with experimental results and 
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extrapolated to predict the evolution of the weld microstructure for the different welding 

conditions tested. 

Table 1 – Range of strain rates reported in the literature. 

Technique Author Base Material 

Rotation 

speed 

[rpm] 

Traverse 

speed 

[mm/min] 

Strain rate  

[s
-1

] 

Microstructural 

Frigaard et 

al., 2001 [1] 

AA6082 and 

AA7018 
1500 720 1 - 20 

Gerlich et al., 

2006 [2] 
AA7075-T6 1000 - 3000 0 20 - 650  

Gerlich et al., 

2007 [3] 
AA2024 T351 750 - 3000 0 0.6 - 1600 

Masaki et al., 

2008 [4] 
AA1050 600 - 1200 100 1.7 - 2.7 

Tracers 

Chen and 

Cui, 2009 [5] 

A356 (Al-7Si-

0.3Mg) 
740 168 3.5 - 85 

Morisada et 

al., 2015 [7] 
A1050 1000 400 13.4 - 15 

Kumar et al., 

2018 [9] 
Visco-plastic fluid 75 - 425 50-110 8 - 44 

Liu et al., 

2019 [6] 
Copper C1100P 800 150 20.8 

Analytical 

model 

Chang et al., 

2004 [10] 
AZ31 180 - 1800 90 5 - 50 

Long et al., 

2007 [11] 

5083-O, 

 2219-T87 and   

7050-T751 

544 - 844 76.2 20 - 350 

Numerical 

Nandan et al., 

2006 [12] 
304 Stainless Steel 300 101 130 

Nandan et al., 

2006 [13] 
AA6061 344 95 150 

Nandan et al., 

2007 [14] 
AISI 1018 450 25.2 40 

Mukherjee 

and Ghosh, 

2010 [16] 

AA5083 1500 50.8 87 

Ammouri et 

al., 2015 [17] 
AZ31B alloy 600 - 2000 75 - 900 34.8 - 122.5 

Sharghi and 

Farzadi, 2018 

[18] 

AA6061/ Al- 

Mg2Si  
1120 120 975 

Du et al., 

2020 [15] 

AA2219, AA5083 

and AA6082 
150-1302 100-1100 23.16-434.25 

 

2. Numerical simulation 

2.1 The finite element model 

The contact conditions and the plastic deformation during FSW were studied by using 

the three-dimensional numerical model proposed by Chiumenti et al., 2013 [34] and 
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Dialami et al., 2013 [35]. As shown in Figure 1, the finite element model combines 

three different kinematic frameworks. The tool is modelled in a Lagrangian framework, 

while the stirring zone and the base material are modelled using Arbitrary 

Lagrangian/Eulerian (ALE) and Eulerian frameworks, respectively. In order to reduce 

the computational time, the two-stage solution strategy proposed by Dialami et al., 2017 

[36] was used. The coupled thermo-mechanical problem is solved by using the thermal 

and mechanical sub-problems, shown in Table 2, sequentially for each time step. The 

nomenclature of the variables used is shown in Table 3. In the numerical model it was 

assumed that 90% of the plastic dissipation was converted into heat. For a more detailed 

explanation of the thermal and mechanical models, and of the computational 

framework, see Refs. [35–39]. 

Table 2 – Formulation. 

Mechanical partition 

𝛻 ⋅ 𝑠 + 𝛻𝑝 + 𝜌𝑜𝑏 = 0 Momentum balance equation 

𝛻 ⋅ 𝑣 = 0 Continuity equation 

𝜀̇ = 𝛻𝑠𝑣 Kinematic equation 

𝜎𝑒𝑞 = √3
2⁄ (𝑠: 𝑠)1 2⁄  Equivalent stress 

𝜀𝑒̇𝑞 = √2
3⁄ (𝜀̇: 𝜀̇)1 2⁄  Equivalent strain rate 

Thermal partition 

𝜌0𝑐 (
1

𝜉

𝑑𝑇

𝑑𝑡
+ (𝑣 − 𝑣𝑚𝑒𝑠ℎ) ⋅ 𝛻𝑇) − 𝛻 ⋅ (𝑘 𝛻𝑇) = 𝐷𝑚𝑒𝑠ℎ Energy balance equation 

𝐷𝑚𝑒𝑠ℎ = 𝜃𝑠: 𝜀 ̇ Viscoplastic dissipation 

𝑞𝑐𝑜𝑛𝑣 = ℎ(𝑇 − 𝑇𝑒𝑛𝑣) Heat convection 

𝑞𝑐𝑜𝑛𝑑 = ℎ𝑐𝑜𝑛𝑑(𝑇 − 𝑇𝑡𝑜𝑜𝑙) Heat conduction 

 

Table 3 – Nomenclature. 

𝑠 Stress deviator 

p Pressure 

𝜌0 Density in the reference configuration 

𝑏 Body forces vector per unit of mass 

𝑣 Velocity field 

𝜀̇ Strain rate 

c Specific heat 

T Temperature 
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𝑣𝑚𝑒𝑠ℎ Velocity of the mesh 

𝑘 Thermal conductivity 

𝜃 Fraction of plastic dissipation 

ℎ𝑐𝑜𝑛𝑣  Heat transfer coefficient by convection 

ℎ𝑐𝑜𝑛𝑑  Heat transfer coefficient by conduction 

𝜉 Speed-up factor 

Tenv Environmental temperature 

Ttool Tool temperature 

 

In this work, a square shaped workpiece with 160×160 mm was used to simulate 

the base material. The tool was simulated with a flat shoulder with a concentric 

cylindrical pin. A mesh with 32000 nodes and 180000 tetrahedral elements was used in 

the numerical simulations. In order to understand the influence of the process 

parameters on the contact conditions and on the plastic deformation during welding, in 

the numerical simulations, the rotation (𝜔) and traverse (𝑣) speeds were varied between 

300 to 1200 rpm and 250 to 1000 mm/min, respectively. The tool pin diameter (𝐷𝑝), pin 

length (𝑝𝑙), shoulder diameter (𝐷𝑠) and base material thickness (𝑡) were varied in the 

range of 4 to 10 mm, 1.8 to 8.5 mm, 12 to 30 mm and 2 to 10 mm, respectively. 

According to Andrade et al., 2020 [40], this range of welding velocities, tool 

dimensions and plate thicknesses represent the majority of the welding conditions tested 

in the FSW works on aluminium alloys. As in Andrade et al., 2020 [40], in current 

work, the influence of the tool dimensions on the welding outputs was considered by 

using the geometry parameter (𝐺), that corresponds to the contact area between the tool 

and the workpiece, 

 
𝐺 =

𝜋

4
 𝐷𝑝

2 + 𝜋𝐷𝑝𝑝𝑙 +
𝜋

4
(𝐷𝑠 − 𝐷𝑝)

2
. 

(1) 

The combination of base material thicknesses, pin and shoulder diameters and 

respective geometry parameters used in current numerical simulations are summarised 

in Table 4. These combinations were set according to Zhang et al., 2012 [41] and Prado 

et al., 2001 [42], who recommended a shoulder diameter to plate thickness relation 
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equal to Ds = 2.2t+7.3 and a shoulder to pin diameter ratio equal to Ds/Dp=3, 

respectively. Also, a pin length to plate thickness ratio equal to 0.85 was considered. 

 

Figure 1 – Numerical model and respective subdomains: Lagrangian, ALE and Eulerian zones. 

 

Table 4 – Base material thicknesses, shoulder diameters, pin diameters and geometry parameters used in 

the numerical simulations. 

t [mm] Ds [mm] Dp [mm] G [mm
2
] 

2 12 4 134 

6 18 6 351 

10 30 10 974 

 

2.2 The base materials modelled 

The base material plastic behaviour was modelled by using the Norton-Hoff constitutive 

model,  

 𝜎𝑒𝑞(𝜀𝑒̇𝑞 , 𝑇) = √3𝜇(√3𝜀𝑒̇𝑞)
𝑚

, (2) 

where 𝜎𝑒𝑞 is the equivalent stress, ε̇eq is the equivalent strain rate and 𝜇 and 𝑚 are 

constants that determine the strength and the strain rate sensitivity, respectively, of the 

base material. Some conceptual materials were considered in this analysis. The base 

Lagrangian Tool

ALE stir zone 

Eulerian 

workpiece
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materials stress-strain rate curves, for a constant temperature of 25 ºC and 550 ºC, and 

the stress-temperature curves, for a constant strain rate of 100 s
-1

, are represented in 

Figure 2a to 2c. In the figure, the base material represented by the yellow line was 

modelled using the AA6063-T6 constitutive properties from Dialami et al., 2017 [37]. 

The constitutive properties of this material, which will be labelled as reference material, 

were used in most of the analysis that follows. The remaining base materials used in the 

analysis were conceptually developed by varying 𝜇 and 𝑚 values, taken from the 

reference material, from -90 % to +100 % as shown in Figure 2. The HSHSRS and the 

HSLSRS are high strength materials (𝜇 = +100 %) but with high (𝑚 = +100 %) and low 

(𝑚 = -90 %) strain rate sensitivity, respectively. On the other hand, the LSHSRS and 

LSLSRS are low strength materials (𝜇 = -90 %), but with high (𝑚 = +100 %) and low 

(𝑚 = -90 %) strain rate sensitivity, respectively. The conceptual materials were 

exclusively used in a parametric analysis on the influence of the plastic properties of the 

base materials on the material flow and temperature and strain rate distributions during 

welding. 

                  



12 
 

 

Figure 2 – Stress-strain rate curves at a constant temperature of 25 ºC (a) and 550 ºC (b), and stress-

temperature curves at a constant strain rate of 100 s
-1

 (c). Labels HSHSRS and HSLSRS denote high 

strength materials with high and low strain rate sensitivity, respectively. Labels LSHSRS and LSLSRS 

denote low strength materials with high and low strain rate sensitivity, respectively. 

2.3 The friction law and the contact conditions 

The Norton’s friction law was used to model the friction between the tool and the 

workpiece: 

 𝜏 =  𝑎(𝑇)‖∆𝑣𝑠‖𝑞−1∆𝑣𝑠. (3) 

In the equation, 𝜏 is the friction shear stress, ∆𝑣𝑠 is the relative sliding velocity between 

the tool and the workpiece, 𝑞 is the sensitivity to the sliding velocity and 𝑎(𝑇) is the 

consistency parameter given by 

 𝑎(𝑇) = −𝛼𝑓𝐾(𝑇), (4) 

where 𝛼𝑓 is the friction coefficient and 𝐾(𝑇) is the temperature dependent material 

consistency. Considering an almost uniform temperature distribution at the contact 

interface, 𝑎(𝑇) may be assumed constant. In order to ensure that the mixed contact 

conditions characteristic of the FSW process were accurately captured by the numerical 
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model, 𝑎(𝑇) values ranging from 50 to 500 MPa, were tested. With this selection, 

several friction coefficients were assumed, since 𝐾(𝑇) is a material related constant. 

The sensitivity to the sliding velocity parameter was assumed to be constant (𝑞 = 0.5) 

[37]. 

The contact conditions between the tool and the workpiece were assessed by 

measuring the sticking fraction (δ), as suggested by Schmidt et al., 2003 [43]: 

 δ =
𝑣𝐵𝑀

𝑣𝑡𝑜𝑜𝑙
 . (5) 

In the equation, 𝑣𝐵𝑀represents the velocity of the base material, at the tool/workpiece 

interface, and 𝑣𝑡𝑜𝑜𝑙 is the tool velocity. According to Schmidt et al., 2003 [43], when the 

sticking fraction is equal to one, it means that the contact is 100 % sticking. When the 

sticking fraction is equal to zero, it means that the contact is 100 % slipping.  

 

3. Analysis of results 

3.1. Sensitivity analysis on contact conditions 

To determine whether the mixed slipping/sticking contact conditions occurring in the 

FSW process were accurately captured by the numerical model, 𝑎(𝑇) values ranging 

from 50 to 500 MPa were tested using the AA 6063 alloy constitutive properties for 

modelling the base material, a tool with geometry parameter 𝐺 = 351 mm
2
 and rotation 

and traverse speeds of 600 rpm and 250 mm/min, respectively. 

Figures 3a and 3b compare the evolution of the base material and tool velocities, 

at the tool/workpiece interface, in two different stages of the FSW process, i.e. at the 

beginning of the welding process (t = 0.04s) and after steady state conditions are 

reached (t = 5s). The figure refers to numerical simulations performed using 𝑎(𝑇) equal 
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to 90 and 500 MPa. In Figures 3c and 3d is compared the distribution of the sticking 

fraction, calculated using the velocity profiles of Figures 3a and b, respectively. In the 

next, to characterise the contact conditions, the average sticking fraction (δavg), which is 

the average of the sticking fraction values calculated for all the points along the 

tool/workpiece interface, will be used. 

Analysing Figure 3 it is possible to conclude that, in both numerical simulations, 

the tool and the material velocities increase with the radial distance from the tool axis, 

and its maximum values are reached at the outer shoulder edge. The figure also enables 

to conclude that, irrespective of 𝑎(𝑇), the sticking fraction increased with the welding 

time, satisfactorily reproducing the evolution of the contact conditions during the 

dwelling period at the beginning of the FSW process. Although, meanwhile for the 

simulations performed with 𝑎(𝑇) = 90 MPa, slipping contact conditions (δavg  0) 

prevailed at the initial stage of the welding process (t = 0.04s), for the simulations 

performed with 𝑎(𝑇) = 500 MPa, a large sticking fraction (δavg  0.8) was registered 

since the beginning of the welding process. When using 𝑎(𝑇) =90 MPa, once steady 

state conditions were reached (t = 5s), mixed slipping/sticking contact conditions (δavg  

0.7) were developed. On the other hand, when using 𝑎(𝑇) = 500 MPa, full sticking (δavg 

 1) prevailed after steady state conditions were reached. Another important difference 

between the simulations performed with the different consistency parameter values is 

that, for the simulations ran with 𝑎(𝑇) = 90 MPa, the contact conditions were not 

symmetrical nor uniform along the tool diameter, since the beginning of the welding 

process, being registered higher sticking fractions at the retreating side (RS) than at the 

advancing side (AS) of the tool. However, for the simulations ran with 𝑎(𝑇) = 500 MPa, 

contact conditions were almost symmetrical and became uniform, at the 

shoulder/workpiece interface, when steady state conditions were reached. For 𝑎(𝑇) = 90 
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MPa, the sticking fraction was also higher, at the inner shoulder diameter, where the 

tool velocity is lower and the weld nugget is formed due to the dragging of the material 

from the shoulder influence zone to the pin influence zone [44].  

The analysis performed in the previous paragraph showed important differences 

in contact conditions at the tool/workpiece interface when different values were 

assumed for the consistency parameter in the Norton friction law. So, in order to better 

understand the evolution of the contact conditions with 𝑎(𝑇), and its influence on heat 

generation and material flow, numerical simulations were ran using a varied range of 

tool rotational speeds (300, 600, 900 and 1200 rpm), which is the main factor governing 

the heat generation in FSW [40]. Figures 4a and 4b show the evolution of the average 

sticking fraction with 𝑎(𝑇) and with the rotation speed, respectively. In the figures, it is 

also plotted the evolution of the welding temperature for the range of welding 

conditions tested. The welding temperature was calculated by computing the average 

temperature in the stirring volume, i.e. considering only the amount of material with 

equivalent strain rate values higher than zero. 
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Figure 3 – Evolution of the base material velocity at the tool/workpiece interface (a and b) and of the 

sticking fraction (c and d) with the welding time. Labels 𝑎(𝑇), As, Rs denote consistency parameter, 

advancing side and retreating side, respectively.  

 

 

Figure 4 – Evolution of the average sticking fraction with 𝑎(𝑇) (a) and rotation speed (b). Label 𝑎(𝑇), 

denote consistency parameter. 

 

Analysing Figure 4a, it can be concluded that, independently of the rotation 

speed, the sticking fraction increases with 𝑎(𝑇). For 𝑎(𝑇) < 200 MPa, slipping contact 
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and mixed slipping/sticking contact prevail, depending on the tool rotational speed. For 

𝑎(𝑇) > 200 MPa, sticking contact prevails, mainly for rotation speeds higher than 600 

rpm. Figure 4 also shows that the low temperatures associated with the very low 

rotation speed of 300 rpm [40], is only simulated for 𝑎(𝑇) < 100 MPa and that the 

transition between prevalent slipping, at low rotation speeds, to prevalent sticking, at 

high rotation speeds, is only simulated for 𝑎(𝑇) = 90 MPa. Based on these results, 𝑎(𝑇) 

= 90 MPa was selected to be used in the analysis of the evolution of the contact 

conditions and strain rate with process parameters. In the next, this option will be 

validated based on literature and experimental results. 

 

3.2.Validation of the model 

A relationship between the process parameters and the welding temperatures was 

already established and validated by Andrade et al., 2020 [40]: 

 {
𝑇 = 𝐾𝑇𝐶𝑇

𝜑
  for 𝐶𝑇 < 20000

𝑇 = 590º𝐶   for 𝐶𝑇 ≥ 20000

   
(6) 

 

In these relationships, CT is the temperature coefficient and 𝐾𝑇 and 𝜑 are constants 

related to the base material properties. For aluminium alloys, the authors determined 

that for 𝐾𝑇 and 𝜑 equal to 50 and 0.25, respectively, a good fitting for a large number of 

literature results was obtained. The temperature coefficient is given by 

 𝐶𝑇 =
𝐺𝜔

√𝑣𝑡
 .  (7) 

In Figure 5 the temperature values previewed by the analytical model (Eq. 6) are 

compared with the numerical results obtained in the numerical simulations, using 𝑎(𝑇) 
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= 90 MPa and considering the constitutive properties of the AA6063 alloy and all 

welding conditions tested in this work. In the figure is plotted a rectangle in blue, 

highlighting the evolution of temperature for predominant sliding conditions (δavg ≤ 0.2) 

and a rectangle in grey highlighting the evolution of temperature results for the 

simulations in which δavg > 0.2. The correlation between the analytical model and the 

results of the numerical simulations was assessed by the percentage error between the 

average of the temperatures obtained from the numerical simulations and the average of 

the temperatures previewed by the model. Analysing the figure, it is possible to 

conclude that for sticking fraction values lower than 0.2, the percentage error between 

the analytical and the numerical simulation results is 25 %. For these welding 

conditions, the temperatures were always inferior to the ones predicted by the analytical 

model. For sticking fraction values higher than 0.2, the percentage error is inferior to 3 

%, showing a very good agreement between the numerical results with the ones 

predicted by the analytical model. These results indicate that, in the domain of mixed 

contact conditions and full sticking, the welding temperatures are determined by the 

process parameters and tool dimensions, but the same is not true when sliding contact 

prevails, i.e. in a temperature interval conducting to the production of defective welds 

due to the very low heat input [8,45]. This may be explained assuming that in the full 

sliding domain an accurate knowledge of the friction coefficient (𝛼𝑓) is required in 

order to accurately model the FSW process. However, the figure also shows that for 

mixed sliding/sticking conditions, the temperature may be accurately previewed using 

𝑎(𝑇) = 90 MPa for modelling the contact conditions. 
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Figure 5 – Comparison between the temperature values previewed by the analytical model (Eq. 6) with 

the temperatures computed by the numerical results, for δavg ≤ 0.2 (a) and δavg > 0.2 (b). ). Label δavg, 

denote average sticking fraction. 

 

In Figure 6 is now shown a cross-section of a weld performed in the AA6082-T6 

aluminium alloy using a tool with a geometry parameter of 475 mm
2
 and rotation and 

traverse speeds of 500 rpm and 200 mm/min, respectively. In figure are displayed the 

streamlines representing the material flow around the tool, determined as in Dialami et 

al., 2014 [46] . The figure also shows the strain rate and temperature distributions, in the 

weld cross section, obtained when simulating the experimental FSW test. Despite the 

room temperature properties of the AA6063-T6, to which refer the material constitutive 

properties used in the numerical simulations, and the AA6082-T6 alloys, used to 

fabricate the weld in the figure, are different, at the very high temperatures reached 

during FSW, it is expected that both alloys display similar properties and that the 

numerical and experimental results may be compared. Actually, analysing the 

streamlines in Figure 6 it is possible to conclude that, for the FSW conditions modelled, 

the numerical simulations preview that the material is stirred under the shoulder for 

more than one revolution. This prevision is corroborated by the cross-section of the 

weld, which displays a large shoulder influence zone. However, in order to better 

demonstrate the good agreement between the numerical and the experimental results, 

the grain size (GS) distribution in weld nugget, represented in Figure 7, was compared 
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with the grain size distribution calculated using the temperature and strain rate 

distributions displayed in Figure 6. 

 

Figure 6 – Comparison between the AA6082-T6 weld cross section, with the streamlines, temperature 

and strain rate fields obtained through numerical simulation. Labels As, Rs, δ, 𝜔 and 𝑣 denote advancing 

side, retreating side, sticking fraction, rotation speed and traverse speed, respectively. 

 

 

Figure 7 – Microstructure and grain size distribution in the weld nugget. 

 

                  



21 
 

Figure 7a and 7b clearly illustrate the large dispersion in GS inside the nugget of 

the weld in Figure 6. According to Leal et al., 2008, [44] the onion rings are composed 

by intercalated layers, which result from the incorporation of the plasticised material 

dragged under the shoulder into to the shear layer around the pin. Magnifications of the 

microstructure in different locations of the nugget, identified by numbers 1 to 5 in 

Figure 7a, as well as the grain size distribution in these different regions, are shown in 

Figures 7c to 7m. Analysing the figure, it is possible to observe zones with smaller grain 

size intercalated with zones with larger grain size. As it is known, in thermo-mechanical 

processes with severe plastic deformation, such as FSW, the dynamic recrystallisation 

phenomena contribute to the grain refinement in the weld nugget. According to Huang 

and Logé, 2016 [47], the recrystallisation kinetics and the recrystallised grain size 

increases with increasing temperatures and decreasing strain rates. The Zener-Hollomon 

parameter (𝑍)  

 𝑍 = 𝜀̇ (
𝑄

𝑅𝑇
), (8) 

have been used to incorporate the strain rates (𝜀̇) and the deformation temperature (𝑇) 

into a single parameter by several works in FSW [1–3,10,48]. In the equation, R is the 

gas constant and 𝑄 is the deformation activation energy. The relation between the 

Zener-Hollomon parameter and the recrystallised grain size (𝑑) is given by [10,48] 

 𝑙𝑛(𝑑)  = 𝑎 − 𝑏 × 𝑙𝑛(𝑍), (9) 

where 𝑎 and 𝑏 are material constants. For the AA 6063 aluminium alloy, the activation 

energy is about 153 kJ/mol [49]. Fitting the experimental results in Figure 7, it was 

determined that a and b constants are equal to 15 and 0.44, respectively. In Figure 7b, 

the grain size distribution obtained from the microstructural analysis is compared with 

the grain size distribution obtained through the numerical simulation, using Eq. 8 and 9 

and the constants determined using the experimental results. Analysing the figure, it is 
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possible to conclude that the grain size distribution estimated using the numerical 

results satisfactorily reproduce the experimental ones, which validates the numerical 

model. The differences between the numerical and experimental results may be 

explained considering the differences in constitutive properties between the AA6063 

and AA6082 alloys, and also, by the fact that no mesh refinement was performed in 

order to capture more accurately the strain rate and temperature gradients inside the 

stirred volume.  

3.3.Influence of process parameters on the thermomechanical conditions 

The influence of the process parameters on the contact conditions and strain rates 

developed during FSW was analysed by performing numerical simulations, using the 

constitutive properties of the AA6063-T6 alloy, the reference material in this study, 

𝑎(𝑇) = 90 MPa and varying the tool traverse and rotation speeds, as well as the tool 

dimensions, represented by the geometry parameter.  

In a previous investigation, from the current authors [40], it was already 

demonstrated that the rotation speed and the tool dimensions were the main factors 

governing the heat generation in FSW. This conclusion is also illustrated in Figure 8 of 

this manuscript, which shows the evolution of the temperature (coloured maps) as a 

function of  and G. However, in addition to the temperature evolution, the figure also 

shows the evolution of the average sticking fraction (discontinuous lines) and of the 

average strain rate (continuous lines), in the stirred material volume. Analysing the 

results, it is possible to conclude that in the lower temperatures domain, the sticking 

fraction evolves with 𝐺 and  in the same way as the temperature, i.e., the dashed lines 

almost follow the contour of the isotherms. On the other hand, in the higher 

temperatures domain, corresponding to large values of 𝐺 and , meanwhile the sticking 

fraction becomes very high and almost constant, the temperature continues to increase 
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with 𝐺 and . The graphic also shows that the average strain rate also increases with the 

rotation speed, being mainly determined by this parameter. 

Since both the temperature and the strain rate deeply vary in the full sticking 

domain ( > 0.9), it is possible to conclude that the increase in heat generation is due to 

an increase in the adiabatic heat generation associated with the plastic deformation of 

the stirred material at very high strain rates [50–52]. Actually, Andrade et al., 2020 [40], 

showed that the volume of the stirred material deeply increases in this domain of 

temperature and tool dimensions. In order to illustrate the previous assumptions, in 

Figure 9 are now shown the streamlines that represent the material flow around the tool 

during welding, together with the distribution of the logarithmic equivalent strain rate in 

the weld cross-sections, for some of the welding conditions whose temperatures are 

represented in Figure 8. Analysing the figure, it is possible to conclude that irrespective 

of the welding parameters, the computed strain rate values widely vary in the weld 

cross-section. It is also important to observe that the strain rate values are very high at 

the outer edge of the tool shoulder, where the tool velocity gradients are higher and a 

singularity in the strain rate distribution is determined by the numerical model. 

Analysing the streamlines for the weld produced with a tool with geometry 

parameter of 351 mm
2
 and rotation and traverse speeds of 600 rpm and 250 mm/min, 

respectively, it is possible to conclude that the material is stirred from the advancing to 

the retreating side, being deposited approximately one pin diameter backwards, relative 

to the tool translational movement. Increasing the traverse speed from 250 to 1000 

mm/min lead to a slight decrease in the sticking fraction, from 0.7 to 0.5, but the 

material is still extruded around the tool and deposited at the advancing side, in the rear 

of the tool. The streamlines are nearest to the tool pin, since the stirred volume 

decreases when increasing the traverse speed. When the rotation speed is decreased to 
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300 rpm, the sticking fraction reduces to 0.2 and the material does not complete a full 

rotation around the tool, which is usually associated to the formation of tunnel defects at 

the advancing side of the tool [8,45]. On the other hand, when increasing the rotation 

speed to 1200 rpm, it is possible to observe that the material rotated several times under 

the shoulder, increasing the strain rate in the stirred volume. A similar material flow 

pattern was registered when welding with rotation and traverse speeds of 600 rpm and 

250 mm/min, respectively, but increasing the tool dimensions from a geometry factor of 

351 to 974 mm
2
. Actually, the figure shows that the material only rotated several times 

around the tool when the contact conditions were close to full sticking (δavg ≥ 0.9), i.e., 

in the very high temperatures domain of Figure 8. Another important remark is that the 

formation of weld defects, due to the absence of proper material stirring, was only 

previewed when the contact conditions were close to full sliding (δavg = 0.2). 

 

Figure 8 – Evolution of the welding temperatures, average strain rate (continuous lines) and average 

sticking fraction (discontinuous lines) with the rotational speed and geometry parameter. 
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Figure 9 – Evolution of the welding streamlines and logarithmic equivalent strain rate maps with the 

processing parameters. Labels As, Rs, δ, 𝜔 and 𝑣 denote advancing side, retreating side, sticking fraction, 

rotation speed and traverse speed, respectively. 

 

In the previous section it was demonstrated that the strain rate and the 

temperature fields, obtained in the numerical simulation, enabled to preview with 

reasonable accuracy the grain size distribution in the stirred volume. In this way, in the 

next, the influence of the process parameters on the thermomechanical conditions in 

FSW will be analysed by plotting the GS distribution, for different welding conditions, 

versus the strain rate and temperature. In Figure 10 the evolution of the grain size versus 

the temperature and strain rate is compared for samples processed with different 

traverse speeds (Figure 10a), rotation speeds (Figure 10b) and geometry parameters 

(Figure 10c). In each figure, the largest strain rate values, corresponding to local 

singularities at the outer tool diameter, were excluded from the graphics, by only 

considering the values within the strain rate 99th percentile. 

Analysing Figure 10a, where it is represented the grain size distribution for the 

samples welded with two different traverse speeds and two different tools, using 600 
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rpm rotation speed, it is possible to conclude that meanwhile the range of strain rates 

was similar in all welding conditions, the temperature ranges were markedly different. 

For the smaller tool modelled, was registered a much broader welding temperatures 

range when welding at 250 mm/min ( 445 ºC) than when welding at 1000 mm/min ( 

376 ºC). However, when welding at 1000 mm/min, with a tool with much higher 

shoulder diameter (𝐺 = 974 mm
2
), the average temperature ( 480 ºC) was higher than 

when welding at 250 mm/min and with the lower shoulder diameter tool ( 445 ºC). 

The similarities in strain rate values between the three welding conditions are associated 

to the fact of being used the same rotation speed in all cases, i.e. the main parameter 

governing the strain rate in the stirred volume. So, based on the analysis of the data 

provided in the graphic, it can be concluded that the important differences in grain size 

distribution between the welds performed with the different traverse speeds, and the 

same tool, results from the differences in temperature distribution, in the two samples, 

associated to the strong influence of the traverse speed on the heat dissipation during 

welding [40]. The heat dissipative effect of the high traverse speed was suppressed 

when the heat generation was increased by increasing the shoulder diameter. This 

conducted to an important rise in the maximum temperature and the production of a 

coarse grain microstructure is previewed.  

Analysing now Figure 10b, where is plotted the prevision for the grain size 

distribution in the nugget of welds performed with different rotation speeds but a 

constant traverse speed of 250 mm/min and the same tool (𝐺 = 351 mm
2
), it can be 

concluded that the coarser grain sizes were previewed for the sample processed with the 

highest rotation speed. Actually, the figure once again demonstrates that the maximum 

strain rate deeply increases when increasing the rotation speed. However, since the 

temperature follows the same trend, and its influence on grain size prevail over that of 
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the strain rate, the use of high rotation speeds conduct to the production of welds with a 

large number of coarse grains intercalated with bands of very small grain size. When 

diminishing the rotation speed, the average grain size diminishes and the grain size 

distribution becomes narrower. 

Finally, Figure 10c refers to welds produced with constant rotation and traverse 

speeds of 600 rpm and 250 mm/min, respectively, but with tools with different sizes. 

The figure shows that, since the same rotation speed was used in all tests, the strain rate 

range was very similar for all the samples. However, due to the strong influence of the 

tool dimensions on the heat generation, the temperatures were very different, being 

much higher for the weld produced with the larger tool. For these welding conditions, 

an almost uniform coarse grain structure is previewed by the numerical simulation. 

Figure 10c also shows the important influence of the tool dimensions on the 

microstructure, which is illustrated by the results relative to welds performed with the 

largest tool geometry and a rotation speed of 300 rpm. For this welding condition, larger 

grain sizes are previewed than when welding with lower tool dimensions but a higher 

tool rotational speed of 600 rpm. This result is mainly a consequence of the lower strain 

rates associated with the rotation speed of 300 rpm, since the temperatures are similar to 

that of welding operations performed with smaller tools but higher rotation speeds. 
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Figure 10 – Evolution of the grain size versus the temperature and strain rate for different traverse speeds 

(a), rotation speeds (b) and geometry parameters (c). Labels 𝜔, 𝑣 and 𝐺 denote rotation speed, traverse 

speed and geometry parameter, respectively. Labels 𝑇avg, 𝜀̇avg and δavg denote average temperature, strain 

rate and sticking fraction, respectively.  
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3.4.Influence of base materials plastic properties on the thermomechanical 

conditions 

As previously described, when introducing the base materials modelled, several 

conceptual materials were generated in order to analyse the influence of the plastic 

properties of the base materials on the thermomechanical conditions developed during 

FSW. The base materials plastic behaviour, for temperatures of 25 ºC and 550ºC, and 

for a constant strain rate of 100 s
-1

, was already represented in Figures 2a to 2c. The 

figure shows that meanwhile for the low strength conceptual materials the strain rate 

sensitivity has no important influence on the material strength at very high 

temperatures, for the high strength conceptual material, the strain rate sensitivity may be 

responsible for a large difference in strength, at high temperatures, relative to lower 

strength materials and the high strength material with lower strain rate sensitivity. 

Actually, Figure 2 shows that the strength of the HSLSRS, at high temperatures and 

high strain rates, is even lower than that of the reference material, which has much 

lower strength at room temperature but higher strain rate sensitivity. 

In Figure 11 are now compared, for all the base materials modelled, the 

streamlines that represent the material flow around the tool during welding, as well as 

the distribution of the logarithmic equivalent strain rate in the weld cross-sections. The 

results shown in the figure were obtained for constant rotational and traverse speeds of 

600 rpm and 250 mm/min, respectively, and a tool with a geometry parameter of 351 

mm
2
. A consistency parameter 𝑎(𝑇) = 500 MPa was used in order to ensure full 

sticking contact for all the materials, enhancing the influence of the plastic properties of 

the base materials on the material flow and heat generation in FSW. Analysing the 

figure, it is possible to conclude that, in spite full sticking contact was simulated for all 

the base materials (δavg = 1), the material flow varied according to the base material 

plastic properties. In fact, meanwhile for the reference (AA6063-T6) and HSLSRS 
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materials, it was previewed that the material is dragged from the advancing to the 

retreating side of the tool, being deposited approximately one pin diameter backwards, 

after one revolution, for the low strength materials (LSHSRS and LSLSR) and for the 

high strength material with high strain rate sensitivity (HSHSRS), it was previewed that 

the material is stirred under the shoulder for more than one revolution before being 

deposited in the rear of the tool. 

In Figure 12 are now shown the strain rates and temperatures registered for the 

different materials once steady state conditions were reached during welding. The figure 

shows that meanwhile the temperatures reached during welding increase with the 

materials strength at high temperatures, the strain rates diminish, being lower for the 

materials with higher strain rate sensitivity. So, from the results in Figure 12, it is 

possible to conclude that welds with the coarser and more uniform grain structure result 

from the welding of high strength materials, as a result of the narrower range of strain 

rates experienced during welding.  
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Figure 11 – Evolution of the welding streamlines and logarithmic equivalent strain rate with the base 

material plastic properties. Labels As, Rs, δ, 𝜔 and 𝑣 denote advancing side, retreating side, sticking 

fraction, rotation speed and traverse speed, respectively. 

 

Figure 12 – Strain rates and temperatures registered for the different materials. Labels HSHSRS and 

HSLSRS denote high strength materials with high and low strain rate sensitivity, respectively. Labels 

LSHSRS and LSLSRS denote low strength materials with high and low strain rate sensitivity, respectively. 

Label RM denote reference material.  

 

4. Conclusions 

In the present work, the influence of the welding velocities, tool dimensions and base 

material plastic properties on the contact conditions, strain rates and temperatures in 

                  



32 
 

FSW was analysed by using a coupled 3D thermo-mechanical numerical model. The 

following conclusions were reached: 

 The numerical model is able to predict the evolution of the contact conditions 

with the welding time and processing parameters, as well as of capturing the 

non-uniform contact conditions at the tool/workpiece interface.  

 The numerical model is able to predict with satisfactory accuracy the 

temperature and strain rate gradients in the stirred volume, enabling to calculate 

the grain size distribution in the stirred volume using the Zener-Hollomon 

parameter (𝑍). Using this parameter, it was concluded that in order to obtain a 

refined microstructure in the welds it is advisable the use of small diameter 

tools, to minimise heat generation, and high rotation speeds, to maximise the 

strain rate. 

 The welding temperatures may be estimated using processing parameters and 

tool dimensions, for welding conditions corresponding to an average sticking 

fraction larger than 20%. The highest temperatures are reached for sticking 

fractions higher than 80% and/or high strength materials. 

 The material flow during welding is determined by the base material plastic 

properties, in first, and by the contact conditions at the tool/workpiece interface, 

in second. Independently of the base material properties, non-defective welds 

may be produced when the average sticking fraction is higher than 50%. 

 High strength materials with high strain rate sensitivity are more likely to 

display coarse grain structures than low strength materials, due to the important 

influence of the plastic properties on the strain rate and heat generation. 
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