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Abstract 

This paper deals with the tool plunge stage of friction stir 

welding which precedes the formation of the T-joint. A three-

dimensional numerical model, developed in software package 

Simulia Abaqus® is applied for numerical analysis. The mate-

rial of the welding plates is high strength aluminium alloy 

2024-T3 of 3 mm thickness. The change of thermomechanical 

conditions in the welding zones has been analysed, as well 

as the conditions for eliminating the joining line in the weld 

root. The tool rotation speed and shoulder plunge depth are 

varied. Two tools are used for analysis with different tool pin 

lengths: 2.6 mm and 3 mm. Increase in tool rotation speed 

raises the temperature in the welding zone and creates con-

ditions for eliminating the joining line in the weld root. In 

addition, the increased tool pin length is also beneficial. It 

is obtained that the tool rotation speed exceeding 500 min–1 

is necessary for this joint and tool geometries. 

Ključne reči 

• zavarivanje trenjem sa mešanjem 

• numerička simulacija 

• temperaturno polje 

• trn alata 

Izvod 

U ovom radu je analizirana faza uranjanja alata pri 

formiranju T spoja primenom postupka zavarivanja trenjem 

sa mešanjem. Za termomehaničku analizu je korišćen trodi-

menzionalni numerički model, razvijen u softverskom paketu 

Abaqus®. Radne ploče su od legure aluminijuma visoke 

čvrstoće 2024-T3, debljine 3 mm. Praćena je promena termo-

mehaničkih uslova u zoni zavarivanja tokom uranjanja alata, 

kao i uslovi potrebni za eliminisanje linije spajanja u kore-

nom delu zavara. Menjana je brzina rotacije alata i dubina 

uranjanja čela alata. Za analizu su korišćeni alati sa duži-

nom trna 2.6 mm i 3 mm. Povećanjem brzine rotacije alata, 

povećava se temperatura u zoni zavarivanja i stvaraju se 

uslovi za eliminisanje linije spajanja u korenu zavara. Pove-

ćanje dužine trna alata utiče na eliminisanje linije spajanja. 

Prema dobijenim rezultatima, brzina rotacije iznad 500 min–1 

je potrebna za razmatrane geometrije spoja i alata. 

INTRODUCTION 

Friction stir welding (FSW) is one of the most efficient 

procedures for solid state joining. The heat is generated due 

to the direct transformation of mechanical energy onto the 

contact surface tool-sample. Therefore, FSW is a solid state 

joining process where combination of heat and mechanical 

work leads to high-quality joints without defects. This method 

is mostly applied for welding of high strength aluminium 

alloys for industrial production of airplanes, cars, trains, and 

ships. From the very beginning, the experimental develop-

ment of friction stir welding has been accompanied by 

numerical modelling; some examples are studies /1-4/. 

In addition to classical butt welding, a need for different 

other geometries for manufacturing complex-shaped struc-

tural elements often emerges; one of the most frequently 

applied geometries is the T-joint. Figure 1 contains several 

design solutions for the formation of T-joints by friction stir 

welding, /5/. 

 

 

 

 

 
Figure 1. Design solutions to produce T-joints by FSW, /5/. 
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Many studies have dealt with different aspects of T-joints 

fabricated by FSW from different materials; a brief overview 

of a selection of recent works is given here. In a recent work, 

a detailed examination of friction stir welding of T-joints 

from Al alloy AA6063-T6 is shown, /6/. Experimental and 

statistical analysis is performed, and it is shown that the tool 

rotation speed, tool translation speed, and axial force are 

significant to the mechanical properties in all joint zones. 

The microstructure and hardness profiles in the friction 

stir welded T-joints of AA6061-T4 sheets are analysed in /7/, 

in two configurations: T-butt and T-lap joint. Distribution 

and size of original joint line with severe deformation (OJL 

wSD) defect was examined. Joint efficiency was determined 

for both geometries, and the lowest values are obtained for 

the stringer of the T-lap joint. 

In the study /8/, the influence of a second welding pass 

on the properties of AA5083 FSW T-joints was evaluated. 

In the second pass, the tool rotation direction remains un-

changed, while the translation is in the opposite direction 

with respect to the first pass. The authors concluded that the 

second pass has a significant influence on thermo-mechani-

cal conditions, and subsequently on mechanical properties of 

the FSW joint. Fabrication and examination of FSW T-joints 

are shown in /9, 10/, including an analysis of mechanical 

properties of the joints and defects occurring in them. 

An important feature, the angle of the tool with respect 

to the welded piece (tilt angle) is varied in /11/. Numerical 

modelling is applied through the CFD approach, where the 

welded plates are considered as non-Newtonian fluid with 

visco-plastic behaviour. A range of the tilt angle values is 

obtained in which incomplete joints, as well as the tunnel-

ling effect, are avoided. 

The influence of tool geometry, welding parameters, and 

joint configuration on the quality of dissimilar T-joints made 

by FSW on AA5083-H111 and 6082-T6 is analysed in /12/. 

Joint configuration (T-butt and T-lap) does not affect the 

microstructure and hardness significantly, but T-butt is 

obtained to be less prone to weld defects. The authors also 

compared the fatigue behaviour of the FSW joints and those 

produced by MIG welding, concluding that the FSW joints 

are superior. Dissimilar Al-alloy joints are also analysed in 

another recent paper, /13/, where corner stationary-shoulder 

friction stir welding is applied. This technique is particu-

larly well-suited for T-joints, having in mind that the tool 

enables joining of two plates perpendicular to each other. 

Another group of materials which can be welded by fric-

tion stir welding are titanium and its alloys. Microstructure, 

texture, and mechanical properties in Ti-4Al-0.005B (TA5, 

Chinese grade) T-joint are examined in /14/. A comparison 

of fatigue performance of joints produced from the same 

alloy, but using different friction stir welding sequences, 

including the application of double weld, is shown in /15/. 

Fatigue of T-joints is also analysed in /16/, on the example 

of the AA2024 T351 alloy FSW joint.  

Friction stir weldability of Ti6Al4V T-joints with com-

plete penetration is presented in /17/. The authors obtained 

very good properties of the welds, with some minor flaws 

present in all joints. Also, wearing of the welding tool is 

reported in this work as a serious problem for the analysed 

alloy, although it did not cause a significant decrease of the 

joint properties.  

Just like in most conventional welding procedures, post-

weld treatments can be applied to improve the properties of 

FSW joints; an example is presented in /18/ for AA6063 

joints. The authors mention a significant decrease of the grain 

size during welding, from 47.3 m to 2.6 m. Subsequent 

PWHT increased the mechanical properties of the joints. 

As for the numerical analysis, simulation of the friction 

stir welding of aluminium 6061-T6 alloy T-joint is presented 

in /19/. Johnson-Cook material model is applied, and the 

temperature, energy, and reaction force were tracked during 

the plunge and linear welding stage. Simulation of a differ-

ent technique, stationary shoulder friction stir welding (CSS 

FSW), on similar geometries is considered in /20/. This tech-

nique was also used in a previously mentioned paper, /13/.  

Residual stresses obtained from numerical simulation 

were the main topic in another work, /21/, on the example 

of Ti grade 2 joints. The influence of the joint geometry on 

residual stress distribution is discussed in comparison with 

the butt joint; T-joint has a unique maximum value, while 

M-shaped distribution is obtained for butt joint. Also, the 

authors state that the application of double shoulder tool for 

the analysed material and geometry results in excessive heat 

generation and a narrow range of appropriate welding param-

eters.  

Friction stir welding is not used exclusively for metallic 

materials; e.g., joining of HDPE (high density polyethylene) 

plates is considered in /22/. Some more recent works deal 

with hybrid joints, fabricated from a combination of metallic 

and polymer materials. One such example is /23/, where T-

joints are produced from AA5754 aluminium alloy and poly 

(methyl methacrylate) PMMA. Of course, one of the main 

issues is the fact that temperatures in the welding zone are 

likely to exceed the melting temperature of PMMA. 

A more common combination of joined materials is steel 

- aluminium alloy welded joint; such joints are fabricated 

and examined in numerous works, /24/. The joints were 

formed in two passes, with steel as the stringer. The authors 

highlight the importance of the flow lines of the two joining 

materials, and state that good quality joints are formed if 

they are in the same direction. 

In the study /25/, the main focus is on examination of 

defect formation in dissimilar Al-alloy T-joints; the main 

plate was AA8011 aluminium alloy, while the stringer was 

fabricated from AA5754 alloy. The authors examine the con-

ditions for occurrence of tunnelling and kissing bond defects.  

In this work, the tool plunge stage for aluminium alloy 

2024-T3 T-joint is analysed. Temperature and von Mises 

stress fields are used to assess the conditions for elimination 

of the joining line. 

MATERIAL 

The material of the welding plates is AA2024-T3. The 

material of the tool is steel 155CrVMo121 and the material 

of the backing plate is steel 42CrMo4. The thermal and me-

chanical properties used in this model are given in Table 1.  
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Table 1: Material properties of AA2024-T3, /26, 27/. 

Material properties Value 

Young's modulus of elasticity (GPa) 73.1 

Poisson´s ratio 0.33 

Thermal conductivity (W/mK) 121 

Coefficient of thermal expansion (°C–1) 24.710–6 

Density (kg/m3) 2770 

Specific heat capacity (J/kg °C) 875 

Solidus (°C) 502 

Liquidus (°C) 638 

NUMERICAL MODEL 

The numerical model of the T-joint consists of three work-

ing plates with dimensions 2550 mm and thickness 3 mm, 

positioned as shown in Fig. 2. The tools, Fig. 3, and two 

backing plates, Fig. 2, are modelled as rigid surfaces having 

no thermal degrees of freedom. Figure 4 contains the complete 

numerical model, assembled from the previously mentioned 

elements. 

For the three-dimensional numerical model, a C3D8RT 

element type is used which is a thermo-mechanically coupled 

hexahedral element with 8-nodes, each having trilinear dis-

placement and temperature degrees of freedom. This element 

produces uniform strain (first-order reduced integration) and 

contains hourglass control. 

 

Figure 2. Welding plates and a backing plate. 

Only the geometry of the model is described and shown 

here, since the material model (Johnson-Cook, /28/) and its 

parameters for the examined alloy are given in the previous 

works which deal with the plunge stage, but on butt joints 

/29-33/. The authors have also previously dealt with the 

linear welding stage in butt joints of the same alloy; some 

of the works about this topic are /34-36/, where different 

aspects are covered through experimental and numerical 

analysis, e.g., welding parameters, material properties, and 

microstructure of joint zones. 

 

 
Figure 3. Welding tools - dimensions. 

 
Figure 4. Numerical model of welding plate, tool, and backing plates. 

The critical position, having significant influence on the 

welded joint quality, is shown by the arrow in Fig. 5. It is 

crucial to set the conditions for eliminating the joining line in 

the weld root. Two conditions have to be satisfied: material 

has to reach the temperature of hot plastic processing (about 

80 % of melting temperature /37, 38/, around 401 °C for Al 

alloy 2024 T3), and the distance of the tool tip from the join-

ing line must be within the range 0.1-0.2 mm, /39/. 

 

Figure 5. Point where the critical temperature value is tracked. 

The cross-section of the working plates is shown in Fig. 6; 

two tools, with tool pin lengths 2.6 and 3 mm, are consid-

ered. Penetration depth of the tool shoulder is 0.2 mm. Tool 

pin of length 3 mm results in better conditions for eliminat-

ing the joining line, because the distance of the tip of the 

pin from the joining line is 0.1 mm. For pin length 2.6 mm 

this distance is 0.4 mm, Fig. 6. 

 

Figure 6. Two tool pin geometries, including the distance from the 

tip of the pin to the joining line. 

By increasing the tool rotation speed, it is possible to en-

large the hot plastic processing zone in the critical area and 

create conditions for eliminating the joining line in case when 

the distance between the tip of the pin and joining line is 

larger than typical. 

Plunge stage simulations are performed on T joint for 

various welding parameters (tool rotation speed 300, 500, 

750, and 1000 min–1 and tool plunge velocity 0.1 mm/s). 
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Temperature fields are analysed in the cross-section of the 

welded joint. 

RESULTS AND DISCUSSION 

Figures 7-9 show the temperature fields at the surface of 

the working plates for one selected set of welding parame-

ters. Tool rotation speed is 500 min–1, while tool plunge veloc-

ity is 0.1 mm/s. Tool pin length is 3 mm. Penetration depth 

of the tool shoulder into the material is 0.2 mm, and the 

process lasted 32 s. Temperature scale is limited up to solidus 

temperature (T = 502 °C). It can be seen that the tempera-

ture fields are symmetrical with respect to the tool axis, 

which is vertical. At the end of the tool plunge, the material 

under the tool shoulder is sufficiently heated (401-502 °C). 

 

 

Figure 7. Temperature field after 32 s, pin 3 mm (500 min–1, 0.1 m/s). 

 
Figure 8. Temperature field after 32 s, pin 3 mm (500 min–1, 

0.1 m/s); the same legend as in Fig. 7. 

 
Figure 9. Temperature field after 32 s, pin 3 mm, lower side of the 

joint (500 min–1, 0.1 m/s); the same legend as in Fig. 7. 

Figure 10 shows the temperature field in the cross-section 

of the welded joint at the end of the plunge stage, after 32 s. 

The tool rotation speed is 750 min–1, tool plunge velocity is 

0.1 mm/s, and tool pin length is 3 mm. Temperature scale 

maximum is set to 401 °C, the minimal temperature needed 

for performing friction stir welding on alloy 2024 T3, (as 

mentioned previously, about 80 % of the material melting 

temperature, /35, 36/). In the critical part, the necessary mate-

rial temperature is reached and the tool pin has adequate 

length. Therefore, it can be said that the conditions for 

successful friction stir welding, without the occurrence of 

defects, are satisfied. 

 
Figure 10. Temperature field after 32 s, pin 3 mm (750 min–1, 0.1 m/s). 

Figure 11 shows temperature fields in the critical zone at 

the end of the tool plunge process, after 32 s. Tool rotation 

speed is 300, 500, 750 and 1000 min–1, tool plunge velocity 

is 0.1 mm/s and tool pin length 3 mm. For tool rotation 

speed of 300 min–1, the temperature condition (401 °C) is not 

satisfied in the critical position. For 500 min–1, the condition 

is barely met, while it is satisfied for 750 and 1000 min–1. 

a)

 

b)

  

c)

 

d)

  

Figure 11. Temperature field after 32 s, pin length 3 mm (300, 

500, 750 and 1000 min–1, 0.1 m/s); same legend as in Fig. 10. 

Temperature fields in the critical zone for the model with 

pin length 2.6 mm are shown in Fig. 12. As in the previous 

figure, these fields are obtained at the end of the tool plunge, 

which is 28 s for this tool geometry; the rest of the parame-

ters are the same. It can be seen that the temperature condi-

tion (reaching 401 °C) is not fulfilled for tool rotation speeds 
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300 and 500 min–1. As mentioned previously, in this case the 

distance from pin tip to the critical point is larger than usual; 

however, the possibility for eliminating the joining line exists 

for tool rotation speeds 750 and 1000 min–1, having in mind 

the zone width where the temperature exceeds 401 °C. 

a)

  

b)

 

c)

  

d)

  
Figure 12. Temperature field after 28 s, pin length 2.6 mm (300, 

500, 750, and 1000 min–1, 0.1 m/s); same legend as in Fig. 10. 

For the model with pin length 3 mm, it can be seen from 

Fig. 11 that tool rotation speed of 500 min–1 barely satisfies 

the temperature condition (401 °C) in the critical position. 

Therefore, equivalent von Mises stress field for this config-

uration is also considered, Fig. 13. It can be seen that stress 

values in the welding zone are relatively high; in order to 

present a closer view, detail A is marked in the figure, and 

shown in Fig. 14. 

When stress values in this region obtained for different 

tool rotation speeds are compared, it can be seen that the 

stress values are very low, only for 750 and 1000 min–1. This 

means that the temperature condition might not be sufficient 

to conclude that the adequate quality of the joint can be 

obtained. In other words, the material is still not soft enough 

for the tool rotation speed 500 min–1. 

 

Figure 13. Equivalent von Mises stress field after 32 s, pin length 

3 mm (500 min–1, 0.1 m/s). 

Results lead to the conclusion that an adequately welded 

and safe welded joint in the analysed configuration requires 

the tool with larger pin length, and pin geometry details will 

be analysed and optimised in future work. 

 

 
Figure 14. Equivalent von Mises stress field after 32 s, pin length 

3 mm (300, 500, 750, and 1000 min–1, 0.1 m/s), detail A; the same 

legend as in Fig. 13. 

CONCLUSIONS 

This work deals with the plunge stage of friction stir weld-

ing, i.e., the initial stage preceding the linear welding itself. 

However, it is of crucial importance to establish appropriate 

conditions during the tool plunging since inadequate heating 

will prevent correct joint formation. The most important find-

ings can be summarized as follows: 

• Temperature fields are symmetrical with respect to stringer 

plate middle plane. 

• Increase of the tool rotation speed increases the tempera-

ture in the welding zone and creates conditions for elimi-

nating the joining line.  

• Increase of tool pin length contributes to the elimination 

of the joining line. 

• Temperature condition revealed that the application of the 

tool of pin length 3 mm, tool rotation speed above 500 min–1 

and tool penetration speed of 0.1 mm/s meets the condi-

tions for successful welding of plates produced from Al 

alloy 2024 T3 in T-joint configuration. If the pin is 2.6 mm 

long, then the rotation speed of 750 min–1 is necessary. 

• It is beneficial to analyse the stress field in the joint zone, 

in addition to temperature field; it is shown on the example 

of the model with pin length 3 mm. 
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