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Abstract 

Friction Stir Welding is nowadays an established technique successfully used by many industries. However, most of the research and, 
consequently, most of the applications regard aluminum alloys and butt joints. T-joints are of high interest for different industrial sectors as 
aeronautical, aerospace, naval and ground transportation, for which joint integrity and low residual stress are extremely important. In this study, 
an experimental and numerical approach is proposed with the aim to study the peculiarities of the residual stress distribution and material flow 
occurring in FSW of CP-Ti T-joints. Experiments were carried out to assess the feasibility of the process and to acquire the temperature data 
needed for the validation of a specifically set-up numerical model. Peculiar numerical strategies have been defined in order to calculate the 
residual stress with affordable CPU time and to highlight the bonding surface between the skin and the stringer. Main findings include a 
longitudinal residual stress profile different from the one usually found for butt joints. The reasons for this behavior were explained through a 
deep investigation on the temperature distribution in space and evolution in time. Finally, the bonding surface between skin and stringer was 
highlighted together with the possibility of flow defects in the fillet area. 
 
© 2022 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the Scientific Committee of the NAMRI/SME. 
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1. Introduction 

Friction Stir Welding (FSW) is a promising solid-state joining 
technique invented and patented in 1991 by The Welding 
Institute. The process consists of 3 main phases: plunging, 
dwelling, and feeding of a rotating tool along the welding line. 
The tool has a specially designed geometry and during the 
process keeps a proper tilt angle that contributes to the welding 
success. Due to the tool stirring, the friction and the plastic 
deformation causes a temperature rising that activates, with the 
right process parameters, the solid-state joining mechanism. In 
other words, the joining is achieved without the problems 
associated with the melting transformation. The complex 
material flow caused by the tool action of stirring and feeding, 
affects the welding quality, an aspect extensively investigates 

for butt joints, especially as the process was initially proposed 
[1]. 

Important applications of FSW can be seen in the 
aeronautical field. In fact it can be used to weld materials like 
aluminum alloys of 2XXX and 7XXX series [2] that aren’t 
weldable with traditional fusion welding, as a replacement of 
the riveting [3]. Different studies have shown how the FSWed 
joints show enhanced characteristics of corrosion resistance 
[4,5] and fatigue properties [6,7] compared to conventional 
welding techniques like TIG and MIG, replacing them in 
different applications.  

Until now, most of the research has concentrated on two 
joint configurations: butt and lap. Nevertheless, the T-joint 
design (made of skin and stringer sheets) is widely utilized in a 
variety of industrial applications, including but not limited to 
the aeronautical/aerospace area [8]: Shipbuilding industry for 
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producing ship hulk, mast, etc.; Railways industry for joining 
wagon components and floorboards; Aviation industries for the 
reinforcement of fuselage; Automobile applications for the 
welding of car bodies, fuel tanks, back supports, bicycle as well 
as motorcycles frames, and Construction industry for 
connecting bridges, pipelines and window frames. 
One of the main reasons for the use of FSW for the production 
of T-joints is the possibility to produce the so called skin and 
stringer structures with just one welding pass against the two 
usually needed with more conventional processes i.e. Laser 
Welding, TIG, etc [9]. Additionally, especially in the aero-
structure field, the use of other techniques as riveting would 
result in an increase of the plane weight while adding the 
manufacturing procedure of the pre hole, with detrimental 
stress concentration effects [10]. 
As far as the production of titanium alloys T joints by FSW is 
regarded, two possible approaches can be found in literature: 
(i) the stationary shoulder friction stir welding (SSFSW) based 
approach, for which two passes are made on the T fillet corners 
to create the joint; (ii) the FSW “transparency” approach, for 
which only one pass on the top surface of the skin is needed. 
Edwards and Ramulu found that the performance of corner 
joints in fatigue could be compared to butt joint data when a 
geometrically based stress concentration factor is applied [11]. 
Su et. al. adapted the transparency approach utilizing three 
sheets thus having the tool passed twice [12]. 

Due to the complex material flow, the significant number 
of process parameters and the high cost of the raw material, 
numerical simulation can be considered as an indispensable 
tool for the process design. However, the simulation of the 
FSW process requires the setup of a highly non-linear 
numerical model due to the complex process mechanics. 
Indeed, the stirring action and the feeding advancing of the tool 
generates large displacement and distortion in the region 
around the pin, with consequent heat generation due to friction 
and deformation work. This peculiar process mechanics allows 
the generation of a solid-state weld with reduced Heat Affected 
Zone (HAZ) and a Recrystallized Zone (RZ) close to weld 
seam. Because of the process complexity, several approaches 
are suitable for the numerical model of the process. From a 
literature analysis, it does not appear to exist still today a 
dominant numerical method to simulate the process. Colegrove  
P.A. [13] was among the first to examine the effect of slip in 2-
dimensional flow around the pin using a 2D CFD approach on 
FLUENT. The aim was to optimize a 2-dimensional pin profile 
minimizing the traverse force while maintaining the rotational 
torque. More recently, Isa et al. [14] presented a review on the 
“Recent research progress in friction stir welding of aluminum 
and copper dissimilar joint”, in which two main approaches are 
described: Computational Fluid Dynamics (CFD) and Coupled 
Eulerian-Lagrangian (CEL) Computational Solid Mechanics 
(CSM). The authors highlighted how the coupled frictional heat 
generation, the formation and development of plastic flow 
region, and the three-dimensional heat and material flow can 
be investigated by both approaches. Naumov et al. [15] 
investigated the effect of tapered hexagonal tool probe profile 
on the macrostructure, mechanical performance, and material 
flow of AA2024−T4 joined by friction stir welding. In order to 
achieve this goal, the authors used a CFD model to determine 
the temperature and effective strain rate distribution during the 
process. Arora et al. [16] reported the computed strains and 
strain rates during FSW of AA2524 from a three-dimensional 

coupled viscoplastic flow and heat transfer model. To obtain 
this, the strain rates were integrated along a streamline to 
estimate the accumulated strains experienced by the material. 
Zhang et al. [17] established a solid mechanics-based thermo-
mechanical Eulerian model to study the torque, the power, and 
the heat generations from pin side surface, pin tip surface, and 
shoulder contact surface in different rotating speeds in FSW. 
The results were compared to the experimental data and the 
ones obtained with an ALE model. Meyghani B. [18] employed 
a modified friction model to investigate the relationship 
between the shear stress, the pressure and the relative velocity 
using a Combined Eulerian CSM model to a FE Model in 
Abaqus CAE. Veljić et al. [19] used ALE method to simulate 
the heat generation during the plunge stage in FSW. Assidi et 
al. [20] investigated a friction model to better reproduce the 
process, tuning the numerical ALE model, utilizing the 
software Forge, with experimental results. Jain [21] simulated 
the process using a Lagrangian implicit FE Model to predict 
forces, spindle torque, temperature and plastic strain. Xiao et 
al. [22] developed an explicit coupled method of FEM and the 
meshless particle method to simulate the temperature 
distributions during FSW of Al 6061-T6 plates. As a solid state 
technique, the heat input is limited with respect to both 
conventional and innovative fusion-based processes, hence the 
buildup of residual stress is limited as well. However, the 
determination of the residual stress distribution is a key aspect 
to effective joint design. Different analytical and experimental 
research studies have been conducted on residual stress 
measurement in FSW. Bussu and Irving studied the effects of 
weld residual stress and heat affected zone on the fatigue 
propagation of cracks parallel and orthogonal to the weld 
direction in friction stir welded (FSW) 2024-T351 joints. The 
authors found that the weld residual stress was mechanically 
relieved and the effects on crack propagation were observed. 
[23]. Feng et al. proposed an integrated thermal-metallurgical-
mechanical model to provide insights on the formation of the 
residual stress and the changes in microstructure and 
mechanical properties of AI6061-T6 friction stir welds. [24]. 
Sun et al. proposed a study of the residual stresses generated in 
stationary shoulder friction stir welds (SSFSWs) produced in a 
typical high strength aluminum alloy (AA7010). The authors 
showed how SSFSW, as compared to conventional FSW, 
produced narrower and more uniform weld nugget and heat 
affected zones profile through the plate thickness [25]. 

As far as numerical models for FSW of Ti alloys are 
regarded, only a quite limited number of papers can be found 
in literature. Some of the authors [26] presented a FEM model 
able to predict the phase transformations taking place during 
FSW of Ti6Al4V titanium alloy butt joints. In particular, the 
entire process was modeled, from the tool plunge to the final in 
air-cool down of the joint, by means of a model that is implicit, 
Lagrangian, thermo-mechanically coupled with visco-plastic 
material characterization. Recently, a time-dependent, three-
dimensional, thermomechanical model of the FSW process was 
developed in order to understand the temperature profiles of 
various engineering materials such as steel, aluminium alloy 
and titanium alloy was studied by Sarikavak, Y. [27]. In the 
paper, the theoretical predictions and the experimental results 
showed that the maximum temperature gradients on the y- and 
z-axes were located at the outside diameter of the shoulder 
radius or at the center of the weld line according to the 
boundary conditions applied in the welding process. 
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To the authors best knowledge, no paper dealing with the 
numerical o experimental determination of the residual stress 
distribution in T-joints produced by FSW “in transparency” can 
be found in literature. Recently, Sun et al [28] proposed a study 
focused on the determination of the residual stress field in 
AAA7050 aluminum alloy T joints welded using a stationary 
shoulder with the fillet-corner technique. They found high 
tensile residual stress close to the edge of the pin. 

The present paper presents the results of an experimental 
and numerical study aimed at the determination of the residual 
stress distribution and material flow in FSW of Ti grade2 T-
joints. A dedicated clamping fixture was designed and, in order 
to generate proper heat input, two different tools have been 
tested to weld in “transparency” skin and stringer structures. 
The joints metallurgical and micro-mechanical properties have 
been acquired to analyze the joint produced under three 
different process conditions. Finally, a FEM model was set up 
and validated against experimental measurements in order to 
understand the process mechanics and predict the thermal and 
the residual stresses fields. 
 
 
Nomenclature 

FSW   Friction Stir Welding 
SSFSW  Stationary Shoulder FSW 
CLTE  Coefficient of Linear Thermal Expansion 
HAZ   Heat Affected Zone 
RZ   Recrystallized Zone 
FEM   Finite Element Method 
OM   Optical Microscope 
SZ   Stir Zone 
UHAZ  Upper Heat Affected Zone 
LHAZ  Lower Heat Affected Zone 
RS   Retreating Side 
AS  Advanced Side  

 

2. Experimental Process, modelling and validation 

2.1. Experimental setup 

For the tests, commercially pure Titanium Grade 2 sheets 
were used (the mechanical properties are shown in Table 1). 

Table 1. Main mechanical properties of Ti grade 2 at room temperature. 

Work material Ti grade 2 

Ultimate tensile strength [MPa] 485 

Yield stress [MPa] 275 

Modulus of elasticity [GPa] 110 

Hardness [HV 5] 180 

CLTE [1/°C] 9.1E-6 

 
The tests were carried out on an ESAB LEGIO 3ST using a 

tilt angle (θ) of 2.5° and a tool plunge of 2.8 mm. In order to 
ensure the same plunge along the weld, a force control on the 
stirring head was set on the machine. Both the skin and stringer 
sheets, 2 mm thick, were reduced into rectangular specimens. 

The experimental fixture utilized is depicted in Fig. 1. Steel 
plates polished on the grinding machine were utilized to ensure 
uniform pressure distribution on the specimens. After the 
stringer was secured between the vertical walls, the skin was 
positioned and clamped above it. Screw grains were employed 
to maintain pressure on the skin and prevent distortion during 
the process. Due of titanium's susceptibility to oxygen, the 
experiments were conducted under argon flux. (Fig. 1b). 

 

 
Fig. 1. (a) ESAB Legio 3st machine with (b) argon chamber tool and (c) 

Clamp fixture. 

Two different pin tool temperature probes, one with double 
shoulder (Fig. 2a) and one with conventional conical pin (Fig. 
2b) were tested to determine proper heat input. The tools were 
made in W-Re alloy characterized by a melting point of 3050 
°C and a recrystallization temperature close to 1900 °C. Fig. 2c 
shows the geometrical parameters used for the final T-joint, 
which were inspired by genuine aeronautical and aerospace 
applications. 

Fig. 2. Dimensions in millimeters for tools (a) with double shoulder, (b) 
without double shoulder and (c-d) for the final T-joint 

In terms of process parameters, tool rotation was kept 
constant while varying feed rate was considered, as shown in 
table 3.  
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Table 3. Process parameters used 

Feed rate [mm/min] 20 40 80 

Rotational speed [rpm]  400 

 
Each test was repeated three times, and specimens were 

cross-sectioned perpendicular to the welding direction from 
each joint. The three welds were cross sectioned and examined 
using the Optical Microscope (OM) to evaluate the 
microstructure to assess the joint quality. Micrographs were 
also used to assess the occurrence of flow problems. To obtain 
such results, the specimens were hot mounted, polished, and 
then etched with Keller reagent before being viewed by an OM. 
A thermocouple K-type was inserted in the skin at 10 mm from 
the welding center at half weld seam length to examine the 
process and fine-tune the numerical simulation. 

2.2. Numerical Model setup 

Using the commercial software DEFORM-3DTM, a thermo-
mechanically coupled simulation with a Lagrangian 
formulation was set up. For the mechanical analysis, a rigid-
viscoplastic material model was used, described in detail in 
[29]. To avoid numerical instabilities of a deformable-
deformable contact, the two sheets to welded were modeled as 
a single block i.e. the two parts joined as a single geometry. 
The validity of this assumption has already been proved for butt 
and lap joint configuration [29]. Fig. 3 shows the meshed tool 
and the single block.  
 

 
Fig. 3. (a) The FEM model for FSW process during the plunge phase: 

mesh of (b) the tool and (c) the workpiece 

The sheet blank, 2 mm thick, was meshed with about 
45000 tetrahedral elements. Because of the large gradients of 
the calculated variables, it was necessary to introduce a finer 
discretization along the welding line. Additionally, a re-
meshing referring volume was identified all along the tool feed 
movement. In this area, each tetrahedral element had maximum 
single edge of about 0.3 mm; in this way, about five elements 
were placed along the sheet thickness. For the material 
assigned to this part, i.e. Titanium Type 2, the following values 
of thermal conductivity and thermal capacity, taken from 
DEFORM’s material library, were used: k = 12 𝑁/ሺ𝑠 °𝐶ሻ and 
c = 3 𝑁/ሺ𝑚𝑚ଶ  °𝐶ሻ. No variation of k and c with temperature 
was taken into account. This assumption makes the thermal 
problem linear, speeding up the numerical solution at each time 
increment. Both the tool and the fixation plate, considered as a 
rigid body, were meshed for the thermal analysis, with 
respectively about 20000 tetrahedral 7500 hexahedral elements 

each. The material properties for both rigid parts were taken 
from DEFORM’s material library, especially the DIN-C45 was 
assigned to the fixation plate. For the contact heat exchange 
coefficient, a constant value of 11 ሾ𝑁/ሺ𝑠 𝑚𝑚 °𝐶ሻሿ  was 
utilized. Through a specially built subroutine, an interface 
penalty constant equal to 1E10 was applied to penalize the 
penetration velocity of the sheet nodes through the tool master 
surface. This prevented parts from folding, particularly in the 
contact area between the tool pin and the workpiece, where the 
material "closes" behind the tool, lowering the possibility of an 
unexpected simulation stop owing to convergence failure. 
Based on previous analysis made by some of the authors [30] a 
constant shear friction factor of 0.6 was used for the tool-sheet 
interface. A constant convection coefficient h = 0.02 ሾ𝑁/ሺ𝑠 𝑚𝑚 °𝐶ሻሿ  was used to take in to account the heat 
exchange between the top surface of the skin and the 
environment at the constant temperature of 20 °𝐶. The process 
can be divided in plunging and feeding phase; respectively a 
time step of  0.01 𝑠/𝑠𝑡𝑒𝑝 and 0.004 𝑠/𝑠𝑡𝑒𝑝 was used due to the 
different deformation condition. To evaluate the residual stress 
distribution in the workpiece at the end of the process, a special 
approach developed by some of the authors [31] was used.  

Fig. 4 illustrates a flow chart of the FEM model utilized to 
obtain the residual stress from the elasto-viscoplastic model 
using temperature distribution interpolatated from the rigid-
viscoplastic model. 

 
Fig. 4. FEM model flow chart 

2.3. Model fine tuning and validation 

As the residual stresses mainly depend on the thermal 
histories experienced by the workpiece, the model validation 
was carried out against experimentally measured temperatures. 
The “node tracking” option of the software DEFORM-3DTM 
was utilized, highlighting, for a node placed to 10 mm from the 
welding line, the temperature history. The reference transverse 
section was taken after ~60 mm of weld length, when the 
process has already entered a steady state and the obtained data 
are free from transient effects. The comparison between 
numerically calculated and experimentally measured 
temperatures for the three different case studies is shown in Fig. 
5. 
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Fig. 5. experimental and numerical temperatures graph plot using single 

shoulder tool 

In coherence with the experimental results, it can be seen that 
the temperature peak value decreases with increasing feed rate. 
Also, the time during which a given point experience high 
temperature increases with decreasing tool feed rate because of 
the higher heat input. 

3. Results 

3.1. Visual inspection 

Based on existing literature [32], a double shoulder tool was 
used (Fig. 6a). Using the parameters 400 rpm - 40 mm/min, it 
was possible to generate a homogeneous weld although 
characterized by an excessive specific heat input both on the 
skin and on the stringer, as visible from the “burnished” areas 
close to the weld seam (Fig. 6a). In addition, by varying the 
feed rate, i.e. 20 mm/min and 80 mm/min, surface defects such 
as large voids and tearing, respectively, occurred. 

 

 
Fig.6. experimental test using double shoulder tool for 400 rpm and (a) 40 

mm/min (b) 20 mm/min and (c) 80 mm/min case studies 

The authors therefore resorted to a modification of the tool 
geometry (Fig.2b). With this modification, better results were 
obtained in different respects: a more uniform weld seam was 
noted; it was possible to obtain sound joints with a wider 
process window. Fig. 7 shows the results of the tests carried out 
with fixed tool rotation equal to 400 rpm and feed rate varying 
from 20 to 40 and finally 80 mm/min. 

 
Fig. 7. experimental test using single shoulder tool for 400 rpm and (a) 40 

mm/min (b) 20 mm/min and (c) 80 mm/min case studies 
 
3.2 Mechanical and microstructure characterization  

No internal defects were observed in the joints studied. In 
Fig. 8, the morphological analysis for the representative 
specimen characterized by 400 rpm and 40 mm/min is shown. 
The microstructure of the three typical areas, i.e. Stir Zone 
(SZ), Upper Heat Affected Zone (UHAZ) and Lower Heat 
Affected Zone (LHAZ) is shown;  

 

 
Fig. 8. Macro and micro observations for the experimental test carried out 

using single shoulder tool with 400 rpm - 40 mm/min  
 

A SZ can be noticed in the skin center caused by the 
combination of high temperature and high strain. 
In particular, the SZ exhibits equiaxed solid solution grains of 
size ⁓10 µm, while in the other zones ⁓100 µm grains are 
observed. The solid solution grains also exhibit banded 
structures similar to twins. Twinning is not typical of 
commercially pure titanium under ordinary conditions, but it 
occurs al low temperatures, e.g., in cold rolling [33], and /or at 
high strain rates. The twinning was earlier observed in FSWed 
joints on commercially pure titanium [34] and explained by the 
lack of slip system at a high strain rate. 

3.3. Numerical results 

3.3.1. Temperature distributions 

As described in the previous paragraph, the first step of the 
developed procedure was the simulation of the welding process 
with a rigid-viscoplastic material model, based on the 
assumption that, due to the extremely large deformations 
occurring, elastic deformation can be neglected with no 
significant loss in the results accuracy. In this way the nodal 
temperatures and their evolution during the FSW process were 
calculated. Fig. 9 shows the temperature evolution on the top 
surface of the workpiece for process conditions characterized 
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by tool rotation of 400 rpm and tool feed rate of 40 mm/min. 
During the tool plunge, a temperature peak of about 715 °C is 
reached while a maximum level of about 924 °C is found once 
the process reached its steady state. It is important noting that 
a different shape of the temperature “comet” is observed with 
respect of FSW of butt joints. Instead of an ellipse-shaped 
comet [35], a hump can be noticed in the thermal field due to 
the peculiar T-Joint geometry as the heat transferred from the 
skin to the stringer causes a faster temperature decrease in the 
zone around the welding line. Furthermore, an asymmetrical 
behavior on the temperature field can be observed in the two 
sides of the welding line due to the asymmetrical geometry of 
the part (see again Fig. 2). 

 

 
Fig. 9. Workpiece temperature evolution during the welding process 

simulation — 400 rpm and 40 mm/min case study. 
 

To study the residual stress build-up, the temperature 
measured along a transverse line at mid length of the weld seam 
is shown in Fig. 10 as a function of time. The plot in Figure 9a 
hence represents a surface function of the process time and of 
the distance from the welding line. In particular, Fig. 10b shows 
how the maximum temperature reached by each point does not 
occur simultaneously, due to heat transfer from the center of 
the weld to the edges. In Fig. 10c it can be noticed how the 
asymmetric geometry affects the temperature peak on the 
transverse, line as previously mentioned. Fig. 10d shows how 
the nodal temperature has a higher temperature gradient when 
heating up - which is due to the tool work - than when cooling 
down - due to heat exchange by conduction and convection -. 
Analyzing the temperature behavior, the buildup of the residual 
stress can be understood: in the left part of the graph (from 35 
s to 50 s), due to the high temperature increase, the inner 
elements will expand, compressing the sides element. In the 
right part (from 50 s to 80 s), the quick temperature decrease 
will induce the central elements to reduce their volume, 
generating localized tensile stresses around the weld seam. 
Since this behavior is experienced by each section of the 
welding line, this will induce significant longitudinal stresses. 
 

 
Fig. 10. Workpiece temperature map during the welding process simulation 
as a function of time and distance from the weld center — 400 rpm and 40 

mm/min case study 
 

The above-described temperature evolution can be better 
understood by observing the temperature distribution across a 
transverse section of the joint. Figure 10a shows the 
temperature when the tool has just passed by the considered 
section and the material has just closed behind it. The typical 
“bowl” shaped distribution observed in FSW of Ti alloys can 
be observed. Fig. 11b shows the temperature after 42.6 s, i.e. 
when the tool traveled about 23 mm. In this case an important 
difference with respect to what observed in butt and lap joints 
is noticed [35]: for the latter joint morphologies, the SZ is the 
hottest even after the tool passage, i.e. is the one that cools 
down for last; on the contrary, for the T joints, the central part 
of the SZ cools down rapidly to the presence of the skin. In this 
way, the hottest areas are the ones corresponding to the 
boundary between the pin action area and lateral part of the 
skin. 
 

 
Fig. 11. Workpiece temperatures a) temperatures plot b) temperature 
distributions at datum time — 400 rpm and 40 mm/min case study 

 

3.3.2. Residual stress distributions 

In Fig. 12, the longitudinal residual stress distribution 
calculated for the case study characterized by 400 rpm - 40 
mm/min is shown. It should be observed that the longitudinal 
stress distribution is the most interesting to investigate for FSW 
processes, as the largest residual stresses are expected parallel 
to the processing line, i.e. parallel to the tool trajectory as also 
demonstrated by Li et al. in their study [36]. 
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Fig. 12. Longitudinal residual stress distribution: (a) transversal section, (b) 

isometric view and (c) top view of the joint — 400 rpm and 40 mm/min case 
study. 

 
As expected, when the process reaches its steady-state, tensile 
stress is found at the center of the joint all along the welding 
line and including the area interested by the tool action, while 
a compressive state can be observed at the periphery of the 
joint. 

In Fig. 13 the residual longitudinal stresses calculated in a 
cross section along the line previously shown in Fig.11a is 
shown. A comparison can be made between the curves at 
different process parameters. Increasing the tool feed rate there 
will be a lower heat input reducing the temperature-time 
gradient, thus lowering the residual stresses generated in the 
joint. It is noted that, although this is the first time that residual 
stresses are reported for FSW of CP-Ti T-joints, the peak 
values calculated, ranging from about 170 MPa to about 220 
MPa, are consistent with what found in literature for the FSW 
of Ti-6Al-4V butt joints, for which values in the range of 200-
450 MPa are found [37].  

 

 
Fig. 13. Longitudinal residual stress distribution in a cross section along at 

mid height of the skin for the considered cases studies 
 

Focusing on the shape of the residual stress distribution, a 
significant difference can be noted with respect to the one 
usually obtained for butt joints. As reported by many authors 
[37], an M-shape is obtained in the high tensile stress area close 
to the weld center, with peak values corresponding to the 
boundary between the SZ and the HAZ. Instead, for the T joints 
studied, a reverse V-shape was obtained. This can be explained 
looking at the temperature distributions and evolution in time 
shown in the previous paragraph. As well established, the 
buildup of longitudinal residual stress in FSW of butt joints is 
due to the rapid cooling of the SZ, the hottest area, which 
contracts generating tensile stress peaks in the already cooled 
zone corresponding to the shoulder edges (i.e. approximately 
the boundary between SZ and HAZ). On the other hand, in 
FSW of T-Joints, the more rapid cool down of the weld center, 

due to the conduction with the skin, results in hottest areas at 
the sides of the weld center. In these areas, contraction occurs 
generating a peak of residual stress at the center and the 
observed reverse V-shape. Based on these considerations, it is 
noted an inverted correspondence between temperature 
distribution and residual stress distribution in butt and T joints. 
In the former configuration, a reverse V-shape distribution is 
observed for temperature and an M-shape distribution is 
observed for the residual stress, while in the latter configuration 
the opposite is observed. Fig. 14 shows a schematic 
representation of the above-described different phenomena. 
 

 
Fig. 14. Schematic representation of the different buildup of the residual 

stress in butt and T joints due to the temperature evolution 
 
3.3.3. Material flow  

In order to highlight the bonding surface and the occurring 
materials flow starting from a single block model, a numerical 
“trick” was used. The single block deformable object 
corresponding to the skin and the stringer was modeled with a 
biphasic material, in which each phase was assigned to a 
different “sheet” (i.e. skin or stringer) and has the same thermo-
mechanical properties of the investigated CP-Ti. Fig. 15 shows 
as the separation line before, during and after tool pass moves 
down with higher displacement of the skin in the retreating side 
(R.S.) than the advanced side (A.S.) caused by the tilted tool 
action for the case study characterized by 400 rpm - 40 
mm/min. In particular, the vertical component of the material 
flow, enhanced by the conical shape of the tool, results in a 
wavy profile of the bonding surface. However, both in the A.S. 
and in the R.S. the bonding between the two sheet edges occurs 
at about mid length of the fillet. Additionally, a close up of the 
fillet area is reported (Fig. 15d), from where the trace of the 
actual bonding surface, resulting from complex plastic flow 
generated during the process, can be observed. It is worth 
noting that the edges are a critical point for the joint strength as 
incomplete or incorrect bonding in these areas determines weak 
points from which fracture may propagate. Fig. 15e shows 
incomplete bonding obtained with 400 rpm and 160 mm/min. 
It can be seen that the “colder” process conditions determined 
poor fillet forging in the R.S and lack of bonding.  
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Fig. 15.Material flow in a cross section of the joint: (a) before, (b) during and 
(c) after the tool pass. Experimental micrographs of (d) the same joint cross 

section and (e) a joint obtained with too large feed rate. 

4. Summary and Conclusions 

In the paper, the results of an experimental and numerical study 
aimed at highlighting the residual stress distribution and the 
material flow in FSW of Grade 2 Titanium T-joints are 
reported. Experimental tests have been carried out to assess the 
feasibility of the process and to acquire the temperature data 
needed to validate a specifically set-up numerical model. The 
numerical model was then used to investigate the temperature 
and residual stress distributions as well as the occurring 
material flow which can lead to the formation of defects. From 
the obtained results the following conclusions can be drawn: 

 Defect free T joints can be produced with a wider 
range of feed rate only if a conventional shoulder-pun 
tool is used. If a double shoulder tool is adopted, as 
the one successfully applied for similar joints in 
aluminum alloys, the excess of heat results in a very 
limited process window; 

 The temperature distribution in the top surface of the 
skin shows a “hump” in the comet indicating that cool 
down is influenced by the presence of the stringer. For 
this reason, the last part of the cross section which 
cools down is not the weld center, as in butt joints, but 
rather the areas around the boundary between SZ and 
HAZ; 

 The residual stress distribution is influenced by the 
process parameters, with increasing values observed 
with increasing heat input, i.e. with decreasing feed 
rate. Additionally, a reverse V shape distribution is 
found, differently from the M-shaped one usually 
found for butt joints. This different behavior is caused 
by the different temperature distribution highlighted; 

The material flow analysis highlighted that the bonding 
surface is characterized by a wavy profile. At the external edges 
of the joint, the bonding surface trace corresponds to about half 
length of the fillet. This area is particularly critical as 
uncomplete bonding can generate crack propagation towards 
the weld center dramatically affecting the joint resistance. 
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