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ABSTRACT 

Friction stir welding (FSW) has gained significant attention as a viable method for joining 
aluminum alloys due to its ability to produce high-quality welds. In recent years, bobbin tools 
have emerged as an innovative tool geometry for FSW of aluminum. Because of their unique 
tool design and weld setup, there is no backing plate needed and weak points such as root 
defects cannot form. The creation of strong and high-quality joints in similar aluminum 
structures is a challenging task for welding processes. In this regard, the current study aims at 
investigating the effect of shape-optimized bobbin tools on the welding quality of the joints. 
For this purpose, a simulation of the critical run-in process was performed in an initial step. 
Thus, the contact conditions between the tool and the work-piece could be analyzed, and a 
qualitative impression was gained of the welding behavior of this welding set-up. Subsequently, 
the tool was shape-optimized by imposing ideal contact conditions. The optimized and non-
optimized tools were then used to perform FSW on similar aluminum joints made of AA5754. 
The resulting joints were analyzed for their mechanical and microstructural properties, and it 
was found that the optimized tool led to a different microstructure and tensile strength than the 
non-optimized tool. Therefore, this study provides a new and effective approach to improve the 
weld quality of similar aluminum joints by optimizing the geometry of bobbin tools through 
simulation. 

Index Terms – Friction Stir Welding, Aluminum, Bobbin Tool, Microstructure, 
Mechanical Properties, Simulation, Optimization 

1. INTRODUCTION

Friction Stir Welding (FSW) is a highly advanced welding technique that has gained increasing 
importance in recent decades. As an innovative approach for creating welded joints, it offers 
numerous advantages over conventional welding methods. The process is based on the principle 
of plastic deformation of metals through frictional heat generated during the welding process. 
It allows for the joining of workpieces without the formation of a melt, leading to a range of 
positive effects such as low thermal distortion, high weld strength, and excellent 
reproducibility. In addition, due to the low heat input, joints can be made from similar and 
dissimilar alloys [1, 2]. This leads to the FSW process being widely used in various industries 
such as aerospace [3], automotive [4], shipbuilding [5, 6] and even rail vehicle construction [7]. 
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Normally, the joining process is carried out with conventional tools consisting of a shoulder 
and a probe. The addition of a second shoulder at the lower end of the probe results in a special 
shape. This unique tool geometry, called the bobbin tool, enables welding over the entire cross-
section of the sheets. As a consequence, there are no root defects in the weld seam. Furthermore, 
the welding setup does not require a backing plate, so that the heat generated by the upper and 
lower shoulders is completely utilized [8]. Nevertheless, the special tool shape has some 
challenges. The critical run-in process results in an ejected tail and as the tool moves out of the 
joining partners, the lack of material results in a keyhole [9]. 
Aluminum is used as a construction material in many areas due to its numerous advantages. 
Despite its low weight, aluminum has high strength and is extremely ductile. The mechanical 
properties can be improved by adding elements such as copper, manganese or silicon. The 5000 
series of aluminum alloys contains magnesium as the main alloying element. These alloys 
cannot be hardened by heat treatment, but still have good strength values. The aluminum alloy 
AA5754 is used in the automotive industry [10], shipbuilding and civil engineering. 
Furthermore, this aluminum alloy has a excellent corrosion resistance. AA5754 is preferable to 
other materials [11] especially in salt water and other aggressive media. 
Joining the aluminum alloy AA5754 is possible using various processes like arc welding [12], 
electric resistance welding [13] or fiber laser welding [14]. However, it has been shown that 
pressure welding processes are particularly suitable and are characterized by excellent joint 
strength. In the latest work from Ahmed et al. 2023 [15], a strength of 97 % of the base metal 
(BM) was achieved when joining 5 mm thick sheets. Parameter variations included the travel 
speed and the eccentricity of the probe. Another parameter study was carried out by Barlas and 
Ozsarac 2012 [16]. At constant travel speed, the effects of rotational speed, tilt angle and tool 
rotation direction were investigated, resulting in a defect free weld with a joint efficiency of 86 
%. Furthermore, it is possible to obtain ultimate tensile strengths (UTS) at a level above that of 
the BM due to well evaluated parameters. Moreover, ultimate tensile strengths (UTS) above 
that of the BM can be obtained by optimizing the process parameters [17]. 
In the recent literature, the joint strengths of bobbin tool friction stir welding (BTFSW) of 
aluminum joints are lower than those of conventional FSW. The review report from Whang et 
al. 2020 [18] shows that the joint efficiency of BTFSW of 2000 and 6000 aluminum series was 
in a range between 66 and 83.7 %. Pecanac et al. 2022 [19] investigated the influence of tooling 
and welding parameters in BTFSW of AA5005 and obtained a joint strength of 83.9 % 
compared to the BM. However, they detected wormholes in the weld seam, which significantly 
deteriorate the weld quality. The same observation was made by Balos et al. 2023 [20] who 
postulated that the occurrence of wormholes decreases with the increase of the welding 
temperature. A joint efficiency of 97 % was produced by Mardalizadeh et al. 2021 [21] in 
BTFSW of 20 mm thick AA5456-H112 plates, which is consistent with Marie`s 2004 [22] 
thesis that welding with bobbin tools is more suitable for thick work-pieces than for thinner 
sheets. 
The relationship between process parameters and tool geometry affects material flow and heat 
generation, which are the most important factors producing high quality welds. For this reason, 
numerical simulations of the BTFSW process and the tool shape were used to analyze the 
welding process. Liu et al. 2013 [23] simulated the joining process of 6 mm AA2014 sheets and 
calculated that the peak temperature on the advancing side (AS) is about 40 °C lower than that 
of the retreating side (RS). Wen et al. 2018 [24] localized the peak temperature at the center of 
the cross-section of the weld seam using a numerical simulation of the BTFSW process of a 4 
mm thick AA2219-T87 piece. Simulations of the material velocity show the typical hourglass 
shape that is well-known from microstructure analysis of the joint. This is caused by the higher 
flow velocity of the material at the shoulders and the lower velocity around the probe [24, 25]. 
Furthermore, even defects could be exposed. Fraser et al. 2014 [26] show that a tail is created 
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while the tool runs into the sheet which leads to a non-welding region. Additionally, a blow-
out hole is created while running out. 
In this study, a numerical simulation of the BTFSW process was performed in order to study 
the run-in process. Interest was focused on the temperature distribution and the contact 
conditions between the tool and the work-piece. Based on these results for a standard tool 
geometry, a shape- optimized tool was defined with the side condition of constant normal 
stresses on the tool. BTFSW experiments were performed with both the standard bobbin tool 
and the optimized tool, and the welding results are compared with each other. 
 

2. MATERIALS AND METHODS 
 
The work-pieces were cut from sheet material of the aluminum alloy AA5754-H111, and had  
dimensions of 140 x 100 x 4 mm. The chemical composition and mechanical properties of the 
base material are listed in Table 1. The material was in an H111 heat-treated state. i.e. is 
annealed and additionally slightly work-hardened. The work-pieces were clamped in all 
directions to ensure reliable welding (Figure 1b). 
 
Table 1: Chemical composition and mechanical properties of AA5754 
 

Material 
Elements Rp0.2 Rm 

wt.% MPa MPa 

AA5754 
Si Fe Cu Mn Mg Cr Zn Ti Al   

0.4 0.4 0.1 0.5 2.6 - 
3.6 0.3 0.2 0.15 Bal. 88 213 

  
FSW experiments were performed on a four-axis universal machining center DMU80T from 
DMG Mori (Wernau, Germany) with a travel speed of 12,5 mm/min and a rotational speed of 
4500 1/min with counterclockwise rotation. The dimensions of the original, non-optimized 
bobbin tool are shown in Figure 1a. The tool is made of AISI H13 tool steel. In addition, 
thermocouples of type K were placed 10 mm on AS and RS on the lower and upper side and 
one between the sheets at a distance of 100 mm from the start of welding in order to investigate 
the temperature distribution during welding. After welding, the joints were examined 
mechanically and microstructurally. For this purpose, the tensile testing machine ProLine from 
ZwickRoell (Ulm, Germany) with a load cell of 10 kN was used. The testing speed of the tensile 
tests was 2.5E-3 1/s. Light microscopic images of the cross-sections of the welds were taken 

Figure 1: (a) Dimensions of the non-optimized bobbin tool, (b) welding setup  

clamping 

notch 

a) b) 
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with an Olympus GX51 from Zeiss (Jena, Germany) after the samples had been etched with 
5% HF according to Flick's method.  
The run-in of the BTFSW process corresponding to the first 10mm of the weld seam was 
simulated as a forming process using the simufact forming code (simufact engineering, 
Hamburg, Germany). As there is no option for material mixing in the code, the work-piece was 
modelled as a single sheet. Material transport occurred due to friction (friction coefficient of 
0.7). In the forming process, material can stick to the tool with separation occurring at 
deformation induced stresses levels exceeding the separation strength. The separation strength 
was varied in the range of 0 and 50 MPa with the upper limit given by the strength of the base 
material at maximum temperature.  
The simulation starts with the tool rotating in contact to the work piece in order to reach a 
minimum temperature, which is required for achieving material transport. The work-piece was 
pre-heated to 150°C in order to reduce simulation time. Then the tool starts to advance in 
welding direction at a constant travelling speed. Material is transported to the backside of the 
tool by plastic deformation induced both by tool advance and tool rotation, and the gap behind 
the tool is partially filled. “Good” welding conditions are characterized by a small remaining 
gap in the rear-side of the tool, see e.g. Figure 2b.  
The simulation yields time-dependent deformation and temperature fields in various forms 
together with contact conditions. Tool loading during the forming process can be calculated 
explicitly or estimated in terms of the stresses acting in the area of maximum contact (see figure 
2). Tool loading, in turn, can be used as a basis for tool optimization using the topology 
optimization tool TOSCA (Topology Optimization Using Stress Constrains and Adaptive 
Meshing) from Simulia (Johnston, USA). Genuine topological volume optimization reduces 
the total mass of a given component while maintaining its load bearing capacity. Shape 
optimization, on the other hand, aims at reducing stresses in the design region by varying the 
contour of the component. Shape optimization is used in the following in order to improve the 
welding behavior of the bobbin tool. 
 

3. RESULTS 
 
3.1 Run-in process 
he initial simulation runs of the run-in process revealed high plastic deformation of the work-
pieces, low temperatures in the contact region, and an insufficient material flow. This is the 
result of the poor contact conditions between the tool and the aluminum sheet (Figure 2a). To 
avoid this, a semicircular notch was introduced at the run-in side of the work-piece with the 
diameter of the probe. The result is that material transport starts with the beginning of tool 

Figure 2: Contact conditions between tool shoulders and sheet (a) without a 
notch and (b) with a notch; full contact: red, no contact: blue 

 

b) a) 
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advance. This is reflected in the contact conditions shown in Figure 2. This initial notch was 
also used in the welding experiments (see Figure 1b). 
 
3.2 Shape optimization 
In general, shape optimization is used to reduce local stress concentrations. This aspect is 
relevant in case of the bobbin tool, as high local loading will induced higher wear rates and 
consequently lower lifetimes of the tool. Moreover, it was found in the simulations of the 
BTFSW process that regions of good contact are characterized by constant values of the von 
Mises stress. This fact gave rise to the idea that an ideal tool should impose constant normal 
stresses throughout the region of contact, and hence, it should be shape-optimized with the 
boundary condition that constant normal stresses are acting along the shoulders and the probe. 
For this purpose, a two-domain axisymmetric mesh was set-up for the tool shown in figure 1a, 
with an variable contour layer for shape optimization. Normal stresses of 100 MPa are then 
imposed on the surfaces of the shoulders and the probe, and a shape optimization is performed 
using TOSCA.  
Figure 3 shows the stress distribution on the tool surface before and after optimization. The 
original tool design leads to rather pronounced stress concentrations in the transition region 
between shoulders and probe with maximum stress enhancement factor of 4.75 whereas the 
maximum principal stress attains a maximum value of 344 MPa in the optimized case, i.e. the 
maximum stress intensity factor amounts to 3.44.  
 

3.3 Welding process 
 BTFSW was performed with AA5754 sheets with optimized and non-optimized tools. In both 
cases, solid joints were formed. When welding with the non-optimized tool, however, a 
wormhole was formed over the entire weld seam on the lower side of the sheet. An ejected tail 
was found on RS (Figure 4b) during run-in until complete stirring, and a keyhole occurred at 

a) b) c) 

Figure 4: Ejected tail (a) in the simulation and (b) in the experiment; (c) key-hole defect  

Figure 3: Stress distribution in the bobbin tool subjected to a normal surface stress  
of 100 MPa (a) before shape optimization and (b) after shape optimization 

 

b) a) 
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the end of the weld seam (Figure 4c), because the moving tool pushes the material out of the 
sheets and no stirring is possible. These two defects are in agreement with the current literature 
[9, 26] and are typical for welding with bobbin tools. An ejected tail was also found in the 
simulation of the BTFSW process (Figure 4a). Changing process parameters strongly affects 
the conditions also the predicted form the ejected tail. This fact will be used in future 
improvements of the BTFSW process. 

Figure 5a summarizes the results of the temperature measurements with the thermocouples. The 
peak temperature in the weld seam is above 450°C both for the original bobbin tool and for the 
shape-optimized one, with peak values approaching 500°C. Minor differences in the peak 
values can be attributed to the discretization error in the case of the simulation and the 
measurement error in the experiment, which increase when the tool is approaching. A certain 
asymmetry in the temperature distribution was observed in the experiments the originally 
designed bobbin tool (blue and red dotted lines in Figure 5b). Apparently, a certain amount of 
the generated heat was dissipated in regions of the work-piece lying outside the weld seam 
region. This effect was also observed in simulation of the BTFSW process, and can be explained 
by the fact that significant plastic deformation occurs outside the welding zone, when contact 
between the tool and the work-piece is lost. 
  
3.4 Tensile tests 
Tensile tests performed with the originally designed bobbin tool have a strength of 55.6 MPa. 
This is significantly below the strength of the base metal (218.6 MPa) and indicates that the 
unoptimized tool was not able to produce a sufficiently strong joint. In contrast, strength values 
of 135.8 MPa (62.1 % compared to the base metal) were obtained with the shape optimized 
tool. Although this strength is still below that of the base material, it shows a significant 
improvement compared to the originally designed tool. The optimization of the tool obviously 
resulted in better material mixing and a stronger weld in agreement with the performance of 
both tools in the simulation. It should be noted that the strength of the welded joints also 
depends on the process parameters, which were not optimized in this study. However, the 
results obtained are encouraging and clearly indicate that shape optimization of the tool is a 
viable way to improve the weld quality in the BTFSW process. 
 

Figure 5: (a) Simulated temperature distributions during BTFSW with optimized bobbin tool, 

(b) temperature distributions during BTFSW - thermocouples placed at 100 mm; dotted line: 

non-optimized tool, continuous line: optimized tool  

 

a) b) 
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3.5 Microstructure 
The light microscope images of the microstructure of friction stir welded aluminum joints 
(Figure 7) produced with optimized and non-optimized bobbin tools provide important insights 

into the quality of the welded joints. Both images show the hourglass shape typical of bobbin 
tools, which is generated by the rotation of the tool, the feed along the welding direction and 
the unique tool shape. In both micrographs, tunnel defects are visible in the center of the stirred 
zone, although the size of these defects is smaller when the shape-optimized tool is used. Since 
the tunnel defect of the weld of the shape-optimized tool is fairly elongated, it has less influence 
on the tensile strength, as the loading direction of the tensile test is perpendicular to the weld 
and hence parallel to the tunnel defect. A clear and pronounced transition between the heat-
affected zone and the stirred zone can be seen on both sides of the weld in the case of the shape-
optimized tool. In contrast, the transition between the heat-affected zone and the stirring zone 
is less pronounced on RS for the originally designed tool. This indicates non-uniform material 
mixing or less stable welding conditions. 

2 mm 

a) 

b) 

RS AS 

Figure 7: Light microscopy images of welds using (a) originally designed 

and (b) shape-optimized tool 

 

Figure 6: Tensile strengths [MPa] of base material and joints 
welded with non-optimized and optimized tool 
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In summary, the microstructural analysis implies that the shape-optimized tool geometry and 
the corresponding process parameters lead to improved material mixing. This is in agreement 
with the findings of the BTFSW simulation. Here, the minimum gap between the material flanks 
on the rear side can be taken as an heuristic criterion for material mixing, and the values 
obtained are 2.03mm for the standard tool, and 1.11mm for the shape-optimized tool, 
respectively (see figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Results of welding simulation a) with standard bobbin tool (clockwise turning) b) with 

shape-optimized tool (counterclockwise turning) 

 
4. CONCLUSION 

 
In the present work, simulation and experimental studies were carried out of BTFSW of 
AA5754 aluminum sheets with both a classical bobbin tool and a shape-optimized bobbin tools. 
The main findings can be summarized as follows: 
 

• The simulation of the run-in process shows that the introduction of a notch with the 
diameter of the probe improves the contact between the shoulder and the aluminum 
sheet. 

• Shape optimization of the bobbin tool reduces the bending stresses at the transition 
between the probe and the shoulder by over 27 %. 

• Solid joints were made with both tool geometries. However, defects such as an ejected 
end and a keyhole occurred. 

• The strength of the welds with the optimized tool is 135.8 MPa, while with the non-
optimized tool it is only 55.6 MPa. This is due to more pronounced wormholes when 
using the classical tool. 

• The results show that the shape-optimization of the bobbin tool leads to improved welds. 
Further optimization in terms of process parameters could lead to higher strength values. 
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