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Abstract: This paper reports on a simulation framework capable of predicting the outcomes of the
friction stir welding process. Numerical tool development becomes directly possible without the
need for previous calibration to welding experiments. The predictive power of the framework is
demonstrated by a case study for numerical tool development and validated experimentally. Different
tool geometries with high levels of detail and active material flow features are investigated, and their
effect on the process outcomes is quantified. The simulation framework is found to be able to predict
forces, material flow, temperature fields, weld formation and welding defects a priori, in detail and
precisely. This applies to the outer appearance of the weld as well as the location, shape, and size of
inner welding defects. Causes for defects can be identified, analyzed and remedied. Compared to
the validation experiment, the simulation showed a slight overestimation of the process impact in
the case study. Since the framework relies strictly on analytically describable physics, the efforts for
modeling the process are moderate considering the precision of the results.

Keywords: friction stir welding; simulation; tool development; tool design; CEL; ALE; numerical
modeling; prediction

1. Introduction

Since the whole friction stir welding (FSW) process [1] is established by the contact
of tool and workpiece only, tool geometry and material selection are crucial both for weld
quality and economic efficiency. But today, and so after more than two decades of industrial
use and scientific research, tool design and development for FSW are still particularly a
matter of implicit expert knowledge, incremental design changes, and trial and error [2,3].
This issue mainly arises from the difficulty to observe the actual joining process within the
joining zone directly, e.g., since it has to be steadily covered to ensure FSW’s mechanical
working principle [4,5]. Moreover, the FSW process itself compromises several highly cou-
pled (non-linear) phenomena and their manifold interactions, such as frictional and plastic
heat generation, material flow and large plastic material deformation, tool/workpiece
interaction or temperature-dependent material behavior [5-8]. Despite extensive research
activities and advances regarding all of FSW’s process phenomena in recent decades, those
and especially their interactions are still not fully understood [5,9-12]. This leads directly
to several issues regarding tool development and design: while the effects of smaller, incre-
mental geometrical changes may yet be anticipated by experts in spite of their non-linear
nature, the complexity of interacting process phenomena makes it almost impossible to
predict the effects of more extensive, detailed, or also uncommon geometrical changes or
new designs, cmp [13-15]. This applies in particular when more than one geometrical fea-
ture is changed at once, process parameters are simultaneously adjusted, or effects such as
tool wear should be considered. As a consequence, tooling concepts in FSW have evolved
comparatively slowly during the last decades and are today mostly based on experimen-
tally proven tool designs. Many of the respective geometrical features can be found already
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in very early studies in the 1990s, such as in TWI's GSP 5651 [16]. Those are, for example,
using flats, threads and flutes on the pin [17] or concentric grooves or scrolls as shoulder
profile [18]. So today, tooling concepts in FSW show a very high degree of self-similarity,
while at the same time, neither have standard FSW tool designs ever been incorporated
into standards or specifications such as ISO 25239-1:2020 or AWS D17.3/D17.3M:2016 [19],
nor does a commonly accepted standard procedure for tool development in FSW exist.

A possibility to gain access to FSW’s adversely observable process phenomena is
numerical modeling. Especially during the last decade, several thermo-mechanically
coupled 3D simulation models have been proposed, which have contributed extensively to
the process understanding of FSW. Guerdoux and Fourment modeled FSW in Forge3D®
using an arbitrary Lagrangian-Eulerian (ALE) formulation and showed that it is possible
to predict process forces after a calibration of the contact conditions between plate and
a simplified tool geometry [20]. Assidi et al. extended this consideration by adapting
more extensive friction models to their data and showed that the calculation of process
temperatures inside the joining zone is possible [21]. Own work using the coupled Eulerian-
Lagrangian (CEL) formulation of Abaqus/Explicit showed that simulating the whole
FSW process with real tool geometries and the joining of two separate sheets into one
within one continuous model is feasible, while forces, micro-structure, welding defects,
and their evolution such as voids/wormholes and burring can be represented [5,22]. Both
approaches, ALE and CEL, are comparatively computationally intensive and, depending on
the level of detail, require up to several days of computing time to simulate some seconds of
the FSW process, cmp [5,23]. Research carried out using Smoothed-Particle Hydrodynamics
(SPH) and graphics processing units (GPUs) improved this issue significantly, but partly
at the expense of the level of detail. Fraser et al. showed that by using a simulation code
called SPHriction-3D, void and burr formation in FSW can be represented and provided an
artificial process window based on a virtual parameter study [24]. Bagheri et al. used SPH
to investigate the temperature history, strain and stress distributions during conventional as
well as submerged FSW (SFSW) [25]. Simplified tool geometries were used in both studies.
Apart from thermo-mechanically coupled simulation models, pure CFD approaches have
been shown to be suitable for investigating real FSW tool geometries as well. These
investigations usually focus on the analysis of the steady state of the process during
traversing [26-28] since it is barely possible to represent the whole process sequence, i.e.,
plunging /dwelling, traversing and exiting, in one continuous simulation model due to
methodical limitations. This is in particular relevant because the process history, i.e., how
the steady state was reached, may affect the steady state of the FSW process.

Numerical modeling may be well suited and a great opportunity for investigating
tool geometries without the need of manufacturing those. Tool designs could be assessed
and the FSW process optimized virtually saving resources such as time and money while
providing new insights. However, no consistent simulation framework or methodology
for numerical tool development or process prediction has been proposed, nor has its
principal feasibility been shown to date. Numerical models are still calibrated iteratively
on experiments, which considerably reduces the predictive power for extrapolations [7].
Therefore, this study proposes a simulation framework capable of predicting the outcomes
of the FSW process. By this, it can directly be used for virtual tool development. The
predictive power is assessed by a numerical tool development case study.

2. Materials and Methods

The procedure of this study is as follows: In a first step, a base tool geometry and a fixed
parameter set, which is known to cause a welding defect are defined. Complementarily, a
material flow feature is defined for the pin which can potentially solve this issue. Starting
with the base geometry, simulations are then carried out, and the resulting size of the
welding defect is analyzed. As long as a welding defect is found, the geometrical feature
on the pin is subsequently enlarged, and the simulation is repeated with the new tool
geometry. This procedure is continued until either no welding defect is detected in the
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simulation anymore or the tool geometry cannot be adjusted any further. For ensuring that
the study is not influenced, e.g., by calibration or confirmation bias, the simulations of all
tool geometries are carried out before any real welding trials are performed.

2.1. Tool Geometries, Material Flow Feature, Process Parameters

The base geometry shown in Figure 1 was chosen on practical experience. Simple
rotationally symmetrical designs without any active material flow structures, such as the
truncated cone chosen for this study, usually lead to a stable weld defect formation at
welding depths above three millimeters and common industrial welding speeds [29]. The
reason for this is mainly an insufficient heat transport to the bottom of the pin and also a
lower level of heat input of the pin itself, causing a “lack of consolidation” [30] and thus
void defects.
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Figure 1. Base geometry: relevant dimensions and manufactured tool made from QRO® 90.

Consequently, three spiral grooves also known as flutes were chosen as complementary
material flow feature. This feature is well proven for preventing void defects in FSW by
transporting heat from the shoulder to the bottom of the pin, homogenizing the weld’s
temperature profile, improving the material flow, and additionally compressing the stirred
material. The three spiral grooves were arranged evenly on the pin, i.e., with 120 degree
offset to each other, and had a 45 degree pitch angle (Figure 2). The starting width of
the spiral groves was set to 1 mm. After that, all further enlargements of the grooves
were made in steps of 0.4 mm, i.e., 1 mm-1.4 mm-1.8 mm and so on. All tools for the later
experimental validation of the simulation were made of QRO® 90 hot-working tool steel,
hardened and annealed to 45 HRC. The material properties are given in Table 1. For the
later manufacturing, the basic geometry was turned first from bar stock, and a reference
was machined. Then the respective material flow feature was generated by a ball nose end
mill with a 0.5 mm radius. For simplicity, the depth of the respective structure was always
chosen as one third of its width.

Figure 2. Definition, location and arrangement of the complementary material flow feature (red) as a
superposition on the base tool geometry.
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Table 1. Temperature-dependent material properties of QRO® 90 (hardened and annealed to 45 HRC)
derived from manufacturer’s information.

Temperature [°C] 20 400 600
density [kg/m?3] 7800 7700 7600
thermal conductivity [W/mK] 33 33 33

Young’s modulus [GPa] 210 180 140
yield stress [MPa] 1270 1000 620
ultimate tensile stress [MPa] 1470 1200 840

2.2. Joint Geometry and Aluminum Alloy, Welding Setup and Process Parameters

All welds in this study were 5 mm butt welds, all sheets were 300 mm long and 100 mm
wide, two each making a joint set-up. As material, AA 6061 in T6 temper was used. The
temperature-dependent material properties of AA 6061-T6 were already determined for a
previous study [29] and are summarized in Figure 3. The same process parameter set was
used for all welding experiments. It was derived from a related industrial application. The
parameters were a spindle speed of = 1400 min~!, a traverse speed of v, = 400 mm /min,
and a tilt angle of « = 2°. Further process parameters include a plunging speed of
v; = 40mm/min, a dwelling time of 1s, and a linear ramp up/ramp down for the first
and last 20 mm of the weld. The welding was carried out on a MTI GG-1 gimbaled gantry
FSW machine, capable of recording all relevant process variables, such as spindle torque or
X, Y and Z-forces with about 100 Hz.
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Figure 3. Temperature-dependent thermal and mechanical properties of AA 6061-T6.

2.3. Simulation Model

The most important aspect of process modeling, and especially for tool development,
is the prediction of unknown real process conditions and outcomes. To achieve this and to
maximize the applicability and general validity, the model design is based on fundamental
physics to avoid any fitting to welding experiments. Based on previous work [5,22] and
advantages such as the possibility of simulating the whole process within one continuous
model and the high detail of representing the surface formation, the CEL formulation of
Noh [31] implemented in Abaqus® was used.

2.3.1. Simulation Setup

The essential simulation setup consists of two Eulerian workpieces and a Lagrangian
tool. Directly adjacent and thermally and mechanically loaded elements such as backing
and fixtures are modeled as Lagrangian bodies as well. Peripherals beyond this, such
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as spindle shaft or machine bed, are represented by thermal and mechanical boundary
conditions. Independent and overlapping meshes of Eulerian and Lagrangian formulation
are used for enabling the interaction between all modeled parts. The Eulerian mesh
therefore extends beyond all designated contact regions with the Lagrangian bodies. This
allows a free flow of material within the Eulerian mesh and efficiently prevents numerical
diffusion at the same time. Figure 4 shows the model setup schematically.

\ 4

Figure 4. Schematic setup of the numerical model (starting position): isometric, front and side view,
shown without tool holder, backing and clamping.

2.3.2. Workpieces

The two workpieces lie completely within the Eulerian mesh and are represented by
cells partially filled with material (volume of fluid method). With this method, the level
of detail regarding the representation of process phenomena and surface reconstruction
depends strongly on the mesh fineness. Therefore, the Eulerian mesh consists of 230,000
thermally coupled linear multi-material elements with reduced integration and hourglass
control (EC3D8RT). For separating the two workpieces, i.e., representing the joint gap, and
for a more robust handling of contact and friction, the mesh in the later contact and joining
zone is even finer, as highlighted by the red arrow in Figure 5. To represent the thermal and
mechanical material behavior, the data shown in Figure 3 and the Johnson-Cook material
model, Equation (1), were applied. The corresponding parameters of the material model
for AA 6061-T6 are given in Table 2.

0y (evpt Eupt  T) = [A+Bleyp)"| [1+CIn(es |1 = (1)) ()
0 for T<Ty
. . &, . T—T,
with &= -"  and T := O for Tuo<T<Ts

€y,pL0 Ts —Tj
1 for T > Tg

Table 2. Johnson-Cook parameters for AA 6061-T6.

Alloy A B C n m
AA 6061 -T6 291 113 0.006 0.42 143
2.3.3. Tools

The tool is represented by a linear—elastic Lagrangian body with the material properties
of QRO90 given in Table 1. Between the given support points, a linear interpolation is
automatically carried out by the solver. As with the workpieces, a comparatively fine mesh
is necessary to map the high level of detail of the tools and to address the representation of
complex physical phenomena. Those are especially the contact initiation during plunging
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or an actively induced material flow within the tool’s structures during traversing. Quite
constantly, 700,000 thermally coupled linear elements of type C3D4T were used to mesh
each tool design, cmp. Figure 5. Due to their slightly different geometry, number and
arrangement of elements vary to some extent between the tool designs.

Figure 5. Setup of numerical model with meshing of Lagrangian tool and Eulerian region, isometric
and rear view, Eulerian region partially hidden in each case on the left.

2.3.4. Frictional Contact and Formulation, Interactions and Boundary Conditions

For the contact definition in the simulation the AIl* with self contact algorithm of
Abaqus was used. By this, the contact between tool and workpieces and its location
in the simulation is neither forced nor pre-defined, but takes place automatically when
bodies come in contact within the Eulerian volume. Contact conditions are then solved
for each node separately. Furthermore, a detachment of the material from the tool during
the simulation is possible, which is necessary for the representation of free surfaces or
volumetric defects. Moreover, a self-contact of the material is possible as well, which is
especially important for the simulation of the joining process of the two workpieces into
one, or the simulation of burr formation.

The underlying friction formulation is a visco-plastic approach directly based on the
Johnson-Cook material model using the von Mises yield criterion:

1
Tric = %o—y,]-C 3)
1 .
= %o—y(gv,pllgv,plr’r) 4

This formulation results in two significant advantages. First, the direct relation to the
material model provides a consistent system, which makes it possible to describe local fric-
tional conditions as a function of temperature, strain rate, stress state, etc., without having
to adapt to welding experiments. Second, the description via the material model avoids
additional non-linearities and thus contributes considerably to the numerical stability of
the simulation since friction phenomena in principle already exhibit a highly nonlinear
(parabolic) character.

The heat generated at the friction interface between tool and workpieces is distributed
using an approach common in tribology [32-34]. Until a thermal equilibrium is reached,
heat is distributed according to the ratio of the (temperature dependent) heat penetration
coefficients of the two materials, and after that, according to the ratio of the materials’
thermal conductivities, neglecting further thermal damping effects. Figure 6 shows the
areas defined for heat conduction and convection on tool and workpieces. Generally, it is
defined that all bodies and the environment have a temperature of 20 °C at the beginning
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of the simulation. Since a tool holder constantly cooled to 20 °C was used for the welding
experiments, a corresponding boundary condition was applied to the shaft of the tool.

Figure 6. Areas defined for heat conduction (red) and convection (blue) on tool and workpieces.

2.3.5. Implementation of Process Parameters and Procedure

The process parameters are implemented by a split approach. Spindle speed and
movement of the tool in normal or z-direction are implemented with the help of a reference
point on the tilted tool’s center axis. Moreover, by this reference point, the machine’s
stiffness in X, y, and z is realized by (linear) spring constraints. At this point, process forces
can be read out. The implementation of the tool’s traverse speed in x-direction is realized
by velocity constraints on the Eulerian volume as already shown in Figure 4. This is done
to increase the the numerical stability since the simultaneous linear displacement of a fast
rotating tool often leads to numerical instability.

To simulate the process, the tool is set in rotation. Then, the rotating tool is moved
along the z-axis until the desired plunging depth in sheets is reached. This position is held
until the end of the dwelling step. For traversing, a velocity constraint is then applied
on the Eulerian volume by ramping up to the desired traverse speed. After the desired
welding is reached, the traverse movement is stopped by ramping down the traverse speed
to zero. Subsequently, the tool is extracted from the workpieces.

3. Results

The procedure described in the previous section yielded the following results: The
uncontoured base geometry resulted in a continuous formation of a volumetric welding
defect in the simulation. The same resulted for the two succeeding tool designs with
structure widths of 1.0 and 1.4 mm. The third design iteration with a width of 1.8 mm was
then the first to exhibit no wormhole formation in sections during traversing. Very similar
results but with a further improving trend were found for the fourth design iteration with
2.2mm. Finally, for the fifth iteration of the tool design with a structure width of 2.6 mm,
no volumetric welding defect could be detected anymore during the simulation.

Based on these results, the third and the fifth design iterations were machined, and
welding trials were performed together with the base geometry. An overview of those three
tools and their geometrical details is given in Figure 7. Results of the respective simulation
and welding trials are presented together and compared in the following subsections.

3.1. Results for Base Geometry

Figure 8 shows the outer appearance of the weld carried out with the base geometry
in the simulation and experiment. The weld’s outer appearance is comparatively sound
and, apart from a small burr formation at the beginning, without any visible welding
defects. However, in both cases, a slight elevation of the weld compared to the workpiece
surface can be found, which already implies that the material has to be pushed out of the
joining zone by the tool. Figure 9 shows a corresponding semi-transparent cut along the
welding direction, providing insights to the inner process phenomena. In this view, the
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elevation of the weld can be recognized as well and determined to reach up to 0.6 mm
(. This continuous loss of material from the joining zone is directly associated with the
formation of an inner cavity (continuity condition). The reason why the weld’s outer
appearance shows, nonetheless, no visible welding defects can be determined from the
cut as well. It is a characteristic defect phenomenon known in FSW [29,30]: The strong
and robust material flow regime of the shoulder fully develops initially @) and remains
intact, despite the continuing material loss from the joining zone @. In the pin flow regime
on the advancing side where material flow regimes meet, a stagnation point develops
due to the lack of velocity or pressure, respectively. Material flow regimes cannot merge,
and a cavity begins forming with the start of the traverse movement behind the tool .
This cavity evolves into a stable wormhole defect during the steady state of the process,
extending 2.2 mm in the thickness direction (5. Simultaneously, the material flow at the
bottom of the pin remains intact, but separates from other material flow ®. Figure 10
shows the barker-etched cross section of the corresponding welding experiment conducted
for validation. First, it becomes clear that the location, shape and size of the cavity and also
burr formation are predicted with a decent accuracy by the simulation: with an extension
of 2.3mm in thickness direction and covering an area of about 3.4 mm?, the wormhole
defect reduces the load-bearing cross section of the component by about 46%. With this,
the difference in defect size to the numerical result is less than 5% in relative terms. While
the horizontal location of simulation and experiment matches the vertical defect location
differs. The simulation predicts that the lowest point of the defect will be about 2 mm from
the bottom of the sheet. However, from the cross section of the real welding experiment,
Figure 10, it is found to be about 1 mm lower, which is 20% of the sheet thickness. As
predicted by the simulation, shoulder and lower pin regimes are found to be intact or
separated, respectively, in the real experiment as well.

1.8 mm

Figure 7. Development stages of the tools manufactured for verification. Base geometry without
contouring, third and fifth design iterations with 1.8 mm and 2.6 mm structure width, respectively.

0 50 100 150 200 250 300 350 400 450 500 550 600 650°C

Figure 8. Outer appearance of weld carried out with the base geometry in simulation (left) and
experiment (right).
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Figure 9. Semi-transparent section along the welding direction showing the local velocity distribution.
At the top, shortly after the start of the traverse movement, at the bottom after reaching the process’

steady state. Voids shaded, tool not shown.

Figure 10. Barker-etched cross section of the real welding experimental corresponding to the steady
state of Figure 9 with wormhole defect and burr formation on the right.

3.2. Results of Design Iterations and Comparison

In the previous section, the main causes of the defect formation for the base geometry
were identified. These were an insufficient material flow within the joining zone, and
the subsequent formation of a stagnation point, leading to a cavity. As mentioned above,
the third design iteration of the tool was the first to exhibit no wormhole formation in
sections during traversing in the simulation. Figure 11 shows a direct comparison of
the base geometry to this third iteration with a structure width of 1.8 mm in top view.
First of all, the location of the stagnation point can be clearly recognized for the base
geometry (left) on the advancing side. In the area highlighted by the black ellipse, almost
no material flow can be found at all. The velocity field of the third tool design iteration
(right) clearly distinguishes from this. The three flutes induce an additional material
flow with high velocities in the pin flow regime, exemplarily highlighted in the image by
three black ellipses. With up to 450 mm/s, the velocities there reach about three to five
times the values of the base geometry. This material flow resolves the former issue of
the stagnation point very substantially. Furthermore, it becomes visible that the material
flow structures homogenize the material flow overall. While very steep velocity gradients
can be found between adjacent areas for the base geometry, such as velocities of 50 and
500 mm/s directly next to each other, the velocity field of the third design iteration is far
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more homogeneous with significantly higher velocities in all flow regimes and far smoother
transitions between them.

. 24
ot

- base geometry © - -3
0 50 100

Figure 11. Velocity vectors for base geometry (left) and third design iteration with 1.8 mm structure
width (right). Tools not shown. Ellipse left: stagnation point. Ellipses right: induced material flow by
and within structure.

With further increasing the structure width, this tendency intensifies. Figure 12 shows
the results of the fifth and final tool design iteration with a structure with of 2.6 mm.
For a better perspective, the view is directed from the opposite side to the area of the
former stagnation point. From the representation, the completely filled structure of the tool
(labeled) and the high flow velocities induced by it can be recognized. In the area of the
former worm hole, no signs of volumetric defect formation, such as indentations, can be
found. The transitions between all material flow regimes are continuous and with smooth
gradients. Thereby, the flow velocities in the upper area of the pin with 500 mm/s almost
reach those of the shoulder regime.

0 50 100 Eo 200 250 300 350 400 450 500 mm/s

Figure 12. Material flow induced by the 2.6 mm wide structures of the fifth tool design iteration in
the area of pin regime and former stagnation point. Tool not shown.

Figure 13 shows on the top the cross section of the welding experiment for the third
design iteration (1.8 mm structure). The weld still shows a worm hole formation in the
lower material flow regime of the pin on the advancing side. Defect location and also shape
correspond very well to the defect caused by the base geometry. However, a significant
reduction of the defect area from originally 3.4 mm? to less than 0.5 mm? is reached, reducing
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the load-bearing cross section by about 14% (base geometry: 46%). Compared to the base
geometry, a considerable improvement of the overall material flow in the weld can be
recognized from the cross-section. Especially in the upper part of the pin regime towards
the shoulder, the material flow is found more uniform and the material flow regimes
consolidated. Same with the base geometry, the lower pin regime is well established. These
findings correspond well to the results of the simulation. The material flow improvements
are less pronounced in the center of the weld and close to the defect formation. As can
be seen by the well visible white oxide layers (joint line remnants, highlighted by red
arrow), the intermixing of the material is still not sufficient, and material flows are not fully
merging in these areas. However, at the edges of the wormhole material flow structures can
be observed (blue arrow). Those banded structures, cmp. Ref. [35], indicate an incipient
material flow in those areas and that the volumetric defect is near closure. Taken together
and as in the simulation, the defect formation of the third design iteration represents a
transition case. In contrast to the simulation, the defect formation stabilized in the real
welding experiment without closing again. Only near the starting point of the weld and so
before reaching the steady state of the process, no wormhole occurred.

Figure 13 shows on the bottom the cross section of the welding experiment for the
fifth design iteration with 2.6 mm structure. As predicted by the simulation, the weld
no longer exhibits an inner volumetric defect. However, slight signs of a material flow
disturbance can be detected at the former defect location (highlighted in the picture by a
red circle). Compared to the third design iteration, weld and micro-structure are even more
homogeneous. The material flow regimes are fully developed with smooth transitions
between them, apart from a still slightly recognizable separation of the lower pin regime.
No remaining oxide layers can be detected, and the material flow in the upper pin and
shoulder regime further improved. In direct comparison with the other two welds, a further
decrease in burr formation can be detected as well. This can be attributed to the fact that
with increasing structure width, more and more material can be accommodated within the
rotational volume of the tool, actively transported, and buffered. In the case of a structure
width of 2.6 mm, already 15% of the pin’s rotational volume is used for this purpose.

3.3. Further Consideration

Due to the highly coupled nature of the FSW process, the tool’s structures not only
influence directly the material flow, but through it, almost all other process phenomena. The
most important one is the interaction of the material flow with the heat balance. Figure 14
shows a comparison of the temperature fields and gradients of the base geometry to the fifth
design iteration during steady state. From the representation, it becomes clear that with the
material flow a significant convective heat transfer within the joining zone takes place. By
the structures, warmer material from the process’ main heat source (shoulder) is transferred
to deeper areas of the weld, homogenizing the temperature profile and simultaneously
reducing the peak temperatures. While the base geometry shows temperature differences
of more than 100 K between shoulder and center weld, the temperature differences of
the fifth design iteration are less than 50 K. At the same time, both tool geometries show
almost the same total heat input and so surface temperatures near the tool (highlighted
by red circles). This more homogeneous heat distribution also reduces the flow resistance
of the material and thus the overall resistance to the traverse movement of the tool. The
base geometry resulted in a traverse force of about 1450 N in the real welding experiment
and about 1350 N in the simulation. Contouring the pin with 2.6 mm structures led to a
reduction of about 20.5% to 1150 N in the experiment and 18.5% to 1100 N in the simulation
(means taken over 1.5s, 150 and 60 values of steady state).
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Figure 13. Etched cross sections of the welding tests carried out for validation with material
flow representation at the (former) neuralgic stagnation point. 1.8 mm (top) and 2.6 mm (bottom)

structure width.
o m

2.6 mm
structure

0 50 100 150 200 250 300 350 400 450 500 550 600 650 °C
BT 77T [T [ .

Figure 14. Comparison of temperature profiles and gradients in cross-section for base geometry (top)
and fifth design iteration (bottom), e.g., with and without active material flow structures.

4. Discussion of Results

From the results, it becomes clear that the simulation framework is capable of repre-
senting all relevant process phenomena and aspects of FSW. Material flow and temperature
fields, weld formation and welding defects can be predicted a priori and in high detail
without calibrating the model on real welding experiments. This applies both to the outer
appearance of the weld as well as the location, shape, and size of inner welding defects.
Causes for defects can be identified and analyzed in detail. Compared to the real experi-
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ment, the simulation showed a slight overestimation of the process impact in the case study,
e.g., by predicting a closure of the void slightly to early. This may be attributed to the sim-
plified modeling of material behavior via the Johnson-Cook model or the representation of
boundary conditions. Since the error is small, simple differences in the setups of simulation
and real experiment may be considered as cause as well. These may be tolerances in sheet
thickness or plunging depth. Either way, the error appears to be acceptable in relation to
the necessary efforts for modeling and data acquisition.

A very important aspect for numerical tool development is the precise simulation of
highly detailed tool geometries and their effects. The case study shows that the numerical
framework is capable of handling tool geometries and welding speeds similar to today’s
industrial and research applications. The effects of geometrical detailing on the process
can be represented, predicted and assessed numerically with a high level of detail. In this
context, the framework is capable of predicting the effects of active material flow structures
on the local and the overall material flow in the joining zone. Important aspects, such as the
accommodation of material within the rotational volume of the tool or the active convective
heat transfer, are considered. A quantification of the effects of geometrical detailing on
the highly coupled nature of the FSW process is possible. This concerns in particular the
effect on the interaction of material flow and heat balance. Based on a common proxy, the
development of the traverse force, the predictive power can be stated to be high.

Beyond these aspects, the very good suitability of (volumetric) welding defects for the
evaluation of FSW process simulations becomes apparent from this study. These show a by
far higher sensitivity to small process changes than most accessible FSW phenomena. More-
over, they are a result of and so a proxy for the whole and highly coupled FSW process itself,
representing so all interactions of its phenomena. Furthermore, the importance to simulate
the FSW process in one continuous simulation was underlined by the results. Welding
defects may initiate during the plunging phase or the start of the traverse movement and
propagate, evolve and persist into steady state.

5. Conclusions

In this study, a simulation framework able to predict the outcomes of the FSW process
with a focus on numerical tool development was presented. The fully coupled thermo-
mechanical three-dimensional simulation framework is based on Abaqus, using Noh's
coupled Eulerian-Lagrangian formulation (CEL). For maximizing its general validity, the
framework is based on fundamental physics and avoids fitting to welding experiments. For
demonstrating the predictive power of the framework a numerical tool development case
study was presented. Simulations were validated experimentally by real welding trials.

The framework is found to be capable of representing and predicting all relevant
process phenomena and aspects of FSW. This allows the analysis of phenomena that are not
directly accessible during the real welding process, e.g., due to restrictions stemming from
FSW’s working principle. The framework is capable of predicting forces, material flow and
temperature fields, weld formation and welding defects a priori, in high detail and precisely.
This applies both to the outer appearance of the weld as well as the location, shape, and
size of inner welding defects. In the case study, defect sizes were predicted precisely with
less than 5% difference to the experiment in relative terms. While the horizontal location
of the wormhole defect was predicted well, its predicted vertical location differed from
the validation experiment by about 20% of the sheet thickness. Traverse forces and their
development with altering the size of the material flow structures were predicted with less
than 10% relative error.

The case study showed that the numerical framework is capable of handling tool
geometries with levels of detail and at welding speeds similar to today’s industrial and
research applications. Together with its predictive power, numerical tool development for
FSW is directly possible. Necessary efforts for setting up the framework are comparable
moderate and can use data which is already available. With the capabilities shown, next
steps may include using the framework for systematically investigating tool wear and its
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effects on welding process and results. In addition, the framework may be coupled with Al
for finding completely new tool geometries or solving welding tasks automatically.
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