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ABSTRACT

A novel numerical analysis method based on a Coupled Eulerian—Lagrangian (CEL) approach with an
implicit formulation was developed to simulate the transient thermal and mechanical behavior during Friction
Stir Welding (FSW). The proposed method combines an operator-split-based CEL scheme with a dynamic
implicit solver optimized for GPU-based parallel computation, enabling stable and accurate simulations with
over 1.2 million nodes. This approach permits larger time steps than conventional explicit methods without
sacrificing accuracy, achieving a computational cost of about 5.5 hours for each simulated second of welding.
The simulation results successfully reproduced key features observed in experiments, including periodic
temperature and load fluctuations associated with tool rotation, which are characteristic of onion ring
formation. Furthermore, by varying the tool tilt angle, the influence of tool orientation on thermal fields,
material flow, and defect generation was quantitatively investigated. A forward tool tilt was found to move
the high-temperature region to the front of the tool, leading to the formation of tunnel defects. This provided
insight into the defect formation mechanism by revealing that a forward tilt alters material flow and thermal
concentration in a way that promotes tunnel defects. These findings demonstrate the effectiveness of the
proposed method in capturing complex thermo-mechanical phenomena during FSW and its potential for
optimizing welding parameters and improving joint quality.

Keywords: Friction Stir Welding, Coupled Eulerian-Lagrangian method, Thermal elastic-plastic analysis,
Implicit formulation

INTRODUCTION

Friction Stir Welding (FSW) has become a widely adopted joining technique for lightweight
metal materials due to its superior mechanical strength and reduced thermal impact. In this
process, a rotating and downward-pressured tool travels along the joint line, inducing plastic
flow in the material and achieving solid-state bonding. However, the material behavior during
FSW is strongly thermo-mechanically coupled, and it remains challenging to accurately
capture the thermal, mechanical, and material flow behavior, particularly in the stirred region.
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In addition, improper material flow or thermal history during welding can lead to the
formation of defects such as tunnel defects and voids. These defects can significantly reduce
the structural reliability of the weld, making it essential to predict and prevent such defects in
FSW. In addition, concentric patterns, commonly referred to as “onion rings” [1], are
sometimes observed on the surface or in cross-sections of the weld, and are considered
characteristic features of the process. These structures are believed to indicate the periodic,
layered flow of material and have been considered a physical record of the plastic deformation
and stirring behavior during welding [2]. However, the detailed mechanism of their formation
has not yet been fully clarified.

In recent years, the Coupled Eulerian-Lagrangian (CEL) method [3] has been widely used
as an effective approach for analyzing the complex material flow and large deformations that
occur during the Friction Stir Welding (FSW) process. The CEL method is capable of
accurately handling large material deformations, multi-body contact, and interfacial friction
and plastic deformation, making it particularly attractive for reproducing the detailed thermal
and mechanical behavior during FSW [4,5]. In particular, ABAQUS/Explicit has been widely
used as a finite element analysis software that supports CEL implementation [6], and many
previous studies have adopted it [7-13]. Furthermore, in addressing the challenge of high
computational cost, some attempts have been made to balance accuracy and efficiency by
appropriately applying mass scaling techniques [7,8].

On the other hand, the periodic phenomena specific to FSW require more detailed analysis
[8]. To achieve this, it is essential to develop computational environments capable of high-
accuracy simulations and to further accelerate the computation. In fact, it has been reported
that current simulations involving 200,000 to 300,000 elements require approximately two
days to analyze just one second of the process [9,10], indicating that the high computational
cost remains a significant challenge for practical applications. If further improvements in
simulation accuracy and speed can be achieved, it will become possible to investigate
conditions closer to actual processing environments. This is expected to be useful for selecting
and optimizing welding parameters, including stirring behavior and periodic phenomena.

In this study, a novel CEL analysis method based on an implicit formulation was developed
to accurately and stably capture the transient thermal and mechanical responses during FSW.
Compared to conventional explicit methods, the proposed method allows for larger time steps
while maintaining computational accuracy, thereby enabling numerically stable simulations.
Furthermore, by incorporating GPU-based parallel computation, the method achieves high-
speed analysis within practical computation time, even when using a fine mesh resolution. To
validate the effectiveness of the proposed method, it was applied to Friction Stir Processing
(FSP) of a single plate, and the spatial distributions and time histories of the temperature field,
mechanical responses, and stirring behavior were visualized and examined. In addition, the
periodic nature inherent in these phenomena was also investigated through the analysis.
Additionally, a qualitative comparison with previous experimental results was conducted to
evaluate the accuracy and practical applicability of the simulation outcomes. Moreover,
simulations with varying tool tilt angles were performed to investigate the influence of tool
angle on the temperature field and defect formation, and to explore the mechanisms behind
defect generation.
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IMPLICITLY FORMULATED CEL-BASED NUMERICAL ANALYSIS METHOD
FOR THE FRICTION STIR WELDING PROCESS

All numerical simulations were performed using an in-house finite element code developed
by the authors, in which the Coupled Eulerian-Lagrangian (CEL) framework and the implicit
dynamic scheme were implemented based on established numerical methods. In this study, a
finite element method (FEM)-based analysis approach grounded in solid mechanics was
developed to investigate the mechanical behavior during FSW. The analysis employed the
CEL method, which integrates both Lagrangian and Eulerian formulations. Fig. 1 presents the
overall analysis flow. As shown in Fig. 1, thermal conduction analysis and thermal elastic-
plastic analysis were sequentially performed while accounting for mutual contact between the
Eulerian and Lagrangian domains, where meshes are assigned to space and material,
respectively. The two analyses were coupled via advection calculations, enabling stable
simulation of large deformations occurring near the weld zone during FSW. In the Lagrangian
analysis, since the mesh is assigned to the object, it is possible to investigate the effects of
geometric changes. However, this approach can suffer from mesh distortion or failure under
large deformations, making it unsuitable for severe material flow. In contrast, the Eulerian
formulation assigns the mesh to space, and physical variables remain fixed within the spatial
domain, allowing stable analysis even when material flow crosses mesh boundaries. In this
study, the joining tool, which undergoes relatively small deformation, was modeled using the
Lagrangian formulation, while the heavily stirred workpiece material was modeled using the
Eulerian formulation.

‘ Construction of Gauss integral point mesh ‘

‘ Calculation of contact load and heat generation |

‘ Thermal elastic-plastic analysis of Euler elements
I
l Heat conduction analysis of Euler elements

‘ Thermal elastic-plastic analysis of Lagrange elements

‘ Thermal elastic-plastic analysis of Lagrange elements
................................... o
GPBICG method | i

|Advection analysis (identifier, velocity, acceleration) ‘

‘ Advection analysis (stress, equivalent plastic strain) |

end decision

Fig. 1 Analysis flow of development
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COUPLED EULERIAN-LAGRANGIAN METHOD USING THE OPERATOR SPLIT APPROACH

In this study, a FEM-based analysis approach was developed based on solid mechanics. The
friction stir welding (FSW) phenomenon of material deformation is assumed to be governed
by the following fundamental equations of solid mechanics.
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Here, p denotes the density, v the velocity vector, e the stress tensor, x the spatial coordinate,
and f the body force. The subscripts i and j indicate the directional components of each
variable. During FSW, large localized strains occur; thus, by applying the material derivative
to Equation (1), both temporal and spatial variations of the velocity field can be simultaneously

considered, leading to the following form:
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At this stage, the left-hand side of the equation can be divided into a temporal derivative term,
an advection term, and a stress gradient term. In this study, the operator-splitting method [14]
was applied to Equation (2), whereby Equation (3), expressed in the Lagrangian formulation
- where each computational point moves directly - is solved together with Equation (4),
expressed in the Eulerian formulation, which computes physical quantities at fixed spatial
locations.
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For the thermal elastic-plastic calculation in Equation (3), the Newmark-$ method [15] was
used for discretization, and Idealized Explicit FEM [16-18], which can account for dynamic
effects, was adopted as the solver. For the advection calculation in Equation (4), a stabilized
FEM based on the SUPG (Streamline Upwind Petrov-Galerkin) method [19,20] was
employed, and the Wilson-6 method [21,22] was used for time discretization. The system of
equations was solved using the GPBICG (Generalized Product-type Bi-Conjugate Gradient)
method [23,24]. Furthermore, GPU-based parallel computation was applied to both Idealized
Explicit FEM and the GPBICG solver to accelerate the computation [25,26].

Thus, a CEL-based numerical analysis method using a dynamic implicit scheme was
developed to simulate the thermal and mechanical behavior during FSW.
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INTERFACE REPRESENTATION USING THE VOLUME OF FLUID (VOF) METHOD

The interface of the workpiece material stirred by the tool was represented using the Volume
of Fluid (VOF) method [27], which is commonly employed in Eulerian formulations for free-
surface fluid flow. Using a solid interface identifier ¢, the values were defined as follows: ¢
= 0.5 for the solid interface, ¢ = 0.0 for voids, and ¢ = 1.0 for solid material. The evolution
of ¢ was calculated using Equation (5).

op op
—+v,—=0 (0.0<¢p<1.0 (5)
a Vi, (0.0<¢p<10)

In addition, defects were evaluated by identifying regions where ¢ < 0.5 as defects, while

regions with ¢ > 0.5 were displayed as the base material.

CONTACT MODEL

The contact and friction between the tool and the workpiece were determined based on the
amount of penetration of the Lagrangian tool element into the Eulerian workpiece element, as
illustrated in Fig. 2. The volumetric contact force f;c was calculated using the penalty method
[28].

f.=a(M)py (6)

Here, fc denotes the magnitude of the contact force. o(T) is the penalty coefficient, and y is
the solid interface identifier for the joining tool. The value of y was assigned as 0.0 at the
outermost surface nodes of the tool, 1.0 at the next inner layer, and 2.0 at nodes further inside.
Intermediate values between these layers were interpolated using shape functions. The penalty
coefficient a(T) was varied based on the temperature-dependent Young’s modulus E(T). Using
the volumetric contact force f. calculated from Eq. (6), the body force F.i for each element
was computed using the following equation.

R, =J,, fend® ™

Here, Qe is the element volume, L is the total volume, and n; is the normal vector.
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Fig. 2 Schematic of contact analysis

PLASTIC AND FRICTIONAL HEAT GENERATION MODELS

In this study, the heat generated during FSW is assumed to originate from two sources: plastic
heat generation due to plastic deformation of the material, and frictional heat generation due
to contact between the tool and the workpiece. Each is calculated as follows.
The amount of plastic heat generation per element, gy, is computed from the work done by
plastic deformation in each element using the following equation.

g, = jnpgAgp dv )

Here, #p, &, A&, and V denote the conversion efficiency of plastic work into heat, equivalent
stress, increment of equivalent plastic strain, and unit volume, respectively. In this study, #p
was assumed to be 90% [29,30], and the work generated by plastic deformation was converted
into heat accordingly.

Additionally, the amount of frictional heat generation g; at the contact interface was
calculated using the frictional force Fr.

q; =IsanerdS 9)
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Here, #: is the thermal efficiency of frictional heat generation, v, is the relative velocity
between the joining tool and the workpiece material. The friction coefficient u used in the
contact model was set to 0.5, and #s was assumed to be 100% [8,9,11-13]. The friction force
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is directly formulated as a vector quantity based on the contact force magnitude f c and the
relative velocity, and its magnitude is limited by a temperature-dependent upper bound f;
max(T), which was determined from the temperature-dependent yield stress ov(T).

Heat transfer to the surrounding environment was considered by applying a constant heat
transfer coefficient of 0.01 W/mz2-°C on the exposed surfaces of the workpiece. The same
constant heat transfer coefficient, without temperature dependence, was also applied at the
contact interface to account for heat conduction between the tool and the workpiece.

ELASTIC-PLASTIC MODEL

Although the Johnson—-Cook model [31] is frequently used as the material model for FSW
processes [8-13], in this study, the von Mises model [32] was employed for both the joining
tool and the workpiece materials to calculate the plastic strain and stress during and after the
transient joining process. This choice was made because the primary objective of the present
study is to investigate the overall thermo-mechanical response, material flow behavior, and
defect formation, for which the von Mises model is sufficient under the present processing
conditions.

FSP ANALYSIS OF ALUMINUM ALLOY

Using the analysis method described in the previous chapter, the FSP process for an aluminum
alloy AA5083 was simulated. The simulation included tool plunging, dwelling for material
stabilization, welding, and tool retraction. The thermal and mechanical states of both the tool
and the workpiece material were investigated.

ANALYSIS MODEL AND CONDITIONS

The geometry and dimensions of the analysis model are shown in Fig. 3. As illustrated in Fig.
3(a), the probe diameter, probe length, and shoulder diameter of the joining tool modeled using
Lagrangian elements were set to 5.0 mm, 4.125 mm, and 15.0 mm, respectively. As shown in
Fig. 3(b), the base material was modeled using Eulerian elements. The total domain size was
set to 200.0 mm in length, 200.0 mm in width, and 14.0 mm in height, while the initial solid
region was defined as 200.0 mm in length, 200.0 mm in width, and 4.0 mm in thickness. The
minimum mesh size in the stirring zone was set to a cube with a side length of 0.2 mm. The
number of nodes and elements in the tool is 5,772 and 5,020, respectively, while the number
of nodes and elements in the Eulerian elements used for the space and the plate is 1,219,581
and 1,169,280, respectively. In this study, the x-, y-, and z-directions correspond to the
welding, transverse, and normal directions, respectively.
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Fig. 3 Size and shape of FSW model. (a) Tool with Lagrangian elements. (b) Material with
Eulerian elements

Aluminum alloy AA5083 was used as the workpiece material, and the tool was made of
SDKG61. The temperature-dependent material properties of AA5083 [33] and SDK61 [34-36]
are shown in Figure 4, while the temperature-independent properties are summarized in Table

1. The material properties for SDK61 were determined by integrating data from multiple
sources [34-36].
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Fig. 4 Temperature-dependent material properties. (a) AA5083 for material [33]. (b) SDK61 for
tool [34-36]

Table 1 Temperature-independent material properties used in the analysis. Properties marked
as “Dependent” are treated as temperature-dependent and shown in Fig. 4.

Material AA5083 SKD61
Density [g/mm?] Dependent (Fig. 4) 7.98x10°
Specific heat [J/kg K] Dependent (Fig. 4) 461.0
Thermal expansion coefficient [1/K] 2.36x10° Dependent (Fig. 4)

Poisson’s ratio 0.33 0.28
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Fig. 5 shows the entire process including plunging, dwelling, welding, and retraction. In the
present analysis, the FSP process was simulated under displacement-controlled conditions,
where the vertical position of the tool was prescribed throughout plunging, dwelling, and
welding. As illustrated in the figure, the tool was inserted into the center of the workpiece,
held in place for 10 seconds for stabilization, then advanced 40 mm for welding, and finally
retracted. The tool's tilt angle was set to 3°, and its rotational speed was fixed at 500 rpm. The
plunge depth at the tool center was set to 3.8 mm. The plunge speed, welding speed, and
retraction speed were set to 15 mm/min, 250 mm/min, and 150 mm/min, respectively. The
total duration of the process was approximately 38.52 seconds, with a time step of 0.002
seconds, resulting in a total of 19,260 computation steps. Displacement control was applied
by imposing prescribed displacements on the nodes at the top surface of the tool to achieve
tool rotation, translational movement, and holding. In addition, the displacement normal to the
surfaces, including the sides and the bottom, was constrained.

Although the dwelling time of 10 seconds is longer than that typically used in practical
FSW processes, it was selected to ensure that the thermal and mechanical fields reached a
quasi-steady state prior to welding. This was confirmed in the present analysis by the
saturation of the peak temperature beneath the tool and by the periodic, rotation-synchronized
fluctuations in temperature and tool load without significant temporal drift. The present study
focuses on the detailed investigation of transient and periodic thermo-mechanical behavior
rather than optimization of computational efficiency; therefore, the time allocation among
plunging, dwelling, and welding was not optimized for efficiency.

_ 5. Retraction completed

1. Start (t=05) (t=38525)

2. Plunging completed
(t=17.25)

: t
1 1
v 1

3. Dwelling completed 4. Welding completed
(t=27.25) > ey yyepey——— > (t=36.85)

Fig. 5 Overview of all FSW processes for analysis

INVESTIGATION OF THERMAL AND FLOW BEHAVIOR OF THE WORKPIECE

Fig. 6 shows the heat generation density distribution on the surface of the base material during
the tool plunging process. Figs. 6(a) through (d) correspond to changes in the distance between
the center of the tool probe and the base material, illustrating the heat generation behavior at
each stage. Fig. 6(a) shows the heat distribution at the moment when the center of the tool first
contacts the base material. Due to the 3° tilt of the tool, significant heat generation is observed
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on the rear side of the tool when the probe center contacts the surface. In Fig. 6(b), where the
plunge depth reaches 1.0 mm, the heat distribution becomes axisymmetric as the tool plunges
deeper, with an increase in heat generation particularly near the edge of the probe. In Fig. 6(c),
at a plunge depth of 2.0 mm, the base material is pressed upward by the probe, resulting in
contact with the shoulder. Additionally, the amount of heat generation near the probe edge
decreases, which is likely due to a rise in temperature at the lower part of the probe as plunging
progresses, thereby reducing frictional and plastic heat generation. In Fig. 6(d), where the
plunge depth reaches 3.0 mm, heat generation on the rear side of the tool becomes dominant
again due to the tool's tilt.

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40

[/mm?®] o —— s i———

Fig. 6 Heat density distribution on plate surface according to insertion amount of pin center during
tool plunging. (@) 0 mm. (b) 1.0 mm. (c) 2.0 mm. (d) 3.0 mm

Similarly, Fig. 7 shows the heat generation density distribution on the plate surface at the
completion of tool plunging, after the dwelling phase, and during welding. From Fig. 7(a), it
is evident that at the end of the tool plunging phase, greater heat generation occurs on the rear
side of the tool due to its tilt, particularly at the surface where the shoulder contacts the plate.
In addition, significant heat generation is observed at the contact point with the shoulder edge,
where the peripheral speed is highest. In Fig. 7(b), after the dwelling phase, it can be seen that,
similar to the plunging phase, heat generation at the shoulder contact area decreases due to the
temperature increase. Furthermore, during the welding phase, as shown in Fig. 7(c), intense
heat generation is observed on the front side of the tool - where it contacts the lower-
temperature region of the plate - particularly at the outer edge of the shoulder, which has the
highest peripheral speed.
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Fig. 7 Heat density distribution on plate surface at each stage after tool insertion completed. (a)
Plunging completed. (b) Dwelling completed. (c) During welding

Fig. 8 shows the temperature distribution on the plate surface at the completion of tool
plunging, after the dwelling phase, and during welding. The figure confirms that under the
present analysis conditions, a high-temperature region exceeding 540 °C is formed directly
beneath the tool throughout all process stages. Comparing Figs. 8(a) and (b), this indicates
that the 10-second dwelling phase leads to an overall increase in the base material temperature.
Furthermore, a comparison between Figs. 8(b) and (c) indicates that the temperature
distribution formed during the dwelling phase is largely maintained as the welding progresses.

0 60 120 180 240 300 360 420 480 540 600

[°C] —— T ——
(b)

Fig. 8 Heat density distribution on plate surface at each stage after tool insertion completed. (a)
Plunging completed. (b) Dwelling completed. (c) During welding

Fig. 9 shows the temperature distribution on the surface of the base material near the tool
during one full rotation of the tool. Fig. 9(a) presents the state at 4.8 seconds after the start of
welding, while Figs. 9(b)-(e) show the sequential changes during the subsequent 0.12 seconds,
corresponding to one full rotation, divided into quarter-rotation intervals. These results show
that due to the tilt of the tool, a high-temperature region is formed on the rear side beneath the
tool. Furthermore, a comparison of Figs. 9(a)-(d) reveals that the region exceeding 520 °C
moves along the rotation direction of the tool, following its motion. Comparing Figs. 9(a) and
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(e), the temperature distributions appear nearly identical, indicating that under the current
conditions, the temperature field varies periodically with each full rotation of the tool. This
periodic behavior corresponds well with experimental observations that the spacing of onion
rings matches the tool’s advance per revolution [37]. The observed periodic temperature
variation is considered to affect local plastic strain accumulation and material flow behavior,
and thus may act as one of the contributing factors to onion-ring formation.

400 415 430 445 460 475 490 505 520 535 550

[°C] i T

Fig. 9 Temperature distribution on the plate surface during one rotation of tool. (a) Start of
rotation. (b) 1/4 rotation. (c) 1/2 rotation. (d) 3/4 rotation. (e) 1 rotation

Next, in order to examine the material flow during stirring, Fig. 10 shows the temperature
distribution and flow velocity distribution on the cross-section at the tool center over a tool
rotation (0.12 s) starting from 9.1 seconds after the beginning of welding. In the figure, the
contour represents the temperature distribution, while the arrows indicate the direction of
material flow within the cross-section at each node. The size of the arrows represent the
magnitude of the three-dimensional velocity. As observed on the top surface in Fig. 9, the
temperature distribution also changes in the thickness direction following the tool rotation.
Similarly, the material flow exhibits periodic behavior synchronized with the tool rotation. In
addition, it is evident that high material flow velocities occur near the tool and in regions of
high temperature, with the flow velocity on the retreating side (R.S.) being greater than that
on the advancing side (A.S.). Furthermore, it can be seen that the flash formed on the R.S. is
larger than that on the A.S. This result corresponds to the experimentally observed behavior
of flash formation [38], indicating that the numerical analysis successfully reproduces the
actual phenomenon. It should be noted that the tool geometry shown in Fig. 10 differs from
that in Fig. 3 because plastic deformation of the tool occurs during the plunging process, and
the deformed configuration at the corresponding time step is visualized here.
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Fig. 10 Temperature and flow velocity distribution during one rotation of bonding at tool center
cross section. (a) Start of rotation. (b) 1/4 rotation. (c) 1/2 rotation. (d) 3/4 rotation. (e) 1 rotation

Fig. 11 shows the flow behavior of nine tracer points placed near the tool at 4.8 seconds
after the start of welding. Fig. 11(a) presents the initial state, where the tracers are arranged
3.0 mm in the welding direction from the tool center, at a depth of 0.8 mm from the plate
surface, and spaced at 2.0 mm intervals in the width direction. Figs. 11(b)-(e) illustrate the
movement trajectories of each tracer over the subsequent 2.5 seconds. The tracer motion was
calculated based on the material flow velocity at each time step and the time increment. The
figure reveals that the tracers flow along the tool rotation direction and that the flow velocity
on the retreating side (R.S.) is greater than that on the advancing side (A.S.). It is also evident
that the tracer velocities are lower than the tool’s rotational speed and decrease with distance
from the probe. Furthermore, some tracers are observed to circulate multiple times around the
probe. These results are in good agreement with experimentally observed flow behavior
[39,40], indicating that the proposed humerical simulation method can successfully reproduce
the actual phenomena.



Mathematical Modelling of Weld Phenomena 14

(@) (b) (©

(d)

Fig. 11 Flow behavior near tool during welding. (a) Start of rotation. (b) After 0.5 seconds. (c)
After 1.0 seconds. (d) After 1.5 seconds. (e) After 2.0 seconds. (f) After 2.5 seconds

Based on these results, the present analysis method is shown to accurately reproduce real
phenomena and demonstrates its effectiveness for analyzing the behavior of the workpiece
material.

INVESTIGATION OF THERMAL AND FLOW BEHAVIOR OF THE WORKPIECE

Fig. 12 shows the temperature distribution on the tool surface at each stage of the process.
Figs. 12(a)-(d) correspond to the tool insertion stage, while Figs. 12(e)-(g) depict the results
after the completion of insertion. It can be observed that during insertion, the highest
temperature occurs at the tip edge of the probe. After insertion is completed, the surface
temperature of the tool decreases and remains mostly below 480 °C. These results suggest that
under the present conditions, the strength at the probe tip edge significantly decreases during
insertion, indicating a high possibility of wear or damage.
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Fig. 12 Temperature distribution on tool surface at each stage. (a) Pin insertion: 0 mm. (b) Pin

insertion: 1 mm. (c) Pin insertion: 2 mm. (d) Pin insertion: 3 mm. (e) Plunging completed. (f)
Dwelling completed. (g) During welding

Similarly, Fig. 13 presents the equivalent stress distribution on the tool surface during each
stage. The results show that in all stages, a high stress concentration occurs at the boundary
between the probe and shoulder. This is particularly evident during the welding stage
involving tool movement, where even higher stresses are generated. These findings indicate
that under the present conditions, relatively high stress is generated at the probe-shoulder
boundary during welding, which may potentially increase the mechanical load on the tool.

0 120 240 360 480 600 720 840 960 1080 1200
(MPa)] ittt
(b) ©

>

Fig. 13 Equivalent stress distribution on tool surface at each stage. (a) Pin insertion: 0 mm. (b)
Pin insertion: 1 mm. (c) Pin insertion: 2 mm. (d) Pin insertion: 3 mm. (e) Plunging completed. (f)
Dwelling completed. (g) During welding

Fig. 14 shows the load history acting on the tool. Fig. 14(a) illustrates the load variation
from insertion to retraction, and Fig. 14(b) presents the detailed load behavior over 0.6 seconds
during welding. From Fig. 14(a), it is confirmed that the vertical load reaches its maximum
during the insertion stage. This trend is consistent with prior studies and experimental
observations [41], though dependent on the process conditions. Moreover, the loads in the
welding and width directions reach their peaks during the welding stage. Furthermore, after
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plunging is completed, significant periodic fluctuations are observed in the load components
along the welding and width directions. Fig. 14(b) shows that these oscillations have a period
corresponding to one tool rotation, suggesting that the periodicity in the load originates from
tool rotation. This result is consistent with experimental observations reporting periodic load
fluctuations synchronized with tool rotation [8], and also correlates well with the previously
discussed temperature distribution periodicity.

> 12 \ \ \ |~ Welding direction | =12 C —|—: Welding direction
Only pin plunging | | —e-: Transverse direction] E . —e-: Transverse direction

5/ 9F HYPIHPUHQJTE*;“ ----- : Vertical direction 5’ 1(8) 7 lromtion: 1 . : Vertical direction

S 6 Voo : JEREANY

B :.-....,.___.-' L ! i B 2

= 3t = | S i

g o0 -

c 3 - L —>! — | £ 0o

= 6 H“‘Plunglng‘”‘i‘ d“Dwellmg"E‘Weldmg‘i‘Hi E _45 ) ) ) ) El

E 0 5 10 15 20 25 30 35 40,2 30.00 30.12 30.24 30.36 30.48 30.60

Time (sec Time (sec)
(@ (sec) (b)

Fig. 14 Tool load history. (a) Entire process. (b) Details during joining

Based on these results, the proposed numerical analysis method is shown to effectively
capture key features of the actual phenomena, suggesting its potential usefulness for analyzing
tool behavior.

In this analysis, 5,772 nodes were used for the tool and 1,219,581 nodes for the workpiece
to simulate the entire FSP process over 38.52 seconds. The total computation time was
approximately 212 hours, yielding a computational efficiency of about 5.5 hours per second
of physical time. Compared to previous FSW studies employing explicit dynamic CEL
analysis [9,10], this represents a large-scale and highly efficient simulation in terms of both
element count and analysis time. Furthermore, the use of an implicit formulation enabled the
use of larger time steps while maintaining numerical stability and solution accuracy. These
characteristics demonstrate the effectiveness and robustness of the proposed analysis method.

EFFECT OF TOOL TILT ANGLE ON THERMAL STATE AND DEFECT
FORMATION DURING FSP

In this chapter, a series of simulations were conducted by varying the tool tilt angle based on
the welding conditions presented in the previous chapter, with the aim of examining its
influence on the temperature field and defect formation. Additionally, this analysis aimed to
demonstrate that the proposed simulation method is applicable to defect prediction and can
contribute to elucidating the mechanisms of defect formation. As shown in Fig. 15, tool tilt
angles of 3° (as used in the previous chapter), 0°, and -3° (forward tilt) were investigated. In
this figure, the front and rear sides are defined with respect to the welding direction. In this
study, the front and rear sides are defined with respect to the welding direction, where the
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front side corresponds to the advancing direction of the tool and the rear side (behind)
corresponds to the trailing direction.

(b)

- -

Moving direction Moving direction Moving direction

L. x >

Fig. 15 Tool tilt angle configurations used in analysis. (a) Tilt angle: 3 °. (b) Tilt angle: 0 °. (c)
Tilt angle: -3 ©

Fig. 16 presents the temperature distributions on the surface of the workpiece near the tool
at 4.8 seconds after the start of welding. When the tool tilt angle is 3°, a high-temperature
region is observed behind the tool, consistent with the results shown previously. In contrast,
when the tilt angle is changed to 0° and -3°, the high-temperature region shifts toward the
front side of the tool. Moreover, under the 0° and -3° tilt conditions, surface defects are
observed, with the -3° condition showing particularly elongated defects along the welding
direction.

0 60 120 180 240 300 360 420 480 540 600

Fig. 16 Temperature distribution on plate surface during welding at each tool angle. (a) Tilt angle:
3°. (b) Tiltangle: 0 °. (c) Tilt angle: -3 °.

Fig. 17 illustrates the distribution of defects for each tool tilt condition. The defects shown
in the figure are located within 1.0 mm from the surface, and the color represents the position
in the thickness direction measured from the bottom surface of the plate. As shown in Fig.
17(a), under the 3° tilt condition, only a small void is observed near the advancing side (A.S.)
at the probe tip inside the plate. On the other hand, when the tool tilt angle is changed forward
to 0° and -3°, the defect region expands, and tunnel-like defects reaching the surface are clearly
visible, as described earlier. This relationship between tool tilt angle and defect formation is
consistent with experimental observations [42,43], suggesting that the numerical analysis
effectively reproduces the actual physical phenomena.
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Fig. 17 Distribution of defects during welding at each tool angle. (a) Tilt angle: 3 °. (b) Tilt angle:
0°. (c) Tiltangle: -3 °

Fig. 18 shows the material flow behavior under different tool tilt angle conditions over a
0.6-second period starting 4.8 seconds after the beginning of welding. Fig. 18(a) presents the
initial positions of the tracers placed around the tool. Excluding the probe region, the tracers
were arranged at 2.0 mm intervals in both the welding and width directions, and from 0.4 mm
to 1.0 mm in the thickness direction from the top surface of the plate. Figs. 18(b) to (d) show
the results for each tool tilt angle condition.

From these figures, it can be observed that with a tilt angle of 3.0°, significant material flow
occurs behind the tool. In contrast, as the tilt angle becomes more forward-leaning (0° and -
3°), the flow behind the tool decreases while the flow in front increases. This trend corresponds
to the distribution of high-temperature regions shown in Fig. 16, suggesting that the forward-
leaning tool shifts the high-temperature region forward, suppressing rear-side material flow
and contributing to defect enlargement.
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Fig. 18 Effect of tool tilt angle on material flow behavior near tool. (a) Initial position. (b) Tilt
angle: 3 °. (c) Tiltangle: 0 °. (d) Tilt angle: -3 °

These results indicate that adjusting the tool tilt angle enables control over the region where
intense stirring occurs, thereby revealing part of the mechanism by which tilt angle influences
defect formation.

CONCLUSION

In this study, a thermal elastic-plastic analysis method was developed by combining a Coupled
Eulerian-Lagrangian (CEL) approach based on an implicit formulation with an idealized
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explicit FEM solver optimized for GPU parallel computation. This method was applied to FSP
(Friction Stir Processing) analysis of aluminum alloy AA5083, yielding the following
findings:

(1]
(2]

(3]
(4]
(5]

(6]
[7]
(8]

(9]

1. Temperature distributions and load fluctuations corresponding to one rotation of the
tool were confirmed, successfully reproducing behaviors consistent with
experimentally observed periodic formation of onion rings and periodic tool loads.

2. Changes in the tool tilt angle significantly altered the location of high-temperature
regions and concentrated material flow. In particular, a forward tilt caused tunnel
defects to form and expand toward the surface.

3. The occurrence and extent of defects were found to be closely related to the thermal

conditions and material flow history around the tool. The influence of tilt angle on
the defect formation mechanism was quantitatively clarified.

4. The analysis was successfully performed with over 1.2 million nodes assigned to the

tool and base material, achieving a computational efficiency of approximately 5.5
hours per second of physical phenomena. The results demonstrate that the method
maintains both numerical stability due to the implicit formulation and a high degree
of physical fidelity and computational feasibility.
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