International Journal of Innovation in

Mechanical Engineering and Advanced Materials

Vol. 6 (No. 2). 2024. pp. 67-77

Journal homepage: publikasi.mercubuana.ac.id/index.php/ijimeam
DOI: 10.22441/ijimeam.v6i2.28235

Heat Mapping and Plastic Strain Radius Modeling of Dual-Tool Friction
Stir Welds 6061 Aluminum Alloy Plate Using FEM

Rikko P. Youlia ***, Diah Utami >*, Dedik Romahadi ** and Tang Yishuang*

!State Key Laboratory of Solidification Processing, Shaanxi Key Laboratory of Friction Welding Technologies, Northwestern Polytechnical University, Xi’an, Shaanxi

710072, P. R. China

2Department of Industrial Engineering, Universitas Mercu Buana, JL. Meruya Selatan No. 1, Kembangan, Jakarta 11650, Indonesia
3Department of Mechanical Engineering, Universitas Mercu Buana, Jl. Meruya Selatan No. 1, Kembangan, Jakarta 11650, Indonesia
4School of Material Science and Technology, Beijing Institute of Technology, Beijing 100811, China

*Corresponding Authors: rikkoputra@mail.nwpu.edu.cn (RP), diah.utami@mercubuana.ac.id (DU)

Abstract
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This study investigates the effects of Dual-Tool Friction Stir Welding (DT-FSW) parameters on the
weld quality of 8 mm thick 6061 aluminum alloy plates, specifically focusing on the elimination
or minimization of the "pass-overlap zone" that’s a gap typically observed at the mid-section of
the weld cross-section resembling characteristics of the Heat-Affected Zone (HAZ). To address
ongoing debates regarding the optimal joint performance concerning this overlap, symmetric in-
creases in the dimensions of both FSW tools were implemented to analyze resultant temperature
fields and plastic strain adaptations at the weld interfaces. Simulation visualizations were con-
ducted with tool density variations at intervals of 0.2 mm and 0.4 mm. Results indicate that in-
creasing tool density, thereby reducing the distance between tool surfaces, leads to a decrease
in peak temperatures generated during welding. This reduction in temperature correlates with a
more uniform distribution of plastic strain rates across all layers of the material—upper, middle,
and lower—with the leading edge exhibiting the most significant improvement in strain uni-
formity. Conversely, during the stabilization phase, a decrease in tool density (S) results in a re-
duction of the maximum equivalent plastic strain rate. These findings suggest that careful adjust-
ment of tool density in DT-FSW processes can enhance weld quality by promoting more uniform
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mechanical and thermal properties across the joint.
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1. Introduction

In FSW, the welding process primarily involves a modular tool with non-consumable character-
istic that installed in a CNC machine equipped with workpieces configurations. The tool consists of
amerged pin and shoulder [1-3] built with a good wearability material then able to rotate and trans-
verse in two directions by an optimized process parameter. The process generates a frictional heat
that comes from an axial load pressure and friction of contact between shoulder and workpieces
following with mechanical intermixing by the pin, then softens and plasticizes the workpieces within
the tool’s reach that produces a solid-state joint in less distortion, lower residual stresses and ex-
tremely rare fusion-defects [4-8]. And the rotating sides are denoted for the abutting plates as the
assembling direction wherein one side suffers from a concordant direction of the rotation with its
transverse as the Advancing Side (AS) and the other side suffers a discordant direction of the rotation
against its transverse as the Retreating side (RS) [1]. The basic FSW joint technical terminology such
as partition of the affected zones, deformation phase and their typical characteristic have been ex-
plored by Chekifi et al. [1] and Ning et al. [4]. FSW process is beneficial and credible for welding alu-
minum alloys due to its advantages compared to fusion welding also the solving solution for welding
dissimilar aluminum alloys families [9-11].

Dual Sides Friction Stir Welding or as more popularly known as Double-Sided Friction Stir Weld-
ing (DS-FSW) is one of the developed techniques in friction stir-based welding. This technique is an
adaptation from the self-reacting technique where it performs more efficient mechanisms than nei-
ther of the other derivatives could be performed. DS-FSW is engineered to suit and engage more
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thickness variations from medium up to thick plates welding [12] where at these levels of thicknesses
the temperature difference is developed [13] that caused by obstruction of heat conduction related
to the insufficient distribution of heat generated by shoulder of the tool. Although DS-FSW is highly
suitable for welding workpieces with a certain thick, Rahmatian et al. [3] modelled a pass-overlap
region schematically or it can be called an inaccessible tool region, especially from the effect of the
pin tip and its profile where this region does not have a physical deformation of friction and rotation
generated by the tool’s pin. Hence this region is predicted as the weakest region, it tends as the ad-
jacent to either the thermomechanical or heat-affected region of the tool's pin. In this case, the pass
overlap/tool inaccessible region in the midst gap of two pin’s tip has an unique multi-zone partition
of inter-affected (point of contact between thermomechanical and heat affected), the materials in
this zone do not experience plasticization and its flow formation [14] and several experiment’s find-
ings that Low Hardness Zone (LHZ) [15, 16] are discovered in this TMAZ/HAZ boundary due to pro-
gressive microstructure enlargement of the metastable S phases [17] and base metal, part of two
abutting alloys remains unaffected by the welding process [18]. Moreover, DS-FSW applications for
welding thin plates also would face a potential constraintin the tool preparation which is the difficulty
of getting the mostideal geometric shape of the pin and its dimensions which will make the pin profile
influence become a non-optimal state and probable would tend to as influence on how the form of
its identical dynamic motion. The disappearance of the pulsating stirring action [19] during the rotat-
ing transformation from static to dynamic motion due to minuscule pin profile might be employed for
welding thin plates. Two potential issues have been pointed out which relate to welding aluminum
alloys using synergistic DS-FSW where on thin plates the issue comes out to the difficulty of the pin
profile-making process in order to achieve the optimal performance when it is placed vertically sym-
metric (parallel in-line) and the proposing overcome it’s to create asymmetrical dislocation and
study the asymmetrical distance effect and its ideal intersection. Secondly, investigating the optimal
pin length on thick plates over two face-to-face in-line symmetrical tools and the pins feature are
taken into account in purpose to reach the pass-overlap zone where no remaining base metal state
in the middle layer of weld cross-sectional. The temperature contour and dynamic flow (computa-
tional fluid simulation) models and experimental results will be further applied and discussed to
those probable trouble-solving.

The fundamental step-by-step welding principle of synergistic DS-FSW is just a copy imitating
from the conventional FSW process on the other hand it employs two tools with a specific pin and
shoulder profiles one and the same orientated in Y axis where both pin’s tip faces are in-confronting
and all together rotated, plunged, dwelled, transverse, and retracted back from upper and lower
sides in certain process parameters that can be demonstrated in Figure 1 [20-24]. Recapitulation of
synergistic DS-FSW application in recent several studies for welding aluminum alloys plates was in
the literature list as the reference and theoretical background for the current research to preliminary
review its performance, findings, and advantages. In conclusion, the advantages and surpassing lim-
itations of SDS-FSW compared to the conventional DS-FSW method where welding bottom and up-
per sides alternately that are the SDS-FSW is able to diminish distortion while enhancing welding
efficiency, less wear tool’s defect and eliminates the need for grinding the initial weld surface to fa-
cilitate welding on the opposite side. And compared to the Bobbin tool, SDS-FSW technically has
decoupled pins, greater tools life and the speed and rotational direction of both the upper and lower
FSW tool can be independently adjusted. This year, there is still a lack of study, development and
research regarding the use of SDS-FSW, therefore this research might add to the statistical increase
in the number of research search results related to SDS-FSW in the future.

Synergistic DS-FSW has the typical gap in the middle layer of the workpieces on the transverse
cross-section area (most of the experiments were done in the working process) where this gap re-
mains unaffected by the tool especially the pin or most similar with HAZ natures. The specific term
for this gap is called the "pass-overlap" zone where discussions about this gap are still very hotly
discussed among users of the SDS-FSW technique so that the question arises which joint has better
performance, whether a joint with pass-overlap or a joint without pass-overlap. Thus, this research
will study the metallurgical and mechanical results of welding interfaces without pass-overlap and
provide a new perspective for further research. However, it is worth noting that SDS-FSW is often
utilized by researchers, for workpiece thicknesses exceeding 6 mm. This leads to speculation regard-
ing its suitability for use on thin plates. Whether reducing the tool dimensions for adapting the size of
workpieces will impact its ability to form robust joints where it's speculated earlier that a teensy di-
mension of the tool might not be giving the best performance. Hence this study will also investigate
the application of SDS-FSW, on thin plates.
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Figure 1. Schematic illustrations of synergistic DS-FSW: a) tools are rotating and dwelling in position; b) plunged
and transverse along the longitudinal bonds; b1) vertical display of the plunged tools; c) tools are retracted back;
and d) the weld interface.

2. Methods

2.1. Geometry model making (pins and plates)

The tool/chisel model used in this simulation-based research is illustrated in Figure 2. It con-
sists of two parts: the pin and the shoulder. The pin, which is longer than the shoulder, is in the form
of a smooth tube, while the shoulder, with a wider diameter than the pin, has an end surface without
features. The size of the FSW chisel will be described in the next chapter.
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Figure 2. 3D geometrical model of pin.

The Plate/workpiece with a straightforward geometric shape, only a rectangle as described in
Figure 3 with dimensions of length x width x height which will be listed in the next chapter. At the stage
of adding new material (stage 2), each geometrical part is inputted with data/equation from a mate-
rial where the tool/chisel refers to Steel H13 or High-Speed Steel (HSS) and the plate to be welded
refers to aluminum alloy 6061-xx (Base/Factory Temper adjusts). The specifications of the work-
piece, both from the pin and the plate, are tabulated in Tables 1 and 2. The reference data combina-
tion of numbers for the material specifications of the tool and plate utilizes the database that the
author submitted to the BanuMusa developer.

In this study, there are a total of 2 pins and 2 plates, each with an identical model profile. The
process parameters in the simulation range from 1800, 2000, and 2200 rpm for the speed of the FSW
moving tool (welding speed) and 1000, 1200, and 1500 for the speed. The matrix combination of pro-
cess parameters is then run using the bottom-up method.
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Figure 3. 3D geometrical model of workpiece/plate

Table 1. 6061 aluminum alloy plate specifications for simulation

Description Values and its unit
Aluminum Alloy 7075 precipitation-hardened wrought aluminum alloys
Workpiece Thermal conductivity 184 W/m K
Workpiece density 2600 kg/m?
Specific heat of workpiece 1028.25 J/kg K
Elastic Young’s modulus 49 x 10% N/m?
Expansion coefficient 2500 1/K
Material solidus temperature 600 K

Note: Values were calculated by JMATPro and units are converted to Sl unit.

Table 2. FSW tool specifications for simulation

Description Values and its unit
Steel AISI H-13 Tool Steel
Tool density 7850 kg/m?
Thermal conductivity of tool 45 W/m K
Specific heat of tool 490 J/kg K
Coefficient of friction 0.9

Note: Values were calculated by JMATPro and units are converted to Sl unit.

2.2. Meshing and Assembling

The results of meshing for both core parts in this study, the FSW tool and the plate, are pre-
sented in Figure 2 and 3. The grid composition on the FSW tool is not yet precise due to the ongoing
development of the friction coefficient. The loose grid composition aims to minimize the friction loss
between the plate and the tool during the welding process, particularly when the tool moves along
the adjacent line/weld interface with specific parameters. On the plate, the grid composition in the
welding area (where the pin enters and interacts with the plate) has been reduced to three to four
times smaller than the area outside the pin range. This reductionis intended to enhance heat analysis
and deformation levels during simulation. The software automatically calculates all previously input
data using a specific formula.

The assembly results for 2 chisels and 2 plates are depicted in Figure 4 (top) and Figure 5 (bot-
tom). At this stage of assembly, it also indicates how the working mechanism will operate later during
the execution process. It is important to note that the plunging point of both tools is not located at
the end or edge of the plate but is instead slightly shifted away from the edge of the plate. This isin
accordance with the standard of the FSW process as observed in various studies and applications.
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Figure 4. Tool and plate assembled from the top view
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Figure 5. Tool and plate assembled from the bottom view

2.3. Running simulation

When using Abaqus to run a job and analyze results, begin by setting up a job using the "Step"
and "Load" modules. Define the analysis steps and specify the load and boundary conditions. Create
a job in the "Job" module, name it, and submit it for processing. Monitor the job status in the "Job
Monitor" module to address any errors or warnings. Once the analysis is complete, review the results
inthe "Visualization" module, create plots and reports, and examine the output database for detailed
information. Use animation tools for dynamic analysis and verify that the results meet expectations.
Evaluate mesh convergence and validate the results against experimental or analytical data if possi-
ble. Document findings, adjustments, and insights, and generate a comprehensive report summariz-
ing the analysis setup and results. Maintain an organized and clear model, consider using scripting
for automation, and consult the Abaqus documentation for specific details and best practices
throughout the process.

2.4. Optimization and validation

In Abaqus, achieving mesh convergence involves creating an initial mesh and setting conver-
gence criteria based on desired parameters like stresses or displacements. After running the analy-
sis, we evaluate the results and identify areas that need improvement. We then refine the mesh iter-
atively until further changes have minimalimpact on the results, indicating convergence. To validate
the results, we compare them with experimental or analytical data. This involves establishing valida-
tion criteria and running a separate analysis with the refined mesh. We compare the results quanti-
tatively and make adjustments if necessary. It's essential to thoroughly document the process, cri-
teria, and results for a comprehensive assessment of the accuracy and reliability of the FEA model.

3. Results and Discussion

3.1. Concept and geometrical modelling

As of now, there is no existing literature on the simulation model and analysis of synergistic DS-
FSW with a minimized middle gap, or in simpler terms, a pass-overlap region. The initial phase of the
ongoingresearch involves simulating the easiest geometric modeland mesh processing. The primary
objective of this initial experiment is to explore the impact of varying the pin's length on the thermal
mechanism. Ultimately, Preliminary experiment has been conducted in simulation way using
ABAQUS CAE software that began with increased the pins length in order to fulfil the middle-gap with
density variation denoted as “S” at the value of 0.2 and 0.4 in mm. in detail, the S is the gap-distance
that measured from face-to-face of pins tip that can be more visible illustrated in Figure 6. The
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geometric FSW tool model and its dimension can be drawn in Figure 7 and the tools design has flat
featureless shoulder and cylinder shape with no surface feature and then tool’s material selected
was AISI H-13. The simulation employed a base plate material consisting of aluminum alloy 6061 as
the workpiece and organized with a butt configuration to propose a similar joint where the plates di-
mension was 300 x 100 x 8 in mm units.

Figure 6. “S” pin tip density in simulative experiments

This model depicts the boundary condition as presented in Figure 8, while Table 1 and 2 outline
the physical characteristics of the model and process parameter detail. The model features inlets
and outlets on the left and right sides, respectively, with a boundary condition of zero gradient for
velocity and pressure. The rotating tool comprises two surfaces referred to as shoulders and pins,
with the pin being affixed to the welding material.

Theoretically, During the FSW process, the primary material displacement takes place around
the tool shoulder, leading to a division of the workpiece into the flow-capable and non-flow-capable
regions. Variable viscosity is specifically applied to the flow-capable region with a designated width,
while the non-flow-capable region exhibits dynamic viscosity at a magnitude of 106. The considera-
bly higher viscosity in this region hinders effective flow. AA6061-T6 is treated as a fluid with variable
viscosity, specifically assigned to region-2, as depicted in Figure 8. The interface boundaries, segre-
gating the flow and non-flow areas, move at the tool traverse speeds of 1000 - 1500 mm/min. The
fluid enters through the inlet during the traverse speed stages and engages with the rotating tool
(1800 - 2200 rpm considered for Model-1's parametric study) positioned at the center of the work-
piece. This dynamic interaction between the tool and fluid replicates the actual FSW process [25].

3.2. Heat distribution visualization

The visual representation of simulation results through ABAQUS models carries distinct mean-
ings and responses, wherein further discussion and scope focus on the heat generation mechanism,
followed by the distributed temperature values and areas experiencing plastic strain during the weld-
ing process. In Figure 9, simulative processing illustrates the heat propagation along the weld cross-
section area, where the heat source originates from the tool's contact area at the central part of the
welding intersection and propagates outward. As the heat intensity diminishes with distance, the
temperature decreases, visually represented by shades of green and blue for lower temperatures
and shades of yellow-orange and red for higher temperatures.

12 mm

Figure 7. Fabrication model of the chisel/tool used in the initial simulative experiment (model-1) (left), and its
net boundary near the weld (right)
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Figure 8. Boundary conditions used in the initial simulative experiment (model-1)

Moreover, it can be visualized in Figure 10 that the distribution of heat is distributed symmetri-
cally on the advancing side and on the retreating side along the welding line. The tool constantly
moves at the values at 1800 rpm and 1000 mm.min™ as it is the optimized process parameter and
used for both S densities. However, the advancing side experiences a wider and higher temperature
grade than the retreating side, this can be shown in Figure 11.
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Figure 9. Visual simulation of sources and heat propagation that occur during the welding process

Figure 10. Heat distribution over two sides

The combination of frictional forces and heat conduction occurring during the welding process
canresult in plastic strain on the material within a specific scope. The range or scope of plastic strain
along the traverse cross-section has been successfully predicted, as depicted in Figure 12. Based on
the visualization from simulative processing, it can be observed that the range of plastic strainis very
small, limited to the dimensions of the tool. Thus, the scope of these plastic strain forces is central-
ized only in the weld intersection area. In detail, the colors green, yellow, orange, and red represent
different levels of the plastic strain rate, with red indicating the maximum rate or nearly perfect de-
formation.

Figure 11. Heat maps around the contacted area of two sides
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Figure 12. Range and scope of plastic strains

Based on the visualization results of simulation processing, observations were made regarding
the density of tools "S" with density intervals of 0.2, and 0.4 mm. It was observed that as the tools'

density increases or the gap between the two tool faces decreases, the peak temperature generated
becomes smaller, as illustrated in Figure 13.

Figure 13. Effect of tool density on peak temperature

Furthermore, in Figure 14, it is demonstrated that the density factor between the two tools also
influences the range or scope of plastic strain across all layers (top, middle, and bottom layers). As
the density increases, the distribution of plastic strain rate becomes more uniform across all layers.
However, the advancing side experiences the greatest benefit from this even distribution of plastic
rate. This contrasts with the maximal rate of equivalent plastic strain during the stabilization phase,
where the maximum equivalent plastic strain value decreases if the S (density) is also decreased.

S=0.4

PEEQVAVG
(Avg: 75%)

Figure 14. Distribution of equivalent plastic strain in the welded plate during the stabilization phase

3.8. Comparative study of single-tool DS-FSW and double-tool DS-FSW

All the phenomena occurring in the creation and propagation of heat, as represented in Figure
9, align with the principles of physics governing heat generation and the softening mechanism result-
ing from friction between two objects, either both in motion or one in a stationary state. Specifically,
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the heat generated or the change in heat transferred over a specific propagation distance equals the
volume of interaction friction between the tool and workpiece (in case of FSW), along with the dimen-
sional ratio of their thicknesses. Besides, during FSW process, heat is generated, and the material
undergoes a plasticized state without reaching its melting point as it is a common finding that the
heat generation mechanism on the advancing side is often considered more effective than on the
retreating side, the most rational is due to unbalance dissimilarity of increased plastic deformation
and higher strain rates, because on AS has a mechanism that the tool compresses and stirs the ma-
terial, inducing greater mechanical work and heat generation then the plastic deformation arises
from the intense shearing forces and frictional heat at the advancing interface.

A comparative study between synergistic DS-FSW (dual head) and two-passes DS-FSW (single
head) reveals differences in the distribution of plastic strain across the traverse cross-section. Ac-
cording to the simulation result illustrated in Figure 15 (a, b), in the SDS-FSW method (a), the equiv-
alent plastic strain is uniformly distributed, peaking during the initial welding phase. Conversely, the
two-passes DS-FSW (b) approach demonstrates a disparity, with the first weld experiencing a higher
equivalent plastic strain than the second weld. The maximum strain in the first weld occurs during
the initial stage of welding.

Figure 15. Distribution of plastic strain equivalence in SDS-FSW (a) and two-passes DS-FSW (b) techniques

References Furthermore, it can be visually observed that the welding heat input in synergistic
DS-FSW is lower compared to its two-pass counterpart. The primary cause of the variance in welding
heat input between the two methods is associated with the grain refinement and residual Cu-alloys
particles presentin the stirred zone after single-sided welding, hindering the material flow [26] which
is the characteristic of two-passes mechanism.

Thermal conditions in the welding process using the FSW technique are one of the two main
factors thatinfluence the perfection of deformation. The phase-to-phase changes during the process
have a strong chain of relationships and this is the fundamental processes of Friction Stir Welding
(FSW) which are intricately linked physical phenomena. In this context, the generation of heat can be
traced back to frictional and contact conditions, while the movement of material is reciprocally in-
fluenced by this heat generation. In detail, this chain of phase ecosystem changes has been de-
scribed by Bagheri et al. through the results of their thermal analysis [27]. Yi et al. [28] revealed for-
mula for heat generation under the FSW process, heat stages and heat relationship to a microstruc-
ture recrystallization. They concluded that the complexity of the final grain size in the stir zone is in-
tricately influenced by the heat input, however, the average grain size typically rises with the heat
input, which is directly tied to variations in welding temperature, this temperature change occurs in
three distinct stages: heating, soaking at the peak temperature, and cooling and so the heat input is
mainly defined by the peak temperature and cooling rate, with differences in heat inputs attributed
to varying cooling rates, ultimately, the final grain size is predominantly determined by the peak tem-
perature.

4. Conclusions

The effect of pins length interval on thermal history during the process of Synergistic DS-FSW
aluminum alloy 6061 has been observed. The following conclusions can be drawn from the study that
are while the density value of S diminishes (approaching zero), there is a gradual decrease in both
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the maximum equivalent plastic strain value of the weld plate and the peak weld temperature, result-
ing in a reduction of defects. Furthermore, it has been observed that a higher temperature gradient
occurs in the forward direction of the welding tool, specifically on the advancing side. Besides, the
material's plastic strain is predominantly centered in the central region of the weld, primarily be-
cause of the elevated temperature occurring in the direct contact zone of the welding tool, which is
positioned at the center. The optimized process parameters used in simulation are 1800 rpm for ro-
tational speed and 1000 mm/min-*for welding speed. In addition, it is Suggested for elevating the
complexity geometry model and repairing the configuration of meshing properties can intently open
new insight into the design’s swept force that might generate and distribute temperature wider and
symmetrically.
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