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Abstract

The interactions among thermal history, plastic deformation and residual stresses in the friction stir welding
(FSW) process under different welding parameters have been widely considered a crucial issue and still not fully
understood. In the present study, a novel three-dimensional fully coupled thermo-mechanical finite element (FE)
model based on coupled Eulerian-Lagrangian approach (CEL) has been developed to simulate the FSW process
of aluminium alloy AA 6082-T6 and to analyse the thermo-mechanical interaction mechanisms under different
welding conditions. The numerical model successfully simulates the plunge, dwell, and welding steps in FSW and
captures the evolution of temperature, plastic deformation, and residual stresses in the welded joint. The obtained
results were validated by experimental testing with observed cross-weld thermal history, optical macrography and
residual stress measurement using the neutron diffraction technique. The results reveal that the tool rotation speed
governs the temperature evolution; the peak temperature increased from 740 to 850 °K when the tool rotation
speed rose from 800 to 1100 rpm. The rotational speed also affected the plastic deformation, material flow, and
the volume of material being stirred during the welding process. Higher plastic deformation is formed in the
stirring zone by increasing the tool angular velocity. This behaviour led to an increase in the stirring effect of the
welding tool, reduction of the tunnel defect size and enhancing the quality of weldments. The distribution of
residual stresses in different zones of the FSW joints has been found to have an M-shaped profile. A significant
tensile residual stress is characterised in the edge of the nugget zone in both longitudinal and transverse directions,
balanced by compressive stresses in the thermo-mechanically affected zone, heat-affected zone and base metal.
The presented FE modelling provides a reliable insight into the effects of the welding parameters on the weld
quality of FSW joints and process optimisation with minimised experimental trials.
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1  Introduction

As a solid-state welding technology, friction stir welding (FSW) is a most commonly used welding technology
by industry in recent years to weld aluminium, magnesium, copper and steel alloys. This joining technique is
characterized by the formation of welding joints at temperatures below the melting point of base metals, which
leads to an inherent advantage in improved weldability over fusion welding processes [1-3]. During FSW, heat is
generated due to frictional interaction and plastic deformation under variable strain rates and complex loading
conditions in the workpieces [4-6]. The desired weld quality of FSW joints in terms of achievable strength and
joint soundness are strongly affected by changing welding parameters for a controlled amount of induced heat,
material flow and residual stresses [7]. In-depth knowledge of the FSW mechanisms that govern these variables
is essential for the reliable prediction of weld quality. However, it is difficult to physically obtain all detailed
information into the joint during the actual FSW processing due to its complexity [8, 9].

To overcome this limitation, finite element (FE) methods with sufficient predictive capabilities can be used as
efficient tools to reduce the required initial experimental trials for achieving optimised welding parameters [10,
11]. However, the FE simulation of a multi-physical problem such as FSW involves severe plastic deformation,
heat flow under varying strain rates, complex material flow, and friction conditions is highly challenging as it
needs to take into account all the phenomena of the highly nonlinear and coupled thermomechanical process [12,
13]. Considerable progress has been made in the simulation of FSW processes using different modelling
approaches such as computational fluid dynamics (CFD), Arbitrary Lagrangian-Eulerian (ALE) and Coupled
Eulerian-Lagrangian (CEL) in recent years.

In the CFD-based model, the workpieces are often modelled as non-Newtonian fluid, and the thermo-
mechanical material behaviour is analysed using viscous fluids energy, momentum and mass conservation
equations [14]. Seidel and Reynolds [15] developed a two-dimensional (2D) thermal model based on fluid
mechanics to investigate material flow in FSW joints. The welding process was simulated as a steady-state,
laminar flow of a non-Newtonian fluid past a rotating circular cylinder (assumed the FSW tool consist of pin
only). They observed that the material flow was not symmetric about the welding centreline with significant
vertical mixing during FSW. However, the authors addressed a mismatch between the experimental and model
results, owing to the absence of the tool shoulder, which significantly affects the mixing process. Colegrove and
Shercliff [16-18] systematically investigated the material flow behaviour using different tool geometries in 2D
and three-dimensional (3D) analysis. They demonstrated a novel modelling technique with slip boundary

conditions. The slip model showed a significant difference in material flow when using various tool shapes, which
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was not apparent with the conventional stick model. Zhang, et al. [19] established a 3D CFD model to
quantitatively analyse the frictional and plastic deformation heat flux spatial distribution during FSW. An
advanced interfacial friction model was used to capture the complex interplay between the contact states at the
welding tool/workpiece interface and heat flux spatial distribution. They found that both sticking and sliding
conditions happened simultaneously at different parts of the welding tool/workpiece interface. These complex
conditions significantly influence the mode of heat generation and distribution. Hasan [20] used the coupled
thermo-flow model (single-phase flow) and volume of fluid method (two-phase flow) techniques to predict the
temperature and surface flash formation phenomena, respectively. The study showed a good agreement for
temperature prediction and pointed out that using the volume of fluid model predicted the surface formation more
realistically. Zhai, et al. [21] developed a CFD-based numerical simulation to investigate the effect of tool tilt
angle on the behaviour of heat generation and material flow in FSW. The study revealed that by increasing the
tool tilt angle from 0° to 2.5°, higher heat was generated in the workpiece, which allowed the tool shoulder to
retain the flow of plasticized material into the nugget zone and to reduce flash formation. Shi et al. [22, 23]
compared the thermal cycles and plastic material flow behaviours with and without applications of ultrasonic
vibration during FSW using an integrated 3D CFD model that combined a thermo-fluid model, a computational
ultrasonic field model and a welding loads model. The model results showed that the superimposing ultrasonic
vibration in FSW had a minor effect on the temperature history, whilst it enhanced plastic material flow near the
tool, increased welding speed and efficiency, and improved weld quality. The predicted results were in good
agreement with the experimentally measured ones. Zhao, et al. [24] developed a fully coupled model to analyse
the effect of ultrasonic energy on the mechanisms of FSW. It was found that the ultrasound had dual effects on
the contact interfacial stress state at the tool/workpiece. Firstly, ultrasonically induced friction reduction
(antifriction) by changing the ratio of sliding/sticking. Secondly, the acoustic softening effect promoted
dislocation movement and reduced the resistance to plastic deformation. The analysed works proved the ability
of the CFD approach to simulate FSW. However, the main drawbacks of CFD based simulations were their
inability to include material hardening and material’s elasticity as only rigid-viscoplastic material behaviour was
considered [25].

Another approach used to simulate FSW is based on Arbitrary Lagrangian-Eulerian (ALE) formulation with
the adaptive re-meshing technique. In this technique, the computational mesh moves arbitrarily in the ALE
domain, and the elements optimize their shape, allowing improved handling of significant deformation, which

could cause excessive mesh distortion during the simulation [26]. Thus, the ALE-based FSW simulation can be
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achieved within a realistic computation time and is better equipped to overcome highly distorted elements during
FSW for possible convergence problems, loss of accuracy and prolonged computation time [27, 28]. Schmidt and
Hattel [29] developed a fully localised coupled thermomechanical 3D FE model using adaptive boundary
conditions with the Johnson-Cook-based flow stress model to determine void-free weld conditions. The contact
forces between tool and plate surfaces were defined based on Coulomb’s law of friction. Their investigation
showed that the defect formation in the welded joints was highly controlled by the cooling rate. Faulty material
deposition behind the tool pin was achieved with a higher cooling rate. Deng and Xu [30] developed a 2D FE
model using ABAQUS dynamic explicit to simulate the material flow pattern around the tool pin. The
experimentally measured temperatures were applied as body loads, and plane strain conditions were assumed in
the model. Constant rate slip and modified Coulomb’s frictional models were used as contact interaction models
between the tool pin and workpiece. Comparing both contact models showed little difference in the simulation of
material flow and post-weld marker positions. However, the authors stressed that several simplifications were
made in carrying out their study due to computational constraints and a lack of experimental data. Zhang, et al.
[31, 32] extended the study to evaluate material flow and residual stresses of AA 6061-T6 FSW joints under
different welding parameters in 2D and 3D modelling. Tracer particles were used to investigate the pattern of
material flow during FSW. Their results showed a difference in the material flow on the advancing side (AS) and
retreating side (RS), and the longitudinal residual stress increased when the traverse speed increased. Zhang [33]
carried out a comparison between classical and modified Coulomb’s contact models and studied their effect on
the thermo-mechanical interaction process in FSW. The results showed that both contact models predicted similar
results at lower angular velocity. However, when using classical Coulomb friction law at higher tool rotational
speeds, the simulation failed to complete as a result of increasing the dynamic effect of the welding tool. Dialami
et al. [34-36] systematically studied the material flow behaviour and defect formation during FSW using a 3D
ALE model. An enhanced friction model (modified Norton’s friction law) was developed to give a more accurate
thermo-mechanical response by considering the effect of the non-uniform distribution of pressure under the
shoulder. They demonstrated that the welding parameters strongly affected defect formation in FSW joints. By
comparing both numerically and experimentally results, the proposed friction model resulted in an improved
prediction capability. Andrade et al. [37, 38] extended the study to determine the evolution of strain rates, torque
and welding temperatures under different welding conditions and tool dimensions during FSW of aluminium
alloys. The tool rotational speed and sizes were found to be the main factor governing the torque and temperature.

According to the authors, the numerical model predicted strain-rate gradients and heat generation in the stirred
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volume with satisfactory accuracy. The above studies proved the capability of the ALE approach to model FSW.
However, choosing the relative movement between the welded material and mesh to reduce the distortion of mesh
was the main drawback of the ALE approach [39].

Recently, a Coupled Eulerian-Lagrangian (CEL) approach was developed and implemented in the FE code
ABAQUS to deal with large deformations problems. This approach is based on an explicit time integration
formulation, and it depends on Benson's contact mixture theory by tracking and computing the interface between
the Eulerian domain (in this work welded material) and the Lagrangian body (in this work FSW tool) automatically
[40]. Thus, this method was used to simulate applications involving large deformation and complex tool
geometries because there was no need for fitting Eulerian mesh boundaries to the tool geometry [39]. Based on
the CEL approach, Al-Badour, et al. [41] developed a 3D localised model with an adiabatic heat effect to predict
the volumetric defects and estimate the forces and torque on the welding tool during FSW of AA 6061-T6. The
flow stress and tool-workpiece interaction were defined by adopting Johnson-Cook constitutive and Coulomb’s
frictional contact models, respectively. Compared with the results obtained experimentally, the model accurately
predicted the plasticised zone shape and defect formation in the weldment. However, there was a deviation
between the FE and experimental results of force and torque. Tongne, et al. [39] predicted the formation of kissing
bonds and banded structures using the CEL approach in the 2D model. Their experimental and simulation results
showed that the pin's geometry had a more significant effect on the banded structure than the friction conditions.
Chauhan, et al. [42] developed a 3D model to predict defect formation during FSW based on the CEL method.
They pointed out that the pin length and tilt angle significantly affected the formation of joint free-defect. The
presented model successfully predicted the formation of tunnel defects for various welding parameters. Su, et al.
[43] used the CEL technique to investigate the temperature distribution and material flow in T-joints FSW of
titanium alloy. The results showed that more temperature was concentrated in the stirring zone with a circular
truncated cone shape compared to FSW of aluminium alloys, owing to the lower thermal conductivity of titanium
alloy. The material distribution on the upper and lower surfaces of the weld mainly originated from the skin and
stringer materials, respectively. Akbari, et al. [44] developed a 3D model to predict the material mixing in the
stirring zone of lap joints during FSW of dissimilar metals. The presented model well predicted the mixing process
in the interface, while the shape of the stirring zone was roughly estimated. More recently, Wang, et al. [45]
developed an analytical model using the Hill-Bower similarity relationship in the contact analysis to prove the
development of a constant stick-slip fraction in the steady-state and correlate it to process parameters. The

analytical solution of temperature and strain rate was validated with CFD based simulation, CEL model and
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experimental work. They pointed out that the computed thermomechanical results from CEL based finite element
simulations are more reliable than those obtained from the CFD model.

Considering all the works analysed, it is reasonable to conclude that, unlike CFD and AEL modelling
techniques, the CEL approach is computationally efficient in modelling the multi-physics problem and severe
plastic deformation processes like FSW. Although work has been carried out in recent years on modelling material
flow and defect formation using the CEL approach, more effort is needed to model the heat generation and residual
stresses induced in FSW joints using a real industrial FSW tool with complex geometry. In this work, a three-
dimensional fully coupled thermal-stress analysis model based on the CEL approach is developed to simulate the
whole FSW for a better understanding of the complex interaction mechanisms in the FSW process. The plunge,
dwell, and welding steps are simulated using a threaded cylindrical shape pin to provide a more realistic thermo-
mechanical response. The model predicted thermal history, plastic deformation and joint soundness and residual
stresses in the welded joints. The modelling results are validated with experimentally obtained temperature data,
macrostructure, and residual stresses in FSW of AA 6082-T6 joints.

The paper is structured as follows. Section 2 explains the experimental work used to perform FSW in this
work. Section 3 describes in detail the methodology and solution strategy used to model FSW by the CEL
approach. Section 4 presents a detailed analysis of numerically obtained results and their experimental validation.
Finally, relevant conclusions regarding the computational simulation and experimental results are drawn for the
usefulness of using CEL simulation to predict FSW joint quality by controlling the welding parameters.

2 FSW processing and measurements

This section provides the details of the material and experimental set-up used in this work, the measurement
of temperature history, and metallurgical inspection. A summary of the measurement technique used to determine
the welding-induced residual stresses in FSW joints by neutron diffraction techniques is also given.

2.1  Material and welding procedure

Rolled sheets of aluminium alloy AA 6082 in the solution heat-treated state (T6) having 150 x 60 X 4 mm
dimensions were welded by FSW using a bespoke machine at TWI Technology Centre (Yorkshire-UK). The
welding tool was manufactured from chromium hot-work tool steel (AISI H13) and had a shoulder diameter of
16 mm with a featureless concave profile. The tool pin had a threaded cylindrical profile with a 3.3 mm height
and 6 mm diameter. The tool rotation axis was tilted by 2° from the sheet normal, and 0.2 mm plunge depth was
utilized to ensure proper contact between the tool and workpiece. In-situ cross-weld temperature measurements

were carried out in the nugget zone (NZ), thermo-mechanically affected zone (TMAZ) and heat-affected zone
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(HAZ) using nine K-type thermocouples (TC), as shown in Figure 1. The peak temperature in the NZ was
measured by embedding one thermocouple (TC-NZ) in the welded sheets interface. The rest of the thermocouples
were embedded at various locations from the weld centre, TC1-TC4 on the RS and TC5-TC8 on the AS. The TCs
temperature was recorded digitally using a TM-747D thermometer connected to a LabVIEW package for data
acquisition. To understand the influence of process parameters on the weld quality, two FSW joints denoted Weld
I and Weld 11 were produced using tool rotational speeds of 800 and 1100 rpm at a constant welding speed of 200

mm/min. Further details of the FSW experiments may be referred to a previous publication by Salih, et al. [46].
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Figure 1 Hlustration of friction stir welding configuration showing the welding and tool rotation directions, as

well as the relative position of the thermocouples attached to the samples and their related cross-section, TC1-
TC4 on the RS and TC5-TC8 on the AS. (Dimensions in mm)

The metallographic investigation was carried out for cross-weld joints to quantify the joint soundness. Cross-
weld samples were cut by an electrical discharge machine (EDM) and then mounted in the resin. The specimens
were ground using SiC abrasive papers and polished with 6 and 1 um diamond paste. To highlight the FSW zones
of weldment, acid etching was carried out with Poulton’s reagent and then investigated by Nikon optical
microscope.

2.2 Residual stress measurements

Residual stress measurements were performed by neutron diffraction using the beamline ENGIN-X facility at

the ISIS neutron source at Rutherford Appleton Laboratory, Oxford, UK. As can be seen in Figure 2 (a), a pulsed
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neutron beam with a wide energy range travelling to the sample and is scattered into two banks of detectors, each
centred at a fixed angle (Bragg angle (20) of = 90° to the incident beam) that allows a full diffraction pattern to
be measured. When Bragg’s Law is satisfied for a lattice spacing d,;, diffraction peaks occur and are measured
at times t,,; elapsed after the initial pulse [47]. The concept of measuring the residual stresses by neutron
diffraction is based on using lattice spacing as a strain gauge to measure the macroscopic elastic strain, which is
defined by the time-of-flight (TOF) neutron strain scanner at definite locations in the bulk of the sample. Under
compressive or tensile stress, the lattice spacing, d;,;;, for lattice planes, hkl, changing by contracts or expanding
in individual grains. This change in the lattice spacing is detected as a shift, 8A,,;, in the hkl diffraction peak at

a constant wavelength. The strain in the specific plane, g;, is calculated based on Bragg’s law, as given by Eq. (1).

g = diilkl O_ d;lkl (1)
dhkl

Where d},;, is the lattice parameter for each measurement point along with three mutually orthogonal
directions, and dp,,, is the measured strain-free inter-planar spacing. The lattice spacing measurement was done
twice. Firstly, it was done in the mid-length of welded plates to measure the change in lattice spacing from the
welding process (d%,,;). After that, a 4 mm thick slice of cross-weld was extracted from the same joint and location
using EDM to release the strain and measure the strain-free lattice spacing (dj,, ). Both measurements were used
in Eq. 1 to calculate the microstrain along the three principal directions: the normal direction (ND) perpendicular
to the top surface of the plate, the longitudinal direction (LD) parallel to the weld, and the transverse direction
(TD) perpendicular to the weld. Due to the ENGIN-X configuration, with a single scan, the strain is measured in
two directions simultaneously; normal and longitudinal or transverse direction, based on the position of the
sample. Therefore, to measure both longitudinal and transverse strains, the scan was repeated twice by changing
the weld line direction (repositioning the sample). When the weld is horizontal and the angle between the plate
surface plane and the incident beam is 45°, one of the two vectors was in the direction of the longitudinal strain
(Y-Y) and the other vector in the direction of the normal strain (X-X), as shown in Figure 2 (b). On the other hand,
when the weld line is vertical, this allows the measurement of the transverse and normal strains, as shown in
Figure 2 (c). The locations of the measurements were taken in the mid-thickness of the plate in the middle of the
joint line (grey shaded area) with a gradual increase in spatial resolution from the weld centre, as shown in Figure
2 (d). Two laboratory theodolites and a laser/CCTV system were used to align the sample accurately and monitor

its motion. Once the sample position relative to the instrument was determined, the measured point locations could



be determined automatically by inputting the coordinates data into an automated positioning system, which can

be achieved using Strain SCANning Simulation Software (SSCANSS).
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Figure 2 Residual stress measurements by neutron diffraction. (a) A picture and schematic top view of sample
position on the ENGIN-X beamline and measurement principle, (b) A schematic of the sample position to measure
longitudinal strain along the grey shaded area, (c) A schematic of the sample position to measure traverse strain
along the grey shaded area, and (d) Cross section showing the positions of measurement points (red squares) and
gauge volume.

In a pulsed instrument, the intersection between the incident and diffracted beams defines the material volume
contributing to the diffraction pattern (gauge volume) (see Figure 2 (d)), and it is controlled by slits and
collimators. Two radial collimators, each having 40 vertical foil vanes made from gadolinium oxide coated Mylar,
were used to constrain the detectors to receive neutrons from a small volume. To maximise the data acquisition

rates, the gauge volume was adjusted based on the orientation of the sample. When measuring the strain in the

TD, 2 x 2 x10 mm? ‘matchstick’ gauge volume was used aligned with the direction of the weld. For the LD
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measurements, the gauge volume was 2 x 2 x 2 mm?3, The full diffraction spectrum was obtained from each
measured point and analysed by the General Structure Analysis System (GSAS) program using multiple peaks
fitting Pawley refinement. The triaxial residual stresses were calculated by Hooke’s law, given by the following

equation.

_E
T 14w

v
o; [si + 1= 7s (sx +e, + sz)] 2

Where E, v, &, €, and ¢, represent Young’s modulus, Poisson’s ratio, normal strain, longitudinal strain, and
transverse strain, respectively.
3 Finite Element simulation

The welding mechanisms that govern the welding temperatures, plastic deformation and residual stresses were
studied through FE simulation of the FSW process. This section details the methodology and solution strategy
used to model the FSW process, thermal and physical properties of base materials, load and boundary conditions,
and meshing.
3.1  FE modelling

A 3D coupled thermo-mechanical FE model based on the coupled Eulerian-Lagrangian (CEL) approach using
an explicit algorithm has been developed in ABAQUS to simulate the whole FSW process (plunge, dwelling and
welding steps) and predict thermal history, material flow and joint soundness and residual stresses in the FSW
joint. In modelling the FSW process, the tool rotation and plunging induced mesh distortion near the tool-plate
interface is overcome with the CEL approach, as this approach allowed plunging of a Lagrangian rigid body inside
the Eulerian media where the base metal flowed through fixed nodes. More details about the governing equations
of the CEL approach are provided in the Appendix. The FSW tool was defined as a rigid isothermal Lagrangian
body, while the plate was defined as an Eulerian body, as shown in Figure 3 (a). The FSW tool was simulated
with shoulder and pin having dimensions and profile consistent with the experiment’s ones, as shown in Figure 3
(b), and its movement is controlled by a reference point (RP). Similarly, as in the experiment, the tool was tilted

by 2°, and a plunge depth of 0.2 mm was applied during the welding step.
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Figure 3 Finite element implementation. (a) Problem set-up in the CEL finite element simulation for the FSW
process showing the Eulerian domain (material region (red colour) and material-free region (blue colour)), tool
configuration, and material inflow and outflow during the welding step, (b) Geometry detail of FSW tool used in
the experiment and model. (Dimensions in mm)

As noticed in the experimental work of this study, the change in the welding temperature was less pronounced
after 20 mm in the lateral distance from the weld centre. Therefore, the Eulerian domain (plate) geometry was
simulated as a local domain with 50 mm length and width as a trade-off between the model accuracy and
computing time. The local square cuboid shape consisted of two regions, as shown in Figure 3 (2). The first region
is the material region (red colour), having a thickness of 4 mm (equal to the plate thickness used in the
experimental work) and assigned with the base metal (AA 6082-T6) properties. The second region is the material-
free region (blue colour), having a thickness of 2 mm and left empty without material properties. In the plunge
and dwell step, a constant volume approach was used, and there was no movement in the material. Meanwhile, a
control volume approach was performed in the welding step. The welding speed was defined as a longitudinal
velocity of inflow and outflow of material over Eulerian domain boundaries instead of the longitudinal motion of

the FSW tool (Figure 3 (a)).

3.2  Material properties

The accuracy of simulation results of a multi-physics process such as FSW depends strongly on the definition
of base material properties. In FSW, the welding temperature ranges from room temperature to around the solidus
temperature. As it is known that the properties of metals are functions of temperature [32], the relevant mechanical
and physical properties of the base metal (AA 6082-T6) were defined as temperature-dependent, and it was taken

from several literature works [41, 48-50] and presented in Figure 4.
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Figure 4 Mechanical and physical properties of AA 6082 aluminium alloy as a function of temperature used in
the CEL model, including density, yield stress, modulus of elasticity, thermal conductivity, thermal expansion
coefficient, and specific heat [41, 48-50].

Besides the gradient in temperature, the base metal is also subjected to complex strain and strain rates during
the welding process. The base metal plastic behaviour was modelled by using Johnson-Cook constitutive model.
This model is an empirical viscoplastic constitutive model and a particular type of Mises plasticity model used to
depict the work hardening, thermal softening and strain rate hardening of the metal. Thus, it is suitable for high

strain-rate deformation and temperature, as confirmed by Al-Badour, et al. [41] and Tongne, et al. [39]. The von

Mises flow stress o,,, according to the Johnson-Cook constitutive model is expressed in Eq. (3).

o, = [A + Be"] [1 +Cln (;—)] [1 - (7:1 __7;‘io>m] (3)

Where ¢, €, €, T, T, and T, represent equivalent plastic strain, strain rate, reference strain rate, environment

temperature, reference temperature, and material melting temperatures, respectively. A,B,C,n and m are
material constants, where 4, B and C are the initial yield strength, hardening modulus, and strain-rate dependency,
respectively. The Johnson-Cook parameters used in this model were obtained from Jaspers and Dautzenberg [51]
work based on the Split Hopkinson pressure bar (SHPB) test for AA 6082-T6 and defined in Table 1.

Table 1 Johnson-Cook constitutive parameters for AA 6082-T6 aluminium alloy [51]

A(MPa) B (MPa) C n m_ T,(K)  T.(°K)
4285 327.7 _ 0.00747 _ 1.008 131 298 855

3.3 Contact interaction and boundary conditions

A critical part of the numerical modelling of the FSW process is the contact condition because the workpiece
and tool have multiple contacts among themselves [52]. The general contact algorithm is used to define all
incorporated contacts between the workpiece and tool. Also, the contact definition on the tool-plate interface, i.e.,

12



normal and tangential formulation, is considered part of the solution using hard contact pressure and penalty
contact algorithm, respectively.

The nature of heat generation in the FSW process is thermo-mechanical, i.e. heat is generated due to frictional
heat action between the workpiece and FSW tool as well as from base metal plastic deformation, as expressed in
Eq. (4), and both are considered in the analysis.

q=14qr+dp @

Where ¢, g5 and g, represent the rate of total heat generation, rate of frictional heat generation, and rate of
heat generation due to plastic deformation, respectively.

Coulomb’s friction law defines the friction at the contact interface between the Eulerian domain and the
Lagrangian body, as given in Eq. (5).

Ts = Wp (5)

Where 7, pand p are frictional shear stress, frictional coefficient, and contact pressure at the tool-workpiece
interface, respectively. This law predicts the mutual motion between two segments, whether they slide or stick.
The sliding condition is met when the contact shear stress is smaller than the material yield shear stress, and thus
heat is generated by friction, as given in Eq. (6).

a5 = (15 7) ®)
Where ¢ and y are the frictional heat factor, and slip rate, respectively.

On the other hand, if the friction shear stress is larger than the yield shear stress of the base metal, the sticking

state is fulfilled, and the heat generated by plastic deformation, as expressed in Eq. (7).
qp =noy;: e'i]- (7)

Where 1, g;; and &;; represent the Taylor-Quinney ratio that measures the fraction of plastic work converted
to heat, stress tensor, and plastic strain rate, respectively.

The calculations of heat generation and material flow during FSW mainly depend on selecting the accurate
value of the friction coefficient. However, Nandan, et al. [53] pointed out that it is difficult to determine this value
from fundamental principles or experiments relevant to the FSW conditions. Thus, different friction coefficient
values ranging from 0.3 to 1.2 were used in the previous studies [54-58]. Kumar, et al. [59] found that the
temperature of the base material remarkably controls the friction coefficient between steel and aluminium, and it
ranges from around 0.2 to 1.4 when the temperature of the base material increases from around 100°C to 450°C.

Thus, a higher friction coefficient is used with a higher tool rotation speed. Furthermore, in the dwelling and
13



welding stages, flow stress underneath the outer edge of the shoulder becomes more significant than the shear
stress at the interface, which narrows down in the sticking zone. Thus, a higher friction coefficient on the contact
surface helps obtain a larger stick-slip ratio and a much higher total heat generation rate [45]. This finding is
confirmed by He, et al. [12] work, as they reported that a larger void size resulted from a lower friction coefficient.
Thus based on the above reasons, a high friction coefficient of 0.8 was used in the current study, as it was also
confirmed by Al-Badour, et al. [41] that this value gave a reasonable prediction of the size of the formed defect.

The energy balance equation controls the thermo-mechanical response, as given in Eq. (8) [60, 61].

oT
pCy Er kT;; +noyjé; (8)

Where p, c,, k, T;; and t are mass density, specific heat capacity, the thermal conductivity of the material,
Laplace differential operator on temperature, and time, respectively. It is assumed that 90% of plastic work and
100% of the frictional energy were converted to heat by defining plastic heat fraction and frictional heat factor as
0.9 and 1.0, respectively, similar to that used in other work [62-65].

The boundary conditions applied to the workpiece can significantly affect the model results. Thermal and
velocity boundary conditions are applied to the domain at different stages to represent the physical situation
accurately. To model the heat dissipation from the workpiece surfaces into the surrounding environment, heat

radiation and convection models were defined to dissipate the heat through the boundaries, as given in Eg. (9).

" aT
ong,

= O-bgb(T4 - Ta4) + ha(T - Ta) (9)

Where k, ng, 03, €,, h, and T, represent thermal conductivity of the material, heat dissipation surface in
normal direction, Stefan-Boltzmann constant, emissivity, convective heat transfer coefficient, and ambient
temperature, respectively. More details about the thermal-stress analysis are provided in the Appendix.

Tool displacement and rotation were constrained to a reference point (RP) to control the position of the tool
and to apply the rotational tool speed. The tool was assigned to 800 or 1100 rpm rotational speed for all FSW
steps, as shown in Table 2. The velocity boundary conditions of the material were constrained in the bottom and
sides of the Eulerian domain (Vx = Vy = 0) in plunging, dwelling, and welding steps to avoid the loss of material
(control volume) as defined in Table 2 and shown in Figure 5 (a and b). Meanwhile, in the welding step, the
velocity constraints at the boundaries for the welding speed were defined as inflow and outflow material velocity

(Vz =200 mm /min), as shown in Figure 5 (b).



Table 2 CEL model boundary conditions

Weld | Weld Il
Plunge and Plunge and
dwell steps Weld step dwell steps Weld step
Tool rotation 800 800 1100 1100
Bound speed (rpm)
co?ml:j?tigrnys VX (mm/min) 0 0 0 0
Vy (mm/min) 0 0 0 0
Vz (mm/min) 0 200 0 200

3.4  FE mesh and element type

The full mesh adopted for the workpiece and FSW tool is shown in Figure 5 (c). EC3D8RT eight-node
thermally coupled linear brick, multi-material, reduced integration with hourglass control, and four degrees of
freedom elements were used in the Eulerian domain (workpiece). In Eulerian analyses, the boundaries of each
Eulerian material were reconstructed based on the computed volume fraction data for each Eulerian material in
an element in each time increment. The material boundaries within an element were approximated as simple planar
facets by the interface reconstruction algorithm. This assumption produces a simple, approximate material surface
that may be discontinuous between neighbouring elements. Thus, fine mesh resolution is required to determine
the material's location within an element accurately. Based on the above reason and the need to reduce
computational time, the Eulerian domain was meshed using a bias meshing technique; i.e. a fine mesh was
generated in the interaction zone of the tool-workpiece and a coarse mesh for the rest of the domain. The FSW

tool was meshed using a three-noded rigid triangular facet element (R3D3).
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Figure 5 Boundary conditions and mesh technique used in the CEL model. (a) Velocity boundary conditions in
the workpiece during the plunge and dwell steps are equal to zero in three directions (Vx, Vy and Vz), (b) Velocity
boundary conditions in the workpiece during the welding step are equal to zero in Vx and VYy direction and 200
mm/min (welding speed) in the welding direction (Vz), and (c) Mesh technique of the workpiece (bias meshing
with EC3D8RT element type) and FSW tool (element type R3D3).
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4 Results and discussion

Several parameters influence the weld quality of the FSW joint, and one of them is the tool rotation speed.
The current research evaluated the effect of two different rotational speeds, 800 and 1100 rpm, on the thermal
history, plastic deformation and material flow behaviours, and residual stresses in the FSW joint of AA 6082-T6
aluminium alloy. The predicted results of the CEL model were validated and confirmed by comparing them with
the experimental results.
4.1  Analysis and validation of thermal history in FSW joints

In FSW, a certain amount of heat is required to create a local high-temperature zone in the vicinity of the
welding tool to mix the welded metal, activate the dynamic recrystallization process, and form a solid-state
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bonding [14]. The simulated cross-weld temperature during the plunge, dwell, and welding steps for Weld | (800
rpm - 200 mm/min) and Weld Il (1100 rpm - 200 mm/min) are illustrated in Figure 6 and Figure 7, respectively.
For both welds, during the plunge step, the rotating tool pin penetrates the workpiece until the tool shoulder
contacts the workpiece, and then as in the experimental work, 0.2 mm is used as shoulder plunge depth. For Weld
I, it can be seen that the generated temperature in the weld centre region increases as the plunge depth increases,
and it extends down from the upper to the bottom surface near the shoulder-pin junction, as shown in Figure 6 (a-
d). This can be related to the larger contact area between the FSW tool and workpiece, contributing to a large
proportion of heat generation. The highest temperature occurs in the dwell step when steady-state conditions are
reached, as shown in Figure 6 (e). While, in the welding step (Figure 6 (f)), there is a slight drop and stabilisation
in the high temperature due to less heat concentration caused by high welding pitch (WP) (welding speed /
rotational speed) (mm / rev), as it controls the exposure time at high temperature and cooling rate. For Weld 11, it
is clearly seen that the lowering of WP by increasing the tool rotation speed from 800 rpm to 1100 rpm led to an
increase in the generated temperature with an enlargement in the high-temperature region for all welding steps,

as shown in Figure 7.
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Figure 6 Temperature field contours at the transverse cross-section of Weld | - FSW joint at different welding
steps showing the increasing temperature by increasing tool plunge depth. (a-d) In the plunge step at plunge depths
of 0, 0.9, 1.8 and 2.7 mm, respectively, (e) In the dwell step at a plunge depth of 3.5 mm, (f) In the welding step.
(AS on the right)
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Figure 7 Temperature field contours at the transverse cross-section of Weld Il - FSW joint at different welding
steps showing the increasing temperature by increasing tool plunge depth. (a-d) In the plunge step at plunge depths
of 0, 0.9, 1.8 and 2.7 mm, respectively, (e) In the dwell step at a plunge depth of 3.5 mm, (f) In the welding step.

(AS on the right)

Figure 8 shows the three-dimensional CEL simulation results of thermal distribution in Weld | and Weld Il - FSW

joints during the dwell and welding steps. The result proves that the region in contact with the tool shoulder is

subjected to the highest thermal impact effect, where the energy density and plastic deformation are extremely

high. Also, it shows that the temperature in the weld nugget area follows a ‘V’ shape. As explained by Nandan,

et al. [66], this profile resulted from the generation of more heat further away from the tool axis near the shoulder

as the relative velocity between the shoulder and the workpiece increases with distance from the tool axis. In

addition, it is clearly seen that the temperature profiles are non-axisymmetric for all the cases. Higher temperatures

are generated in the RS than in the AS.
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Figure 8 Three-dimensional CEL simulation results show the temperature distribution in the cross-section of Weld
I and Weld 11 - FSW joints at different steps. (a) Weld | - dwell step, (b) Weld I - welding step, (c) Weld 11 - dwell
step, (d) Weld Il - welding step. For all cases, the high temperature generated in the tool shoulder interface at the
weld nugget area with a “V’ shape profile.

The predicted temperatures from the FE simulation were compared with the experimentally measured
temperature by means of thermocouples during the welding process for Weld | and Weld 11 and presented in
Figure 9 and Figure 10, respectively. To get the overall trend of experimental temperature distribution, each
thermocouple's peak temperature was used based on its distance from the welding line, as shown in Figure 9 (b)

and Figure 10 (b). Comparisons were made along the transverse sections (cross-weld) through the tool axis in the

mid-length of the joint below the top surface of the workpiece by 2 mm.
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Figure 9 Thermal history of Weld I - FSW joint (800 rpm-200 mm/min). (a) Experimentally measured temperature
by thermocouples at different locations as a function of welding time; (TC1-TC4) on the retreating side, (TC5-
TCB8) on the advancing side, and (TC-NZ) in the middle of the nugget zone, (b) Comparison between the cross-
weld temperature obtained from experimental measurements and FE model results. The higher temperature is
740° K generated in the centre of NZ.
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Figure 10 Thermal history of Weld Il - FSW joint (1100 rpm-200 mm/min). (a) Experimentally measured
temperature by thermocouples at different locations as a function of welding time; (TC1-TC4) on the retreating
side, (TC5-TC8) on the advancing side, and (TC-NZ) in the middle of the nugget zone, (b) Comparison between
the cross-weld temperature obtained from experimental measurements and FE model results. The generated
temperature in the NZ increases to around 850° K due to the higher rotation speed.

The FE model has successfully predicted the trend of temperature distribution through the weld cross-section
at different monitoring locations, especially the peak temperature in the centre of the welding line. Compared with
the peak temperature of the FSW joint welded at 800 rpm (Figure 9), the maximum temperature was increased
from around 740 to 850 °K when the tool rotation speed increased to 1100 rpm at a constant welding speed (Figure

10). In addition, the temperature profile for both studied conditions shows asymmetric behaviour and becomes
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more significant at a higher tool rotation speed. It can be observed that a higher temperature was generated in the
region near the tool pin toward the retreating side compared to the advancing side, which was consistent with the
experimental results. Similar behaviour of thermal distribution was observed in other works [67-69]. The
asymmetry behaviour of thermal distribution can be owing to one or more of the following reasons. i) The metal
flow mechanism, i.e. the FSW tool sweeps the hot softened material from the AS to the RS and additionally
sweeps it into the region behind it; as the tool moves ahead, more heat is generated on the RS [67]. ii) The design
of the tool pin, Hassanamraji, et al. [61] found that the generated temperature at the RS was higher than that at the
AS when using the cylindrical pin. In contrast, for the conical pin, it was just the opposite. iii) The welding
parameter also affects the temperature distribution on both sides of the FSW tool. It has been reported that in the
samples welded with higher travel speed, the heat generation caused by the plastic strain is higher on the RS than
on the AS. It can be attributed to the asymmetrical distribution of plastic strains because the severe plastic
deformation is much smaller on the AS than on the RS at a higher traverse speed [70].

The FE results indicate that the developed model can successfully predict the gradient and maximum
temperature during FSW, which significantly affects the microstructural evolution and weld quality of FSW joints.
However, an overestimated temperature in the region far away from the weld centreline in Weld Il could be related

to the larger mesh size.

4.2 Analysis and validation of plastic deformation and joint formation

During FSW, significant plastic deformation occurs due to the interaction at the tool/workpiece interface,
which controls the flow of softened welded material and forms the FSW joint. It also affects the evolution of
microstructure in the weld zone by means of dynamic recrystallisation along with thermal history and influences
defect formation in the welded joints. The flow of softened material around the tool is very complicated and
depends on the welding parameters and tool geometry. Therefore, it is vital to study the strain distribution to
understand the material flow characteristics for optimum combinations of FSW parameters, as indicated by Ke,
et al. [71] and Neto and Neto [72]. Figure 11 shows the typical equivalent plastic strain (PEEQ) distribution in
FSW joints during the plunge, dwell, and welding steps of Weld I. The results revealed that the equivalent plastic
strain is increased as the tool plunge depth increases (Figure 11 (a-e)) and reaches the maximum during the
welding step (Figure 11 (f)). In the plunge step, the maximum equivalent plastic strain happens around the tool
pin. Meanwhile, it occurs on the top surface under the shoulder in the dwell and welding steps. This behaviour is
also confirmed in the longitudinal weld cross-section, as shown in Figure 11 (g), and it is consistent with other
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studies done by Zhang and Zhang [60] and Jain, et al. [73]. It can be concluded that the shoulder rotation
accelerates the deformations of material near the top surface. This finding is consistent with the physical behaviour
of FSW, as the maximum velocity is achieved near the shoulder edge at the top surface of the workpiece, followed

by a rapid reduction away from this region [10, 53].
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Figure 11 Typical cross-weld equivalent plastic strain distributions in Weld | - FSW joint shows the deformation
increases by increasing the tool plunge depth. (a-d) In the plunge step at plunge depths of 0, 0.9, 1.8 and 2.7 mm,
respectively, (e) In the dwell step at a plunge depth of 3.5 mm, (f) In the welding step, (g) Longitudinal weld
cross-section in the welding step shows the highest plastic strain area under the tool shoulder. (For a-f, AS on the
right)

Figure 12 shows the predicted cross-weld equivalent plastic strain distributions for Weld | and Weld 1l - FSW
joints during the welding step. The plasticised material is swept from the AS to RS during the FSW process to
form the FSW joint. It is evident that the deformation of material at the AS and the RS is asymmetric, higher
plastic strain occurs in the AS than in the RS, which can be related to the positive impact of rotational and traverse
speeds of the FSW tool, and the difference of material flows on both sides [74]. The results also reveal that the
main deformation occurs near the top surface due to the larger contact area of the tool shoulder compared to the

tool pin and the highest tool rotation speed. Furthermore, when the angular velocity of the tool increases from 800

rpm to 1100 rpm, the equivalent plastic strain increases with less difference between the AS and RS (more
22



homogenous plastic deformation). This behaviour is confirmed by He, et al. [12], and it is related to the fact that
with an increase in the rotation of the tool per minute, the plastic deformation increases and hence improves the
material flow. This plastic strain behaviour, combined with thermal history (discussed in the previous section),

significantly affects the formation of a sound welding joint.
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Figure 12 Finite element results show tool rotation speed's effect on equivalent plastic strain distribution through
the cross-weld of FSW joints in the welding step for Weld | (800 rpm) and Weld Il (1100 rpm) at a constant
welding speed of 200 mm/min. Higher and more homogenous plastic deformation is obtained by increasing tool
rotation speed to 1100 rpm.

Figure 13 compares the simulated equivalent plastic strain distributions with the experimental macrostructure
on the cross-section of Weld | and Weld Il - FSW joints. Figure 13 (a) shows that low and inhomogeneous plastic
deformation was generated during the welding process when using a lower tool rotation speed of 800 rpm (Weld
I). This result in a decrease in the flow of softened metal behind the welding tool, leading to insufficient mixing
of metal during the welding phase and forming tunnel defects. As a result, the welding plate fails to be friction
stir welded efficiently. The increasing rotational speed to 1100 rpm (Weld Il) enhances plastic deformation and
heat generation in the welding zone, which improves the flow of plasticised material and reduces the void size
significantly, as shown in Figure 13 (b). Ajri, et al. [57] have reported similar behaviour; the increase of tool
rotation speed reduces and eliminates defect formation in FSW joints of Al 6061-T6. In addition, it is clear that

the boundary of high plastic strain in the nugget zone of Weld 11 is larger than that in Weld 1. This can be related

to increasing the welding tool's stirring effect with the increased tool rotation speed.
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Figure 13 The effect of tool rotation speed on the equivalent plastic strain and joint soundness. (a) Comparison of
the equivalent plastic strain distributions with the experimental cross-weld macrostructure of Weld | - FSW joint.
(b) Comparison of the equivalent plastic strain distributions with the experimental cross-weld macrostructure of
Weld Il - FSW joint. Increasing tool rotation speed to 1100 rpm leads to increased plastic deformation and reduced
volumetric defects. (AS on the right)

4.3  Analysis and validation of residual stresses in FSW joint

Carone, et al. [75] pointed out that the residual stresses introduced during the welding process are an essential
consideration in welding design because it directly affects the load capability of the welded structure. In addition,
both Biallas [76] and Yadav, et al. [77] confirmed that the induced residual stresses significantly affect the
propagation rates of the near-threshold crack. The low inherent process-induced residual stresses are one of the
main advantages of FSW over conventional welding processes because lower peak temperatures and hence
reduced solidification-induced shrinkage can be achieved using FSW. However, Chen and Kovacevic [78] pointed
out that the thermal and mechanical residual stresses developed in the FSW joints because of the expansion and
contraction during the heating and cooling stages, as well as from the rotation and traverse movement of the FSW
tool. The appearance of tensile stresses in the welding plate can cause crack initiation and increase crack growth
rate leading to the increased possibility of failure and reduced service life. On the other hand, the compressive
stress component can inhibit crack propagation [77].

Figure 14 shows the typical distribution of longitudinal and transverse residual stresses as a function of
distance from the weld line measured experimentally by neutron diffraction perpendicular to the cross-weld along
the line AA (see Figure 2), 2 mm below the top surface alongside with predicted results from the developed model
for Weld 11 - FSW joint. The error bars were obtained based on the uncertainty for both the strain-free lattice
parameter d;,,, and the corresponding inter-planar distance d},,, that arose from the Retvield method using GSAS.
It can be seen that the residual stresses in LD and TD have an ‘M’ shaped profile. Double-peak tensile stresses
are located at around = 8 mm from the weld line just beyond the perimeter of the tool shoulder (near the BM /

HAZ boundary). This profile is different from that often obtained in the fusion welding processes, where the peak

residual tensile stress is along the centreline of the weld. Steuwer, et al. [79] and He, et al. [80] reported a similar
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stress profile in FSW joints of AA 6082 and AA 6005A, respectively. They attributed this behaviour to the non-
uniform temperature distribution in the transverse section and the high shear force between the edge of the
shoulder and the welded plate during the welding process. This behaviour is clearly noticed in the current work,
as presented in sections 4.1 and 4.2. Additionally, the drop in the tensile residual stress in the weld centre around
the pin position was attributed by Feng, et al. [81] and Sun, et al. [82] to the dissolution of the strengthening
precipitates and softening of the weld region caused by the high temperatures in this region, which would reduce

the local yield stress and limit the material capacity to support the generated load.
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Figure 14 Residual stress distribution in Weld 11 - FSW joint as a function of position relative to the weld centreline
(cross-weld). (a) Comparison between experimental measurements and FE result of longitudinal residual stresses,
and (b) Comparison between experimental measurements and FE result of transverse residual stresses. In both
longitudinal and transverse directions, the residual stresses have an ‘M’ shaped profile, and the distribution of
stresses in the longitudinal direction is asymmetric.

Furthermore, it is evident from the figure that the tensile stress is higher in the longitudinal direction than in
the transverse direction by around 30 MPa. The stress profile in the LD is slightly asymmetric concerning the
welding centre; higher tensile stress is generated in the AS than in the RS. Similar behaviour was reported by
Peel, et al. [83] in friction stir weld of AA5083. This behaviour reflects the asymmetric nature of the FSW process
and can be related to the relative motion between the rotating tool and the welded plate. He, et al. [80]
demonstrated that the relative speed on the AS is higher than that on the RS, producing additional tensile stress
on the materials in the weld. To satisfy the equilibrium condition, the stress changes from tension to compression
when moving further from the weld on either AS or RS and into the base metal. Although residual stresses are

induced in the joint welded by FSW, it is still much lower than that can be obtained using fusion welding, which

can approach the base metal yield strength [84]. Finally, the trends of residual stresses are correlated very well,
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and the CEL model captured the typical ‘M’ shaped profile with a double tensile region in the nugget zone below

the shoulder of the FSW tool balanced by compression stress in the area far from the weld line.

5  Conclusions

A three-dimensional fully coupled thermo-mechanical FE model based on the coupled Eulerian-Lagrangian (CEL)
approach is employed to investigate the complex thermomechanical interaction mechanisms in FSW. The model
is used to qualitatively analyse the influence of tool rotation speeds on the quality of AA6082-T6 FSW joints by
evaluating three crucial aspects, including thermal history, plastic deformation and material flow and residual
stress. It is demonstrated that the model successfully simulates the whole steps of the FSW process (plunge, dwell,
and welding) using the real complex geometry of the FSW tool (featureless concave profile shoulder and threaded
cylindrical shape pin), which provides more realistic results and in-depth understanding to the complex interaction
mechanisms in FSW processes. However, the issue of computational cost may still be the main concern.

The formation and evolution mechanisms of FSW joints are elucidated by analysing the numerical results of
the CEL model and validation with the obtained experimental results. It is shown that, at a constant tool traverse
speed, the tool rotation speeds influence the thermal history and plastic strain in the stirred volume during the
welding process. With the increase of tool rotation speed, both generated temperature and plastic deformation in
the stirring zone increase, which improves the welded metal's flowability and reduces the size of volumetric
defects in the nugget zone, thus improving the quality of welded joints. Moreover, the thermal history analysis
unveiled asymmetrical temperature distribution in the cross-weld section of the FSW joints. Higher heat is
generated on the retreating side than on the advancing side. Also, the distribution of strain in the FSW joint is
non-uniform; a higher strain is found on the top surface of the workpiece compared to the bottom surface,
indicating the FSW process's nature.

The analysis of residual stress distribution in the FSW joint shows that the longitudinal residual stress is higher
than the transverse one, and both of them are characterised by double-peak tensile stresses located at the advancing
and retreating sides just beyond the perimeter of the tool shoulder, generating the unusual ‘M’ shaped profile,
which is also reported in the other literature. The interpretation of this behaviour can be related to the non-uniform
temperature distribution in the transverse section and the high shear force between the edge of the shoulder and
the welded plate combined by strengthening precipitates dissolution in the weld region. The model also unveiled
an asymmetric residual stress profile in the longitudinal direction where higher tensile stress is generated on the
advanced side than on the retreated side.
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The numerical and experimental results of thermal history, plastic deformation and residual stresses presented
herein provide critical insight for analysing the bonding mechanisms and determining the weld quality of the FSW
joints. Also, it demonstrates the feasibility and effectiveness of the CEL approach in modelling multi-physical
problems such as FSW. The contribution of this work is evident as the resulting outcomes can be capitalised as

guidelines to assess the weld quality under different welding parameters.
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Appendix
Governing equations

In the current work, the FSW tool was modelled as a Lagrangian body, and the workpiece was modelled under
the Eulerian framework. In the Lagrangian description, the mass, momentum and energy conservation equations
are written using material time derivatives, as given by Egs. (10)-(12), respectively.

dp

—+pV-v=0 10

praA A (10)

dv

pE=V-a+pb (1)
dE 1 d
E=V-(a-v)+pb-v=>{E=Epv-v+e}zd—i=a:D (12)

Where p, v, 0, b, e and D are the density, material velocity, Cauchy stress, vector of body forces, strain energy,
and velocity strain, respectively. In Eulerian analyses, the conservation equations are written using spatial time
derivatives. Material and spatial time derivatives can be correlated with each other based on Eq. (13) [85].
Therefore, for the FSW problem, this equation is used to transform the conservation equations of the Lagrangian
analysis (material time derivative Eqgs. (10)-(12)) to Eulerian analysis (spatial time derivative), as given in Egs.
(14)-(16), respectively.

D® 09

or= v ) (13)
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Z—i+v-(Vp)+pV-v=0 (14)
%y @en) = L) 4 (15)
%+v-(Ve)=a:D (16)

DO 9D

Where @, >0 o b and e represent the arbitrary solution variable, material time derivatives and spatial time

derivatives, body force, and internal energy, respectively. Furthermore, these Eulerian equations can be written in

conservative forms, as given in Egs. (17)-(19).

Z—f+V-(pv) =0 a7
aaL:+V-(pv®v)=V-a+pb (18)
%+V-(ev)=a:D (19)

In order to solve the problem, the Eulerian governing equations (17)-(19) are rewritten to the general form, as

shown in Eq. (20).
Wyv-p=S§ (20)
at
Where ¢ and S are the flux function and source term, respectively, this equation can be divided into two

equations (Egs. (21) and (22)) using the operator splitting method to be solved sequentially in the CEL approach.

0p _

ZL=5s (21)
o . _
AV D=0 (22)

In fully coupled thermal-stress analysis, the heat transfer equations are integrated using the explicit forward-
difference time integration rule in the current time step, as presented in Eq. (23)
Tipr = T + Aty T (23)
Where T and i represent the temperature and increment number in an explicit dynamic step, respectively.
The current temperatures are obtained using known values of T; from the previous increment. The temperature
rate vector, T;, is calculated at the end of the time increment i, as presented in Eq. (24)
Ty = (") (P = Fgy) (24)
Where ¢/, P/ and F/ are the lumped capacitance matrix, applied nodal source vector, and internal flux vector,

respectively.
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The mechanical solution response is obtained using the explicit central-difference integration rule with a

lumped mass matrix in the current time step as described in Egs. (25) and (26).

. . Aty + At
Ujy1/2 = Ujqyz + — > Ll (25)
Ui = U + Aty ui+1/2 (26)

The acceleration vector at the end of the time increments i is computed by Eq. (27)
iy =M (L= 1) (27)

Where M, L and I represent the diagonal mass matrix, applied load vector, and internal force vector, respectively.

An incompressible rigid-perfect Mises plastic constitutive model was used to measure the stresses with the

following equations.

3
oy = |55:S (28)

2
f= |- €€ 29
£= I3 (29)
e .do, 3¢ S 20
"85 T 20, 29 (30)

Where g, S, &, e and 9 are von Mises effective yield stress, deviatoric Cauchy stress tensor, conjugate effective

strain rate, deformation rate, and viscosity, respectively.
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