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Abstract

Friction stir processing (FSP) has gained significant attention worldwide since its inception due to its remarkable solid-
state characteristics and microstructure refinement. However, the complex geometry of the FSP and 3-D features makes it
challenging to create a set of governing equations for analyzing the post-process theoretical behavior. Due to significant
deformation, experiments cannot provide comprehensive information throughout the real process, which frequently entails
expense, resources, and time; numerical analysis has been examined extensively over the former to solve these concerns.
Numerous alternative processes are to be simulated using FSP’s numerical analysis before physical testing to better under-
stand the impact of various system characteristics. An attempt has been made to explore the latest research on the develop-
ment of various numerical modelling techniques that lead to meaningful insight to enhance the performance of FSP. An
advanced numerical technique for studying the influence of different field variables, changes in tool orientation on material
flow coupled with appropriate surface contact involving temperature-dependent coefficient of friction values using advanced
smoothed particle hydrodynamics on a GPU hardware configuration is still in future scope. This necessity to develop thermo-
mechanical models of surface composites facilitates accurate prediction of the thermal record and particle dispersion in
FSP. This article compiles computational approaches, the potential of different FEA software, and other post-processing
parameters, viz., heat generation, temperature distribution, and material transition. In this regard, some vital challenges and
issues regarding the numerical approaches of friction stir processing remain to be addressed, and opportunities for future
research prospects are thus recommended.

Keywords Friction stir processing - Numerical analysis - Computational approaches - Thermo-mechanical behavior -
Modelling techniques
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FVM Finite volume method

CEL Coupled-Eulerian-Lagrangian
HAZ Heat-affected zone

SZ Stir zone

TMAZ Thermo-mechanically affected zone
BM Base material

FDM Finite difference method

1 Introduction

Automobile, aerospace, and marine are the key sectors in
the transportation industries that demand lightweight design
structures. The necessity for tailored material qualities and
lightweight characteristics is propelling the development
of manufacturing processes. Friction stir technology is an
essential element of the engineering processes for manufac-
turing lightweight components. In 1991, The Welding Insti-
tute pioneered Friction Stir Welding (FSW) [1], a simple and
efficient process for joining metals and alloys. FSW results
in a strong joint with excellent material properties, which
is difficult to achieve in traditional welding techniques.
FSP is the modified version of FSW, conceived by Mishra
et al. [2] in 1999. FSP functions on the same mechanical
principle as FSW, like the identical setup, a non-depleting
tool equipped with a shoulder and pin. The tool provides
a revolving movement with a descending force, and the
tool pin lowers into the material until the shoulder strikes
the top layer to be processed. Immense heat is produced at
the top layer of a workpiece and surrounding material as
the tool-workpiece, where friction [3] aids in the plastic
deformation and becomes adaptable for producing surface
composites [4]. The tool is subsequently given the traverse
speed, which helps process the workpiece in a specific direc-
tion. The nature of the technique is thermomechanical and
helps substantially refine the base material’s grain size [5].
It involves modifying the texture and microstructure of the
metal through dynamic recovery, discontinuous dynamic
recrystallization, and homogeneous mixing at a semi-solid
state. Therefore, manufacturing defects attributed to melt-
ing, like thermal cracks, voids, blowholes, porosity, loss of
strength, etc., are reduced.

Soon after the invention of FSW/FSP technology, many
applications were developed and demonstrated successfully
in aircraft, defense, and automobile structures [6] for multi-
functional products by reinforcing particles [7], compatible
with other conventional processes to produce nanostructured
materials [8], with ultrasonic vibrations for improving mate-
rial flow [9], in producing functionally graded materials
[10]. Figure 1 depicts the fundamental premise of FSP. The
moving pin locally deforms heated material, whereas the
rotating shoulder generates most heat via friction with the
workpiece. The chamber at the back of the tool is filled with
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Fig.1 Schematic of FSP

the heated material after it has flowed around the spinning
pin. So, it is reasonable to believe that the FSP procedure is
a hot deformation method, and that hot deformation micro-
structural mechanisms may manifest themselves during the
FSP procedure [11].

The most prominent feature of FSP is the processing of
workpieces without melting them and the plastic deforma-
tion of materials without external heating. Stirring phenom-
ena in the process help refine grain, produce equiaxed grains,
and enhance the base material’s superplasticity [12]. FSP is
also credited with improving microhardness, tensile strength,
wear resistance, corrosion resistance, and other mechanical
and surface characteristics. It has proven helpful in elimi-
nating manufacturing and casting defects, repairing cracks,
fabricating mono and hybrid composites, etc. [13]. Thus,
many researchers used the FSP for microstructure modifi-
cation and producing surface composites, using secondary
phase particles (known as reinforcement) into the matrix
with minimal greenhouse gas emissions, hence termed as
green technology [14]. MMCs have wide-ranging applica-
tions in today’s modern world, predominantly in transpor-
tation applications were the parent materials are replaced
by composites Use of the FSP technique has been largely
documented for improving the properties of cast aluminum
alloys by surface modification [15], and MMC’s in both ex-
situ as well as in-situ routes [16]. Later with lightweight
requirements, FSP found its applicability in magnesium
and magnesium alloys for production of mono and hybrid
surface composites [17], in improving superplasticity [18].
Moreover, Mg-based surface composites that are reinforced
with fibers and particles can also be created by FSP. FSP
makes it possible to produce magnesium alloys additively as
a viable method for producing light metals [19].

FSP can be accomplished using vertical milling or by
FSW machine. The microstructure of a processed mate-
rial, which is normally controllable by changing process
parameters, determines its features and the effectiveness of
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the process. Process parameters must be chosen to supply
the appropriate amount of heat to obtain the finest possible
microstructure without any inherent faults. Various pro-
cessed zone properties are the direct function of material
flow, temperature, and particle distribution; however, the
experimentation cannot provide a thorough insight during
the actual FSP. Micro-to-nanoscale observation tools like
the scanning electron microscope, spectroscopic charac-
terization, X-ray diffraction, etc., are required for physical
experimentation. Even these ultra-high-precision tools can-
not monitor the physical quantities in real time and are lim-
ited to being used for post-process testing and examination.

FSP has gained significant attention for its potential to
improve material properties. Still, the complex geometry
and 3-D features of FSP make it challenging to analyze and
optimize the process using experimental methods alone.
Numerical modelling techniques have emerged as a prom-
ising alternative for simulating and analyzing FSP. However,
numerical modelling is necessary to achieve an in-depth
thermo-mechanical understanding of the FSP process, as it is
challenging to understand the mechanics behind the process
solely through experimentation. The complicated nature of
the process involves several interconnected non-linear physi-
cal processes. It is characterized by enormous plastic defor-
mation, mechanical mixing, frictional interface, dynamic
structural development, material movement, and heat gen-
eration. The excellence of friction stir processed (FSPed)
materials is also influenced by several process factors and
the tool configuration. Developing governing equations for
forecasting FSP behavior is complex as it comprises numer-
ous process parameters, intricate shapes of geometry, and
its 3-D nature. Furthermore, the mathematical formulation
becomes exceedingly complicated due to non-linearity in
material and plastic behavior, which is a big challenge to put
together. Therefore, over the past decade, numerical analysis
has been frequently used to address these challenges. While
significant progress has been made in developing numeri-
cal modelling techniques for FSP, unanswered questions
and challenges still need to be addressed. These include
validating and calibrating numerical models, incorporating
the impact of various material properties and parameters,
overcoming limitations of different numerical modelling
approaches, incorporating tool geometries and sizes, opti-
mizing process parameters, accurately modelling the impact
of frictional heating, and extending numerical modelling
techniques to study FSP of advanced materials. Extraction of
process temperature and material flow in the stir zone (SZ)
during experimentation is complicated. Therefore, to obtain
immeasurable data, there is a need to develop an advanced
numerical model for analyzing the impact of various pro-
cess parameters, multipass, and tool orientation changes on
material flow which is currently in progress. Furthermore,
surface composite thermo-mechanical models are needed

to comprehend microstructure characteristics and analyti-
cal particle dispersion in FSP. This advanced comparative
study with experiment may lead to productive results and
offers a useful resource for individuals involved in FSW/
FSP research and practice by presenting a practical manual
for designing efficient processes for diverse materials. In
general, it serves as a valuable reference for those seeking
to enhance their knowledge of numerical modelling methods
in FSW/P and their practical implementations.

Several scholars have examined the progress of FSP on
aluminium and magnesium as materials for lightweight
structures [20] and their mono and hybrid composites. FSW
and FSP are discussed and reviewed by Mishra and Ma [21].
Zykova et al. [7] outline the most recent developments in the
FSP of non-ferrous metal alloys, copper, and titanium. Patil
et al. [22] and Bharti et al. [23] provided an exhaustive sum-
mary of the production of surface composites and a thorough
understanding of the impact of process variables on the FSP
operation. Additionally, researchers looked at several ways
to reinforce FSPed hybrid surface composites and the effects
of single-pass, multipass, and pass-direction variations on
the microstructure and consequent properties [24].

He et al. [25] comprehensively reviewed the numerical
study of FSW. The most significant parameters to study in
FSP are temperature distribution and material flow. None-
theless, measuring the temperature at the tool-workpiece
contact during actual physical FSP is complex. Likewise,
determining and monitoring flow patterns in materials is
difficult. A wide range of trials can be carried out in numeri-
cal analysis by altering the variable, and a rare to the rarest
environment can be created, which is very difficult to prove
through physical experimentation.

Integration of numerical analysis with experimenta-
tion helps design, configure, and characterize the actual
experiment to develop a more specific and optimum sys-
tem economically. The numerical study of FSP involved
solving a complex multi-physics problem associated with
the visco-plastic flow of material, plastic deformation,
heat flow, recovery, and recrystallization. State-of-the-
art computers have reported a revolution in the field of
modelling and simulation. Developing a 3-D model with
the help of an advanced graphical user interface enables
a more accurate and precise numerical analysis. Several
researchers have developed the thermo-mechanical model
for FSP with experimental validation and have obtained
optimum parameters to achieve defect-free and signifi-
cant improvement in properties. To the extent of the
writer’s knowledge, no comprehensive overview of vari-
ous numerical techniques in FSP has yet been published.
The main objective of this review is to outline the current
research on the advances in the computational analysis
of FSP, including the flow of material, the impact of
process factors, the distribution of temperature, and heat
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generation. The study also epitomized important numeri-
cal issues such as different modelling techniques, particle
tracking, and challenges in computational analysis. The
main methods, techniques, and approaches are reviewed
in a brief study. Critical challenges and issues regarding
the numerical study of friction stir processing remain to
be solved, and opportunities for future research prospects
are addressed.

The insights provided by the current study can have
practical applications, primarily in industries including
aerospace, automotive, marine, and energy. In the aero-
space industry, FSP is used to improve the fatigue life of
aircraft structures, reduce weight, and improve damage
tolerance. Practical testing of FSP in the marine, nuclear,
and aerospace industries is difficult due to the complex
geometry of FSP and the 3-D features of the structures
being tested. However, by choosing appropriate numerical
techniques and assigning material properties, conditions,
and constraints from the current study, researchers can
gain insights into the behavior of FSP in these industries.
In the automotive industry, FSW/P joins dissimilar materi-
als, repairs damaged components and improve mechanical
properties. The marine industry employs FSP to join and
repair marine structures such as ship hulls and propel-
lers, while the energy industry uses FSP to fabricate and
repair components used in nuclear, oil, and gas industries.
The study’s insights can help in designing optimized FSP
processes for different materials used in these industries,
leading to improved durability, reduced weight, improved
structural integrity, enhanced fuel efficiency, and reduced
maintenance costs.

2 Different modelling techniques in FSP

Several approaches may be employed to imitate the dif-
ferent output results, such as temperature distribution and
heat generation [26], material flow [27], 3-D plastic flow
[28], coupled thermo-mechanical analysis [29], particle
tracking [30], prediction of defects [31], heat transfer phe-
nomenon of TIG processed sample with post-processed
FSP [32], etc., to analyze the factual FSP/FSW process,
including FEM and FDM. The temporal level investigates
the influence of processing parameters, contact mecha-
nisms/type (coefficient of friction), and thermal action in
a specific zone; while performing a spatial level, it analy-
sis the distortion, associated residual stresses, and overall
structural temperature. The primary and derived numeri-
cal methods were proposed to investigate the behavior of
the process at different spatial and temporal degrees, viz.,
Lagrangian, Eulerian and Arbitrary Lagrangian—Eulerian
(ALE), CEL and SPH, respectively.

@ Springer

2.1 Primary numerical approaches
2.1.1 Lagrangian method

In Lagrangian groups, nodes and elements could distort
and migrate in response to material deformation [33]. The
Lagrangian approach is only employed for demonstrating
thermal behavior across the entire texture and for minor
mesh distortion issues, for instance, problems associated
with invariable conditions. Element boundaries continue to
coincide with boundary and material interfaces in Lagran-
gian meshes. Since governing equations are always assessed
at the same material points, their computation is uncompli-
cated since the material points and the points at which out-
comes are computed get coincides. A Lagrangian analysis
is thus perfect for processes or solid mechanics with little
deformation [34]. Owing to the high-level deformation of
material during the FSP, the simulation suffers from sig-
nificant mesh distortion where the traditional FEM-based
Lagrangian technique cannot sustain it. A finite element
simulation model was developed with coupled heat transfer
model using DEFORM 3D based on Lagrangian formula-
tion. To solve discrete governing equations and determine
field variables, the conjugate gradient solver and the direct
iteration approach were used. The modelling and simulation
of friction stir tools with analytical models calculated the
magnitude of forces operating on the tool [35]. With non-
symmetric behavior and modified Lagrangian formulation,
the friction contact produced between the tool shoulder and
the base material has a friction co-efficient of 0.42. The tool
shoulder and pin tip of the taper pin attained the most force
during the plunging phase, while the pin side attributed the
most force during the travelling phase.

For the processing of steels, a 3D Lagrangian implicit,
coupled, a rigid visco-plastic continuum-based model was
presented [36]. At different process variables, the model may
be utilized to forecast temperature, strain, and strain rate dis-
tribution, along with thermal and mechanical stresses on the
tool. A 3D Lagrangian implicit, coupled, rigid-viscoplastic,
continuum-based FE model for the FSW process was put out
[37]. To explore the distribution of temperature and strain in
the heat HAZ and the SZ, the model was calibrated by com-
paring the output with actual data of force and temperature
distribution. The non-symmetrical character of the FSW pro-
cess and the correlations between tool forces and parameter
change were appropriately predicted by the model. The FE
approach based on a complete Lagrangian formulation was
used to numerically investigate the evolution of ductile dam-
age in an FSW aluminium joint exposed to stress [38]. An
elastic-viscoplastic constitutive relation was used to explain
the formation and expansion of micro voids. The authors
coupled the simulation and mathematical modelling results
of the temperature, which were utilized to build a statistical



Archives of Civil and Mechanical Engineering (2023) 23:154

Page50f33 154

model [39]. These techniques help to identify and predict the
relation between the peak temperature and shoulder diam-
eter, the tool’s spinning, and linear speed.

To forecast the microstructure, the established model
based on the Lagrangian approach was further expanded.
Different pin shapes, including cylindrical [40] and square
[41] pins, were employed to predict the formed microstruc-
ture during FSW/P using cellular automata. The growth of
grain size was calculated using a less complex technique
based on the Zener—-Hollomon parameter [30].

2.1.2 Eulerian method

The nodes and elements remain steady in the Eulerian
approach, allowing the material to transit throughout the
domain [42]; the Eulerian formulations, on the other hand,
are far better at dealing with material flow and are rarely
used for modelling thermal behavior. This method’s primary
shortcoming is its difficulties in modelling free boundary
surfaces because the boundary nodes may not coincide with
the element nodes. As a result, it can only be applied when
the deformed surface’s boundaries are known in advance
[43]. According to the researchers, it was rarely employed
for specific thermal problems, unlike the Lagrangian tech-
nique, since it has a fixed mesh and allows the material to
flow within boundaries. Bastier et al. [44] explained the use
of Eulerian for hydrodynamic modelling and, with coupled
approaches, can be extended to thermo-mechanical analy-
sis. As a result, the Eulerian setup was frequently utilized
in processes like fluid mechanics issues where the material
moves through the grid. Additionally, the Eulerian formula-
tion’s application space is constrained since it necessitates a
correct description of the convection term, material charac-
teristics, and component shape [45]. In the FSW/P process,
the Eulerian framework was mostly used by researchers with
interlinked formalism. Cho et al. [46] initially used 2D Eule-
rian FEM for the texture evolution in stainless steel. Later
they employed modified Petrov—Galerkin to the Eulerian
Formulation technique for strain hardening modelling cou-
pled with the visco-plastic flow and heat transfer in 3-D [47].
Under steady-state conditions, the Eulerian FVM approach
was used by Cho et al. [48]. However, neither the transient
temperature nor the impact of temperature on viscosity was
considered in the model. As a result, it was revealed that
there was a significant discrepancy between the numerical
model’s predictions and those of the temperature trials.
Feulvarch et al. [49] proposed modified mesh composi-
tion Eulerian technique for moving mesh. They split the
mesh into two sub-parts: fixed around SZ and the base work-
piece material as a second that moves with a solid circular
motion with tool velocity. As a result, there were no mesh
distortions, and the Eulerian formalism resulted in a satis-
fying computing time. Parallelly, a steady-state model was

developed and split the simulation into two phases [44]. The
pin motion was modelled in the first stage using the Eule-
rian formulation and re-meshing approach. In the latter, a
steady-state approach was utilized to predict the residual
stress based on an elasto visco-plastic constitutive equation.
Recently, the Eulerian domain was employed to investigate
the effect of tool tilt angle on thermo-mechanical behavior
[50]. Symmetric temperature history was observed without
a tilt angle; however, with a tilt angle, the T, point shifts to
the rear side of the tool, indicating good material bonding.
Table 1 shows the Lagrangian and Eulerian techniques used
by various researchers.

2.2 Derived numerical approaches
2.2.1 Arbitrary Lagrangian—Eulerian method

Both the Eulerian and Lagrangian approaches have upsides
and downsides. The most viable technique for modelling
big plastic deformation problems is to combine Lagrangian
and Eulerian methods [51]. To preserve the good quality
mesh with high strain rates near the FSP tool, ALE is used
throughout the computation. ALE formulation in which the
nodes can be programmed to move arbitrarily. The nodes
on the boundaries are moved on the boundaries themselves,
while the interior nodes are moved to minimize mesh defor-
mation [52]. In comparison to the Lagrangian technique,
the flexibility of moving mesh enables bigger indefinite dis-
tortions to be managed. Nevertheless, mesh motions have
certain limits, making it challenging to manage extremely
massive deformation. The difference can be clearly observed
in Fig. 2.
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To study the impact of shoulder size on material defor-
mations and the process temperature, three distinct sizes of
the shoulder were employed to examine the temperature and
equivalent plastic rate [53]. It was cleared from the model-
ling that; the maximum temperature is proportional to the
size of the shoulder. The Power (P) required in kW for the
process is the direct function of SD in mm and is given by

Eq. (2).
P =0.0156D* — 0.3483D + 3.215. 2)

Their study notes that as the shoulder diameter rises, the
temperature and material deformation in the SZ increases.
Using quadratic polynomial approximation, the relation

between the SD (mm) and maximum temperature (7, in
°C) can be expressed as
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Fig.2 The difference in the Lagrangian, Eulerian and ALE methods
[51]

T, = —0.4437D% + 24 875D + 28.9 3)

Moreover, as the shoulder size increases, there is a sig-
nificant refinement of grain size and homogeneity according
to the recrystallization formula [54],

D, = C &' &Dlexp <_R_QT>’ %)
where D, is the average grain size because of dynamic
recrystallization. € is the equivalent plastic strain and & the
strain rate. Q is the activation energy, R is the gas constant,
and T is the temperature. D, represents the initial grain size.
C, k, j, and h are constants, and k, j, and & are usually nega-
tive constants.

Researchers extended the application of ALE with tracer
particles to evaluate the material modelling and transition
[68]. In the stirring zone, a sliding mesh that rotates together
with the pin (ALE formulation) may be employed to prevent
very significant mesh distortions while keeping the remain-
der of the sheet’s mesh stationary (Eulerian formulation)
[69]. The material movement generated by the threaded
tool pin was captured using a dynamic mesh technique that
included both Lagrangian and Eulerian formulations. The
developed 3D transient model tracks a threaded pin’s trans-
lational and rotational motion [70]. The threads have only
a little influence on the heat distribution in areas far from
the tool pin. The fact is that current fluid-flow-based models
ignore the material’s elastic deformation when compressed.

This may cause considerable differences between
expected and simulated values. Although thermo-mechanical

@ Springer

models are well developed and employ advanced formula-
tions, they cannot predict stress or monitor particle abun-
dance throughout multiple segments. Fashami et al. [31] also
used ALE with automatic re-meshing to process the AZ91
and predicted defects, thermal distribution, and peak temper-
atures. The Johnson—Cook model (JC) has been extensively
employed for FSW/FSP because it accounts for tempera-
ture, strain, and strain rate and is shown in Eq. (1). With the
help of this linked ALE and material model, they obtained
the defect-free range of optimal process parameters. The
rapid processing speed resulted in flaws such as tunnels and
channels. In contrast, the minimal processing speed condi-
tions generated high heat and caused defects such as flashes.
However, the authors have not predicted the effect of low
and high heat-induced defects on material flow. As a result,
several researchers concluded that maintaining control over
the TRS and TTS is essential for producing defect-free, more
refined grains with higher mechanical characteristics at the
end of the FSP.

The same modelling techniques were utilized for the
multi-pass FSP to prevent mesh distortion during the sub-
sequent passes with 50% overlapping. The results showed
significant improvements in microhardness, tensile strength,
and creep resistance, with a 3D model developed to simulate
the process and study the temperature and residual stress
fields [71]. Agha et al. conducted a multipass study on AZ91
light magnesium alloy using ABAQUS/Explicit to simu-
late FSP. The model incorporates Johnson-Cook models to
define material behavior and a technique to prevent damage
during processing, providing insights into the effect of pro-
cess parameters on thermal evolution and stress distribution
[72]. It was observed that the material behavior significantly
affects the results of a developed simulation model.

The 2D and 3D simulation model was formulated based
on the ALE technique using ANSYS/Fluent for 2017 AA.
The material flow was not symmetric around the processing
line, according to the 2D simulation. With the wider scope
of ALE, the authors used a 3D simulation with the complete
tool geometry and revealed the unique feature that the mate-
rial flows around the pin and exhibits a centrifugal form. The
material stirred on the advancing side rotates around the
tool many times. In the thickness direction, the up-and-down
movement of the material was also noticed [73]. At elevated
temperatures, numerical analysis of cladding of similar alu-
minium alloys developed by ALE remeshing. However, the
remeshing in future must be excluded to save computational
time without compromising the accuracy of the model.

2.2.2 Coupled Eulerian-Lagrangian method
For commercial processes, the CEL model will be a power-

ful numerical weapon for simulating complicated thermo-
mechanical processes and optimizing FSP process variables.
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The CEL approach is an additional effort to combine the
benefits of the Eulerian and Lagrangian methods. This tech-
nique is applied to fluid—structure interaction analysis (FSI)
that involves significant deformation. In this procedure, the
moving or solid structure is discretized using a Lagrangian
frame, while the fluid domain is discretized using an Eule-
rian frame. The boundary of the Lagrangian domain is used
as a guide for representing various domains. The velocity of
the Lagrangian boundary serves as a kinematic constraint
in the Eulerian calculation, defining the contact interface
between the two components [74].

Vaira et al. [39] analyzed the impact of TRS and TTS on
AZ91 magnesium alloy and validated a numerical model for
the experimental results obtained from the literature. The
highest 7, value of 916.84 K was obtained for a maximum of
1300 rpm and a minimum traverse speed of 0.5 mm/s. It was
concluded that the 7}, is proportional to TRS and negatively
related to the TTS, as shown in Fig. 3, which is consistent
with the research conducted by Adetunla et al. [75]. How-
ever, the built model does not predict the consequence of
speed parameters and the temperature-dependent frictional
coefficient on the plastic strain and Tp. Later, Ansari et al.
[76] overcame the limitations and developed the numeri-
cal model using ABAQUS/Explicit based on CEL formula-
tion for plastic strain distribution and varying coefficient of
friction with respect to temperature. The developed com-
putation-efficient process captured the 7, at four different
rotational speeds with constant plunging and traverse speed
on AA5083 aluminium alloy. For varied rotational speeds,
the authors compared the measured and simulated tempera-
ture values at a site 4 mm offset from the centre axis on
the AS. Increasing friction at the tool-workpiece interface
produces more heat at higher rotational speeds. Thus, the
material softens faster, and less force is required to distort
it, with a net gain in temperature and strain rate of 18% and
48%, respectively. Increasing the coefficient of friction, a
rise in the 7}, was observed. Temperature differences in the

850
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Tool Traverse Speed (mm.min")

|
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Fig.3 Effect of TRS and TTS on peak temperature [39]

processed material are responsible for the corresponding
plastic strain of the SZ, and it decreases as it moves deeper
and further from the centre.

A blend of ALE, Eulerian, and Lagrangian descriptions
is used in many computing domains known as apropos kin-
ematic configuration. In this effective coupling method,
the stir zone is treated as an ALE, the pin is treated as a
Lagrangian formulation, and the remaining portion of
the workpiece is treated as an Eulerian formulation [77].
Applying boundary conditions is made simpler by an apro-
pos approach that allows for the effective treatment of any
given pin geometries. It enables the treatment of random
pin geometries and the practical application of boundary
conditions. A mesh movement strategy used for the domain’s
ALE portion makes coupling with the other sub-Lagrangian
and Eulerian domains easier [78]. Both frictional heating
and viscous dissipation of heat were taken into account. The
simulation’s outcomes utilizing the suggested model were
contrasted with the experimental data. Analysis was done on
the impact of the slide and stick condition on non-circular
pin shapes.

2.2.3 Smoothed particle hydrodynamics method

Gingold, Monaghan, and Lucy developed the SPH approach
in 1977 to tackle problems in astrophysics [79], binary stars
and stellar collisions, gas dynamics, and motion near black
holes [80]. It is currently used in ballistics, volcanoes,
seas [81], for multiphase flows [82] and later in various
applications with random shaped boundaries [83]. With
the advancement in SPH, it has become adaptable in the
field of materials and manufacturing. SPH is modelled for
mechanical analysis of brittle solids [84] and die casting
process [85]. Lagrangian SPH may model the dynamics of
interfaces, significant material deformations, and the mate-
rial’s temperature and strain histories without the need for
intricate tracking systems. Recent research has suggested a
newly smoothed particle hydrodynamics (SPH) model for
FSW [86]. Simulations in three dimensions were performed
on the AZ31 Mg alloy. Present were the temperature his-
tory and distribution, grain size, micro-hardness, and texture
progression. It was discovered that numerical findings and
experimental observations were in excellent accord. It is a
new convenient mesh-free Lagrangian technique used to
numerically identify the FSW/FSP behavior and is very well
suited to large deformations. Since the method is Lagran-
gian, tracking the history of field variables at each node is
naturally handled. The technique is particularly interesting
for monitoring the free surface during the process. It allows
for the inspection of the processed zone and defects such as
lack of penetration, voids, and incomplete welds [87]. As
a result, researchers are interested in using this technique
to track materials subjected to enormous deformations and

@ Springer
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strains. Fraser et al. [88] designed a thermo-SPH model cou-
pled with the LS-DYNA program to implement the Johnson-
Cook material model. Even though the model could forecast
temperature, stress, and defect formation, their study did not
determine the stress distribution and forces. Furthermore,
the process’s heat generation, temperature field, and stress
distribution may be accurately predicted using the SPH.
However, earlier analytical SPH research did not consider
the stress, strain, and force factors to describe the FSW/P
process effectively.

Ansari and Behnagh [89] implemented the SPH approach
to analyze the plunging phase of FSW using ABAQUS/
Explicit. The contact model for the tool and base material
was defined by Coulomb’s law of friction with a constant
coefficient of friction (COF) of 0.5. The tool axial forces
and stress-strain fields involved are predicted. The authors
concluded that the force field, stress, and strain are all raised
by increasing the tool penetration depth. Also, a direct rela-
tion was observed between the rotational speed, stress, cor-
responding plastic strain, and force. Experimental investi-
gations leading to changing parameters from 600 to 1200
rpm increased the stress and corresponding plastic strain
by around 3% and 19%, respectively, while the force was
reduced by 22%. SPH being the time-consuming technique,
the 25 X mass scaling helps in reducing CPU time. Even
though the model was created for the plunging phase of
AA6082-T651 alloy, it may be further used to investigate dif-
ferent materials and process phases. Additionally, Meyghani
et al. [90] compared the ALE and SPH methods together to

identify the effects of process factors on peak temperatures.
Both models were suited for large deformation. However,
SPH gives a thorough run of material during the process
in the form of particles as kernel interpolation. They also
employed the SPH technique for FSW on AA 6061-T6 alu-
minium alloy using ABAQUS [91]. It has been observed that
the Tp on the AS was higher than the RS. Moreover, the tem-
perature distribution below the tool was found to be uneven
due to frictional heat distribution and plasticization. Top in
the SZ was observed to imitate a quasi-steady process which
quickly subsided as the tool traversed across the weld bead.
They also found that the welding stress on the AS is higher
than that on the RS. Several papers published on different
techniques are depicted in Fig. 4. As a relatively new com-
puting technique, the SPH method requires further develop-
ment to address critical issues that currently hinder its wide-
spread adoption. SPHERIC members who have recognized
SPH Grand Challenges have taken the initiative to lead this
endeavour [92]. Figure 5 portrays the combined experimen-
tal and numerical study of various factors that leads to a
validated numerical model with appropriate strategy and for-
mulation techniques. The summary of ALE, CEL, Apropos
and SPH methods used are tabulated in Table 2.

2.3 Simulation of composites in FSP
Traditional liquid-phase processing procedures to manu-

facture mono and hybrid composites lead to the produc-
tion of brittle compounds that are unfavorable, which are
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Fig.4 Pervasiveness of the different modelling techniques for friction stir process in web of science
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destructive to the composite’s final characteristics. FSP can
be done with or without reinforcement, according to the
requirements. Various researchers employed FSP to achieve
superior material properties, and with further advancement,
it has become the most sought practice for composites manu-
facturing. FSP makes a variety of composites: surface com-
posites, where only the upper layer to a certain thickness of
the base material is altered into a composite with no change
to the base material, wherein in the case of a matrix com-
posite, the entire material is changed into the composite. As
a result, such transformation into composite demands many
resources rendering it expensive. Surface composites have
industrial applications in aircraft [93], marine, automotive
[94], and military industries [95] for biomedical implants
[96], where the material’s desirable features solely depend

on the surface. The numerical study of mono and hybrid
composites helps in reducing the high cost of nano-rein-
forcement with resources and time. To forecast the types of
defects, temperature profile, effective plastic strain, and flow
of material in the SZ of LM13/Gr, a Lagrangian incremental
model in DEFORM-3D was utilized [97].

The findings of material movements in the core towards
the AS and RS were acquired by means of point tracking,
where each point can be traced with the tool’s movement.
This technique can be used to analyze particle motion in
hybrid composites. The tunnelling cavity and the slot behind
the pin are shown in Fig. 6, mapped experimentally and
computationally. The cumulative spinning speed and trav-
erse speed being the same on AS, the SZ stretched on this
high-velocity zone (AS). Uniform and smoother diffusion
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Fig.6 a Tunnelling cavity formation at the behind of the pin and b
slot formation at advancing side behind the pin. ¢ Comparison of sim-
ulated and experimental SZ shape; Reprinted from Ref. [97]. Copy-
right 2012, Elsevier

of MWCNTs in the Polyamide 6 polymer was observed
using ALE formulation [113]. The T, appears as an unequal
field at the tool/workpiece interface. Seven discrete points
with 2 mm interspacing were marked on the surface of the
workpiece, where three points were towards the AS, one on
the centre line, with three, was towards the RS. It has been
observed that, with the increase in the centre distance, the
temperature at each discrete point decreases due to the direct
influence of effective plastic strain and gap from the tool’s
centre. The results of point tracing support the form of the
jug in cross-section in SZ. Modelling and simulation suc-
cessfully predicted the thermomechanical properties of the
Polyamide 6 with good agreement.

The impact of pin profile on the dissemination of B,C in
Al-Si alloy was predicted with threaded, circular, square,
and hexagonal pin geometries examining the material tran-
sition in the process [114]. A three-dimensional thermo-
mechanically linked FE model was used to numerically
represent the material flow induced by the threaded and
circular pins, which is the fundamental thought for parti-
cle dispersal in the metal matrix. A threaded pin provides
vertical material movement, which does not exist in other
pin profiles. Due to this reason, B,C reinforcement par-
ticles were evenly dispersed in the SZ with the threaded
pin, and the same was verified experimentally. Besides,
they investigated the FSP of A356 matrix composites for
the effect of reinforcement of TiC, SiC, B,C, and SiC on
mechanical properties, microstructure, and wear resistance
[115]. The influence of pin geometry on the dispersion
of reinforcing particles in the SZ was also studied. The
homogeneous distribution of TiC with good bonding in
the matrix observed in threaded pin profile same attrib-
uted by the simulation using DEFORM-3D. The hardness
and grain size of as-cast AZ91 magnesium alloy doped
with SiC nanoparticles was predicted by artificial neural

@ Springer

networks using stirring speed, linear speed, and region
type based on the amount of SiC particle in SZ [116]. The
parametric impact of the inputs on the outputs is deter-
mined by sensitivity analysis. Linear regression analyses
checked the adequacy of the model to calculate the cor-
relation coefficients. Sensitivity analysis of the model
outputs confirmed that the region types were the most
significant element in the grain size and hardness of the
manufactured nanocomposite. The data analysis was vali-
dated with the experiments. For the uniform distribution
of reinforcement in the matrix and increasing the width
of the SZ, an electric current was allowed to flow through
the shoulder to the workpiece [117]. Numerical simulation
was used to characterize the distribution of electric current
density and the current flow and the consistent distribution
of alumina fragments in AA5083-H111. Good bonding
to the substrate was observed subsequently. The uniform
particle distribution enhances the width and depth of rein-
forced tracks, allowing this study to diminish the number
of passes and avoid having high rotating speeds.

Table 3 shows the variety of reinforcements used by
many scholars in their simulation studies. Experimentally,
it was observed that if the mono-reinforcement proper-
ties are insufficient for a particular application, hybrid
reinforcement has been used, which gives a simultaneous
property enhancement. Several researchers tested mono
and hybrid reinforcements and concluded that hybrid rein-
forcements outperformed mono-reinforced composites in
terms of various surface properties. The experimental
optimization of process parameters is resource-intensive
and time-consuming [94], but future research can optimize
them more efficiently by considering numerical analysis.
Additionally, the effect of process parameters on reinforce-
ment volume percentage could be further investigated in
future studies. However, compared to experimentation,
very little work on simulation and modelling of mono and
hybrid reinforcement composites has been done.

Way forward

e The numerical model for mono and hybrid reinforce-
ments is yet to be studied.

e Although ALE can withstand distortion, applications
involving heavy distortion need re-meshing or adaptive
meshing techniques to counter the problem.

e Combined Eulerian—Lagrangian (CEL) get premature
termination of computation and may influence the
results.

e Advanced SPH framework must be explored for mate-
rial movement and particle tracking.

e SPHriction-3D with GPU configuration must be inves-
tigated to dominate the computational time with sim-
pler SPH techniques.
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Table 3 Different reinforcement materials used in numerical research

Approach/findings

Material revolution around the threaded pin, a vertical material motion was
observed

Vertical motion discontinued the transverse bands formed in the cylindrical

pin profile

TiC achieved an increase in hardness due to excellent bonding

Studied difterent pin profile effects of the distribution of B,C

Compared to square, hexagonal, and cylindrical, particle distribution was

almost uniform in threaded pin profiles

Lagrangian incremental FEM

Material flow & SZ shape was successfully predicted
Powder agglomeration and tunnel defects were observed at AS
Microstructure and temperature rise matched experimental data well

Reference Base material Reinforcement
Shojaeefard et al. [115] A356 Zr0,, B,C, TiC and SiC
Shojaeefard et al. [114] A356 B,C

Tutunchilar et al. [97] LM13 Gr

Zinati et al. [113] Polyamide 6 MWCNT

Arbitrary Lagrangian—Eulerian (ALE)

The flow of materials and plastic strain
T, is observed at the shoulder/workpiece interface, and temperature distri-

bution is asymmetric at the surface

3 Pre-requisite for finite element modelling
of FSP

3.1 Material properties

Material information, properties, and their constitutive
laws are the crucial elements of modelling and simulation
to decide the accuracy and authenticity of the real-time pro-
cess. During the FSW/P, the operating temperature varies
from the ambient to the liquidus temperature of material
as it is the elevated temperature deformation. Due to the
distinct temperature zones in the FSP process, temperature-
dependent material input data must be chosen to obtain a
precise numerical model, and the same was endorsed by
various researchers. It was estimated that during the FSW/P
process, the higher range of temperatures and heavy plas-
tics deformation with large strain ranging from 6 to 80,
moderate to 5-100 s~ high strain rate [34]. The constant
temperature material data were often restricted to lower
temperatures and plastic deformations [118]. Moreover, it
was recognized that one of the most important input fac-
tors is the elastic modulus since a precise characterization
of it can resolve the mesh distribution issue. It should have
been highlighted that correct consideration must be given to
other temperature-dependent factors such as thermal con-
ductivity, thermal expansion, specific heat, density, yield,
and tensile strengths [119]. Depending on the type of analy-
sis, required and problem-dependent material properties are
highlighted in Table 4. Materials friction coefficient also
plays an important role in determining the accuracy of the
numerical model. Localized softening lowers friction and
the rate of heat production when the workpiece heats up.
By changing the coefficient of friction, some researchers
have taken this impact into consideration. However, there

is no simple way to calculate the coefficient of friction or to
determine how it varies with temperature or relative speed
[120]. Frictional forces are shown to be responsible for 86%
of the heat produced. Due to the fluctuation in temperature,
strain rate, and stress, calculating the friction factor is a dif-
ficult task [121]. Because of the material’s softening, which
results in less solid roughness for the neighbouring material,
it was believed that the friction coefficient would decrease as
process temperature increased and thus influence the accu-
racy of temperature profiles [122].

Kuykendall et al. [123] investigated the effect of consti-
tutive law on FSW model prediction and provided a guide
for law. The authors put on hold the parameters and varied
different laws and observed an up in temperature of 21%.
Material laws are developed to be applicable to several
physical scenarios, including isotropic elasticity, isotropic
elastoplastic, composite and anisotropic, viscous, hydro-
dynamic, explosives, etc. JC material law is the most used
model for characterizing the strain, strain rate, flow stress,
and temperature history of the material. Depending on the
type of analysis and application, the respective material must
be chosen from the database of the FEA tools.

3.2 Finite element software packages

The choice of the finite element software package is a cru-
cial step in the numerical modelling of the FSP. During the
modelling of FSP, there are the certain aspect to keep in
advance before selecting the FEA tool. ABAQUS, FLU-
ENT, ANSYS, DEFORM 3D, and COMSOL-Multiphysics
are some programs that are often used for modelling the
FSP process [124]. Various commercially available finite
element software packages have been briefly summarized in
Table 5, along with information on how they may be used to

@ Springer
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Table 4 FEA material properties (Q-required and 7)-problem dependent)

Structural Analysis Thermal Analysis Coupled Structural-Thermal
Analysis

Properties Static Dynamic Fatigue Static Dynamic

Elastic Modulus 0 o 0
Poisson’s Ratio 0 o 0
Mass Density s} o o o
Thermal Expansion Coefficient o) o} o
Thermal Conductivity o o o
Specific Heat o o
Stress Strain Curve D o) o
Fatigue Life Curves o
Tensile Strength o o o o o

perform FSP, including their individual potential with cer-
tain aspects. ABAQUS, ANSYS and DEFORM 3D are the
industry standard for modelling mechanical characteristics,
deformations, heat transfers, and temperature distributions.
It was noted that FLUENT displays more precise accom-
plishments while modelling material flow and fluid dynam-
ics [125]; however, the accuracy may differ from model
to model. Therefore, a sophisticated FEA tool is required
to construct an accurate and exact numerical model with
complex structures and interactions. ALTAIR offers a wide
variety of material data, property inputs and user flexibility
to produce a high-precision numerical model in the FSW/P
than others [126]. The limitation of computational time can
be evaded by the hardware setting of GPU [127].

3.3 Type and size of the mesh

The fundamental tenet of FEA, which guides meshing,
is to do calculations at a limited level of points and then
extrapolate the outcomes over the whole domain of surface
or volume. It is simply impossible to resolve the issue in
this fashion since each continuous object has an endless
number of degrees of freedom. The Finite Element Method
uses nodes and elements to discretize or mesh to decrease
the degrees of freedom from unlimited to finite. The mesh
type and size have a significant impact on how accurate
the simulated model is [128]. Based on the required accu-
racy and accessible computational resources, the type and
number of elements are selected. One-dimensional: line
or beam, two-dimensional: triangular or quadrilateral, or

@ Springer

three-dimensional: tetrahedral or brick components can be
selected depending on the modelling approach. Since the
model for FSP is three-dimensional in nature, the quadri-
lateral or brick-type element shape is the most appropriate.

When results are post-processed, a coarser meshing
decreases accuracy while a finer meshing increases process-
ing costs. So, to ensure minimal results fluctuation and a rea-
sonable model processing time, a balance between coarser
and finer mesh must be reached. To do this, mesh conver-
gence analysis must be performed to establish the optimal
meshing size. For instance, a high level of modelling accu-
racy was attained when the FSW process was numerically
and experimentally simulated with an element size of 0.3
mm [129]. Additionally, Kim et al. [130] chose an average
mesh size of 0.1 mm close to the stir zone. It should be noted
that the authors compared the results to the results of the
experiments, and there was a good agreement.

The element size of 4 mm was employed distant from the
welding seam to reduce time, whereas the size of 0.8 mm
was used close to the heat-affected zone [131]. The mesh
size was adjusted from 2.5 to 20 mm to examine the temper-
ature distribution. When compared to the criteria outlined in
the research, experimental measurements taken throughout
the welding process demonstrated that the model’s accuracy
was adequate [132].

To conclude the overall mesh refinement research, FEA
engineer should always opt for mesh size based on the
intended output results because it alters according to the
mesh sizing. To achieve a decent result with acceptable com-
putational time, researchers should use mesh size of Imm
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Table 5 (continued)

(5

COMSOL-multiphysics
Users can get high work-

ALTAIR DEFORM-3D
More inputs are required. Numerous processes are

Offers APDL customiza-

ANSYS

Good accuracy and less

FLUENT

Fine control in a process

ABAQUS

Aspects
Flexibility

Springer

ability with modification
in the solver interface

Longer simulation time  carried out automati-

tion and solution for
large-scale complex

models

computational time for

flow with tweaks

cally. Powerful post-

with high-end accuracy

less moving reference
frames; solver gets

required in solver func-

tioning

processors are used to

assess the outcomes of
simulations. Display

complicated for more
domains and higher

frames

results graphically and
can extract numerical

data

or 0.8 mm since the tool torque and temperature are mostly
not depended on the mesh sizing. On the other hand, if a
researcher intends to study the material flow/velocity and
axial force on top of tool torque and temperature, then opting
for mesh size of 0.6 mm is recommended.

Way forward

e There is still no indication that investigators are employ-
ing the mesh free-SPH method to simulate FSP numeri-
cally.

e To obtain macro to nano-level in numerical analysis of
FSP and to achieve the high-end accuracy, application of
ALTAIR is still scant.

Frictional contacts and interactions being the prominent
feature of FSP, minimal studies were observed on the tem-
perature dependent material properties with varying COF.

4 Thermal analysis of FSP

The heat produced by the FSP is mostly caused by plastic
deformation and edge friction. To acquire knowledge on
the temperature distribution during the FSP in light of the
evident significant plastic deformation put to be difficult by
the tool’s rotation and translation action. The process’s tran-
sient temperature field, maximum temperatures, active stress
forces, and maybe even residual stress can all be predicted
using thermomechanical modelling [133]. The physical con-
nections between kinematics, heat transfer, high deforma-
tions, and strain rates in the treated zone surrounding the pin
make modelling the FSP process just as difficult as simulat-
ing the FSW process. The material is significantly softened
as a consequence of the enormous amount of heat that is
produced in the FSP to boost the material’s temperature.
Rapid material flow and severe interfacial friction-induced
plastic deformation are made possible by the material’s ther-
mal softening. Figure 7 depicts the coupling between the
thermal and mechanical processes in FSP. The manner that
heat is generated and, therefore, the temperature field are
both impacted by the plastic flow of the material and the
temperature change because of the close link between tem-
perature and flow stress. The material softens due to the fric-
tional heat created by relative motion at the tool-workpiece
contact. As a result, the heat source is regarded as the work-
piece surface that encountered the tool, and it comprises the
shoulder bottom (Q1), pin side (Q2), and pin bottom (Q3)
surface, as shown in Fig. 8.

Orotal = (I = @)QOjiding + *Osiicking- 5)
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Fig.7 Linkages between thermal and mechanical processes in FSP
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Fig.8 Heat generation at different areas of FSP tool

The cumulative heat is given by Eq. (5), where « is the
slip rate (dimensionless quantity), also known as the con-
tact state parameter. The value of « varies when the fric-
tion mechanism at the contact surface changes. The range
of ais in between 0 < a < 1, related to sliding when a =0,
sticking when @ = 1 and partial sliding/sticking when 0 <
a < 1 [134]. In another sense, when a = 0, the only source
of heat is friction. When a = 1, material plastic deforma-
tion generates all heat. The significance of a is presented
in Table 6. A three-dimensional thermal-assisted mechani-
cal model was developed to understand the influence of
speed ratio (TRS:TTS) on thermal distribution [31]. It was

Table 6 Significance of slip rate variable

Slip rate — Range Values Heat generated
Conditions |

Sliding 0-1 0 Frictional

Sticking 0-1 1 Plastic deformation

noticed that with the rise in the TRS from 700 to 2000
rpm, Tp increased and reached 632 °C, as shown in Fig. 9.

The combination of TTS of 20 mm/min with 700 rpm
and 2000 rpm produces adequate heat to cause the material
flow, whereas, for more than 20 mm/min, the heat generated
by deformations and contacts interaction was insufficient
to allow for adequate material flow and complete material
merging behind the tool. In addition, simulations on Al-12%
Si Alloy disclosed the effect of TRS on temperature profiles
[105]. Observations reveal that higher temperatures are pro-
duced in the vicinity of the tool-workpiece as the rotational
speed was increased, and it is consistent with the findings of
Kishta et al. [135], suggesting that due to the increase in the
rotational speed, the strain rate, and plastic dissipation in the
SZ increases, causing the workpiece to heat up more. Less
heat is generated below the sheet, and more heat is dissipated
to the backing plate. Thus, the elevated temperatures are all

@ Springer
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TEMP
(Avg: 75%)

Traverse speed = 20 mm/min
Rotational speed = 700 rpm
Peak temperature = 503 °C

TEMp
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Fig.9 T, predicted at several process parameters for AZ91 [31]
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the time found just below the tool shoulder and gradually
decrease in the thickness direction. However, the models
only reported the influence of process parameters on tem-
perature and heat generated; the author did not account for
the temperature and strain rate relation.

Post-process qualities of the material are studied with
thermal distribution and strain rate as they were intensely
affected due to the multipass [71]. A higher value of tem-
peratures was observed at the interface of shoulder-magne-
sium plates and behind the pin following complete contact
between the shoulder workpiece. Moreover, the temperature
on AS was observed to be 24 °C higher than the RS due to
the superior plastic deformation. As the stirring and travel-
ling speeds are in the same direction, the cumulative effect
stretches the SZ with a high strain rate towards the AS. A
computational model was developed to predict the T, of
AZ91 alloy during the FSP [39]. According to the central
composite design, TTS, TRS, and shoulder diameter were
modified at five levels. Non-uniform boundary conditions
for the upper side of the workpiece that undergoes FSP were
defined because the temperature varies with time and pro-
cess parameters. The friction factor, the interface area with
the rotating speed, and tool shoulder pressure all contribute
to frictional energy [136]. The temperature-dependent fric-
tional factor has little effect on the processing temperature;
therefore, the authors considered a constant frictional factor
of 0.4 for the numerical analysis. Temperature distribution
acquired on the surface and cross-section of the workpiece is
presented in Fig. 10. The authors noticed that the non-sym-
metric distribution of temperature over the tool and elevated
temperatures was towards the tool’s tail. 7}, of 387 °C and
452 °C at 5 mm away from the tool’s centerline towards AS
and on the rear side, respectively, was observed. Also, the

Temperature (C)

Edl
] |

(c)

Fig. 10 Temperature profiles at SZ; a and b at the surface, and c at cross section; Reprinted from Ref. [136]. Copyright 2011, Elsevier
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366 °C at a depth of 2 mm from the top and 5 mm from the
centre. The figure shows the modelling and experimental
temperature profiles obtained at 7.5 mm from the processing
centre and is very consistent.

Thermo-mechanical outcomes of FSPed AZ31 alloy
showed that rotating speed had a more significant impact
on the thermal and strain rate than the translational velocity
[137]. The analysis also reveals that the deformed material
flow around the tool’s centre resulted in a larger 7}, and strain
rate on the AS, whereas the material along the pin’s path was
wiped across the RS. CFD modelling was also utilized to
tackle heat transport problems while considering the prob-
ability of liquid-phase production responding to the material
to extreme heat in the processing. The temperature in the SZ
rises as the rotating speed rises and falls slightly when the
translational rate increases. Lowering the rotating speed, the
temperature gradient increases substantially when the liquid
phase occurs, and the highest temperature stagnates below
the liquidus at high rotational speeds.

Excessive heat may be generated during the FSP of
AZ31, resulting in aberrant grain development in the pro-
cessed material [138]. On the other hand, repetitive high-
temperature heating cycles can shorten the life of the FSP
tool. The authors employed a 3D CFD model to examine the
temperature effects of an internally cooled FSP tool. Report-
edly, the highest temperature in the SZ was reduced by 75 K
compared to the traditional tool, while the mean temperature
of the tool body was reduced by approximately 200 K, which
is expected to improve tool life.

Furthermore, when cooling is provided, the softness in
the SZ and HAZ is lowered. Extending this study, in-process
cooling during the FSP through the backing plate is provided
and studied the effect on temperature fields using CFD anal-
ysis [139]. The width of HAZ was reduced by lowering the
temperature values around the SZ through the channel geom-
etry with a more extensive area inside the backing plate,
which could help in lower grain growth and heat cycles
after the process. Moreover, utilizing the low boiling point
cryogenic fluids, such as liquid Nitrogen, at a high flow rate
lowered the temperature by about 80 K under the pin zone,
which helps to produce very fine grains. Cooling from the
backing plate has only a modest influence on the shoulder
interface heat, which is vital to simulate cooling strategies
from the top surface to provide efficient cooling alterna-
tives that envelop the entire sheet area. The temperature was
reduced by roughly 80 K using liquid nitrogen instead of
water and by around 20 K and 60 K by employing propylene
and liquid argon, respectively. As manufacturing industries
are progressing, innovative technologies like the additive
FSP (AFSP) provide a novel approach to additive manufac-
turing. The filler or padding material can be dumped level by
level on the substrate during this process, influenced by heat
and deformation caused by friction between the filler rod

and the substrate. A numerical simulation model [109] was
created for perhaps the first film deposition using the SPH
approach and applied LS-DYNA commercial tool to better
understand the intricate physics of this advanced process.
Their investigation unveiled the temperature distribution
at different phases during the additive FSP on AA6061-T6
alloy. The entire HAZ was shaped like a bowl, and most
of the heat was generated between the filler rod’s contact
surface and the substrate, then conveyed with the filler rod’s
movement owing to friction and plastic deformation. Due
to the presence of material softening and pushing force by
the filler rod, the maximum temperature reached 458.3 °C,
which was ~ 79% of the melting point, at the circumferential
contact surface of the filler and substrate.

On using two sets of process parameters, one with con-
stant TTS and varying TRS and the other set with constant
TRS and varying TTS, temperature distribution and heat
generation were analyzed [140] using a 3D transient non-
linear model using ANSYS 11.0. In set 1, increasing TRS
to 1000 rpm, the temperature rose to 683 °C because of
the SZ’s increased strain rate and plastic dissipation. How-
ever, in the laOter set, higher TTS lowers the temperature
as it allows for reduced processing time. Subsequently, the
base material will have less chance to adhere to the mate-
rial at high temperatures. Heat generation is substantially
influenced by rotational and transverse speeds, where the
T, and heating rate are the strong functions of rotating and
transverse speed, respectively. Thermal modelling helped
to capture the temperature close to the tool’s shoulder, and
the difference is less than 15 °C compared to the experimen-
tal. Temperature changes were found to have a substantial
impact on grain size. Al-Si alloy with Graphite was pro-
duced using FSP simulated with DEFORM 3D [97]. The
temperature distribution obtained by simulation was com-
pared with the experimental findings to validate the cor-
rectness of the simulation. Both simulated and experimental
data were reported at 9 mm out from the processing centre
on the AS and at 2 mm just below the top surface. Despite
the numerical temperature values being somewhat higher
(19 °C) than the experimental readings, the simulation
results are reasonable and acceptable, following the actual
data. To create repeatable, high-quality FSPed materials, a
proper selection of processing parameters is required. These
onerous objectives drive a numerical-experimental method
to optimize processing parameters such as speed ratio and
plunge depth to achieve effective grain refinement and uni-
form dispersion. Careful process parameter selection can
guarantee that the processed zone receives enough heat to
maintain acceptable material plasticity, but not so much
that grain refinement is compromised. The relevance of the
frictional coefficient in forecasting the temperature field in
FSW/FSP is negligible for the slight changes in the frictional
coefficient, even though the detailed numerical model with
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temperature dependent frictional coefficient is needed. It
should be emphasized that FSP is being investigated pri-
marily as a way of causing extreme plastic deformation to
homogenize and refine the material’s microstructure without
any inherent defects. The temperature and heat generation
during the reinforcement is also of equal important to under-
stand the thermo-mechanical behavior of nanoparticles and
its consequence on matrix during the production of surface
composites. However, research is still in progress for data
in temperature fields, material flow and defects occurring
due to reinforcement at various process parameters and their
combinations for affective modelling and simulation of sur-
face composites.

Way forward

e Temperature and heat generation with and without any
reinforcement must be studied in future to compare their
thermo-mechanical behavior.

e Researchers have analyzed various defects during the
FSP; however, the relation between the temperature,
strain, and strain rate with a type of defect is still in pro-
gress.

e The effect of temperature-dependent COF on MMCs
must be explored to understand its effects on material
softening.

5 Material flow modelling

A lot of research has been conducted to simulate the materi-
als flow during FSW in addition to experimental methods
utilizing various computer codes, basic geometrical mod-
els, metalworking models, boundary layer flow phenomenon
[141] and mathematical modelling tools [142]. These efforts
were made to comprehend the fundamental physics of the
material flow that takes place during friction stir technology.
Heat generation results from plastic deformation, and fric-
tion plays a crucial role in the material flow during FSW/
FSP by regulating flow stress.

It is not sufficient to rely solely on visual inspection of
defects without interpreting the material flow, as this only
provides information about surface defects [143]. Therefore,
numerical modelling can provide a more in-depth analysis.
Memon et al. [144] studied the effects of PD during FSW
of an Al-Mg-Si alloy T-joint were investigated using CFD
simulation, and macrostructure visualization was used for
joint evaluation. The study demonstrated that PD signifi-
cantly affects material flow and defect formation in the joint.
A recent study used the CEL formulation to investigate
welding defect formation in AZ61 magnesium alloy using
FSW. The 3D finite element model was validated with exper-
imental results and utilized the modified Coulomb's friction
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law and temperature-dependent friction coefficient values to
accurately predict weld defect formation and seam geometry
[145]. These findings could be relevant to the development
of numerical modelling techniques in FSP.

Material movement is a prime aspect of the FSP because
it impacts the efficacy of the treated material. The plasti-
cized material is delivered behind the tool on the RS, where
most of the material movement occurs. The material flow
around the tool is highly convoluted, and it is affected by
the tool shape, several process factors, and the material to be
processed itself. Understanding the material flow character-
istics is crucial for the best tool design and process param-
eter combinations. Several numerical models of FSP have
been built and discussed in this section to compute material
movement. Thermo-mechanical modelling of FSP on AZ91
discovered that large material displacement, effective stain,
and T, can be obtained using conical pins by Hassanamraji
et al. [146]. Pin structure affects the material flow severely in
terms of pattern. A cylindrical pin causes particles to accu-
mulate on the top surface towards AS. In conical, vortex
flow downward avoids the accumulation of particles at the
AS, contributing to the uniform distribution of particles.
Larger displacements of material in conical would evolve a
rise in the temperature compared to the cylindrical pin. To
better understand the physics of material flow during FSP of
magnesium alloy, Asadi et al. [136] used the point tracking
method in DEFORM 3D. Points or nodes were located and
tracked on AS and RS with the tool movement. The tool
pin’s purpose is to rotate the front material to the back and
fill the void left behind during the transverse movement.
Thus, nodes located on the AS adhered to the tool pin and
moved towards the RS. Some particles from the AS entered
the SZ and were stretched towards the AS. However, in the
array of points, the upper few points experienced high dis-
placement, and hence the points away from the shoulder may
belong to the zone other than SZ (say TMAZ). In contrast
to AS, points in the retreating site moved backwards and
did not rotate with a pin. This was in line with the reported
study by Zhang and Zhang [147] for the FSW. Although a
large amount of strain is employed with RS, the authors did
not observe the sign of mixing in the SZ and are supposed to
belong to TMAZ. Due to the rapid plastic deformation and
high cumulative output velocities with advancing movement,
material shearing is typically moved more on the AS. In the
same way, the point-tracking approach was utilized to simu-
late material flow for two different pin shapes: cylindrical
and conical [146]. Using the tracking method, the authors
predicted whether the material around the tool was symmet-
ric or not. Due to the varying feed rates and speeds of the
components on each side of the tool in AS compared to RS,
the materials are exposed to increased displacement. If TRS
and TTS are in the same direction, the output speeds are
calculated by adding them. However, the output of speeds
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may be calculated if their directions are reversed or opposite
from one another by deducting the velocity component. This
information demonstrates that the material particles on the
RS are susceptible to two opposing flows, which increases
material flow friction.

On the other hand, the material points on the AS travel
were more smooth than the RS. As a result, the AS mate-
rial was subjected to a prolonged flow regime and larger
displacements. Similarly, using 3D transient Computational
Fluid Dynamics (CFD), massless particles were implanted
in the simulation domain of magnesium alloy to trace the
detailed history of threaded pin material flow [70]. The
authors observed three distinct flow zones in the model:
the shoulder affected zone where the material was swirled
strongly left to right around the tool shoulder and slightly
forced descending in the typical route. The next zone is on
the plate’s bottom surface and on the RS, where the material
was expelled for approximately half rotation (180°) in the
vicinity of the pin. In the third zone, near the bottom surface
of the plate as well as on the AS, the material was caught in
stirring and rising flow pitch generated by the helical thread.
Thus, the material can have a distinct thermomechanical
history during FSP, reliant on its location. When the tool
passes across the predefined set of points, the point-tracking
approach helps get insight into the material movement [113].
The authors positioned 12 nodes at 0.5 mm increments at
various depths from the top to bottom surface. Since the tool
shoulder, coupled with the pin, accelerates material flow
at the top surface, the first six points are turned towards
the retreating zone with a bigger diameter than the tool-pin
diameter, making the SZ wider cross-section on the top sur-
face. The next four intermediate points rotated with a probe
with the same diameter as the pin. The extreme bottom two
points depict the flow pattern at the lower side of the SZ.
The 11th point climbs upward to the surface, but point 12th
moves very little. Material on the lower side of the pin flows
upward to the stirred zone, but the material beneath was
unaffected by the FSP.

Streamlines are a group of curves that are always tan-
gent to the flow velocity vector. These depict the path that
a massless fluid element will take at any given time. As
demonstrated in the magnified view of Fig. 11 [137], the
top surface in the inset flows from the AS to the RS, and the
deformation zone on AS appears to be smaller. The pin site
material is carried around the tool’s RS. When tool slip was
considered, similar material flow parameters were reported
in several modelling surveys. However, it is worth noting
that essential and crucial characteristics of material flow
may be examined with a basic assumption of the full stick
condition. The streamlines study shows the intensified activ-
ity behind the tool, likely indicating a large flow behind the
AS. The width of flow lines shrinks as getting closer to the
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Fig. 11 Streamlines of material flow and temperature (TRS:
1000 rpm and TTS: 9 mm/s); Reprinted from Ref. [137]. Copyright
2013, Elsevier

shoulder, suggesting that flow is more robust in the mate-
rial’s higher layers.

Localized melting at the tool-workpiece interface could
result from significant heating in the stirring region due to
friction and extreme plastic deformation. To explore this, the
partial melting concept was incorporated into the simula-
tion to explore its understanding during the process. Nassar
et al. [148] investigated flow velocities and material flow
using the partial melting effect. They discovered that rota-
tional flow velocities decrease as a semi-molten layer forms
around the tool, inferring less shearing for microstructure
refinement. This may result in abnormal grain growth and
adversely affect the characteristics of the materials. Thus,
the optimum process parameters must be chosen to avoid the
unusual thermo-mechanical behavior of the material. The
material flow was also monitored during the crack repair-
ment of AA2024 aluminium alloy using FLUENT simula-
tion [66]. The material flow in the vicinity of the shoulder
is adjacent to the advancing direction, whereas, in the RS
neighbourhood, it was mixed and chaotic. Furthermore, the
flow velocities of the materials vary below the shoulder as
it depends on frictional contacts. Moreover, the material far-
thest away from the shoulder centre has a higher velocity due
to the increased circumferential speed.

Shoulder’s spinning and swirling activities are substan-
tially less for materials with Imm below the upper surface of
the specimen, resulting in a fall of flow velocities. Although
most materials go downwards due to the shoulder’s forging
action, a few portions of the materials still have an upward
movement inclination due to flow stress. In particular, plastic
materials are preferred to flow toward the shoulder centre
to fill the cracked gap, which leads to crack repair. Material
flow takes place layer by layer, either lateral or linear, to the
tool in the base material, irrespective of the process, which
strongly influences the characteristics of the processed
material.
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Numerous researchers have worked on material trans-
portation during the FSP; however, the comparative study
of material flow for each pass and flow analysis of FSP with
any secondary phase or reinforcement is still in the future
scope. The study of material flow in the simulation of surface
composites would be possible with an advanced SPH tech-
nique and efficient graphics processing unit, which reduces
computation time [126]. Tool tilt angle is one of the crucial
process parameters in deciding the amount of material to be
rotated. The relative velocity is significantly affected by tool
inclination, and the uncontacted area gets larger when either
the stirring rate or processing speed increases [149]. Several
authors claimed that by applying the tilt angle, the contact
area between the tool and workpiece also rotates across the
processing route (x-direction) [150]. Dialami et al. [151] found
that the non-zero angle results in a decrease in material flow
stress in the rear AS, facilitates the material flow behind the
tool and strengthens the material stirring action at the trailing
of AS. However, this rotation does not affect the geometry of
the contact area. The rotational angle of the contact area with
respect to processing direction is the f. The basic equation for
material velocity is given by Eq. (6)

Material flow velocity (m/s) = w X R, 6)

where w is tool rotational speed (rad/s), and R is shoulder
radius (m). Therefore, with tool tilt angle (@), the velocity
components of material flow in x (processing direction), y
(plunging direction along the thickness of workpiece) and z
directions (along the workpiece width) are as given below:

w, =wXRXxcosa Xsinf @)

a)_\,:a)xRxcosﬂ ®)

w, =—w X R Xsina X sin f. ©)]
Way forward

e The physics of material flow during FSP is very convo-
luted, poorly understood, and needs more emphasis.

e Complete knowledge of material movement and deforma-
tion processes surrounding spinning tools is still lacking
and is essential for optimizing FSP process parameters and
designing tools.

e Material movement with the addition of a second phase is
still an unexplored area that needs to study in the future to
avoid manufacturing complexity and cost.
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6 Challenges in numerical analysis

Due to the inherent computational challenges, address-
ing the complex non-linear and highly coupled physical
phenomena through computational modelling and numeri-
cal analysis of FSW/P is a very challenging process to
accomplish [152]. Several intricate elements have fur-
ther complicated the numerical analysis of the FSP using
FEM. Momentum and energy balance are governed by the
same equivalent equations that explain the equations of
the problem with a thermomechanical connection. The
nonlinearity of the governing equations has a substantial
influence on the numerical model’s complexity. There-
fore, a reliable and efficient numerical technique is in
great demand to solve these highly nonlinear coupled FE
equations. The process can be numerically simulated in
either of the two methods, namely the Localized method
and the global method [153]. HAZ of the simulated work-
piece is the major priority in the case of Localized level
analysis, where the investigation aims at deriving the heat
power produced by friction at the contact phases or due to
the visco-plastic dissipation. During this level, important
process behaviors include the interplay of process vari-
ables and the contact mechanisms as they relate to normal
pressure applied, coefficient of friction, setup geometry,
the flow of material, material size, and formation of the
associated microstructure, among other factors. In a global
simulation, the whole component that will be FSPed is
being studied [154]. The boundary condition that corre-
sponds to the real HAZ at each time step is subjected to a
dynamic heat power source. This kind of study focuses on
how the processing line influences structural behavior such
as aberrations, weaknesses or residual strains. The follow-
ing six sections include the difficulties associated with the
numerical modelling of the FSP process.

6.1 Thermo-mechanical problem

Numerical modelling applications have been expanded
to the aerospace industry through the development of
thermo-mechanical models, which minimize the need
for experimental trials to determine the most effective
process parameters [155]. The energy balance equation
attempts to define the thermal component. In the Friction
stir process, the energy equation and the plastic dissipa-
tion component play a major role during the process and
serve as the primary source of internal heat [152]. One of
the essential ideas in the effective numerical integration
of the process is the specification of the heat source. It is
often impossible to characterize the shape of a processing
zone or a fluctuating heat source using the mesh size that
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is used to define the model at the global level. However,
the aim is only accomplished via local-level analysis. The
size of the heat source does not match the typical element
size for a thermo-mechanical analysis when the whole
structure is taken into consideration.

Additionally, the final element size often is not fine
enough to accurately reflect the real geometry of the heat
source. The thermal governing equations may have a con-
vective component according to the kinematic structure
used in the linked thermo-mechanical model [69]. As a
consequence, for convection-dominated issues, tempera-
ture instability due to convection developed [156]. It is
good knowledge that issues with diffusion dominating
have stable solutions. However, when convection is domi-
nant, the stabilizing effect of the diffusion term is insuf-
ficient, and temperature field variations begin to emerge.

The momentum balance equation controls the mechani-
cal issue. Due to the high viscosity characterization, it is
possible to assume that the mechanical analysis will be
quasi-static since the effects of inertia on the operations
are minimal. The volumetric changes are determined to be
insignificant at the local level, and incompressibility may
be assumed. It may be very practical and advantageous
to split the stress tensor into its deviatoric and volumet-
ric components to cope with incompressible behavior.
Mixed velocity-pressure interpolations must be used to
deal with the incompressible limit. If suitable spaces for
the pressure and velocity fields are not employed, the
issue becomes unstable when the typical Galerkin FE for-
mulation is used [157]. Thus, if the equivalent velocity-
pressure interpolations are utilized, pressure instabilities
show up. As a result, the difficult problem of pressure
stabilization emerges. Extremely high strain rates and
a large temperature range, from ambient to the melting
point, are characteristics of the FSP process. Therefore,
the constitutive rules that are approved should be based
on both factors. The substantial strain deformation at con-
ventional welding temperatures is mostly visco-plastic.
Elasto-visco-plastic or rigid-visco-plastic impose con-
ditions may be utilised, depending on the study’s scope
[158]. The goal of the FSP simulation is to accurately
determine the residual stress field created throughout
the procedure as well as to estimate the temperature pro-
gression. The chosen constitutive model must accurately
describe the behavior of the material and be calibrated
using temperature evolution. Due to these constitutive
models’ significant non-linear behavior, which presents
a problem, a niche approach is required from a numerical
perspective. The challenge is further complicated by the
localized significant strain rates often encountered in the
process.

6.2 Framework for kinematics

Making a proper kinematic framework for the modelling
of FSP is a significant task. The problem may be described
using a Lagrangian framework if the process is looked at on
a large scale. The Lagrangian Frame of Reference makes
it simple to observe interactions between various materials
and free surfaces. The HAZ is the primary focus of a local
simulation; therefore, a Lagrangian framework is not usually
required. Frequent re-mesh would be necessary due to large
distortions. The use of Eulerian or Arbitrary Lagrangian
Eulerian (ALE) techniques is one option. Significant fluid
motion distortions are simpler to manage using the Eulerian
formulation. Its disadvantage is that it is difficult to moni-
tor free surfaces and interactions between various media or
materials. In flow problems with shifting and deforming bor-
ders, an arbitrary Lagrangian—Eulerian (ALE) formulation is
quite useful. Providing an appropriate kinematic framework
is crucial when modelling techniques for representing differ-
ent components of a computational domain, such as setting
up various zones or regions [77]. Although a framework that
incorporates sliding mesh and pin with ALE formulation can
address the issue of mesh distortion, it may have an impact
on the model's accuracy, as discussed in reference [152].
Despite the concept’s success, controlling the connection
between the domains and the mesh movement approaches
are challenging.

6.3 Frictional contact issue

The numerical analysis of FSW/FSP presents challenges as a
result of the complex thermo-mechanical frictional interac-
tion between the tool and the workpiece. Understanding the
friction phenomenon remains a very scarce and challenging
area in numerical studies. Assuming a constant friction coef-
ficient can lead to a higher percentage of errors and inac-
curacies in the analysis [159]. This assumed interaction can
lead to temperature rise, incipient melting, and tool slippage,
complicating the numerical modelling process. To overcome
these challenges, one recommended approach is to use a fric-
tion coefficient that varies based on the surface temperature
[160]. Additionally, temperature-dependent shear friction
coefficients have been recently applied in refill friction stir
spot welding to compensate for incipient melting and tool
slippage during the process [161]. Implementing these two
strategies can improve the accuracy of numerical analysis
for FSW/FSP processes.

The simulation model must accurately account for ther-
mal interaction at the surface of contact, heat generated by
friction, frictional behavior, and impenetrability of contact
[162]. The friction force and temperature pattern are directly
controlled by the contact pressure, according to Zhang et al.
[163], that compared the standard and modified Coulomb
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friction models. To model the mechanical frictional contact
interaction, direct elimination methods, Lagrange multipli-
ers, Uzawa’s version of the augmented Lagrangian approach,
or penalty-based approaches such as the penalty method
may be used. In the context of a fluid mechanics approach,
the Norton thermo-frictional contact model may be used to
compute the tangential component of the traction vector at
the contact interface in terms of the change in the relative
slip velocity. A portion of the heat flux generated by fric-
tion at the tool-to-workpiece contact interface is absorbed
by the tool, while the remaining portion is absorbed by the
workpiece. The amount of heat absorbed by the tool and
the workpiece is dependent upon the thermal diffusivity of
the two materials in contact. The worst-case scenario may
also be considered to include full stick thermo-mechanical
contact between the tool and the workpiece.

6.4 Coupled problem

A set of discrete nonlinear algebraic equations are created
from an infinite dimensional transient system for the numeri-
cal resolution of the coupled thermo-mechanical problem
[69]. This is accomplished by updating the internal vari-
ables of the constitutive equations, the FE spatial discre-
tization method, and the time-marching scheme of the prin-
cipal nodal variables. Using time-stepping systems, linked
thermo-mechanical problems can be resolved in one of two
ways. A monolithic (simultaneous) time-stepping method is
the first choice; it simultaneously handles mechanical and
thermal problems. Each of the key nodal variables in the
problem is advanced at the same time. This strategy’s key
benefit is that it makes it possible for the linked issue to
stabilize and converge as a whole. The time-step and time-
stepping methods must be the same for all subproblems in
simultaneous solution procedures, which may not be effec-
tive if the thermal and mechanical problems entail different
time scales. Significant downsides include the requirement
to develop software and solutions that are specific to each
related circumstance and the monolithic algebraic system’s
extremely high processing complexity. Another option is
to employ a staggered method that addresses the two sub-
problems one at a time (such as block-iterative or fractional-
step). A staggered solution is offered by an operator split
and a product formula approach, which often has a greater
processing efficiency. Staggered solutions are produced
using a connected set of nonlinear ordinary differential
equations and the product formula approach. When used
with conventional fractional step techniques, this operator
split divides the original monolithic problem into two more
manageable and well-conditioned subproblems. As a con-
sequence, the main issue is divided into more manageable,
usually symmetric (physical), sub-issues. The use of the
various traditional time-stepping algorithms developed for
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the decoupled sub-problems and the use of the different time
scales involved is then straightforward. The potential loss of
precision and stability are these approaches’ primary flaws.
Therefore, it is possible to create unconditionally stable
schemes using this approach if the operator split maintains
the underlying dissipative nature of the original problem.

6.5 Particle tracking

One of the primary concerns with FSP’s local research is
the production of heat. It takes a significant amount of heat
for the material to move and undergo a dramatic material
shift. Due to the material not being adequately softened to
flow, voids develop when there is a lack of heat. Visualizing
the material flow is quite beneficial for better understand-
ing its behavior. But either physically (needs metallographic
tools) or statistically, it is difficult to follow the location of
the material during the procedure. Creating a numerical
approach for visualizing the material trajectory to under-
stand and track material penetration inside the thickness
of the workpiece is one of the key challenges of numerical
simulation. The method known as particle tracing effectively
replicates the mobility of material points by keeping track
of their positions at each analysis time step [164]. The dis-
placement field defines the trajectories in the Lagrangian
framework. Both the Eulerian and the ALE frameworks take
some time to indicate where the material is in the solution.
However, by integrating the velocity field, it is possible to
determine how much material mixing took place during the
process. Integrating the velocity field at the post-processing
step is recommended to monitor the material’s mobility. To
track the particles, the ODE must be solved using an appro-
priate temporal integration strategy. The material points
must also be located using a search approach if Eulerian or
ALE meshes are being used. Alfaro et al. [165] addressed
the issue of quantitatively modelling the process as well. The
FSW has special traits, such as the spinning pin’s high speed
and exceptionally large deformations, which pose difficulties
for FE methods. Meshless approaches considerably reduce
these problems, allowing the simulation to use an updated
Lagrangian framework.

6.6 Computational time and cost

Computational time reveals the model’s efficiency, which
has a substantial influence on the cost, based on a variety
of created models and literature data from other models.
Mesh distortions, wave speed, and mesh sizes all affect
computing time in FSW/P modelling. Therefore, mesh dis-
tortions should be decreased to lessen computational costs.
For friction stir technology, early FE packages took more
than 7 days’ worth of simulation runtime to mimic just a
second of the real processing setup [166]. Some formulation
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techniques, like as ALE, needed a record-breaking 2 weeks
of real operating time to simulate the FSW process [167].
In the simulations before, the Intel Xeon “R” with fourteen
cores operating at 2.6 GHz and 64 GB of RAM was used
for the mass scaling CEL formulation [76]. This modelling
method required an overall run time of almost 3 days to
replicate 41 s of real processing time. It proves how effec-
tive the model they used in their research was at simulating
FSP. The use of such techniques improves the efficiency of
this model when compared to concurrent CEL models for
FSW processes. The CEL formulation does not need a fine-
quality mesh to solve mesh distortion in the mass scaling
approach, nor does it need any re-meshing or remapping
to increase computing performance. To increase modelling
efficiency, subjective meshing is used to create a finer mesh
in the interaction zone and a thicker or rougher mesh on the
sides. The simulation run time for the friction stir process
was greatly shortened thanks to recent developments in finite
element packages and computational tools [126]. Fraser’s
research in science led to the creation of the ground-break-
ing numerical simulation programme SPHriction-3D, which
was used to identify the ideal FSW process parameters. All
process phases may be replicated using a phenomenological
method since this special numerical technique is meshless.
Their results were of the highest engineering calibre and
were acquired quickly, cutting down the time from months
to weeks to hours. Because the mesh-free code was created
to run in parallel on the GPU, this is possible. This led to the
development of a unique simulation method for the entire
FSW/P that is useful for use with mono and hybrid com-
posites. The SPH approach might provide a comprehensive
understanding of the material flow, stirring, and mixing of
various material combinations. One may experiment with
changing a number of process parameters to further optimise
the physical trials since such an advanced pattern of SPH
with GPU requires less calculation time.

7 Summary

Despite the fact that the FSP has applications in many
important disciplines, numerical studies are still in their
infancy. In implementing the numerical approach, experi-
mental trials, which involve high costs, resources in deter-
mining the material properties, and defining process-specific
parameters for obtaining optimized output at unusual aspects
of the process, can be minimized. The numerical study of
FSP is still fraught with difficulties. It was evident that a
thorough characterization of FSP behaviour is unattainable
since FSP is a complicated phenomenon involving several
interconnected mechanisms and thermal processes. Because
the behaviour of the processed material is impacted by a
variety of parameters in combination, precise and reliable

numerical analysis of the FSP remains a challenging opera-
tion. Though different numerical methods and modelling
strategies have been examined in recent years, several sig-
nificant concerns and challenges in numerical modelling
are addressed in various aspects of formulation strategies,
process parameters and their effects, temperature distribu-
tion, capabilities of several FEA software, and the advance-
ment towards the numerical study of friction stir processed
composites. Later, material flow modelling followed by the
thermal analysis was addressed to understand the thermome-
chanical behavior of FSP, as for every recent application, it
has largely remained consistent. Nevertheless, it is tough and
tricky to capture the material flow and thermal distribution
at the micro-level and will not handle the large deforma-
tions of the materials, which is the most common occurrence
in FSP. FSP without any reinforcement material itself is a
complex process involving a blend of physical and thermal
techniques. Therefore, advanced simulation tools are needed
to analyze the material transfer, reinforcement distribution,
and thermal distributions.

Numerous physical studies on mono and hybrid compos-
ites are carried out, whereas few numerical models account
for the thermo-mechanical conditions that emerge through-
out the FSP process, especially in surface composites. The
main primary difficulty in modelling the composites is
the compatibility of the FEM package, high-performance
computing (HPC), and extreme mesh distortions leading to
solver termination. Thus, the appropriate selection of for-
mulation technique viz. Lagrangian, Eulerian, ALE, Apro-
pos, CEL or SPH approach is needed. As a result, all these
things in a single simulation tool would be able to develop a
numerical model of mono and hybrid surface composites in
FSP, which is still in progress. It remains one of the major
goals that many researchers are interested in pursuing.

In addition, the simulation of various reinforcement com-
binations with varied characteristics might spark interest in
the society of research. Investigators have yet to thoroughly
comprehend the numerical modelling of high processing
speed since it enhances the problem of divergence. Further,
it would affect the simulation time and lead to the failure of
the model. TTA, PD and axial force are the key factors in
determining the defect-free and uniformity of the process.
However, observations of their influence on heat genera-
tion and particle movement are still scarce. Additionally,
one of the essential parameters in the simulation of FSP is
the contact viz. COF value. An appropriate computation of
the surface contact involving temperature-dependent COF
values has not been wholly realized. Moreover, past stud-
ies have observed that the effect of change in tool direction
after each pass is not fully addressed with its correlation to
temperature distribution and material flow. It can be evident
that most studies concentrate on temperature distribution
and heat generation of homogeneous materials. There is a
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paucity of understanding about the simulation of the particle
distribution. Lastly, the review provides a practical guide for
researchers and practitioners working on FSW/FSP, helping
them to design optimized processes for various materials.
Overall, the review serves as a valuable resource for read-
ers looking to gain a deeper understanding of the numerical
modelling techniques in FSW/P and their applications.
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