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Abstract

As a solid-state welding technique, friction stir welding (FSW) has many advantages over
conventional fusion welding. Its applications in the manufacturing and joining of parts in
aerospace, automotive, and shipbuilding have significantly increased. Friction heat genera-
tion is the fundamental driver of the FSW process. It governs material flow, microstructural
evolution, mechanical properties, and residual stresses. Understanding the effect of heat
generated on the joint quality is essential for process parameter optimization, ensuring
defect-free welds and high-quality joints. Thus, evaluating the thermal history of the FSW
process is a key requirement for effective analysis. This comprehensive review critically
discusses research studies published over the past three decades (1991–2025) that have
examined different approaches to predict and measure heat generation in FSW. A total
of 136 highly relevant articles were selected from the Scopus database and systematically
analyzed. The effects of various welding parameters on heat generation, microstructural
evolution, and joints’ mechanical properties have been reported. Different heat generation
prediction and measurement techniques, such as analytical models, finite element models
(FEM), and experimental methods have been discussed in terms of their feasibility, accuracy,
advantages, disadvantages, and cost. The evolution, state of the art of analytical models
and FEM over the last three decades are analyzed and future research directions are out-
lined. Finally, the correlation between process parameters, heat generated, microstructural
development, and mechanical performance of the welded joints for various workpiece
materials is investigated. This review provides a critical and comparative perspective that
highlights the strengths and limitations of each method, offering practical guidance for
researchers and industry practitioners.

Keywords: heat generation; friction stir welding; analytical models; finite element models;
microstructure; mechanical properties

1. Introduction
In 1991, friction stir welding (FSW), a solid-state welding method, was developed

by the Welding Institute (TWI) [1]. Its importance in the manufacturing and fabrication
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sectors has increased, particularly for materials that are difficult to join using traditional
fusion methods [2,3]. The heat is generated when a non-consumable rotating tool moves
through a joint made of two pieces of material. The resulting localized heat diminishes
the material’s yield strength, allowing it to be mechanically stirred into a unified bond
without the occurrence of melting. This technique has been successfully used to join various
materials, including copper [4,5], magnesium [6], titanium [7,8], aluminum [9–12], and
certain high-strength steels [13,14]. Unlike traditional welding processes that rely on heat
to melt the base materials, FSW is a solid-state process that minimizes thermal distortion
and porosity, leading to high-quality welds with exceptional mechanical characteristics [15].
The process’s efficiency and ability to join dissimilar and difficult-to-weld materials make
it a good alternative for numerous industries, including aerospace, automotive, and ship-
building [16–19]. Importantly, FSW’s basic mechanism (the creation of localized heat input
coupled with extreme plastic deformation from the stirring action of the tool) allows for
applications beyond simple joining. The ability to modify as-cast microstructures to heal
defects [20] and guarantee the even dispersion of ceramic reinforcement particles for the
production of advanced metal matrix composites is made possible by this localized energy
and intense mixing [21]. The process is often referred to as Friction Stir Processing (FSP)
when it is applied to this particular material modification and composite fabrication.

Successful FSW depends on the efficient generation of heat to enable effective material
deformation. This essential thermal energy is derived from a dual-source mechanism: the
frictional resistance at the interface between the rotating tool and the workpiece, comple-
mented by the heat released during the severe plastic deformation of the stirred mate-
rial. [22]. The applied axial force, material properties, tool geometry, traverse (welding)
speed, and tool rotational rate all affect the frictional and plastic heat generation [23,24].
Since the material’s highest temperature usually doesn’t rise over its solidus temperature,
melting doesn’t seem to occur during the welding process. The material does, however,
undergo considerable thermal softening, especially in the regions near to the tool. The stir
zone (SZ), heat-affected zone (HAZ), and thermo-mechanically affected zone (TMAZ) are
among the weld zones where distinct microstructures are produced by the thermal cycles
involved in the FSW process. These microstructural changes then have an impact on the
final weld’s mechanical characteristics, including strength, ductility, and fatigue resistance.
While too much heat can result in unwanted effects such as excessive tool wear, reduced
mechanical quality, and grain growth, too little heat can result in incomplete bonding
and volumetric defects. Consequently, maintaining the integrity of the welded joint and
improving the welding process depends on managing heat input.

To enhance the FSW process, various techniques have been used to regulate heat
input. These consist of adjusting the axial forces, tool rotational rate, welding speeds, and
tool geometry. For instance, tool design can significantly affect material flow and heat
generation efficiency. The size of the pin and shoulder, as well as the geometry of the FSW
tool, greatly affects the heat input. While the pin aids in material stirring and consolidation,
the tool’s shoulder produces most of the frictional heat [25,26]. In general, the heat input
is increased by a larger shoulder diameter or a higher tool rotation rate. The distribution
of heat in the weld zone can also be impacted by tool designs with more aggressive pin
profiles, which can change the temperature distribution and the microstructure [27]. By
better distributing the heat, a tool with an ideal shoulder diameter and pin geometry lowers
the possibility of overheating or insufficient bonding.

The thermal energy produced by friction is directly correlated with the tool’s rotating
speed. By increasing the spindle speed, the friction-induced heat input is amplified,
facilitating a more significant thermal rise within the localized SZ. On the other hand,
overheating brought on by extremely high rotational rates might result in defects such as
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material degradation or tool wear [28–30]. Likewise, the heat input is also influenced by
the welding speed, defined as the rate at which the tool traverses the joint line. A greater
welding speed lowers the heat input by shortening the time that the tool and material
interact, whereas a lower feed rate permits the tool to stay in touch with the material for a
longer amount of time, producing more heat [15,31]. Moreover, process parameters such as
tool tilt angle [32], plunge depth [33], cooling methods [34], and material properties have
an impact on the generated heat input.

Because of the extremely uneven temperature distribution throughout the weld zone,
accurately monitoring heat input during FSW is a challenging operation. Numerous tech-
niques, such as thermocouple-based measurements and infrared thermography, have been
developed to experimentally measure the heat generation during the FSW process [35,36].
Usually, thermocouples are attached to the surface or embedded in the workpiece to mea-
sure the temperature during the welding process. However, this approach might not
fully capture the temperature profile, particularly in difficult to reach regions such as
SZ and TMAZ. Infrared thermography is another non-contact technique that provides a
high-resolution, real-time temperature distribution of the welded zone. This method is
particularly beneficial for figuring out regions with excessive heat generation and compre-
hending the dynamic thermal behavior during FSW [37].

Mathematical models and finite element models (FEM) were other invaluable tools for
estimating the heat generation and its effects on the welded joint quality. Mathematical
models simplify FSW physics into governing equations. These governing equations include
heat transfer equations, mechanical equations, and material flow equations [38–44]. On the
other hand, FEM numerically solves coupled thermomechanical equations by discretizing
the weld zone into tiny elements. FEM technique enables virtual experimentation to
optimize tool geometry, welding speed, and tool rotational rate to reduce defects such as
voids and cracks. It also dictates tool design and predicts residual stresses and fatigue
life. Nevertheless, there are still issues with precisely simulating material behavior and
tool-workpiece interaction [45–51].

From the literature, there is a lack of understanding of the different methods used
to determine the heat generated during the FSW process. Based on the importance of
heat generation during the FSW process and its impact on the welded joint’s quality, the
present work aims to understand the different methods of determining the heat gener-
ated during the FSW process. In contrast to previous work, analytical, numerical, and
experimental methods have been discussed in terms of feasibility, accuracy, advantages,
disadvantages, and cost. According to the literature, the present work also gives future
directions to improve the accuracy and overcome the limitations of each measurement
technique. Moreover, the effect of the heat generated on the microstructure evolution and
mechanical properties of the FSW of different alloys has been discussed and summarized.

2. Review Method
The literature search was conducted using the Scopus database, covering the period

from 1991 (the year FSW was invented) to 2025. Two independent teams from the authors
were set to screening of all articles about heat generation during FSW process according
to Scopus database. The articles were marked using “yes” or “no”. As shown in Figure 1,
three stages of articles’ screening were used. In the first stage, articles were screened only
with their titles. In the second stage, articles marked with no-no or yes-no were considered
as not-adequate articles, while the adequate articles were marked as yes-yes. The full text of
the adequate articles was reviewed in the third stage. The rejected articles (weak correlated
articles) were marked as no-no or yes-no, while the strong correlated articles were marked
as yes-yes. The strong correlated articles were then used in the present review article.
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Figure 1. Flow diagram of articles screening and selection according to titles only, abstract only, and
full text review (n = number of articles).

3. Analytical Models
Understanding and optimizing FSW requires precise predictions of heat generation

and temperature distribution. Heat controls residual stresses, tool wear, material flow,
microstructural evolution, and, in final form, weld quality. Although experimental temper-
ature measurement yields useful information, it has a low spatial resolution and is difficult
to use when welding at high speeds. Although Finite Element Analysis provides detailed
simulations, it is computationally costly and necessitates a high level of expertise [52]. This
gap is filled by analytical models. They offer quick, physically intuitive insights into the
mechanisms of heat generation and thermal cycles by providing closed-form mathematical
solutions based on basic physics concepts, such as heat conduction, contact mechanics, and
plasticity. Analytical models are very useful for understanding scaling effects, optimiz-
ing parameters, designing initial processes, and creating benchmarks for more intricate
numerical models [53–55].

3.1. Evolution of Analytical Models

The development of analytical models has been substantial, moving from basic ap-
proximations to complicated formulations that take into account intricate physics.

3.1.1. Early Moving Heat Source Models

Early analytical methods converted classical moving heat source solutions, most
notably Rosenthal’s welding equations, to FSW. According to these models, the FSW tool
moved with the traverse speed and was either a concentrated or dispersed heat source.
Rosenthal [56] developed an analytical solution to model the heat distribution using a
moving point heat source. The quasi-steady-state temperature field (T) in a thick plate is
given as follows:

T(x, y, z) = To +
Q

2πKr
exp

(
−V(r + x)

2α

)
(1)
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where To, Q, K, r, V, x, and α are the initial temperature of the material, the power of
the heat source, the thermal conductivity of the material, the radial distance from the
heat source, the velocity of the moving heat source, the distance ahead of the source in
the welding direction, and the thermal diffusivity of the material, respectively. Despite
being computationally simple, this model significantly oversimplifies FSW by neglecting
material flow, convection and radiation heat transfer, the distributed nature of the heat
source (shoulder and pin), and the distinction between heat input and heat creation.

With the analytical model development, researchers modeled the shoulder as a homo-
geneous circular heat source of radius Rsh (D/2) traveling at a velocity v after realizing
its dominance. This model is called the uniform disc source model. Over the disk area,
point source solutions are integrated as part of the solution. Fourier transforms or Green’s
functions are used to derive the temperature field. Despite being superior to a point source,
this model ignored the non-uniform pressure distribution beneath the shoulder, the pin,
and the heat from plastic deformation. Although it failed close to the weld line, it gave
accurate estimates of peak temperatures further from the tool [57].

3.1.2. Tool Geometry and Contact Mechanics Models

The following generation of analytical models addressed contact conditions at the
interfaces and explicitly considered tool geometry. The heat produced at the tool-workpiece
interaction is the main focus of these models. Considering the tool shoulder and pin design,
they suppose heat is produced by frictional sliding, sticking, or a combination. Gadakh
and Adepu [43] developed a heat generation model to study the effect of the tool pin shape
on the heat generation. They assumed a uniform contact shear stress, sliding condition
at the tool-workpiece contact surfaces, and no heat generation due to plastic deformation.
They found that the heat generation from shoulder (Qsh), from pin sided (Qp)n and from
the pin tip (Qpt) can be expressed as follows:

Qsh =
2
3

πωτcontact

(
R3

sh − R3
pr

)
(2)

Qp =
πωτcontact

2
·

Hpin

cos α
· (Rpt + Rpr)

2 (3)

Qpt =
2
3

πωτcontact· R3
pt (4)

QT = Qsh + Qp + Qpt (5)

where QT is the total heat generated, ω is the angular velocity, τcontact is the contact shear
strength, Rsh is the shoulder diameter, Rpt is the pin tip diameter, Rpr is the pin root
diameter, Hpin is the pin length, and α is the pin taper angle (◦). They also reported that
the heat generated decreased with increasing the taper angle of the tool pin.

Bhadle et al. [44] derived simplified equations to determine the heat input at the tool
shoulder, pin side, and pin tip surfaces for various tapered tool pin profiles, including hexag-
onal (HEX), square (SQ), pentagonal (PEN), and triangular (TR). They used the equations
to assess the temperature change during the FSW process using COMSOL 5.1 software and
validate the results. They reported that the heat generation and peak temperature increased
with an increasing number of side edges on the tool pin.

Rajiv et al. [40] presented two analytical models to model the heat generation during
FSW. The first model, a genetic algorithm using MATLAB 8.4 software, is developed to
estimate the heat generation by cylindrical and tapered pin profiles. The second model,
named the regression model using MINTAB-17, was derived to determine the optimum tool
design for FSW aluminum alloys. The researchers found that the tapered cylindrical pin
generated more heat than the cylindrical pin profile. Additionally, the shoulder surface of
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the tool generates approximately 85% of the heat, while around 15% of the heat is produced
by the pin tip and side surfaces of the tool. Moreover, they found that a tool rotation rate of
250 rpm, a pin diameter of 4 mm, and a shoulder diameter of 12 mm represent the optimum
values for efficient tool design.

Contact condition is the most significant aspect of the numerical model when simulat-
ing the FSW process. The shear forces between the tool surface and the matrix are described
in this instance using the Coulomb law of friction. The law typically calculates the contact
shear stress (τf riction) as:

τf riction = µσ (6)

where µ is the coefficient of friction and σ is the contact stress. Coulomb’s law is typically
interpreted in terms of rigid contact pairings, independent of internal stress. Thus, this
isn’t accurate enough for this model. As a result, a more FSW-specific legal interpretation is
provided. The three contact states listed below are defined for the FSW process:

(a) Sticking condition: In numerical modeling of FSW, the sticking regime represents
a boundary condition at the tool-workpiece interface. It is characterized by the
interfacial shear stress reaching the yield shear stress of the deforming material. This
leads to a no-slip condition where the material velocity at the interface matches
the local tool velocity. The resulting mechanical equilibrium balances the rotational
driving force with the material’s plastic resistance. This concept is central to advanced
friction models, often implemented as a limiting case in mixed stick-slip formulations,
where the contact stress is defined by the workpiece’s temperature and strain-rate
dependent yield strength rather than a simple friction law.

(b) Sliding condition: Sliding occurs at the tool-workpiece interface when the imposed
contact shear stress cannot overcome the material’s resistance to yield. The resulting
deformation is purely elastic and localized. Under this condition, the internal elastic
shear stress developed in the material rises to match the magnitude of the dynamic
contact shear stress, creating a force balance that allows for continuous relative motion
without permanent bonding or bulk material transport.

(c) partial sliding/sticking: Partial sliding/sticking is the prevalent intermediate condi-
tion where the tool-workpiece interface experiences neither full adhesion nor com-
plete Coulombic sliding. The contact shear stress reaches a critical value equal to
the material’s yield strength, causing continuous plastic shear in a localized zone.
Consequently, the average velocity of material at the interface is a fraction of the
tool’s velocity. This mixed state results in a dynamic equilibrium where the frictional
driving stress is in balance with the material’s resistance to plastic flow [58].

According to the previous explanation of the three contact conditions, the contact state
variable (δ) can be defined using the velocity of the matrix surface relative to the velocity
of the tool surface. This variable represents the dimensionless slip rate, which is defined
as follows:

δ =
Vmatrix
Vtool

= 1 −
.
γ

Vtool
(7)

.
γ = Vtool − Vmatrix (8)

where
.
γ is the slip rate, and Vtool is the tool velocity, which is position dependent. Re-

searchers often assume a constant slip rate to simplify the analytical model [59]. However,
more accurate calibration of the slip rate is typically achieved by combining experimen-
tal measurements, such as tool torque, axial force, and temperature profiles with many
simulation trials to tune the slip rate until reasonable agreement between numerical and
experimental results is obtained [59,60].
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Durdanovic et al. [42] derived an analytical model to estimate the heat generation
during the different FSW process phases. They defined the contact conditions at the
tool/workpiece interface to be pure sliding, pure sticking or a combination. They reported
that by assuming either a sliding or a sticking state, the analytical heat generation estimate
correlates with the experimental heat generation. The experimental heat generation is
estimated for the sliding condition using a friction coefficient that is within the acceptable
range of known metal-to-metal contact values. Using the sticking condition, which de-
scribes the material of the weld piece at high temperatures, the numbers are correlated.
However, the main process uncertainties occur when the welding condition combines
sticking and sliding. The primary causes of the discrepancy between the analytical and
experimental results in this case are assumptions of fixed shear stress, contact pressure,
and coefficient of friction during the welding process. The authors proposed that advanced
methods such as fuzzy logic and artificial intelligence may improve predictive accuracy
during sliding/sticking contact conditions.

Schmidt and Hattel [58] derived three different analytical models based on sticking
condition (δ = 1), sliding condition (δ = 0), and partial sliding/sticking condition. For
simplification of the model, they assumed a simple conical tool shoulder with a flat cylin-
drical pin, as shown in Figure 2. The figure indicated that the total heat generation is
Qt = Q1 + Q2 + Q3, where Q1 is the heat generated beneath the shoulder, Q2 is the heat
generated by the pin side surface, and Q3 is the heat generated by the tool pin tip. With
modifications for the particular contact state and tool geometry, the heat generation is
calculated by integrating shear stress over the tool’s contact surfaces (shoulder, pin side,
and pin tip). They validated the model using experimental results such as tool torque
and plunge force. They reported that the sticking or near-sticking condition is most likely
present at the tool/workpiece interface during FSW.

Figure 2. Heat generation contribution of the different tool’s surfaces, adopted from [58].

Similarly, Mijajlovic et al. [61] and Mijajlović and Milčić [62] presented an analytical
model considering the same tool surfaces, i.e., tool shoulder, pin side, and pin tip surfaces.
However, they consider flat pin tip (Figure 3a) and spherical pin tip (Figure 3b). They
also did not assume constant contact pressure, but they estimated a model to determine it
during the different FSW phases. At the beginning of the plunge stage, the pin tip touches
the workpiece’s top surface and is bushed by the plunge force. The contact pressure for the
flat and spherical pin tip can be estimated from Equations (9) and (10) [61,62]. During the
welding phase, the contact pressure between the pin side and the workpiece material gets
a notable value and is calculated using Equation (11), as shown in Figure 4a. When, the
tool shoulder gets in contact with the workpiece material, the contact pressure distribution
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is shown in Figure 4b and calculated by Equation (12). They investigated that the dwell
phase has a great effect on the heat generation required to heat the tool and workpiece.
However, too long dwell time resulted in overheating and poor mechanical properties.

P(r, t) =
2Fz(t)

dπ
√

d2 − 4r2
, to ≤ t < tst , 0 ≤ r ≤ d

2
(9)

P(t, r) =
2
π

√
d2 − 4r2 3

√
3Fz(t)E2

d5 , to ≤ t < tst , 0 ≤ r ≤ d
2

(10)

P(t)

{
≈ Fx(t)

dh , t2 < t < t3

≈ 0 , t ≤ t2, t ≥ t3
(11)

P(t, r) =
4Fz(t)
d(t)2π

, d(t)

{
= D, t1 ≤ t < t4

≈ d−D
tst−t1

· (t − tst) + d
, tst ≤ t < t1 (12)

where d is the diameter of the pin, D is the diameter of the shoulder, to is the starting time,
t1 is the time to achieve plunging, t2 is the time to complete the dwell phase, t3 is the time
to complete the welding length, t4 is the time to finish the second dwell before pulling out
the tool, tst is the time before the shoulder is in contact with the workpiece material, E is
the modulus of elasticity, Fz is the plunge force, Fx is the force in the welding direction, and
h is the pin height.

 

Figure 3. The contact pressure distribution over a flat pin tip (a) and a spherical pin tip (b) [62].

3.1.3. Plastic Deformation Models

Many researchers [23,63–65] found that the heat generated due to plastic deformation
during FSW of aluminum alloys can be neglected. The model’s accuracy necessitated
the explicit consideration of plastic deformation heat, especially when utilizing stronger
materials or increasing rotational speeds. A series of new closed-form scaling laws that
measure the relationship between the transfer of heat and plastic deformation in FSW are
presented in this study by Mendez et al. [66]. Understanding heat generation during the
process requires knowledge of the maximum temperature, shear stress, and shear layer
thickness surrounding the pin, all of which are provided by this information. The model
seeks to provide a useful approximation for evaluating heat generation parameters across
different alloy systems in FSW. The temperature profile in the shear layer in Figure 5 shows
that the heat loss to the tool is minimal in cases of high thermal efficiency like FSW of
aluminum. While the temperature drops steadily from the highest point at the tool–shear
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layer interface to a lower point at the base metal interface. This creates two distinct regions:
the shear layer with significant deformation and the base plate with little shearing [66].

 

Figure 4. The contact pressure distribution for the pin side (a), tool shoulder (b), and contact pressure
defining contact conditions (c) [62].

Figure 5. Coupling of heat transfer and plastic flow with the same shear layer’s thickness,
adopted from [66].

Yan et al. [39,41] derived a new calculation method to estimate the heat generated
owing to plastic deformation by measuring the viscoplastic heat generation during the
quasi-steady state FSW phase. They assumed that the flow of material fluid is a laminar
flow and neglected the inclination angle of the tool pi. In addition, they assumed a solid
non-slip condition, which means the angular velocities of the material fluid near the tool
pin and shoulder are equal to the angular velocities of the pin and shoulder surfaces,
respectively. A novel approach to calculating the viscoplastic heat output caused by plastic
flow in FSW was derived. This method depends entirely on the FSW machine’s rotation
rate. The validity of this computation method is checked through several groups of FSW
experimental and numerical tests. According to the findings, they found that viscoplastic
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heat production obtained using this computation approach ranges between 3.3% and 4.4%
of the total heat input.

Table 1 illustrates a comparison between the three types of analytical models in
terms of typical deviation between experimental and analytical results, and strengths and
weaknesses. In addition, the table shows the inputs and outputs that each model type
focuses on.

Table 1. Comparison between the different analytical model types.

Modeling Approach Focus Typical Deviation Strengths/Weaknesses Refs.

Moving Heat Source
Models

Thermal distribution,
peak temperature,
HAZ size.

Generally, within
5–10% for predicting
peak temperatures

Simple and efficient for aluminum
alloys but not accurate for high
melting points as steel because
they don’t consider the high heat
generation due to plastic
deformation.
Fails to model material flow, tool
forces, or tool geometry.

[56,57]

Tool Geometry and
Contact Mechanics

Models

Contact condition
(sticking/sliding) at
the tool interface

15–20% (with
optimized friction
parameters).
More than 50%
without proper
stick-sliding
calibration

Predicts torque and forces
accurately.
Failures occur in materials that
exhibit high viscosity at welding
temperatures such as steel and
nickel-based alloys.

[43,44,
62]

Plastic Deformation
Models

Severe plastic
deformation and
material flow

10% to 30%

Capture material flow.
Not accurate when using standard
flow stress data (from hot
compression/torsion) rather than
FSW-specific data.

[66,67]

3.2. Gaps and Limitations in Analytical Models

From the previous studies, the gaps and limitations of the analytical models dealing
with the estimation of the heat generation during the FSW process can be concluded
as follows:

• Oversimplified material behavior: most studies assumed constant material properties
such as thermal conductivity, specific heat and flow stress, while these properties
are highly temperature dependent and strain-rate sensitivity. Another assumption,
such as perfect plastic behavior and neglecting the phase transformation affects the
accuracy of the model.

• Inadequate Representation of Tool-Workpiece Interaction: many assumptions, such as
pure sliding or pure sticking contact conditions, simplified tool geometry, and uniform
contact pressure are some disadvantages of the analytical models of the FSW process.

• Limited Multiphysics coupling: most models calculated the heat generation indepen-
dently based on friction and deformation assumptions neglecting the effect of heat
generation on the microstructure changes, flow stress, and thermal properties.

• Validation and Scalability Issues: the validation of the models against limited experi-
mental results, such as temperature and plunge force made it unreliable. Moreover, the
analytical models derived for thin sheets ignore the thick sheets and the temperature
gradients and transfer of the heat throughout the sheet thickness.
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3.3. Future Work in Analytical Models

Developing an analytical model to describe the sticking/sliding contact condition
using a temperature-, pressure-, and sliding velocity-dependent coefficient of friction is
one of the promising future work directions. Moreover, extending analytical models to
deal with FSW in dissimilar materials and metal matrix composites is critical. Creating
progressively more complicated analytical models of the main tool characteristics (shoulder
features, pin profile, and threads) and how this affects material flow velocity, contact
area, and contact pressure distribution while connecting them to concepts related to heat
generation is another promising direction. Furthermore, using machine learning (ML),
developing scaling methodology, and defect prediction models are the most potential
future directions.

4. Finite Element Models (FEM)
The intricate thermo-mechanical properties of FSW have prompted a great deal of

research into process modeling. Temperature distributions, material flow, and residual
stresses, all of which are challenging to quantify experimentally during the FSW process
can be predicted using computational models [68]. It is essential to model the FSW process
for a number of reasons. Firstly, it offers an affordable way to optimize process parameters
without requiring a lot of experimental testing [69]. FSW requires a number of process
parameters that interact in complex ways, which makes setting up the experiment expensive
and time-consuming [70]. The impact of changing parameters on heat generation and weld
quality, including tool design, welding speed, tool rotation rate, and material properties,
can be simulated by computational models [71]. This makes it is possible to determine the
ideal parameters for particular joint configurations and materials [72].

Second, modeling makes it possible to predict temperature histories, which are essen-
tial for understanding the mechanical characteristics of the weld joint and microstructural
evolution [73]. The heat generated during FSW affects precipitation hardening, grain size,
and recrystallization behavior in the weld zone [74]. Predicting temperature distributions
accurately can aid in microstructure control and the achievement of desired mechanical
characteristics. Finally, because of the process nature, it is challenging to monitor material
flow behavior during FSW experimentally. Thus, modeling offers new perspectives on this
behavior. Defects, including voids, flash, and lack of penetration are formed based on the
flow of the material [75]. By modeling material flow, researchers can identify the conditions
that lead to defects and develop preventive strategies.

Despite the critical importance of modeling, a number of issues make FSW a challeng-
ing subject. High strain rates, significant temperature gradients, and severe deformations
are all part of the process [76]. Sophisticated constitutive models are needed since the
material changes from a solid to a very viscous condition without melting. Moreover,
complex contact conditions involving friction and heat transmission are involved in the
tool-workpiece interface. In addition, the procedure is transient and three-dimensional,
requiring a large amount of computational power [53]. Researchers have used a variety of
computational techniques, each with unique advantages and disadvantages, to address
these issues. However, the necessity for precise and effective FSW simulations encouraged
the development of these modeling techniques.

4.1. Evolution of FEM

Early models concentrated on axisymmetric or simplified 2D instances, but 3D models
have grown in popularity as computational resources and numerical techniques have
improved [77]. The predictive power of these models has been enhanced by the addition
of sophisticated structural models, friction models, and heat generation mechanisms. The
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Lagrangian technique, which follows material particles, is simple to represent massive
deformations but suffers from mesh distortion [78]. Eulerian approach, which fixes the
mesh and allows material to flow through, was then used to prevent mesh distortion but
has difficulty tracking material history [79]. The Arbitrary Lagrangian Eulerian (ALE)
method combines the advantages of both by allowing the mesh to move independently
of the material [80]. The coupled Eulerian Lagrangian (CEL) technique is another useful
modeling method, which couples the Eulerian domain (deformed workpiece) with the
Lagrangian domain (rigid tool) to handle the interaction more effectively [22]. Additionally,
the validation and reliability of the simulations have been improved by combining modeling
with experimental methods like infrared thermography and digital picture correlation [81].

4.1.1. Lagrangian Models

One of the first methods for simulating FSW processes was the Lagrangian description.
In this system, material particles and their histories may be directly tracked while the
computational mesh moves and deforms with the material [82], as shown in Figure 6. This
method is very natural for solid mechanics situations when the main issue is material
deformation. Every node in the computational mesh is linked to a material particle in the
Lagrangian formulation, and it travels with the particle as it deforms. It is easy to trace
material histories, interfaces, and boundaries because the governing equations are stated
with regard to the material coordinates. Material derivatives, which track the motion of
material particles, are used to represent the conservation equations for mass, momentum,
and energy [83].

 

Figure 6. Operation of Lagrangian formulation method.

Shortly after the process was invented, in the mid-1990s, the first attempts to model
FSW using Lagrangian methods appeared. In a groundbreaking study, McClure et al. [84]
modeled the initial plunging stage using a Lagrangian finite element technique, and their
predicted temperature fields agreed rather well with experimental results. Ghanimi et al. [85]
reported that the Lagrangian technique produced satisfactory results on a global scale.

In contrast, Buffa et al. [86] presented a thermomechanical model inside the Lagrangian
framework that made use of the finite element method using DEFORM-3D 5.0 software.
The influence of welding parameters on temperature history, material flow, and strain rate,
was also examined using a description of hard viscoplastic material. They investigated
that the angular velocity generally influences the temperature evolution at the weld line,
which is roughly symmetrical. On the contrary, welding speed and angular velocities
predominate in the asymmetric material flow in the welding zone.

Dong et al. [87] developed three simplified numerical models based on the Lagrangian
technique. The first one is a coupled thermo-mechanical friction heating considering
Coulomb’s friction law and assuming that all the friction work was converted into heat
generation. The second model was the plastic flow zone model, in which the formation
of the plastic zone and its dimensions depend on the tool pin design and the thickness
of the workpiece. The third one was a simplified 3-D heat generation and material flow
model. Ulysse [88] developed a 3-D viscoplastic model to study the effect of the FSW
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process parameters on temperature distribution. They considered the workpiece a rigid
visco-plastic material and the flow stress was temperature and strain rate dependent. The
flow stress σf was determined as follows:

σf =
1
α

sinh−1

[(
Z
A

) 1
n
]

, Z = ε. exp
(

Q
RT

)
(13)

where α, A, Q, and n are constants in the material flow stress expression, R is the gas
constant, T is the temperature and Z is the Zener-Hollomon parameter represents the
temperature-compensated strain rate; high Z values (high ε˙ or low T) increase the driving
force for dynamic recrystallization (DRX), leading to finer grain sizes, while low Z values
promote thermal activation and coarser grain structures. In addition, the temperature-
dependent thermal properties were considered and about 90% of the plastic deformation
was assumed to be converted into heat. They reported that increasing the tool rotation
rate or decreasing the welding speed resulted in an increase in the heat generation and
temperature distribution.

To overcome the problem of mesh distortion and simulation failure in Lagrangian approach,
some researchers [89,90] employed incremental remeshing (automatic re-meshing) techniques.
However, this re-meshing approach is computationally expensive. Akbari et al. [91] developed
a thermo-mechanical model based on the Lagrangian approach using automatic re-meshing
method. They found that about 90 percent of the heat generation was produced by the tool
shoulder, while the pin contributed just 10% of the total heat generation. Moreover, most of
the heat generated came from the frictional heat generation and a small amount of heat
is generated due to plastic deformation. Asadi et al. [89] used the DEFORM-3D software
to develop a thermomechanical model to simulate the FSP based on Lagrangian implicit
and non-uniform mesh with automatic re-meshing. In their model, they assumed a rigid
visco-plastic workpiece material and a rigid tool. Moreover, the friction factor and thermal
properties of the tool and workpiece material were set fixed. The Arrhenius formula was
utilized to correlate the flow stress with the plastic strain and temperature. A fine mesh was
used around the tool and beneath the tool shoulder for accuracy, while a coarse mesh was
used outside the processed zone, as shown in Figure 7. They found that the highest heat
generation was produced at the top surface of the workpiece, which softened the material
at this zone. Additionally, the highest peak temperature was found at the advancing side,
5 mm away from the weld center.

 

Figure 7. Schematic diagram of the mesh of the workpiece and tool [73].

One of the challenges in Lagrangian modeling for FSW is the severe mesh distor-
tion that occurs due to the large material flow around the tool. This distortion can
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lead to numerical instabilities and inaccuracies. This problem can be solved using the
Eulerian formulation.

4.1.2. Computational Fluid Dynamics (CFD) Models

The Eulerian formulation utilizes a spatially fixed grid, as depicted in Figure 8. In
this approach, the material moves relative to the stationary nodes of the non-deforming
mesh. However, certain Eulerian elements might not always have any material; some
might be completely or partially empty. Therefore, it is necessary to calculate the Eulerian
physical boundary for every time increment, which is normally not the case with an element
boundary. Because it permits material to pass through the mesh, the Eulerian formulation
is appropriate for solving fluid dynamics issues. In the early 2000s, the fluid flow analysis
technique known as computational fluid dynamics (CFD) was modified for FSW modeling
in order to consider the plasticized material as a non-Newtonian fluid [90]. This method
acknowledged that the material behaves more like a viscous fluid than a solid at the high
temperatures and strain rates encountered during FSW.

 

Figure 8. Operation split for Eulerian formulation [73].

To describe the non-Newtonian behavior in CFD models, the dynamic viscosity (µ) is
typically defined using specific constitutive equations that link flow stress (σ), strain rate
(ε˙), and temperature (T). The Sheppard and Wright model was widely used to calculate
flow stress, which is then converted to viscosity via the relation µ = σ/3ε˙ [90,92]. Another
common approach is the Carreau model, which is particularly effective in describing the
shear-thinning behavior of the plasticized material [59]. In addition, different models such
as Perzyna model [88], power law dynamic viscosity (describes the dynamic viscosity of
non-Newtonian fluids as a function of shear rate) [93], and modified Bingham model of
dynamic viscosity (applying a high-viscosity linear flow below the yield point) [94] were
also used as dynamic viscosity models during CFD modeling of the FSW process. By
utilizing these laws, CFD models can accurately capture the transition of the workpiece
from a solid-like state to a viscous-flow state under extreme thermomechanical conditions.

Chen et al. [94] investigated the thermal-mechanical conditions during the FSW process
utilizing a CFD model. The workpiece is assumed to be a non-Newtonian, incompressible
fluid. For incompressible single-phase fluid flow, the momentum conservation equation
and continuity equation are provided as follows:

∂ρ

∂t
+∇·

(
ρ
→
v
)
= 0 (14)

∂ρ
→
v

∂t
+∇·

(
ρ
→
v
→
v
)
= −p +∇·

(
µ(∇→

v +∇→
v

T
)

)
(15)

where ρ, µ, p,
→
v , and t are the density, the viscosity, the pressure, the velocity vector, and the

flow time, respectively. Moreover, the equation of energy conservation is given as follows:

∂ρH
∂t

+ ∇·
(

ρ
→
v H

)
= ∇·(k∇T) + Sv (16)
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where H, T, k, and Sv are the enthalpy, temperature, the thermal conductivity, and the
spatial source term regarding the volumetric heat generation owing to plastic deformation,
respectively. The enthalpy is given in Equation (17):

H =
∫ T

Tre f

CpdT (17)

They [94] considered the heat generation due to friction and plastic deformation in
their model. The frictional shear stress and the relative velocity between the tool and the
workpiece were used to calculate the facial heat flux at the tool/workpiece interface, which
represents the heat generated from friction as given in Equation (18):

Q f = η · τf · ∥
→
v re f ∥ (18)

where τf , and ∥→v re f ∥ are frictional shear stress and the interfacial relative velocity between
workpiece and tool. η is the heat fraction into the workpiece material and they considered
it as 0.7. The heat produced by plastic deformation was regarded as a volumetric heat flux
and was included as a source term (Sv) in the energy conservation Equation (16). The flow
stress multiplied by the rate of plastic deformation was used to compute the volumetric
heat flux. The plastic deformation heat generation (Qp) can be computed as follows:

Qp = k· σ· .
ε (19)

where k is the fraction of plastic deformation converted into heat, σ is the flow stress, and
.
ε

is the strain rate.
Subrata and Phaniraj [95] studied the temperature distribution on the workpiece and

tool materials during the FSW of SS304 steel using a CFD model. They assumed the pin is
cylindrical, the contact condition at the tool-workpiece interface is partial sticking condition,
and the workpiece is modeled as a non-Newtonian incompressible viscoplastic flow. The
model was solved utilizing the CFD solver FLUENT. They found that compared to behind
the tool, heat transfers quickly because of the high temperature gradient in front of the tool.
Over the tool surfaces, the temperature is high close to the tool-workpiece interface. In the
first two centimeters above the workpiece, the tool’s temperature gradient is comparatively
high. In contrast to the workpiece’s elliptic temperature contours, the temperature contours
are round because there was no heat generation in the tool due to material flow.

Hasan [96] utilized ANSYS FLUENT-CFD code to construct a CFD model to simulate
the FSW of AZ31 magnesium alloy. They validated their model using the estimated
temperature with experimental results from the literature with 11% differences. In the same
context, Tiwari et al. [50] used a steady-state Eulerian formulation to study the material
and heat transfer model during the FSW process of DH36 steel. The workpiece material
was regarded as a non-Newtonian viscoplastic fluid, with temperature and flow stress
influencing viscosity. The findings demonstrated that the highest temperature varied with
thickness and was measured at the contact interface between the welded material and the
tool shoulder.

It is important to note that the assumption of neglecting plastic heat generation is only
valid for conventional FSW parameters at relatively low tool rotation rates. At such speeds,
many researchers have reported that the plastic heat generated is no more than 4.4% of the
total heat generation [64,95,97]. However, at ultra-high rotational speeds, Mohan et al. [49]
used the CFD to study the material flow, heat generation, and temperature distribution
in the SZ during FSW of AA1100 aluminum alloy and found that plastic heat becomes
the dominant heat source. The researchers included boundary conditions to take into
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consideration the potential for partial melting at high rotating speeds, assuming a partial
sliding–sticking contact condition at the tool-workpiece interface. They investigated and
found that the partial melting did not occur and that plastic heat generation at high
rotating speeds had a greater influence on heat generation than frictional heat generation,
as shown in Figure 9. Plastic deformation accounts for 48.84% of the total heat generated at
18,000 rpm, while it increased to 58.02% and 66.21% at 21,000 and 24,000 rpm, respectively.
Moreover, while the contribution of the pin side and pin tip to the overall heat generation
decreased as the tool rotation rate increased, the shoulder’s contribution increased.

 

Figure 9. Frictional heat generation, plastic heat generation, and total heat generation at different tool
rotation rates and constant welding speed of 60 mm/min at (a) shoulder, (b) pin side surface, and
(c) pin tip, adopted from [49].

Kumar and Sinha [98] investigated the heat generation during FSW of AA2024-T4 alu-
minum alloy utilizing a CFD model. They found that the heat flux was almost symmetrical
about the axis of the tool, and as the tool’s rotation rate increased, so did its magnitude.
Moreover, the tool shoulder produced about 85% to 90% of the total generated heat. In
the same manner, Chen et al. [99] used ANSYS Fluent to simulate the FSW of AA6061
aluminum alloys utilizing the CFD approach. They found that the heat flux distribution
was nearly symmetric with respect to the tool axis. Sun et al. [100] used a novel approach
brought forward to compute the interfacial friction stress directly from the yield criterion,
eliminating the need to first ascertain the friction factor. The relationship between tempera-
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ture and interfacial friction stress is explained. The researchers validated the CFD model’s
results in terms of temperature with the experimental results and reported the satisfactory
agreement between both results.

On the other hand, the CFD technique was utilized to predict the heat generation
and material flow during dissimilar FSW. Kadian and Biswas [101] developed a novel
model based on the volume of fluid (VOF) approach to study the dissimilar FSW of
AA6061 aluminum and Cu-B370 copper plates. It is discovered that the advancing and
retarding sides experience different temperature variations. Compared to the aluminum
side, the copper side dissipates heat far more quickly. As a result, the copper side’s
isotherm contours are substantially greater than the aluminum sides. On the other hand, the
highest temperature readings are found directly beneath the pin tip. The dissimilar FSW of
aluminum to steel was investigated by Bokov et al. [102]. They used a CFD model to study
the effect of the tool pin shape on the temperature distribution. According to the simulation
results, a bigger tapered pin angle resulted in more mechanical effort on the joint line and a
larger SZ was formed. Moreover, about 26% of the total heat generated by the tapered pin
tool was generated by the pin. In contrast, the pin’s overall heat generated in the case of the
cylindrical pin profile was close to 15% of the total heat generated. Zhang et al. [103] utilized
the CFD and VOF methods to investigate the dissimilar FSW of 2024-T4 aluminum alloy to
TC4 titanium alloy. The combined material’s thermo-physical properties at the SZ have been
treated as a functionally graded material (FGM). They found that the tool shoulder produces
most of the generated heat, while a small amount of heat generation was generated by
the tool pin. Because of the significant difference in the thermophysical characteristics of
titanium and aluminum alloys, a severe asymmetric temperature distribution has been
observed during aluminum-titanium dissimilar FSW [103].

For the investigation of FSW, the CFD models have several benefits. Without the
need for expensive experiments, they offer in-depth insights into intricate thermo-fluid
phenomena such as material movement, heat generation, and temperature distribution,
allowing for process optimization along with understanding of the FSW process physics.
Nevertheless, it is still difficult to accurately depict the intricate interactions between the
tool and workpiece, material flow, and extreme plastic deformation. Prediction accuracy
may be impacted by uncertainty introduced by material constitutive models and turbulence
modeling in extreme conditions.

4.1.3. Arbitrary Lagrangian-Eulerian (ALE) Models

The FSW process is frequently numerically simulated using the flexible Arbitrary
Lagrangian–Eulerian (ALE) approach. By enabling mesh motion independent of material
flow (Eulerian) and tracking material deformation (Lagrangian), it combines the advantages
of both Eulerian and Lagrangian techniques [104]. In FSW simulations, where there
is significant material deformation, intricate thermo-mechanical interactions, and tool-
workpiece interactions, this hybrid capability is especially beneficial. As a key component
of the adaptive meshing capabilities, the mesh is periodically smoothed to reduce element
distortion and maintain advantageous aspect ratios of elements while maintaining the
same mesh topology. Both the quantity of nodes and components and their connectivity
are unchanged. It can be used to examine both Eulerian and Lagrangian problems [105].

Assidi et al. [78] utilized the ALE approach to study the FSW of 6061 aluminum sheets.
The model was implemented in the Forge3 V7.0 software. Their preliminary study em-
ployed Norton’s friction model and demonstrated the high sensitivity of welding forces and
tool temperature estimated by friction coefficients, the necessity of accounting for changes
to the contact surface caused by slight friction variations, the potential for highly accurate
force calibration, and the challenge of accurately presenting the tool temperature profile.
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However, using Coulomb’s friction model enables the calibration of a friction coefficient
that provides good agreement with experiments on forces as much as tool temperatures for
a range of welding speeds, as well as the acquisition of realistic temperature profiles.

Meyghani et al. [106] created a three-dimensional finite element analysis of FSW using the
ALE method, which included examining the thermal behavior and temperature progression
of the alloy AA-6061-T6. The model was solved utilizing ABAQUS 6.14 software. They found
that a significant amount of heat was produced by the shoulder, according to the results of the
workpiece cross-section taken at various rotational speed ratios. Moreover, the heat generation
increased by increasing the tool rotation rate and/or decreasing the welding speed.

A kinematic framework was developed by Dialami et al. [107] based on the combina-
tion of ALE, Eulerian and Lagrangian for different parts during FSW process modeling.
This permits the convenient application of the boundary conditions and the treatment of
arbitrary pin geometries. For the ALE portion of the domain, a mesh-moving approach
made coupling with the remaining sub-domains (the Eulerian and Lagrangian ones). The
heat produced by friction and plastic dissipation is taken into consideration. The impact of
boundary conditions that are both stick and slip is examined. Because of the pin’s rotational
and linear motion as well as the asymmetry of heat generation surrounding its surface, the
results show asymmetry of the temperature profiles surrounding the pin.

The difference between the heat generated due to friction and plastic deformation
was studied by Myung et al. [105] utilizing an ALE model. They used the Johnson-Cook
material model to simulate the flow stress as a function of temperature and strain rate.
Moreover, the workpiece’s thermal properties were considered as temperature-dependent
properties. They found that frictional dissipation produced the majority of the heat during
the plunging stage, while combined plastic and frictional dissipation produced the majority
of the heat during the travel stage, as shown in Figure 10. The heat transmission between
the sheet and the backing plate, as well as between the sheet and air, caused the internal
heat energy to eventually reach saturation during the travel stage. It was demonstrated that
friction generated more heat than plastic dissipation. However, the rate of heat generated
by friction in the travel stage was only twice the rate of plastic dissipation.

Figure 10. Frictional dissipation, plastic dissipation, and internal heat energy estimated during FSW
of AA2024-T3 aluminum alloy at 400 rpm and 120 mm/min, adopted from [105].
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Although ALE reduces mesh distortion and provides a useful compromise for FSW
simulation, it has significant disadvantages. It is a demanding approach due to its high
computational cost, complexity of implementation, mesh management and remapping
errors, intricacy of material flow, and handling of severe thermo-mechanical contact. The
decision to employ ALE for FSW frequently entails balancing the algorithm’s substantial
computational load, complexity, and potential for numerical errors against its capacity to
manage deformation.

4.1.4. Coupled Eulerian Lagrangian (CEL) Approach

In a different way to the ALE method, the Coupled Eulerian-Lagrangian (CEL) de-
scription is another hybrid approach that blends Eulerian and Lagrangian formulations.
Regions with large material flow and deformation, like the workpiece in FSW, are modeled
in the Eulerian domain of the CEL formulation, whereas regions with relatively small
deformations, like the tool, are modeled in the Lagrangian domain [22]. Specialized con-
tact algorithms that take into account the interaction between the Eulerian material and
the Lagrangian bodies are used to handle the coupling between the two domains. This
method preserves accurate tool geometry and motion representation while enabling effec-
tive simulation of processes involving extreme deformations [108]. A penalty-based contact
algorithm is used to manage the tool-workpiece interaction, calculating frictional forces
and heat generation while enforcing the no-penetration condition. The tool’s geometry and
motion are accurately represented by the Lagrangian formulation, while the workpiece’s
Eulerian formulation enables effective simulation of the steady-state phase of FSW [109].
Furthermore, CEL models can effectively estimate the welding defects during the FSW of
similar and dissimilar materials [110].

Accurately representing the tool’s geometry and motion while permitting significant
material deformation in the workpiece is one benefit of the CEL approach [111]. Frictional
heating, a crucial part of heat generation in FSW, can now be calculated more precisely.
Furthermore, the steady-state phase of FSW, in which material flows continuously through
a control volume surrounding the tool, can be effectively simulated due to the Eulerian
formulation for the workpiece.

Mirabzadeh et al. [112] utilized the response surface method (RSM) and CEL model to
investigate the effect of the different welding parameters on the heat generation during
the FSW process. The simulated results in terms of temperature were compared to the
experimentally measured temperatures with 6% error. They reported that about 70% of the
heat generated was influenced by the tool rotation rate. Additionally, the tool geometry,
welding speed, and tool tilt angle affected the heat generation during the process by 15%,
11%, and 4%, respectively.

Malik et al. [113] proposed a 3-D finite element model based on the CEL technique in a
commercial Abaqus/Explicit code to investigate the effect of the different pin profiles on the
FSW of aluminum alloy. They also used the Johnson-Cook model to describe the material
flow stress and Coulomb’s friction law for the friction heat generation. They investigated
that compared to the frustum pins, the peak temperatures estimated for straight pins were
noticeably greater. In both the Frustum and Straight pins, triangular pins generated the
least amount of heat. Additionally, increasing the number of pin sides, i.e., square and
pentagon pins, led to an increase in the peak temperature. However, the peak temperature
decreased again at the hexagonal pin.

In a similar manner, Akbari and Asadi [114] developed a thermo-mechanical model
using the CEL approach to study the effect of the triflute pin shape on the FSW of
6061 aluminum alloy. The study included a cylindrical pin and three triflute pin shapes
with 1, 1.5, and 2 triflute radii. They found that in the deeper flutes, the tool-workpiece
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contact surface area increased to somewhat counterbalance this increased temperature
requirement. However, a higher tool rotation speed is required for defect-free joint produc-
tion, which could negatively impact the tool’s lifespan and the mechanical characteristics of
the joint. When it comes to improving material flow and attaining flawless welding, flutes
with a smaller radius were far more effective than those with a bigger radius. Choudhary
and Jain [115] investigated the effect of tool pin eccentricity on the heat generation and
defect formation during FSW of AA2024 aluminum alloy. They concluded that increasing
pin eccentricity from 0 to 0.2 mm and the tool tilt angle from 0 to 2◦ resulted in decreasing
the defect size and increasing the heat generation.

4.1.5. Smoothed Particle Hydrodynamics (SPH)

SPH is a mesh-free, particle-based computational technique that discretizes the con-
tinuum into a collection of particles with field variables (stress, temperature, velocity, and
mass). Using kernel functions over a smoothing length, values are interpolated at par-
ticle locations to solve the governing equations (conservation of mass, momentum, and
energy) [116]. The natural handling of large deformations due to the particles’ movement
with the material and the avoidance of mesh distortion problems that are common in FEA
are two important benefits of FSW modeling. Furthermore, Lagrangian nature makes
it possible to directly visualize the material flow surrounding the tool. Furthermore, no
special algorithms are needed for surfaces or interfaces. Because of these characteristics,
SPH is especially well suited to simulate the complicated material flow, stirring action, and
extreme plastic deformation that occur in FSW.

Tartakovsky et al. [117] proposed an SPH to estimate the effect of the tool geometry
and welding parameters on the heat generation in FSW. Weld metal is treated by the model
as a non-Newtonian fluid with a viscosity that varies with temperature. The heat generation
at the tool/material interface and the contribution of this surface heating were determined
by combining the momentum conservation equation’s viscous and particle interaction
forces. They reported that as the tool’s rotational rate increased, more heat was produced
and the temperature surrounding the tool surface also increased. The temperature profile
behind the tool has a longer tail as a result of the increase in welding speed, although peak
temperatures close to the tool surface didn’t remarkably increase. Additionally, the two flat
sides and smooth cylindrical tool pin produced the same average temperature around the
tool pin.

Pan et al. [118] presented a Lagrangian model based on the SPH technique to inves-
tigate the FSW of magnesium alloys. They reported that the stirring zone’s temperature
decreased with increasing welding speed. Furthermore, raising the rotational speed in the
stirring zone resulted in greater temperatures and increased heat generation due to the
higher strain rate and plastic dissipation. In a similar manner, Ansari and Behnagh [119]
developed an SPH model to study the dissipation energy, force, and plastic strain during
the plunge stage in the FSW process. Their model has been validated using the estimated
tool plunge force against the experimental measured one. They investigated that frictional
energy constitutes the majority of the process’s overall energy, accounting for between
80 and 90%. The fast rotational speed and axial pressure of the FSW tool on the work-piece
surface are the causes of the high percentage contribution of frictional energy relative to
plastic energy [119].

Meyghani et al. [120] utilized the ALE and SPH approaches to investigate the heat
generation and temperature distribution during FSW of 6061-T6 aluminum alloy. They
found that the temperature distribution beneath the shoulder was asymmetric. Additionally,
they noted that the welding rotational rate has a greater impact on the peak temperature
than the welding speed. This problem has been raised because rotating speed has a greater
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impact on frictional heat generation than transverse velocity. Because of the reduction in
heat accumulation, the peak temperature decreased as the welding speed increased when
the rotating speed remained constant.

The FSP of AZ91 magnesium alloy was investigated using the SPH method by
Roshan et al. [121]. The correctness of their SPH model is confirmed by the strong agree-
ment between the simulated and observed temperatures across FSP phases, with errors
below ~5% along the shoulder perimeter 10 mm from the SZ center. The SZ reached a
peak temperature of about 83% of the base material’s melting point. Moreover, applying a
tool tilt angle of 2◦ resulted in a defect-free processed zone due to the high compressive
stress and frictional heat generation in the trailing side of the welding tool. Roshan et al.
used the SPH method to investigate the FSW and stationary shoulder FSW of AA6061 alu-
minum alloy. They showed that SSFSW produced lower heat generation and plastic strain
in the SZ compared to FSW. They also noted that SPH can give a deeper understanding
of the temperature flow and material flow in the SZ during the conventional FSW and
SSFSW processes.

4.2. Comparison and Researchers’ Interest in Different Model Techniques

From above literature, it is clear that each approach has advantages and limitations.
ALE is frequently regarded as the “standard” for solid mechanics FSW since it effectively
connects mechanical and thermal fields, making it possible to calculate residual stresses,
which is difficult to predict using CEL and/or CFD methods. When severe plastic deforma-
tion and volumetric defects occur in the simulation, where an ALE mesh would collapse,
CEL is recommended. CEL is also used to simulate the complex tool geometry. Instead
of focusing on structural integrity, CFD is mainly used to comprehend the physics of the
flow, such as how the material moves around the pin. SPH is becoming steadily popular
for modeling defects (such as voids or tunneling defects) because it naturally permits
material separation without the intricate erosion criteria required in mesh-based methods.
Table 2 gave a detailed comparison between the different approaches used to modeling the
FSW process.

Table 2. Detailed comparison between the different approaches used for modeling the FSW process.

Approach Advantages Disadvantages Mesh Type and
Node Count

Computational
Cost Refs.

ALE

High accuracy in capturing
stress/strain fields and
Temperature gradients.
Handling the
tool/workpiece interface
precisely.
Good at tracing material
history variables.

Requires
sophisticated
re-meshing
algorithms.
Cannot simulate
the complex tool
geometry such as
threads.

Moving and
structure mesh
that follows the
tool path.
10,000 to 50,000
element number,
which should be
refined near the
tool surfaces.

High
computational
cost due to the
re-meshing
variables.

[105,106]

CEL

High Stability: it
eliminates mesh distortion
issues completely in the
workpiece.
Handles the extreme
material flow around the
tool pin effortlessly.
Allows for detailed
Lagrangian modeling of
complex tool geometries.

Lower accuracy at
the free surface
(material voids)
compared to ALE.
Numerical
diffusion can occur
during material
advection steps.

Fixed Eulerian
grid for the
workpiece;
Lagrangian mesh
for the tool.
50,000 to more
than 200,000
element number
with fine mesh
around the tool.

High
computational
cost because the
Eulerian domain
must cover the
entire weld path
with a fine mesh.

[108,110,
111]
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Table 2. Cont.

Approach Advantages Disadvantages Mesh Type and
Node Count

Computational
Cost Refs.

CFD

Best for visualizing
material flow patterns,
velocity fields, and
streamlines.
Excellent for predicting
thermal cycles and peak
temperatures.
Very stable for steady-state
simulations.

Typically assumes
material as a fluid
and neglects
elastic behavior.
Difficulty in
modeling
volumetric defects
and the free
surface and
flashing of the
material.

Eulerian structure
grid for the
workpiece.
20,000 to 100,000
element number.
Requires
refinement in the
shear layer around
the pin.

Moderate
computational
cost in case of
steady-state
thermal analysis.

[98,101,
102]

SPH

No mesh distortion
problems; ideal for
extremely large
deformations and complex
geometries.
Naturally captures free
surface effects, void
formation, and flash
formation.
Easy to simulate complex
tool profiles without
mesh constraints.

Difficult to apply
accurate boundary
conditions
(friction) at tool
surfaces.
Suffers from noise
in stress results.

Meshless
(Particles).
100,000 to
+500,000. Requires
high particle
density to capture
temperature
gradients
accurately.

Very high
computational
cost due to
neighbor
searching
algorithms. The
explicit time
integration
restricts the time
step significantly.

[118,119]

As explained in Section 2, the strong correlated to heat generated measurements
during the FSW process articles were then divided according to each measurement method.
Figure 11 illustrates the increasing number of FEM studies over the last 25 years. The
SPH models for simulating FSW started in 2006 and showed very little of researchers’
interest. These findings may be attributed to the high computational cost of the SPH model,
which requires millions of particles. The numbers of ALE models for FSW are higher
than the SPH ones. However, the researchers’ interest didn’t increase over time. Despite
the high accuracy of predicting heat generation during FSW, ALE is still computationally
expensive and complex in terms of mesh motion and the choice of suitable mesh velocity.
The figure shows the great interest of researchers in the CFD and CEL models. In spite
of the assumption of isotropic material behavior, CFD models showed high accuracy in
material flow and efficiency in the parametric study of FSW. For CEL models, the ability to
handle problems such as complex tool geometry, extreme deformation, and solid-liquid
interactions makes the CEL technique the most suitable and accurate method to simulate
the FSW process. In terms of countries, Figure 12 shows the interest of researchers from
various countries in different simulation approaches. Countries such as India, China, and
the United States of America gave great importance to the CFD and CEL models for FSW.
The ALE method finds its importance with researchers from France and Spain.

From an industrial perspective, the selection of an appropriate modeling approach
depends largely on the specific application requirements. For routine process optimization
and parametric studies, CFD models offer an effective balance between accuracy and
computational cost, making them suitable for industrial-scale implementation. In contrast,
for high-value components where defect prediction and residual stress analysis are critical,
CEL and ALE models are more appropriate, despite their higher computational demands.
The increasing use of hybrid approaches and machine learning techniques is expected
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to further enhance the scalability of these models, enabling their broader adoption in
manufacturing environments.

Figure 11. A 3D sketch of the number of FSW models with different simulation techniques over the
past 25 years, according to the Scopus database.

Figure 12. The number of FSW simulation articles in the different countries Using: (a) CFD, (b) ALE,
(c) CEL, and (d) SPH techniques, according to the Scopus database.
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4.3. Future Work in FSW FEM

The future of numerical simulation in FSW is poised for significant advancements,
driven by the need for higher accuracy, efficiency, and predictive capabilities. Key research
directions include:

• Using machine learning (ML) to overcome the drawbacks of Johnson-Cook or
Arrhenius-type material models and create temperature/strain-rate-dependent flow
stress models from limited experimental data. Furthermore, modeling intricate inter-
faces (such as those between Al-Ti and Al-Steel) with precise residual stress analysis
and intermetallic layer growth prediction.

• Improving the computational cost using GPU/parallel computing and developing
surrogate models such as neural networks for real-time process simulation.

• Combining the solid mechanics models with CFD for better prediction of material
flow, heat generation, defects, and tool wear.

• Modeling the FSW process of non-metallic materials such as polymers and composites
with anisotropic behavior.

• Improving special FSW modules and enhancing the capabilities of the Ansys, Abaqus,
and COMSOL software for FSW simulations

5. Experimental Measurements of Heat Generation
Even though numerical and analytical models are extremely helpful for predicting FSW

thermal fields, they need to be carefully validated by experimentation. For the development
of in-process monitoring, precise experimental measurement of heat generation also offers
process understanding, optimization of process parameters, and quality control [122].
However, experimental measurement of the heat generation during FSW is challenging
because of the harsh environment due to the rotating tool, high temperature, and severe
plastic deformation. Researchers have used a variety of creative techniques over the last
25 years, namely thermocouple embedding, infrared thermography, and calorimetry, to
investigate the extreme heat environment in the FSW zone.

The most used temperature sensors in FSW are thermocouples because of their direct
measurement ability, broad temperature range, resilience, and affordability. According to
the Seebeck effect, thermocouples produce a voltage proportionate to the temperature dif-
ferential between two dissimilar metal wires (junctions). It is possible to determine the local
temperature by positioning one connection (the measuring junction) at the point of interest
and the other (the reference junction) at a known temperature [123]. In order to respond to
welding disturbances more quickly, the thermocouple is typically positioned as close to the
plastically deformed region, as possible through a drilled hole in the workpiece and/or
tool [124,125]. However, the integration of thermocouples poses significant experimental
challenges. If positioned too close to the tool’s path, the sensors are highly susceptible to
mechanical shearing due to the severe plastic deformation and intense stirring action. Fur-
thermore, the presence of drilled holes and the sensors themselves can potentially disrupt
the local material flow, leading to slight deviations from the actual welding conditions.
Consequently, researchers typically strategically embed thermocouples at specific offset
distances from the SZ to ensure sensor survival and maintain the integrity of the material
flow while still capturing relevant thermal data [12].

Early, thorough thermocouple data from Chao and Qi on 304L stainless steel revealed
a nearly linear rise in peak temperature with the tool rotation rate. Frigaard et al. [57]
revealed that peak temperatures for AA6082-T6 were between 480 and 520 ◦C, and that
they were highly influenced by traverse welding speed and rotation rate. Sara et al. [126]
utilized thermocouples located at 15, 20, and 25 mm away from the weld centerline to
investigate the FSW of AA5052 aluminum alloy. They reported a good agreement between
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the experimental and estimated temperature at all the tool welding parameters when using
a coefficient of friction between 0.64 and 0.95.

Raturi and Bhattacharya [127] used thermocouples located in different locations on the
workpiece top surface and inside it to investigate the temperature variation during the FSW
of AA6063-T6 and AA7075-T651 dissimilar aluminum alloys. They used two different tool
geometries: threaded with intermittent flat faces (TIF) and plain cylindrical (CYL). They
reported that the TIF pin profile’s capacity to increase the degree of plastic deformation
with the aid of intermittent flat faces caused the temperature to rise during dissimilar FSW
considerably more quickly than the CYL pin. Moreover, there is an asymmetry with a
larger temperature at the trailing side of the tool traverse than the leading side because the
peak temperature at any point along the weld line reaches post tool leave practically with a
consistent delay [127].

Infrared (IR) thermography is another way to determine the surface temperature
distribution during FSW. IR uses the infrared light that an item emits to measure surface
temperature distributions without making contact. Infrared radiation is emitted by any-
thing above absolute zero. The emissivity (ε) and surface temperature of the item determine
the radiation’s intensity and spectrum dispersion. This radiation is detected by an infrared
camera, which then transforms it into an electrical signal and creates a 2D temperature map
(thermogram) of the surface using calibration and the object’s emissivity information.

Raikoty et al. [128] studied the surface temperature distribution during the FSW
of 6061-T6 aluminum alloy at a high tool rotation rate of 15,000 rpm using an infrared
camera. They reported that a sound weld requires a minimum tool translational velocity of
125 mm/min to reach a maximum temperature of about 580 ◦C, which is slightly below
the alloy’s solidus temperature. A new hybrid vision approach for online FSW process
monitoring, which involves taking a weld image using a thermal imaging camera and
a visual band camera, was proposed by Mężyk and Kowieski [129]. The new approach
can not only measure the surface temperature distribution but also allow detection of
subsurface defects. Despite the non-contact measurements, IR can be used only for surface
measurements. Additionally, inaccurate values of emissivity led to significant temperature
errors. To mitigate this, a common laboratory practice involves coating the workpiece
surface with a thin layer of high-emissivity (ε > 0.9) matte black paint. This treatment
standardizes the surface emissivity and minimizes measurement errors [130]. However,
repeatability of temperature measurements is generally acceptable for thermocouples
under controlled conditions but can vary significantly for IR thermography due to surface
condition changes between experiments.

Using the calorimetric approach, which measures temperature variations in the water
around the weld region, heat input can be calculated using mass and specific heat capacity.
Sato et al. [131] examined the amount of heat generated when aluminum alloy 5083 was
friction stir welded (FSW). The authors used multiple regression analysis to develop an
empirical equation that links heat input to input factors, specifically travel speed, rotational
speed, and shoulder diameter, after measuring heat inputs across a range of welding
parameters using the calorimetry method. The experimental results showed a significant
relationship between the heat input and the grain size in the SZ, which offers guidance for
improving the welding procedure. Moreover, the heat input increased by increasing the
tool rotation and decreasing the welding speed. Furthermore, a larger shoulder diameter
resulted in higher heat input.

In a similar manner, Yi et al. [132] examined the use of the calorimetric method to
assess heat input during the FSW of 1100 and 5083 aluminum alloys. They found that, at
the same welding parameters, the heat input during FSW of 1100 alloy was higher than
that in 5083 alloy due to the higher thermal conductivity of the 1100 alloy. Furthermore,
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they used a large number of experimental results and multi-regression analysis to derive
an empirical formula to compute the heat input during the FSW process as follows:

HI = 7.2 V−0.8 N0.1 D0.55 d0.45 h0.3 λ0.4 (20)

where HI is the heat input in J/mm, V is the welding speed in mm/s, N is the tool rotation
rate in rad/s, D is the tool shoulder diameter in mm, d is the tool pin diameter in mm,
h is the pin height, and λ is the workpiece material’s thermal conductivity in W/m.K. The
calorimetry technique is a good method to determine the total heat input during FSW.
However, it lacks the spatial resolution required to capture localized thermal gradients.
Consequently, it cannot be used to analyze phenomena that depend on local temperature
variations, such as microstructural evolution or the formation of specific volumetric defects
like tunneling.

Some researchers [133,134] utilized the FSW parameters and tool torque to compute
the heat input during the process, as calculated from Equation (21):

HI (J/mm) =
Power
speed

= η
ωT
v

(21)

where ω, T, v, and η are the tool rotation rate in rpm, tool torque in N.m, welding speed in
mm/min, and heat transfer efficiency, respectively. Ahmed et al. [134] used Equation (21)
to determine the heat input during dissimilar FSW of AA5083, AA5754, and AA7020
aluminum alloys. They investigated the importance of controlling the heat input to produce
a sound weld. The findings indicate that lower heat input during FSW leads to sound joints,
while increased heat input results in defects, such as tunnel formations. Additionally, at a
specific tool geometry and plunge depth, the maximum temperature is mostly determined
by the rotation tool speed, whereas the heating rate is determined by the welding speed.
Furthermore, changing the alloy in the advancing side has no remarkable effect on the
heat input. Finally, they concluded that at a specific tool geometry and plunge depth, the
maximum temperature is mostly determined by the rotation rate, whereas the heating rate
is determined by the welding speed.

Rathinasuriyan et al. [135] examined the heat generation that results from applying
conventional FSW and Submerged Friction Stir Welding (SFSW) to the 6061-T6 aluminum
alloy, highlighting the importance of torque as a key determinant of the welding process.
They used the machine data, such as plunge force and tool torque, the welding parameters,
and the calculated coefficient of friction to determine the heat input. The results showed
that higher rotational rates were associated with higher heat generation and that SFSW
required higher torque and power, especially at greater water head, which led to more
significant heat generation. Furthermore, a higher water head was found to result in higher
torque needs and power consumption.

Heat generation in FSW is still difficult to measure experimentally, despite significant
advancements. To evaluate findings and direct future research, it is essential to compre-
hend these constraints. Thermocouples disrupt the process but give direct internal data.
Although IR is non-contact, it only views the surface and has emissivity issues. In IR
thermography for metals, emissivity uncertainty is the main cause of mistakes. It is very
challenging to determine emissivity accurately and in real time when surface conditions
are dynamic and non-uniform. Calorimetry measures total heat generation but lacks spa-
tial details. Lastly, it is frequently impractical to adapt advanced measurement methods
(such as complex calorimeters, high-speed infrared, and dense thermocouple arrays) to
large-scale industrial FSW activities. Table 3 compared the different experimental methods
in terms of spatial resolution, response time, calibration, and uncertainty.
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Table 3. Difference between the experimental methods of heat generation measurements.

Measuring
Method

Spatial
Resolution Response Time Sensor Positioning Calibration Uncertainty Refs.

Thermocouple

High for single
point but many
sensors needed
for temperature
distribution

Often slow

Proper installation
is critical. The
thermocouple
should be
embedded close to,
but outside, the
processed zone.

Simple and
straightfor-
ward.
(Reference bath)

Generally
accurate for point
measurement (If
well placed)

[124,125,
127]

IR

Very high (for
surface
measurement
only): provide
pixel-by-pixel
surface
mapping

Fast, often
capable of
real-time
imaging

Moderate effect. It
is sensitive to the
camera angle,
distance, and
vibration

Complex.
Calibration
must account
for surface
emissivity and
ambient
temperature.

Higher
uncertainty due
to environmental
factors and
emissivity errors.

[128,130]

Calorimetry

Very low: used
to measure the
total heat
energy. Provide
almost no
localized spatial
data.

Very slow.
Generally, they
require the
system to reach
thermal
equilibrium to
accurately
calculate total
energy

No, or minimal
effect. The system
being measured is
usually isolated
inside the
calorimeter,
avoiding
interference with
the tool or
workpiece.

High
complexity
(Isothermal)

Very low
uncertainty for
total energy
balance in a
steady-state
system but low
for real time
measurement.

[130,132]

Future Directions for Experimental Measurements

• Dual-Wavelength IR can reduce emissivity dependence and improve accuracy, while
high-speed or high-resolution IR can be used to capture finer spatial details and
faster transients.

• To reduce disruption and enhance spatial resolution, smaller, less intrusive thermo-
couples (such as thin-film thermocouples deposited on the tool or workpiece surface
or micro-welded junctions) are the best choice.

• To give a more comprehensive experimental image, calorimetry (for total heat), syn-
chronized infrared thermography (for geographical distribution), and embedded
thermocouples (for internal validation) can be combined.

• applying advanced machine learning methods, inverse modeling, and signal process-
ing to intricate thermal datasets to gather additional information regarding defect
formation recognition, material flow patterns, and heat source properties.

6. Effect of Heat Generation on Microstructure Evolution
Through its effects on peak temperature, cooling rate, and deformation mechanisms,

heat generation in FSW controls the evolution of microstructural characteristics [136]. In the
SZ, optimal heat input refines grains via DRX, whereas in the HAZ, too much heat coarsens
grains or dissolves precipitates. Advanced procedures (active cooling, hybrid processes),
tool design, and process parameters (tool rotation rate, welding speed, plunge force and
depth, etc.) allow for microstructure modification. While too much heat results in abnormal
grain growth or liquation, too little heat input results in inadequate material flow [13].

The severe thermomechanical history that the material undergoes during welding,
particularly in the SZ generates a deep modification of the microstructure. Therefore,
the SZ undergoes full recrystallization (the formation of refined, equiaxed, and homoge-
nous grains), while the precipitate dissolves and coarsens inside and around the stirred
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zone [137,138]. However, the modification of the microstructure of the stirred domain is
most likely caused by the tool’s geometry as well as the sophistication of the material flow
during the stirring process.

Rouzbehani et al. [139] investigated the effect of using different tool rotation rates
and welding speeds on the microstructure evolution during FSW and underwater FSW
(UFSW) of Al7075 aluminum alloy. They reported that as the welding speed increased from
25 to 300 mm/min, i.e., decreasing the heat input and shortening the residence time, the
average grain sizes of the welds decreased from roughly 9 to 3 µm and from 3 to 1 µm in the
FSW and UFSW welds, respectively. Moreover, as the tool rotational rate increased during
UFSW compared to FSW, the distribution and volume fraction of the precipitates became
significantly more uniform. They attributed this effect to the lower peak temperature in the
UFSW condition.

In a similar work by Ghetiya and Patel [140], the effect of the welding speed on the
microstructure in FSW and UFSW of AA2024-T6 aluminum alloy has been investigated.
They found that increasing the welding speed decreased the heat input, which in turn
reduced the dissolution of strengthening precipitates. Furthermore, it was discovered that
as welding speed increased, grain size decreased because low heat was input during both
FSW and UFSW processes. However, the dissolution during the UFSW process was lower
than the FSW one because of the low peak temperature and residence time, which in turn
enhanced the mechanical properties.

Liu et al. [141] studied the effect of welding speed on the grain size evolution in FSW
of AA2219 aluminum alloy. They found that the grain size first increased between 50 and
150 mm/min, after which it decreased to a relatively low value at 200 mm/min. They
attributed this decrease to the combined effects of material deformation and heat input
during FSW. Both the amount of material deformation and the amount of heat input during
FSW decreased as welding speed increased. The recrystallized grain size often increases
when the degree of material deformation decreases, whereas the grain refinement typically
occurs when the heat input decreases. Thus, whether factor is dominant determines
how grain size changes with welding speed. Kim et al. [138] reported a decrease in the
peak temperature in the SZ as the welding speed increased. They also reported that the
percentage of recrystallized grains increased with the welding speed. They attributed these
microstructural features to the fact that the inactive annihilation of dislocations at a higher
welding speed creates more nucleation sites, which results in fine and equiaxial grains
in the SZ.

The tool rotation rate has a great effect on the heat input and hence on the microstruc-
ture evolution during the FSW process. The heat input was dramatically increased by
increasing the tool rotation rate and decreasing the welding speed during FSW of 1100 and
5083 aluminum alloys [132]. The authors investigated that the grain size was significantly
increased by increasing the heat input. The high tool rotation rate FSW of 6061-T6 thin alu-
minum plates was investigated by Liu et al. [142]. They reported that the peak temperature
in the SZ was considerably raised by raising the rotating rate and lowering the welding
speed. Significant plastic deformation and high heat input led to dynamic recrystallization,
forming equiaxed grains in SZ. At fast transverse speed (1500 mm/min), the size of the
precipitates Mg2Si and Al8Fe2Si in the SZ was smaller compared to low welding speed
(300 mm/min) under high rotational rate. Additionally, the size of the precipitate increased
with the increase in rotational rate from 8000 to 10,000 rpm. The authors said that the
precipitates were dissolved during the heating stage and then regenerated during the
cooling stage. Thus, the faster welding speed and/or higher tool rotation rate resulted in
loner residence time and/or higher peak temperature, which increased the precipitates size
and number [142]. The authors then choose the best condition (8000 rpm and 150 mm/min)
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to study the effect of using different backing plate materials (steel and copper) [143]. They
found that the dissolution and coarsening of Mg2Si, Al8Fe2Si, and Al2CuMg precipitates led
to a broad softening zone. Nevertheless, the SZ produced using the steel backing plate had
more precipitates than the copper backing plate, which further enhanced the joint’s tensile
strength and microhardness. On the other hand, Mehri et al. [144] investigated the FSW of
7075-T6 thin aluminum sheets at low tool rotation rates (600, 1000, and 1600 rpm). They
found that in FSW of a thin sheet, the heat input has a minimal impact on the microstructure
evolution, even though the dominant parameter was plastic strain.

Rathinasuriyan et al. [145] studied the effect of tool rotation rate and welding speed
on the weld geometry and distortion angle during FSW of AA2024 and AA7075 aluminum
alloys. They investigated that due to increased heat output, higher rotational speeds
produced larger weld geometries, including wider bead widths and deeper penetrations.
Moreover, at lower welding speeds, angular distortion was more noticeable.

Jabraeili et al. [146] studied the FSW of an AA2024 aluminum to 304 stainless steel
dissimilar joint. They found that the ideal conditions were reached with a zero-tool offset, a
welding speed of 65 mm/min, and a tool rotational rate of 750 rpm. Tunnels and interfacial
gaps developed at positive offsets (toward AA2024) and low heat input conditions. On
the other hand, thick intermetallic compounds (IMCs) were created at negative offsets and
high heat input conditions. Zhang et al. [147] reported that the heat input increased by
increasing the tool shoulder and pin diameters during dissimilar FSW of 6061 aluminum
alloy to T2 pure copper. They found that the rotational rate had a significantly greater
impact on heat input than the welding speed. Furthermore, the threaded tool aided in the
production of Al2Cu phases by encouraging the dispersion of copper particles inside the
aluminum matrix, in contrast to the smooth tool.

The FSW of Mg-5Al-3Sn magnesium alloy has been investigated by Pan et al. [148].
They reported that because of the common effects of solid-state diffusion and reduced
applied stress, some intermetallic particles coarsened at a higher welding speed of
180 mm/min, while the grain size of the α-Mg matrix decreased (by dynamic recrys-
tallization) as the welding speed increased due to a lower heat input. Moreover, the
softening in the HAZ was attributed to the coarsening of the precipitates and grain growth.
Mironov et al. [149] investigated the FSW of AZ31 magnesium alloy. They found that the
FSW was carried out at a temperature range of 0.57 Tm at 300 rpm to 0.85 Tm at 3000 rpm
(Tm is the melting point). Moreover, the microstructure became coarser as the welding
temperature increased, and this impact became more noticeable at temperatures higher
than 0.65 Tm. Tool load, or the expansion of imposed stresses, increased significantly as a
result of the FSW temperature being lowered from 0.85 Tm to 0.64 Tm. This boosted the
contribution of continuous recrystallization to microstructure evolution.

FSW works very well on aluminum, copper, and magnesium, which are softer materi-
als. Steel FSW can still produce sound welds with improved mechanical properties and
finer microstructure, but it may have slower speeds, higher equipment costs, and geometric
constraints compared to aluminum FSW. Choosing the proper process parameters, tool
geometry, and tool material are essential to generate enough heat and material flow to
eliminate the welding defect. Al-Moussawi and Smith [150] investigated the effect of the
heat input on the defect formation in FSW of DH36 and EH46 steel. It was discovered that
high welding speeds led to the production of defects like kissing bonds, voids, and weld
root flaws. The authors suggested that the primary cause of these flaws was the absence
of material flow brought on by the development of stagnant zones. Also, when the tool
rotated at a high rate of more than 500 rpm, defects were found in the microstructure of the
FSW joints because the welding temperature rose above 1250 ◦C.
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During the FSW of low carbon steel, Tiwari et al. [151] investigated that the high heat
input led to high tool surface temperature, which in turn affected the tool surface life. They
found a tool particle in the SZ due to the tool depressing at a high tool rotation rate and
slow welding speed condition. Furthermore, as welding speed increased and tool rotation
rate decreased, grain size steadily decreased. The coarse grain size in the SZ in comparison
to the TMAZ suggests that dynamic recrystallization and following grain growth were
caused by the zone’s highest temperatures. Ashrafi et al. [152] reported that the amount
of heat input during FSW of DP600 steel affected the final microconstituent in the welded
zones. Additionally, the amount of Widmanstatten ferrite and bainite in the high heat input
weld was found to be higher than in the low heat input weld.

Zhang et al. [153] reported that the prior austenite grain (PAG) size, during FSW of
9% Cr reduced activation ferritic/martensitic (RAFM) steel, increased form almost 5 µm
at 200 rpm to 15 µm at 400 rpm at the same welding speed due to the increase in the heat
input. The increase in the PAG size led to an increase in the final martensite lath from
220 nm to 400 nm. However, the final microstructure in the SZ changed from martensite
and ferrite at low heat input to full martensite at high heat input condition. During FSW
of 12% Cr ferritic/martensitic steel, Zhang et al. [154] reported that the low heat input
condition (100 rpm and 50 mm/min) eliminated the HAZ. Moreover, the SZ at low heat
input contained a large number of precipitates, while the dissolution of precipitates in the
SZ was observed at high heat input conditions.

FSW of 2205 duplex stainless steel was carried out by Wang et al. [155]. They reported
that due to inadequate heat input, an incomplete penetration defect developed at 300 rpm,
and significant tool sticking at 600 rpm resulted in the formation of a macroscopic groove-
like defect. Finer recrystallized grains were produced in the stirred zone and the TMAZ as
a result of reduced rotation speed, which is correlated with lower heat input during FSW.

In summary, the tool rotation rate is the most affected welding parameter on the heat
input. Welding speed also has an effect on the heat input and cooling rate. Tool tilt angle,
plunge depth and tool geometry came in the second-level parameters. For aluminum alloys,
high tool rotation rate and fast welding speed led to finer grain size and fine precipitates in
the SZ. In general, low heat input produced better and finer microconstituents. However,
during the FSW of thin aluminum sheets, the high deformation rate at high tool rotation
FSW is dominant over the heat input. In the case of steel, a low tool rotation rate below
500 rpm and welding speeds from 50 mm/min to 100 mm/min were recommended for
better weld macro- and microstructure as well as the welding tool life surface. A summary
of the effect of heat input on the microstructure evolution during the FSW process is
presented in Table 4.

Table 4. Summary of the effect of heat input on the microstructure evolution during the FSW process.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Rouzbehani
et al.

AA7075 aluminum
alloy

FSW and UFSW, 800 and
1250 rpm, 25–300 mm/min,
tool steel with threaded pin

The heat input (HI) decreased
with welding speed. Low HI
produced fine grain size in the SZ.
UFSW resulted in a finer grain
structure compared to FSW.

[139]

Ghetiya et al. AA2024-T6
aluminum alloy

FSW and UFSW, 1000 rpm,
80–125 mm/min, high
speed steel tool with
threaded pin

The HI decreased with welding
speed. Dissolution of precipitates
was eliminated with increasing
welding speed and/or using the
UFSW technique.

[140]
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Table 4. Cont.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Liu et al. AA2219 aluminum
alloy

UFSW, 800 rpm,
50–200 mm/min, H13 tool
steel with conical pin.

Deformation and HI have
different effects on the grain size.
At low welding speed,
deformation was dominant.

[141]

Yi et al. 1100 and 5083
aluminum alloys

FSW, 1000–3000 rpm,
200-600 mm/min, 3◦ tool
tilt angle, tool steel with
threaded pin.

The HI increased with the tool
rotation rate. The grain size
significantly increased by
increasing the HI,
i.e., rotation rate.

[132]

Kim et al. 7075-T6 aluminum
alloy

FSW, (600, 1200, and
1800 rpm), (150, 250, and
350 mm/min), 2◦ tool tilt
angle, tool steel with
cylindrical pin.

The peak temperature in the SZ
decreased with increasing welding
speed. The percentage of
recrystallized grains increased
with welding speed due to
inactive annihilation of
dislocations at a higher
welding speed.

[138]

Liu et al. 6061-T6 aluminum
alloy

FSW, 8000–10000 rpm,
1500 mm/min, Cu and Fe
backing plates, tool steel
with conical pin.

The size of the precipitate
increased with the increase in
rotational rate from 8000 to
10,000 rpm. The SZ produced
using the steel backing plate had
more precipitates than the copper
backing plate.

[142,
143]

Mehri et al. 7075-T6 thin
aluminum sheets

FSW, (600, 800, and
1000 rpm), 50 mm/min,
3◦ tool tilt angle, H13 tool
material with
cylindrical pin.

The HI during FSW of thin sheets
has a minimal impact on the
microstructure evolution, even
though the dominant parameter
was plastic strain.

[144]

Rathinasuriyan
et al.

2024-7075 aluminum
alloys

Dissimilar FSW, (800, 900,
and 1000 rpm), (30, 45, and
60 mm/min), 2◦ tilt angle,
H13 tool steel with
cylindrical pin

Higher rotational speeds
produced larger weld geometries,
including wider bead widths and
deeper penetrations due to
higher HI.

[145]

Jabraeili et al. AA2024-304 SS

Dissimilar FSW, (750, 950,
1180 rpm), (40, 65,
85 mm/min), (−1, 0, 1 tool
offset), 2◦ tilt angle, WC
tool with tapered pin.

Optimal condition was achieved
at zero tool offset, 750 rpm and
65 mm/min. Defect and thick
IMCs were produced at low HI
and high HI, respectively.

[146]

Zhang et al. 6061-T6 to T2 pure
copper

Dissimilar FSW, (1000, 1200,
1400 rpm), (70, 80, 90,
100 mm/min), H13 tool
steel, and conical pin with
and without threads.

Rotational rate significantly
impacted the HI more than
welding speed. The threaded tool
aided in more production of
Al2Cu phases.

[147]

Pan et al. Mg-5Al-3Sn
magnesium alloy

FSW, 1000 rpm, (120, 150,
180 mm/min), 2.5◦ tilt
angle, H13 tool steel with
cylindrical threaded pin.

Lower HI resulted in a fine
α-Mg matrix. [148]

Mironove
et al.

AZ31 magnesium
alloy

FSW, 300–3000 rpm,
200 mm/min, 3◦ tilt angle,
tool steel with threaded pin.

The peak temperatures ranged
from 0.57 Tm to 0.85 Tm at 300 to
3000 rpm. Fine grains were
achieved at low HI.

[149]
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Table 4. Cont.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Al-Moussawi
et al. DH36 and EH46 steel

FSW, (150, 200, 550 rpm),
(50, 100, 400 mm/min), Q70
PCBN tool

Voids and weld root flaws were
observed at low HI, while micro
voids were obtained at high HI.

[150]

Tiwari et al. Low carbon steel
FSW, (300, 450, 600 rpm),
(90, 132, 180 mm/min),
WC-10%wt. Co tool.

High tool rotation rate and low
welding speed resulted in
excessive tool wear and grain
growth in the SZ.

[151]

Ashrafi et al. DP600 steel
FSW, 700 rpm-80 mm/min.
1000 rpm-20 mm/min, 3◦

tilt angle, WC tool

Higher amount of Widmanstatten
ferrite and bainite in the SZ at
high HI condition compared to the
low HI one.

[152]

Zhang et al. 9% Cr steel

FSW, (200, 300, 400 rpm),
60 mm/min, 2.5◦ tilt angle,
W-25% Re tool with
threaded tapered pin.

Increasing the tool rotation rate
led to an increase in the PAG size
and martensite lath width due to
high HI.

[153]

Zhang et al. 12Cr-F/M steel

FSW, 100–500 rpm,
50 mm/min, 3◦ tilt angle,
W-25%Re tool with tapered
threaded pin.

Low HI condition (100 rpm and
50 mm/min) eliminated the HAZ
and produced SZ with
fine precipitates.

[154]

Wang et al. 2205 Duplex
Stainless Steel

FSW, (300, 350, 400, 450, 500,
600 rpm), 100 mm/min, 2◦

tilt angle, W-Re based
alloy tool

Defects were formed at 300 and
600 rpm. Finer recrystallized
grains were produced in the SZ
and the TMAZ as a result of
reduced rotation speed due to
low HI.

[155]

7. Effect of Heat Generation on Mechanical Properties
When it comes to FSW, heat input has two sides. Insufficient amounts of heat input

resulted in defects and poor mechanical characteristics. Too much heat input resulted
in excessive softening and microstructural degradation (grain growth and precipitate
issues) [13,156]. The highest overall mechanical performance (strength, ductility, fatigue,
and toughness) is achieved by minimizing harmful effects in the HAZ and producing a
fine, defect-free SZ through optimal heat input. Achieving this ideal heat cycle requires
careful control of the welding parameters, particularly the rotation speed and travel speed.

Tufaro et al. [157] investigated the effect of heat input on the FSW of AA5052-H32
aluminum alloy. They reported that the heat input increased by increasing the tool shoulder
diameter, which in turn affected the joint quality. They found that the smallest tool shoulder
diameter (10 mm) resulted in the highest hardness values but produced a void defect.
The hardness decreased by increasing the tool shoulder diameter. The best shoulder
diameter was achieved at 12 mm. In similar work, Akbari et al. [158] reported that the peak
temperature increased as pin height, shoulder diameter, and pin diameter increased during
FSW of AA5083 aluminum alloy. Additionally, it was discovered that the joint welded
using a tool with a D/d (D = shoulder’s diameter, d = pin’s diameter) ratio of three was free
of defects under the specific conditions of their study. It should be noted, however, that the
optimal D/d ratio is influenced by multiple factors, including base material characteristics,
welding parameters, and tool design features [26]. Furthermore, increasing the pin height
resulted in deeper penetration and higher ultimate tensile strengths.

The effect of welding speed on the hardness and tensile strength during FSW and
SFSW of AA2014 alloy has been investigated by Ghetiya and Patel [140]. They found that
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the hardness and tensile strength in the case of the SFSW process were higher than in the
case of FSW in air. Additionally, the hardness and tensile strength increased by increasing
the welding speed due to low heat input. However, a defect was formed at the highest
welding speed of 125 mm/min in SFSW, which in turn decreased the tensile strength.
Liu et al. [141] reported that the lowest hardness values during FSW of AA2219 aluminum
alloy were found in the HAZ at the lowest welding speed (50 mm/min) due to the high heat
input. Furthermore, the tensile strength and percent elongation increased by increasing
the welding speed up to 150 mm/min. Then the tensile strength and percent elongation
decreased again at a welding speed of 200 mm/min due to the formation of a lack-of-
fill defect. Rajkumar et al. [159] reported that the highest hardness in FSW of AA6061
aluminum alloy was achieved at the lowest welding speed of 60 mm/min. However, the
tensile strength increased by increasing the welding speed from 30 to 50 mm/min, then
decreased again at 60 mm/min. They attributed this effect to the voids and tunnel defects
formed at high welding speed due to low heat input and insufficient material flow.

Pouraliakbar et al. [160] studied the effect of the heat input in the FSW of a thin strip
AA5182 cast aluminum alloy on its mechanical properties. They found that the sample
welded at 400 rpm has a higher tensile strength compared to those at 800 and 1200 rpm
due to the formation of β-phase. They concluded that in order to achieve a suitable
strength-ductility trade-off, a minimum heat input should be used.

Ozan [161] investigated the effect of different tool rotation rates, welding speeds, and
tool pin profiles on the mechanical properties of 6063-T6 aluminum alloy. He reported that
under all processing parameters, joints that were processed using a pin with a triangle shape
displayed tunnel-type defects with the lowest tensile strength and elongation percentage.
The tensile strength and percent elongation increased at 500 rpm and 80 mm/min compared
to 250 rpm and 40 mm/min using both threaded and pentagonal pin profiles due to
sufficient heat input and excellent material flow.

Salih et al. [162] studied the effect of FSW of AA6092/SiC composite material at
different tool rotation rates and welding speeds on the heat generation, microstructure and
mechanical properties. They reported that the hardness values increased by increasing the
welding speed and/or decreasing the tool rotation rate. They used a series of nine joints to
establish a relationship between the welding parameters, heat generation, grain size, tensile
strength, and fatigue life. Figure 13 shows the relationships and the nine weldments. As
shown in Figure 13a, the peak temperature was significantly increased with the tool rotation
rate, while the welding speed had little effect. However, the authors [162] investigated that
the cooling rate was significantly decreased by increasing the welding speed. The grain
size increased with the tool rotation rate and slightly decreased with the welding speed at
high tool rotation rates (Figure 13b). However, at a low tool rotation rate (1500 rpm), the
grain size increased with the welding speed due to the incomplete recrystallization at high
welding speed. Moreover, the tensile strength at low heat input (1500 rpm) is increased
with the welding speed, as shown in Figure 13c, due to the incomplete dissolution of
precipitates and the formation of geometrically necessary dislocations (GNDs) around the
reinforcement particles. At a high tool rotation rate, the tensile strength improved with
the welding speed due to low heat input and fine microstructure. In addition, the fatigue
life of the welded composite materials was correlated with the SZ grain size, as given
in Figure 13d [162].
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Figure 13. Relationships between: (a) peak temperature and weld pitch (V/ω), (b) peak temperature
and grain size, (c) grain size and tensile strength, (d) grain size and fatigue life [161]. W1 (1500 rpm,
25 mm/min), W2 (1500 rpm, 50 mm/min), W3 (1500 rpm, 100 mm/min), W4 (1800 rpm, 25 mm/min),
W5 (1800 rpm, 50 mm/min), W6 (1800 rpm, 100mm/min), W7 (2100 rpm, 25 mm/min), W8 (2100 rpm,
50 mm/min), and W9 (2100 rpm, 100 mm/min) [162].

The heat input plays a crucial role in the mechanical properties of the dissimilar FSWed
joints. Aval [163] investigated the effect of the heat input on the mechanical properties of
A390-SiC composite-AA2024 aluminum alloy. They found that decreasing the heat input
from 354 J/mm at 1600 rpm to 125 J/mm at 600 rpm led to an increase in the hardness,
yield strength, and ultimate tensile strength. On the other hand, Ni et al. [164] high heat
input condition resulted in higher ultimate and yield strengths compared to the lower heat
input conditions during dissimilar FSW of Al-Cu alloys. They attributed this effect to the
agglomerated IMCs and voids. In a similar work, Wiedenhoft et al. [165] investigated the
effect of the heat input on the mechanical properties during dissimilar FSW of Al-Cu lap
joints. They investigated that low heat input resulted in inadequate material flow and
low strength, while high heat input led to melting of the base metal and bad mechanical
properties. The ideal welding condition that produced high joint quality was achieved at
ω/v from 80 to 110 rev/mm.

Jabraeili et al. [146] reported that the most effective parameter during dissimilar FSW
between aluminum and steel was the tool offset. They reported that a gap occurs in the
interfacial area without any IMCs and hence low mechanical properties when the offset
value is positive (toward the aluminum plate) because the steel plate cannot be deformed.
Moreover, due to insufficient plastic flow in the aluminum alloy, tunnel defects were shown
to occur at negative offsets. On the other hand, joints with zero offset can be produced,
where the steel pieces are sent into the aluminum matrix to create a composite structure
that results in outstanding mechanical properties. Furthermore, at zero offset, too high heat
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input led to thicker IMCs, while too low heat input resulted in defects such as voids and
tunnels. The optimal process parameters, which produced sound welds and satisfactory
mechanical properties, were reported as 750 rpm and 65 mm/min.

Some researchers [18,141,142] investigated the effect of heat input on the mechanical
properties of FSW of steel. Aydin and Nelson [166] investigated the microstructure and
mechanical properties of the processed zone during FSW of X80 steel. They reported that
increasing the heat input led to decreasing the hardness and tensile strength but increased
the elongation percent. Similar results were investigated during FSW of twin-induced
plasticity steel by Qiao et al. [167]. They reported that the tensile strength, yield strength,
and ductility significantly decreased by increasing the heat input. Moreover, the tensile
sample failed in the HAZ in the case of low heat input condition, while the sample welded
at high heat input failed in the SZ. Ragab et al. [30,34] reported that the hardness values
were decreased with increasing the tool rotation rate during FSW of martensitic stainless
steel. Low heat input conditions (below 350 rpm) led to high microstructure stability and
hardness distribution. However, tool rotation rates below 450 rpm were not sufficient to
produce sound welds during the UFSW process. They attributed this effect to the high
heat absorption of the surrounding water. High heat input led to better material flow and
mechanical properties during the UFSW of stainless steel, while low heat input conditions
were preferable during the conventional FSW process.

During conventional FSW in air, low heat input and the consequent faster cooling
rate at low tool rotation rates result in smaller prior austenite grains at elevated tem-
peratures. Upon cooling, these fine austenite grains, combined with high cooling rates,
promote a higher nucleation rate of martensite, which transforms into a finer microstructure
characterized by smaller martensite block/lath widths. According to the Hall-Petch re-
lationship, this refinement of the martensitic laths significantly contributes to the high
hardness and strength observed in the SZ. In contrast, higher heat input conditions
lead to slower cooling rates, allowing for lath coarsening and a subsequent reduction
in mechanical properties [30].

The mechanical properties of the welded joints are controlled by the heat input and
deformation rate. The low heat input usually produces good joint quality. However, too
low heat input may cause volumetric defects such as voids and tunnels, while too high heat
input causes grain growth and precipitates coarsening. During similar and dissimilar FSW
of light weight alloys such as aluminum, copper, and magnesium alloys, it is recommended
to use high tool rotation rates (between 800 and 1800 rpm) and fast welding speeds (between
50 and 150 mm/min). In other words, the recommended revolutionary pitch during FSW
of aluminum alloys is between 15 and 30 rev/mm. On the other hand, during FSW of high
melting points such as steels, low tool rotation rates were preferable. Additionally, the FSW
of steel is more affected by the heat input than the FSW of aluminum alloys. This effect is
due to the complex phase change in steel. That complex phase change makes the optimal
heat input window much narrower and requires precise control. A summary of the effect
of heat input on the mechanical properties of FSWed joints is presented in Table 5.

Table 5. Summary of the effect of heat input on the mechanical properties of FSWed joints.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Tufaro et al. AA5052 aluminum
alloy

514 rpm, 98 mm/min, 1.5◦ tilt
angle, H13 tool steel with 10,
12, 14, and 16 mm shoulder
diameters.

The low HI at low tool shoulder
diameter led to void defects. The
hardness decreased by increasing
the tool shoulder diameter. The
optimal shoulder diameter was
reported at 12 mm.

[157]
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Table 5. Cont.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Ghetiya et al. AA2014-T6
aluminum alloy

FSW and UFSW, 1000 rpm,
80–125 mm/min, high speed
steel tool with threaded pin

The SFSW process produced
higher hardness and tensile
strength compared to the FSW
process. The hardness values and
tensile strength increased by
increasing the welding speed.

[140]

Liu et al. AA2219 aluminum
alloy

UFSW, 800 rpm,
50–200 mm/min,
2.5◦ tilt angle.

The lowest hardness was achieved
at the lowest welding speed. The
tensile strength increased by
increasing the welding speed up
to 150 mm/min, then decreased
again at 200 mm/min.

[141]

Pouraliakbar
et al.

Cast aluminum alloy
AA5182

FSW, (400, 800, and 1200 rpm),
40 mm/min, H13 tool steel
with conical pin.

High tensile strength and ductility
were produced at low HI due to
the absence of the β-phase.

[160]

Akbari et al. AA5083 aluminum
alloy

FSW, 1000 rpm, 32 mm/min,
3◦ tilt angle, H13 tool steel with
different shoulder and pin
dimensions.

Defect-free welds were produced
using a shoulder diameter/pin
diameter (D/d) ratio of 3.
Increasing the pin height led to an
increase in the tensile strength.

[158]

Ozan 6063-T6 aluminum
alloy

FSW, (250 and 500 rpm),
(40 and 80 mm/min), hot work
tool steel with threaded,
pentagonal, and triangular
pin shapes.

Threaded and pentagonal pin
profiles led to defect-free welds.
High tensile strength was
achieved at 500 rpm and
80 mm/min due to sufficient heat
input and material flow.

[161]

Salih et al. AA6092/SiC rolled
aluminum sheet

FSW, (1500, 1800, 1200 rpm),
(25, 50, 100 mm/min), 2◦ tilt
angle, H13 tool steel with
threaded pin.

The tensile strength at low HI is
increased with the welding speed
due to the incomplete dissolution
of precipitates and the formation
of geometrically necessary
dislocations. At higher tool
rotation rates, the tensile strength
improved with the welding speed
due to low heat input and
fine microstructure.

[162]

Aval
A390-SiC aluminum
composite to AA2020
aluminum alloy

Dissimilar FSW, (600 and
1600 rpm), 60 mm/min, tool
with flat shoulder and triangle
pin shape.

Low heat input (600 rpm)
produced higher hardness, yield
strength, and tensile strength.

[163]

Ni et al.
AA6061 aluminum
alloy to T2 cooper
alloy

Dissimilar FSW, (1400, 1800,
2600 rpm), (50, 100,
200 mm/min), H13 tool with
conical pin.

Higher heat input resulted in high
tensile strength, while low heat
input led to agglomeration of
IMCs and low
mechanical properties.

[164]

Wiedenhoft
et al.

AA6061 aluminum
alloy to B110 copper

Dissimilar FSW lap joint,
ω/v = 26.7 to 500, H13 tool
with conical pin.

The optimal revolutionary pitch
(ω/v) was achieved at 80 to
110 rev/mm. Low or high ω/v led
to defects and poor
mechanical properties.

[165]
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Table 5. Cont.

Authors Workpiece Material FSW Process Parameters Remarks Ref.

Jabraeili et al. AA2024-304 SS

Dissimilar FSW, (750, 950,
1180 rpm), (40, 65,
85 mm/min), 2◦ tilt angle, WC
tool with conical pin.

Zero tool offset and moderate heat
input at 950 rpm and 65 mm/min
produced defect-free joint with
good mechanical properties.

[146]

Aydin and
Nelson X80 steel

FSW, (350, 550, 725 rpm), (80,
92, 123, 237 mm/min), 0.5◦ tilt
angle, Polycrystalline boron
nitride (PCPN) tool with
threaded pin.

Low heat input conditions
resulted in higher hardness values
and tensile strength compared to
high heat input conditions.

[166]

Qiao et al. Twin-induced
plasticity steel

FSW, 1000 rpm-50 mm/min
and 400 rpm-400 mm/min,
W-Re tool material.

Higher mechanical properties
were obtained at low heat input
condition (400 rpm-400 mm/min)
compared to high heat input
condition (1000 rpm-50 mm/min).

[167]

Ragab et al. Martensitic stainless
steel

FSW and UFSW, (350, 450,
550 rpm), 75 mm/min, 2.5◦ tilt
angle, W-25%Re tool with
threaded pin.

Low tool rotation rates below
350 rpm produced better
mechanical properties in FSW,
while high tool rotation rates
above 450 rpm were necessary to
achieve optimal mechanical
properties in UFSW.

[34]

8. Conclusions and Future Directions
The heat generation during FSW and FSP is an essential feature of the process success.

It controlled the material deformation, defect formation, microstructure changes, and joint
quality. Thus, plenty of investigations have been carried out to measure the heat generation
during the FSW process and its effect on the microstructure evolution and mechanical
properties of the welded joints. This review paper aims to summarize the latest technique
used to measure heat generation and suggest future trends. Moreover, the work aims to
study the effect of the welding parameters on heat generation and hence on the weld joint
quality. The following findings have been drawn:

8.1. Conclusions

1. From straightforward Moving Heat Source models that used the instrument as a
point or disc to forecast peak temperatures to more intricate Contact Mechanics and
Plastic Deformation models, analytical modeling has evolved. Later models aim to
precisely anticipate torque, forces, and the heat divide between the tool shoulder and
pin, whereas earlier models concentrated on thermal distribution. They became an
essential tool for process design, optimization, material selection, and as benchmarks
for numerical simulations because of their computational efficiency and capacity to
clarify basic parameter dependencies.

2. Despite their evolution, analytical models remain constrained by oversimplified
assumptions. They frequently rely on basic contact conditions (pure sticking vs.
sliding), constant material characteristics, and uniform contact pressure, all of which
fall short of capturing the extremely dynamic, temperature-dependent nature of FSW.
Furthermore, the majority of models are inaccurate when applied to thick plates or
high-viscosity materials like steel because they lack multiphysics coupling.

3. FEM became the dominant computational tool for modeling the complex thermo-
mechanical phenomena in the FSW process. Researchers employ two primary descrip-
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tions: Lagrangian, in which the mesh moves with the material (perfect for tracing
material history but prone to distortion), and Eulerian (CFD), in which the material
flows via a fixed grid (perfect for steady-state fluid-like flow and heat distribution).

4. To capture the strengths of both systems, researchers developed hybrid approaches.
The mesh is adaptively smoothed using arbitrary Lagrangian-Eulerian (ALE) to
minimize distortion while preserving accuracy in stress fields. On the other hand,
Coupled Eulerian-Lagrangian (CEL) efficiently simulates complex tool geometries and
severe material flow without mesh failure by modeling the tool as a rigid Lagrangian
body and the workpiece as a Eulerian domain.

5. Smoothed Particle Hydrodynamics (SPH) is a newer, mesh-less technique that rep-
resents the material as a collection of interacting particles. Although it can be com-
putationally costly and suffer from numerical noise in stress results, this naturally
overcomes the mesh distortion problem and is uniquely capable of estimating physical
defects like voids, tunneling, and “flash” formation.

6. Each technique serves a specific research goal: ALE is the standard for estimating
residual stresses; CFD is favored for comprehending flow physics and steady-state
thermal distribution; CEL is perfect for modeling complex tool geometry and sever
plastic deformation and SPH is increasingly used to model material separation, defects,
and flashing.

7. Numerical models are advantageous, but accurate experimental validation is nec-
essary to guarantee their accuracy and for FSW process parameters optimization.
Thermocouples, which offer reliable and inexpensive direct measurements (often
implementing the Seebeck effect); infrared thermography, which provides non-contact
2D surface mapping but may be prone to emissivity errors; and calorimetry, which
determines total heat input by measuring temperature changes in surrounding wa-
ter, are the three main experimental techniques used by researchers to monitor the
thermal environment.

8. The tool rotation rate and welding speed had a significant effect on the heat generation.
For low melting point alloys such as aluminum and magnesium, high tool rotation rate
and welding speed (ω/v = 15–30 rev/mm) were preferable for better microstructure
stability and mechanical properties. The FSW of steel was more sensitive to the heat
generated due to the complex phase change. In other words, low tool rotation rates
and welding speeds were recommended during the FSW of steel.

8.2. Future Directions

• Utilizing analytical models to model the FSW of dissimilar alloys and composites is
essential. Additionally, analytical models for complex tool geometry such as shoul-
der features and different pin profiles are required and estimating dynamic friction
coefficients as function of local temperature, contact pressure, and sliding velocity.

• Machine learning and neural networks should be used to improve computational cost,
real-time process simulation and optimize slip rates and friction parameters. Moreover,
using hybrid FEM such as CFD and solid mechanics models for better simulation of
residual stresses, defect formation, material flow, and tool wear.

• Combining the calorimetry, dual-wavelength IR thermography, and thin film thermo-
couples is a beneficial way to provide precise heat generation data and understand the
effect of the different welding parameters.

• Conducting parametric studies for FSW of aluminum and steel using analytical models,
FEM, and experimental investigations for better process parameter optimization.

• Establishing quantitative correlations between thermal parameters (peak temperature,
heat input, cooling rate) and microstructural evolution (grain size, precipitate charac-

https://doi.org/10.3390/machines14040440

https://doi.org/10.3390/machines14040440


Machines 2026, 14, 440 39 of 46

teristics) as well as mechanical properties (hardness, tensile strength) across different
alloy systems under controlled and comparable conditions.
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