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Evaluación de un modelo analítico de soldadura por fricción y agitación

La soldadura por fricción y agitación (FSW) es una técnica de unión avanzada en la cual,
la soldadura de dos piezas se produce en estado sólido, sin necesidad de fundir el metal.
Este proceso de soldadura presenta actualmente una serie de aplicaciones relacionadas a la
industria aeroespacial, tales como el fuselaje de aviones, naves y diferentes componentes de
cohetes. Mediante este trabajo se busca acercar los conceptos teóricos de FSW para una mejor
representación del proceso de soldadura práctico, ya que su desarrollo previo se ha llevado a
cabo principalmente en base a prueba y error. Lo anterior se logra integrando diferentes áreas
de la ingeniería, como transferencia de calor e ingeniería de materiales. El principal objetivo
de este trabajo se compone de tres partes. En primer lugar se tiene que validar el modelo
fenomenológico planteado por el Dr. Mendez, para un conjunto de metales. Por otro lado,
se debe extender el modelo mediante la adición de una cuarta simplificación representativa
del proceso. Por último se deben afinar los valores característicos desarrollados, mediante la
incorporación de factores de corrección empíricos. Para evaluar la precisión del modelo, las
estimaciones realizadas se comparan con los resultados numéricos y de medición recopilados
en la base de datos, para cada una de las simplificaciones del proceso. Como resultado general
se obtiene que el modelo logra capturar las tendencias y ordenes de magnitud adecuados de
los valores reportados de temperatura máxima y torque. Si bien las estimaciones realizadas
por el modelo tienen un nivel de dependencia en algunas de las simplificaciones, la aplicación
de las respectivas funciones de corrección permite contrarrestar este comportamiento y lograr
estimaciones más exactas.
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Evaluation of an analytical model of friction stir welding

Friction stir welding (FSW) is an advanced joining technique in which two pieces are welded
in a solid state, without the need to melt the metal. This welding process currently presents
a variety of applications related to the aerospace industry, such as the fuselage of airplanes,
ships and different rocket components. Through this work, it is sought to approach the
theoretical concepts of FSW for a better representation of the practical welding process,
since its previous development has been carried out mainly on a trial-error basis. The above
is achieved by integrating different areas of engineering, such as heat transfer and materials
engineering. The main objective of this work consists of three parts. In the first place, the
phenomenological model proposed by Dr. Mendez must be validated for a set of metals. On
the other hand, the model must be extended by adding a fourth simplification representative
of the process. Finally, the characteristic values developed must be tuned by incorporating
empirical correction factors. To evaluate the accuracy of the model, the estimations are
compared to the measurement and numerical results collected in the database, for each of
the simplifications of the process. As a general result, it is obtained that the model manages
to capture the proper trends and orders of magnitude of the reported values of maximum
temperature and torque. Although the estimations performed by the model have a level
of dependence on some of the simplifications, the application of the respective correction
functions allows to counteract this behavior and achieve more exact estimations.
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Chapter 1

Introduction

Welding plays an essential role in the assembly of components, furthermore, it can be
said that nowadays there is almost no industry that can dispense with this joining techni-
que. Whether in the automotive, petrochemical, medical, or even jewelry industries, a wide
variety of processes that require this form of union can be found. It is paradoxical, however,
that despite being an essential tool in multiple industries, its development has been based
on trial and error, instead of knowing and understanding the physical phenomena that occur
behind this process. With the above, the motivation for this work is to approach the theore-
tical concepts of welding for a better representation of the practical welding process, thereby
integrating different areas of engineering, such as heat transfer and materials engineering.

Currently, there is a wide variety of welding methods, some of them are diffusion welding,
gas tungsten arc welding (GTAW), inert gas welding (MIG), friction stir welding (FSW),
laser beam welding (LBW), plasma arc welding (PAW), among others. Depending on the
application sought, it is that a certain method is chosen over another. In the case of friction
stir welding, it is used to weld metals in which it is essential not to melt the base material, as
is the case of aluminum, which, when welded by conventional methods, tends to burn easily,
while with friction and stir welding, the union is achieved while maintaining the mechanical
properties of the material.

The welding methods that melt the base material affect its mechanical properties, since,
when the metal reaches its melting temperature, the grain will form again within the struc-
ture of the material, and depending on the cooling time, secondary phases arise, such as
martensite, which implies that the welded area will have a different internal structure than
the base material, this at the same time can generate surface defects, such as fissures. This
problem does not occur in the case of friction stir welding, since the principle behind this
method consists of welding the material through plastic deformation by friction. With the
above, the friction produced between the tool and the pieces to be welded causes the latter to
heat below their melting point, thus presenting a fluidized behavior, which allows the joining

1



of the pieces.

Friction stir welding presents a series of advantages, among which are that there is no
presence of toxic fumes or spatter of molten material. In addition, dissimilar materials can
be welded, since solidification does not occur, furthermore, there is no weld pool, therefore
the process can be done in all positions, and it has a low environmental impact.

The most relevant applications of friction stir welding are found in the aerospace industry,
automotive, construction, or similar. For example, in the aerospace industry, the fabrica-
tion of structures in the fuselage of rockets is performed, while, in the automotive industry,
FSW is used for the manufacture of components for heavy vehicles such as steering shafts,
transmission gears, among others. On the other hand, in the construction industry, this wel-
ding technique is used for joining machinery pieces such as cylinders and hydraulic rods, or
rotating parts and control rollers.

1.1. Objectives
The general objective of this work is to validate the phenomenological model proposed by

Mendez, Tello, and Lienert [1] modified by Salazar [2], for an expanded set of materials, as
well as to extend it by integrating an additional simplification representative of the process
and to tune the developed characteristic values, by incorporating empirical correction factors.
To achieve the above, the following specific objectives must be accomplished:

• Expand the original FSW database by adding a series of new experiments.

• Incorporate the fourth assumption corresponding to the relation between the preheat
temperature due to the shoulder friction and the maximum temperature at the pin/shear
layer interface.

• Analyze the temperature and torque with the four simplifications that the mentioned
model contemplates.

• Tune the estimations of temperature and torque to increase their accuracy by determi-
ning correction functions.

• Analyze the measurements to the estimations with and without the correction function
improvement.

1.2. Motivation
Although the aerospace industry is a newly developing field, it has become an important

part of the technological advances of the XX and XXI centuries. Within this area, the ma-
terials with which the different space vehicles are manufactured are of vital importance, as
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they must be light but resistant. This is the case of aluminum, which by having a higher
thermal conductivity and a low melting point, has a smaller workability window than other
metals, this can cause the material to burn before it melts properly.

Friction stir welding turns out to be the optimal method for welding metals such as alumi-
num, since, as the metal does not melt, it is prevented from suffering burns and in turn has
the benefit of maintaining the mechanical properties of the material. This is advantageous
since problems such as porosity, the presence of coarse grains, and distortions, among others,
are avoided.

With all the above, it is vitally important to perform studies and research in friction stir
welding and thereby be able to develop equations that can be used in a simple way in the
industry. Thus, the motivation of this work focuses on approaching the theoretical concepts
of welding to describe the FSW process, integrating with this, different areas such as heat
transfer and materials engineering.

1.3. Scope of work
The process is considered in a general way, studying the plastic deformation and heat

transfer, taking as a basis the four simplifications that govern the welding process and lea-
ving out phenomena such as recrystallization, precipitation, intermetallic formation, etc.

The main resource of this work is a database that has multiple experiments obtained
from the literature, which do not take into account defects such as the existence of pores
or environmental conditions. Additionally, it is sought to expand this database with new
experiments on already present materials and new materials through bibliographic research.

On the other hand, the mathematical model used in this work only considers a cylindrical
threaded type of pin. Similarly, the heat losses through the working took are left out of scope.
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Chapter 2

Background

2.1. Friction stir welding
Friction stir welding is a solid-state welding process in which a non-consumable rotating

tool has the task of welding two pieces through mechanical deformation by friction.

Figure 2.1: FSW process schematic and typical working tool.

The rotating tool is composed of a shoulder and a pin that penetrates the joint and rotates
as it moves along the joint of the two plates. The agitation generated by the pin and the
pressure exercised by the shoulder on the plates allows them to deform and mix, consolidating
their union. On the other hand, due to its larger diameter, the shoulder fulfills a preheating
function. This happens because this part of the tool rotates and hence produces friction as
well, which confers heat to the plates before the pin, and allows the latter to advance with
ease.

Other components present in this welding technique are the advancing side, associated
with the zone of rotation of the pin in the same direction as the fluidized material, and the
retreating side, which is associated with the zone of rotation of the pin in the opposite direc-
tion [3]. Additionally, the zone in which the weld is generated is called the deformation zone.
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The main advantages of this process are the absence of solidification defects such as the
formation of pores produced by interdendritic contractions. This mainly happens since the
fusion of the material does not occur, which in turn maintains properties such as resistance
and plasticity, without the need to undergo heat treatments. It should also be noted that
this is an autogenous welding type, which means that no filler material is needed. Finally,
friction stir welding does not make use of shielding gases.

A restriction of this type of welding is that the pin requires resisting the friction and
heat of the process, so it is recommended to apply the process to low melting temperature
materials. Another limitation is that this process must be automated since it involves high
forces and velocities. On the other hand, both at the beginning and at the end of the process
defects usually arise. Despite the above, it is worth mentioning that the plates to be welded
can be joined regardless of their position, since there is no fusion of the material there is no
risk of run-off of the molten material.

2.2. Models and methods of FSW
There are multiple studies that seek to understand the process of friction stir welding, and

with it to make known the optimal parameters to implement in its application. Within these
studies different models and methods have been used to characterize FSW welding, there
are numerical and analytical models that have managed to develop temperature distribution
analysis in the welding zone, heat flows, welding velocities, among others.

Between the different analyses performed is the steady state heat transfer analysis, using
the finite element method, which allows modeling the heat transfer of the normal and cold
FSW welding, both at the union of two aluminum alloy plates and in the welding tool [4]. On
the other hand, coupled numerical models are employed, through the use of CFD simulation,
for which there is developed a model that includes thermal analysis, coupled flow analysis,
and heat generation by viscose dissipation, among others. This predicts the welding tempe-
rature and welding power [5].

Another tool used is scaling analysis, employed in a study that consists of nondimen-
sionalize the variables of the equations that govern the FSW welding process. The study
implements FEM simulation to provide time-temperature histories for a series of welds made
of aluminum alloy [6], from which relations are drawn such as that the heating and cooling
rates associated with a given weld are determined by the welding velocity.

Similarly, the model for friction stir welding developed by Méndez, Tello and Lienert [1]
uses scale analysis to treat heat transfer and plastic deformation in welding, which leads to
the development of expressions that allow obtaining the torque of the pin, the thickness of
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the shear layer, the maximum temperature, and the heat generation.

Another aspect of interest in FSW turns out to be the contact condition between the
material and the working tool, for which two cases are suggested. In the first place, there
is the slip condition, in which the material only undergoes elastic deformation, since the
contact shear stress is smaller than the material yield shear stress. In contrast, there is the
sticking condition, in which the contact shear stress exceeds the yield shear stress of the
material [7], therefore part of the material is going to stick to the rotative tool. On the
other hand, it is currently debated whether the heat is generated is the product of coulombic
mechanisms at the tool/base plate interface, implying the sliding condition, or by plastic de-
formation in the shear layer in case there is sticking condition, or even a combination of both.

A study of the material flow using the tracer technique [8] concluded that the sticking
condition on the tool/workpiece interface is predominant. Ulysse [9], Seidel and Reynolds et
al. [10] along with others [5, 11], presented models that only consider the sticking condition.
Additionally, Xu et al. [12], suggested a model of the interface between pin and the base plate
in which it is stated that the contact zone between the pin and the surrounding material is
mainly a slipping interface. Chao et al. [4] and McClure et al. [13] proposed as well models
that contemplate sliding friction.

Finally, it has been debated over the years whether the heat of the process is generated
by the pin or the shoulder. Mc Clure et al. [13] and Chao et al. [4] propose that the shoulder
is primarily responsible for heat generation, while others [14, 15, 16] suggest that heat is
generated by a combination of both. Schmidt et al. [7] proposed heat transfer models by
conduction and concluded that most of the heat generation is produced by the shoulder.
Similarly, Chao et al. [4] worked on a heat transfer model by convection and concluded that
5 % of the heat generated dissipated in the tool.
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2.3. List of symbols

Symbols Description
Pe Peclet number
V Travel speed of the pin [m/s]
ω Rotational speed of the pin [s−1]
a Pin radius [m]
b Shoulder radius [m]
t Thickness of the plate [m]
δ Thickness of the shear layer[m]
τc Shear stress within the shear layer [Pa]

ko
Thermal conductivity of the plate associated to the

temperature To[W/mK]
Ko Modified Bessel function of the second kind and order 0
To Temperature of the shear layer/base plate interface [K]
Tp Preheat temperature due to the shoulder friction[K]

∆Ts Temperature difference Ts - To [K].
Ts Maximum temperature at the pin/shear layer interface [K]
Tm Melting temperature of the base plate (solidus temperature) [K]
T∞ Initial temperature of the base plate [K]
αδ Thermal diffusivity of the plates at To [m2/s]

η

Total efficiency of the process, which accounts for heat
losses in the form of energy stored as dislocations in the shear layer

and heat lost to the tool.

ηs

Efficiency that accounts for the fraction of the mechanical energy converted
into heat, excluding the small amount of mechanical energy that is accumulated

as potential energy in the form of dislocations.
∆To Temperature difference To - T∞ [K].
R Gas constant [J/mol K]
A Constant of the Zener-Hollomom law [s−1]
Q Constant of the Zener-Hollomom law. Activation energy [J/mol]
n Constant of the Zener-Hollomom law
τR Reference shear stress [Pa]
σR Reference normal stress [Pa]
τ Shear stress experienced by an element of volume at coordinate x [Pa]
q̂c Estimation of the volumetric heat generation within the shear layer [W/m3]
τ̂c Estimation of the shear stress within the shear layer [Pa]
δ̂ Estimation of the shear layer thickness [m]

M̂ Estimation of torque of the pin [Nm]
T̂s Estimation of the maximum temperature [K]
ξ Variable that considers the heat loss through the plate.
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2.4. Simplifications of the model
The coupled model considers the interaction between plastic deformation and heat trans-

fer, and is restricted to the shear layer around a threadless cylindrical pin. Figure (2.2)
illustrates the different variables that constitute the model.

Figure 2.2: Schematic of FSW including the shear layer.

In first place there are the pin and shoulder diameter ’a’ and ’b’ respectively; the shear
layer thickness ’δ’ corresponding to the friction stir welded region; the traveling and rotatio-
nal speeds ’V’ and ’ω’ respectively.

The first simplification states that the traveling speed of the heat source can be appro-
ximated to a steady state, slow moving source, with which the form of the isotherms can
be considered as a circular shape. This is based on Rosenthal’s solution [17] and allows to
estimate the heat transfer to the base plate as a function of the Peclet number:

Pe = V a

2α
<< 1 (2.1)

The second simplification compares the deformation of the shear layer to the viscous layer of
a body moving through a fluid, since the viscous boundary layer can be represented as the
region where the inertial and viscous forces are balanced. Likewise, the shear layer can be
assumed as the area in which the heat generation and heat conduction are in equilibrium,
and since the heat generated is lower than the melting temperature, it is stated that the
shear layer is considerably thinner than the pin diameter:

δ << a (2.2)

The third assumption states that the travel velocity is significantly lower than the rotational
velocity, this allows to assume radial symmetry in the shear layer, since the amount of material
that enters the deformation (≈ V · a) is much smaller than that which is deformed by the
revolutions (≈ · ω · a · δ), which can be expressed as the following:

ρ · V · a << ρ · ω · a · δ ⇔ V << ω · δ (2.3)
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A fourth assumption is incorporated to the model. This one proposes that the heat pro-
moted by the shoulder to the maximum temperature near the pin is negligible compared to
the heat concentrated from the deformation around the pin:

Tp − T∞ << Ts − T∞ (2.4)
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Chapter 3

Materials and methods

3.1. Methodology
This work is based on the coupled model proposed by Mendez, Tello and Lienert in the

publication "Scaling of coupled heat transfer and plastic deformation around the pin in friction
stir welding"[1], which was modified by Salazar [2] to include the mathematical variable of
heat loss. With the above, the main contribution of this thesis consists of the realization of
three major tasks which are specified as follows:

1. Validating the accuracy of the coupled model, for an expanded set of materials.
To accomplish this, the mathematical model from the Mendez, Tello and Lienert publica-
tion must be studied and inspected, and then, with a better understanding of parameters
required to apply the equations, the following is to examine relevant literature (theses,
papers, articles) that contain friction stir welding experiments or simulations for both
new and existent materials to the database. From the above, a series of parameters
(such as velocities and tool dimensions) can be extracted, as well as the results of the
measurements made (maximum temperature and torque). On the other hand, by adding
information about new materials, there will be required to obtain their Zenner-Hollomon
constants. The latter is achieved by searching for the particular values for each material
in books or articles. In the case of materials for which the constants are not found,
values of materials with similar properties will be used. Another requirement is to find
the thermophysical properties (heat capacity, thermal conductivity, density) of the new
materials, which can be obtained from the JmatPro software. However, the properties
are delivered in moles, whereby the molar masses of all the new materials will have to
be calculated to convert the values to SI units. Finally, with all the parameters, cons-
tants and properties obtained, the values of δ̂, τ̂c, T̂s and M̂ can be calculated for each
experiment.

2. Applying the fourth criterion related to the preheat temperature due to the shoulder
friction and the maximum temperature at the pin/shear layer interface.
Among the parameters obtained from the literature inspection specified in the previous
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step, the values of V , ω, a and α can be found. On the other hand, the results of δ̂ and
T̂s, are already calculated for each experiment. With all the above the values of the four
simplifications that represent the model (listed below) can be obtained.

• Pe«1
• δ̂/a«1
• V/ωδ«1
• TP − T∞/T̂s − T∞«1

The following step is to elaborate the graphs that compare the ratios of máximum
temperature and torque ( (Ts − T∞)/(T̂s − T∞) and M/M̂ respectively), to the four
simplifications exposed previously, for the experiments belonging to the expanded data-
base.

3. Determining correction factors to tune the results of the estimations.
With all the graphs mentioned above, it must be verified whether the ratios remain
constant through the ’X’ axis. If the ratios begin to deviate from the asymptotic regime,
a correction function must be formulated to counteract the influence of the simplification
on the estimation. The minimum least squares model is applied between the calculated
ratios and a correction function, which depends on a series of coefficients that are the
ones that must be optimized. Finally the estimations with and without the tuning from
the correction functions are compared against (Ts − T∞) and M respectively, though
graphs that allow to establish which option is more accurate.

3.2. Resources
The resources used for this work are the following:

• Matlab: Software used to build the graphs.

• Excel: Software that contains the database and its associated calculations.

• Bibliographic material: Publications with experimental information of FSW.

• JmatPro: Software used to obtain the thermophysical properties of the new materials

3.3. Database
The database consists of publications with the necessary information to calculate the

estimations of maximum temperature and torque, in order to compare them to the experi-
mentally measured or computer simulated data,

The database originally consisted of the following materials:
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• Al2024

• Al2195

• Al5083

• Al6061

• Al7050

• Al7075

• AISI 1018

• AISI 304

• Ti-6Al-4V

Meanwhile the new materials added to the database are the following:

• AA1080

• AA2198

• AA2199

• AA2219

• AA2524

• AA5059

• AA6082

• AA7010

• AA7020

• AA7136

• SSA038

• IF Steel

• AISI 1012

• AISI 1035

• AZ31

Below is exposed how the different measurements were taken in the literature to clarify
the origin of the database information.
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• Temperature: It is possible to measure the temperature, by using a k-type thermocouple
coupled to the plate in different heights of its width and length, thus, the temperature
profile and its evolution over time can be obtained. In other cases, the thermocouple is
placed inside the rotative tool, for this purpose the smallest off-the-shelf K-type thermo-
couple is placed, so that the temperature response time decreases (sheath diameter 0.25
mm, part no. TJ36-CAXL-010U; Omega Corp.), in this case, there is also obtained the
variation of the temperature (with a proportional variation in contrast with the tem-
perature measured in the plate). Finally, the temperature can be measured as well by
infrared cameras (Mikron M7815 Infrared Thermal Imaging Camera) or thermoelectric
methods.

• Force and Torque: Force and torque measurements are made through the use of a dyna-
mometer, load cells (SEWHA, 2000kg capacity, R.O:2.0008mV/V or LowStir™ device)
and strain gauge. Other less frequent methods consist in energy measurements from
which torque and forces can be obtained.

13



Chapter 4

Development of the coupled model

4.1. Scaling of the coupled thermal and mechanical
problem

In isothermal models of the shear layer, there is the implicit assumption that the charac-
teristic length scales for heat transfer and plastic flow are of a different order of magnitude,
being the length scale for heat transfer much larger than for plastic flow.

The model proposed by Dr. Mendez establishes that heat transfer and plastic flow are
coupled in the shear layer, meaning that both variations of temperature and velocities hap-
pen with the same length scale: the thickness of the shear layer δ. The above means that the
heat generation and the deformation occur simultaneously in the shear layer.

To analyze the problem of interest, Dantzig and Tucker [18], Krantz [19] and Mendez
[20] proposed scaling analysis. This method consists of replacing the ordinary differential
equations that describe the problem with a system of four algebraic equations with four unk-
nowns. Each of which has a characteristic value of a function or differential expression. In the
following sections, it is explained that the algebraic equations were obtained by analyzing
heat transfer and plastic flow in the shear layer, heat transfer in the base plate, kinematic
constraints to plastic flow, and the constitutive behavior of the base plate material.

4.1.1. Heat conduction in the shear layer

In Figure (4.1 (a)) it can be seen that the temperature decreases monotonically, starting
from the maximum temperature value at the tool/shear layer interface (Ts at x = 0) to To at
the shear layer/base plate interface (x = δ). With the above, the base plate can be divided in
two regions: the shear layer, where most deformation occurs, and the rest of the base plate,
where no significant shearing occurs. It can be said that the temperature transition between
the mentioned regions is gradual and can be represented by the characteristic value of To.
Additionally, it is worth mentioning that the secondary effect of heat losses from the base
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plate into the tool is neglected.

In Figure (4.1 (b)) it can be seen that the tangential velocity profile in the shear layer
decreases gradually, starting from a maximum value at the tool/shear layer interface (ω·a at
x = 0) to zero in the region furthest from the shear layer. The velocity transition between
the mentioned regions is gradual, but the model states ideally that the tangential velocity is
zero in the shear layer/base plate interface (x = δ).

Figure 4.1: Coupling of heat transfer and plastic flow with both of them
having the thickness of the shear layer as characteristic length .

The heat transfer and the plastic deformation around the pin can be taken as a one-
dimensional problem, based on the simplifications made in Section (2.4)). The one-dimensional
problem is illustrated in Figure (4.2), where the x coordinate is found perpendicular to the
pin/base plate interface and originates at that interface.

Figure 4.2: Illustration of the one-dimensional problem, where the pin/shear
layer interface is located at x = 0.
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The expression of conservation of energy for the steady-state, low Peclet and one-dimensional
problem exposed in the previous section is given by Equation (4.1).

d2T

dx2 + q(x)
k

= 0 (4.1)

where T (x) is the temperature profile in the shear layer, q(x) is the volumetric heat generation
due to plastic deformation, and k(T ) is the thermal conductivity of the base plate. The
equation assumes a balance between the heat conduction, represented by the first term, and
the volumetric heat generation, represented by the second term. The boundary conditions
are the following.

dT
dx

∣∣∣∣∣
x=0

≈ 0 (4.2)

T |x=δ = To (4.3)

The Equation (4.2) states that the heat lost to the tool does not significantly affect the
temperature profile. This approximation is good for aluminum alloys, but in the case of alloys
with lower heat conductivity, such as titanium, the condition might need to be reviewed, sin-
ce in these cases the heat losses into the tool are more relevant. Equation (4.3) contains the
term To, which represents the temperature below which there is no significant shear rate.

The two terms of Equation (4.1) can be normalized by an estimation of their maximum
values given by the following.

x = δ̂x∗ (4.4)

d2T
dx2 = 2∆T̂s

δ̂2

(
d2T
dx2

)∗

(4.5)

q(x) = q̂cq
∗(x∗) (4.6)

K(T ) = k0k
∗(T ∗) (4.7)

Where the values with an asterisk are normalized functions. The expressions from above can
be replaced on Equation (4.1), to obtain the normalized equation of conservation of energy.

2∆T̂s

δ̂2

(
d2T
dx2

)∗

+ q̂c

ko

(
q

k

)∗
= 0 (4.8)

The hat notation refers to estimations of the characteristic values, which are not exactly
equal to the actual characteristic values since they are the outcome of simplified algebraic
equations. The normalized functions have an approximated maximum absolute value of 1 at
x=0 since they have been normalized by an estimation of their maximum values. The factor
of 2 that accompanies the normalization of the second derivative represents the parabolic-like
evolution of temperature within the shear layer.
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The normalized functions can be replaced by +1 or -1, depending on the sign of the nor-
malized function [18–20] . Thus, Equation (4.8) becomes the following algebraic expression
based on the estimated values of their characteristic values, which are noted by the hat sym-
bol as: ∆T̂s, δ̂ and q̂c.

−2∆T̂s

δ̂2
+ q̂c

ko

= 0 (4.9)

4.1.2. Heat generation in the shear layer

Referring to the debate between the sticking and sliding boundary conditions at the too-
l/base plate interface, it is stated that only the sticking boundary condition occurs between
the pin and the shear layer, leaving out the contribution of sliding friction. Under this hy-
pothesis, the heat generated around the pin is produced solely by plastic deformation. Thus,
the volumetric heat generated by the plastic deformation can be calculated as:

q(x) = ηsτ(x)γ̇(x) (4.10)

Where τ(x) is the shear stress experienced by an element of volume at coordinate x, γ̇ is the
corresponding shear rate, ηs is the efficiency that accounts for the fraction of the mechanical
energy converted into heat. The latter does not consider the small amount of mechanical
energy that is stored as potential energy in the form of dislocations.

Taking into account that the shear stress varies little within the shear layer, as exposed in
Equation (2.2), the shear layer is thin, and the shear stress varies inversely to the between the
pin and shear layer radius, thus the variation is small and constant. Additionally, considering
that the shear rate and tangential velocity gradient are essentially the same magnitude (
γ̇ = −dv/dx), Equation (4.10) can be rewritten as the following:

q(x) = −ηsτ
dv

dx
(4.11)

v|x=0 = ωa (4.12)

Where Equation (4.12) represents its boundary condition, considering the tangential velocity
profile exposed in Figure (4.1). The terms of Equation (4.11) are normalized by estimating
their maximum values, as given in the next equations:

dv

dx
= 3

2
ωa

δ̂

(
dv

dx

)∗

(4.13)

τ = τ̂cτ
∗ (4.14)

Replacing these terms into Equation (4.11), the normalized form of the volumetric heat
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generation is the following:

q̂cq
∗ = −3

2ηsτ̂c
ωa

δ̂

(
dv

dx

)∗

(4.15)

The factor of 3/2 observed in the equation relates to the evolution of velocity within the
shear layer as presented in Figure (4.1). Finally, the normalized functions can be replaced by
+1 or -1 and Equation (4.15) becomes the following expression:

q̂c = 3
2ηsτ̂c

ωa

δ̂
(4.16)

The latter equation presents a new unknown characteristic value: τ̂c, thereby, the system has
two Equations ((4.9) and (4.15)) and four unknowns (∆T̂s, δ̂, q̂c and τ̂c). To solve the system,
two additional equations are required.

4.1.3. Constitutive equation in the shear layer

To compose the constitutive equation in the shear layer there must be assumed that no
phase transformation occurs, such as remelting in the base plate. It is assumed that the
material follows a Zener-Hollomon behavior. This constitutive model describes the combined
effects of temperature and strain rate. Moreover, it has an intuitive interpretation based on
activation energy and strain rate hardening which provides a good fitting for the existing
high temperature and strain rate measurements. The Zener-Hollomon constitutive behavior
is given by the following expression:

γ̇ = A
(

τ

τR

)n

exp
(

− Q

RT

)
(4.17)

Where ’A’, ’Q’, and ’n’ are the parameters of the constitutive model, R is the gas constant,
and τR is an arbitrary reference stress which gives consistent units to ’A’. Accounting that
T = T (x) and that γ̇ = −dv/dx, the Equation (4.17) can be normalized as the following:

−3
2

wa

δ̂

(
dv

dx

)∗

= A
(

τ̂cτ
∗

τR

)n

exp
(

− Q

RTs

)
f ∗(x∗) (4.18)

v|x=0 = wa (4.19)

Where Equation (4.19) is considered the boundary condition and f ∗(x∗) is given by:

f ∗(x∗) = exp

(
−Q

R

(
1

T (δ̂x∗)
− 1

Ts

))
(4.20)

Replacing the normalized functions by +1 or -1, Equation (4.18) turns into:

3
2

ωa

δ̂
= A

(
τ̂c

τR

)n

exp

(
− Q

RT̂s

)
(4.21)

18



To obtain a power law expression, another simplification can be made. In Figure (4.3)
it is exposed that the exponential term of the constitutive equation can be divided into
two asymptotic regimes. In the first place, there is the high-temperature regime, within the
shear layer, near the pin and where the shear rate is high. In the second place, there is the
low-temperature regime, which is outside the shear layer. The characteristic temperature To

represents the limit between these two regimes. Close to the incipient melting temperature,
the Arrhenius expression can be linearized as:

exp

(
− Q

RT̂s

)
≈

 0 if T ≤ To

T̂s−To

Tm−To
exp(− Q

RTm
) if T > To

(4.22)

Where Tm is the melting temperature and To is obtained by intersecting the x-axis of Figure
(4.3) with the tangent to the curve at the point of Tm, thus the following expression is
obtained:

To = Tm

(
1 − RTm

Q

)
(4.23)

In this way, Equation (4.21) is reformulated using power laws as the following:

3
2

ωa

δ̂
≈ AB

(
τ̂c

τR

)n ∆T̂s

∆Tm

(4.24)

Where ∆T̂s = T̂s −To, ∆Tm = Tm −To, and B = exp(−Q/RTm). Being ∆Tm and B known
quantities from the material properties.

Figure 4.3: Asymptotic regimes for the constitutive behavior of the base
plate.
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4.1.4. Heat conduction outside the shear layer

Heat is transferred by conduction into the base plate outside the shear layer. The analysis
of heat transfer in this region establishes a relationship between the characteristic tempera-
ture To and the tool traveling speed. The decoupling of the model into an inner and outer
region allows setting different thermal boundary conditions on the base plate, including con-
duction cooling to the backing plate, convecting cooling to the atmosphere, and the existence
of secondary heat sources.

Regardless of the chosen boundary conditions, the postulation of a slow-moving heat
source guarantees that the isotherms belonging to the shear layer are circular and concentric
to the pin axis. For this model, Rosenthal’s thin plate solution based on a line heat source will
be used [17, 21]. This solution estimates that heat transfer only occurs on the plane of the
plate, neglecting the heat losses through conduction to the backing plate and convection to
the atmosphere. On this side, Rosenthal’s solution works with the assumptions of constant
material properties and uniform initial temperature temperature T∞, and is given by the
following equation:

T (x′) − Tp = ql

2πko

exp

(
−V x′

2α

)
Ko

(
V r

2α

)
(4.25)

Where ql is the intensity of the line heat source, ko is the heat conductivity of the plate at
T = To, and Ko is the modified Bessel function of a second kind and order 0. The coordinates
x’ and r correspond to a distance in the direction of travel and a radial distance from the
line heat source respectively. In this way, the intensity of the heat source is given by:

ql = η (torque/thickness) x (angular velocity) = η(τ2πa2)ω (4.26)

Where η is the total heat efficiency of the process. On the other hand, the radius of the
isotherm corresponding to the shear layer is r = r0 = a + δ but for a thin shear layer it
can be approximated to r=a. Furthermore, since the Pe number is small, the expression
exp(−V x′/2α), from Equation (4.25) can be approximated to 1, and as Figure (4.4) illustra-
tes, Ko(Pe) increases when Pe decreases. With all the above, Equation (4.25) turns into the
following:

∆To = To − T∞ = η
ωa2τ̂c

ko

Ko(Pe) (4.27)
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Figure 4.4: Behavior of the Bessel function Ko(Pe) and the asymptotic li-
nearization valid for small Pe numbers (dashed line).

It is worth mentioning that Equation (4.27) suffers a modification based on Salazar’s work.
In previous versions of the model [22] it was considered that the heat loss through convection
and conduction from the bottom and top of the plate was negligible since FSW is considered
a low heat welding process, compared to other kinds of welding.

Furthermore, heat loss through the plate is expressed as:

h + h′

kod
(4.28)

Where h and h’ are the coefficients of heat loss by convection and conduction of the top and
bottom of the plate and their respective values are 10[W/m2 · K] and 10,000[W/m2 · K]
[23] for all the materials. Meanwhile ’d’ is the thickness of the plate and ko is the thermal
conductivity associated with the temperature at the point where x = δ.

Secondly, the heat loss through thermal diffusivity is represented as:

V 2

4α2 (4.29)

Finally, the reason between the previous expressions can be expressed as:

λ = h + h′

kod

/
v2

4α2 = 4α2(h + h′)
kodv2 (4.30)

The work of Salazar [2] consisted in comparing λ for different materials, against the reason
between the torque measured in the experiments M and the estimation made by the mathe-
matical model M̂ . The results proved that the expression λ takes values up to the order of
100, which means that the effect of the heat loss through the plate is relevant compared to
the thermal diffusivity and must be incorporated into the model. In this way, the variable ξ
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is introduced:

ξ = r

√√√√( V

2α

)2
+ h + h′

kot
(4.31)

From this, equation (4.27) transforms into the following:

∆To = To − T∞ = η
ωa2τ̂c

ko

Ko(ξ) (4.32)

4.1.5. Solutions of the system of scaled equations

By taking Equations (4.9) (4.13) (4.24) and (4.32), a system of equations is constituted
to find the expressions for the characteristic values. From the mentioned system, τ̂c can be
solved without the rest of the equations, and on the other side, linear algebra is used to find
δ̂, ∆T̂s and q̂c, hence the characteristic values are the following:

τ̂c = ko∆To

η2Ko

(4.33)

δ̂ = a

[
8
3

∆Tm

ηsAB

(
τRa2

ko

)n (
ηKoω

∆To

)n+1]1/2

(4.34)

∆̂Ts = ∆Tm

[
3
2

ηs

AB∆Tm

(
ηKo

∆To

)n−1 (a2τR

ko

)n

ωn+1
] 1

2

(4.35)

q̂c = 3
4

3
2

ABη3
s

∆Tm

( 1
τR

)n ( 1
ω

)n+1 (ko

a2

)n+2 (∆To

ηKo

)n+3
 1

2

(4.36)

Furthermore, from Equation (4.33) the expression for the torque of the pin is obtained:

M̂ = 2πτ̂ca
2t (4.37)

4.2. Material Properties

4.2.1. Thermal and Mechanical Properties

The thermal and mechanical properties of all the materials are summarized in Table (4.1).
The flow shear stress of reference, τR can be obtained through Equation (4.38):

τR = σR√
3

(4.38)

This equation is based on the distortion energy theory or the Von Mises criterion in unia-
xial tension and pure shear. It is believed that pure shear stress occurs in the process of
FSW, and several authors use this simplification for their models [7, 9, 24, 25]. The normal
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stress of reference σR is assumed to be the yield stress of the alloy and for each material,
its values were obtained from the Metals Handbook [26] and other publications referenced in
Table (4.1).

The thermal efficiency (η) varies between the materials analyzed. As specified by Lienert
et al. [27], the thermal efficiency of aluminum alloys is 90 % and of AISI steels is 75 %. On the
other hand, the thermal efficiency of AISI 304 is 50 %, according to Zhu et al. [28], according
to Lienert et al. [29] the thermal efficiency of Ti-6Al-4V is 47 %, and the thermal efficiency
of AZ31 is 90 %, specified by Ogawa et al. [30]. Additionally, the efficiency ηs is 100 % for all
materials.

Related to the thermophysical properties (k, Cp, ρ) of the new materials, these have been
obtained with the software JmatPro. However, as the values show in molar units, the molar
mass of each material must be calculated and then, each value can be converted to SI units.

Table 4.1: Thermal and mechanical properties of the selected materials.

Material Tsolidus[K] k[W/mK] Cp[J/kg] ρ[kg/m3] σR[MPa] ηs[ %] η[ %] kinf

Al1080 919 [31] 211 1,055 2,680 105 [32] 100 90 163 [33]
Al2024 775 185 1,100 2,670 103 100 90 162
Al2195 813 [34] 196 [35] 1,338 [35] 2,770 [35] 692 100 90 170
Al2198 813 ” 177 1,170 2,750 550 [36] 100 90 170
Al2199 813 ” 151 1,062 2,780 550 ” 100 90 170
Al2219 816 175 1,020 2,950 217 100 90 160
Al2524 820 [37] 177 1,051 2,820 210 [38] 100 90 120 [39]
Al5059 847 [40] 146.9 [40] 1,261.4 [40] 2,552.8 [40] 34.8 [40] 100 90 121
Al5083 847 139 1,190 2,523 214 100 90 121
Al6061 855 200 1,160 2,590 55.2 100 90 152
Al6082 853 [41] 179 1,087 2,710 60 [42] 100 90 152
Al7010 775 [43] 135 1,170 2,950 103 100 90 175 [44]
Al7020 916 [45] 148 1,250 2,900 103 100 90 175 ”
Al7050 761 180 861 2,827 103 100 90 180
Al7075 805 192 1,109 2,693 103 100 90 166.7
Al7136 761 [46] 115 1,010 3,150 382 [47] 100 90 155 [48]

IF 1,802 [49] 36 1,170 2,950 170 [50] 100 75 25
AISI 1012 1,693 [51] 34.3 900 7,330 185 [52] 100 75 25
AISI 1018 1,733 [53] 33.1 [54] 699 [54] 7,314 [54] 205 100 75 25
AISI 1035 1,653 [51] 31 700 7,250 270 [52] 100 75 25
AISI 304 1,673 33.5 720 7,350 290 100 50 20
SSA038 801 [55] 122 1,114 3,000 120 [56] 100 90 20 [57]
AZ31 856 [58] 144.3 1,446.3 1,696 171 [59] 100 90 145 [60]

Ti-6Al-4V 1,877 27 750 4,198 875 100 47 7 [61]
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4.2.2. Zener-Hollomon law constants

As specified by Sellars and Tegart [62], the deformation mechanisms operating in hot
working processes at low level of stress are described by:

ε̇ = A
(

σ

σR

)n

exp
(

− Q

RT

)
(4.39)

Where ’A’, ’Q’, and ’n’ are constants. However, Equation (4.39) does not consider the beha-
vior of the materials at high stresses. Consequently authors present an empirical constitutive
equation appropriate for low and high level of stresses, which can correlate data over a wide
range of strain rate.

ε̇′ = A

[
sinh

(
σ′

σR

)]n′

exp

(
− Q′

RT

)
(4.40)

Where A′, Q′, n′ and σR are constants obtained from the hot deformation model of Dr.Tello
[63]. To incorporate the effects of Equation (4.40) into Equation (4.39) it is needed to find a
relationship between both of them by their constants, for this, the following procedure must
be performed:

1. Take the linearized form of Equations (4.39) and (4.40):

ln(ε̇) = lnA + nln
(

σ

σR

)
− Q

RT
(4.41)

ln(ε̇′) = lnA′ + n′ln

[
sinh

(
σ′

σ′
R

)]
− Q′

RT
(4.42)

2. Calculate the partial derivatives of ln(ε̇) respect to 1/T and ln(σ), for both equations
presented in step 1:

∂ln(ε̇)
∂1/T

= − Q

RT
(4.43)

∂ln(ε̇)
∂ln(σ) = n (4.44)

∂ln(ε̇′)
∂1/T

= − Q′

RT
(4.45)

∂ln(ε̇′)
∂ln(σ′) = n′σ′

σ′
R

1
tanh( σ′

σ′
R

)
(4.46)

3. Evaluate each equation introduced in step 2 at the solidus temperature of the material
and at the average value of strain rate achieved during the process, which is ε̇=300(s−1).
Finally, equating the respective partial derivatives:

Q

RT
= Q′

RT
⇒ Q = Q′ (4.47)
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n = n′σ′

σ′
R

1
tanh(σ′

R

σ′ )
(4.48)

Where σ′ is the shear stress calculated with Equation (4.41) at 300 (s−1) and Tsolidus.
Thereby, ’Q’ and ’n’ can be calculated using (4.47) and (4.48) respectively.

Table (4.2) summarizes the constants obtained by using the described procedure. The
values of A’, n’, Q’ and σR’, were obtained from Dr. Tello’s thesis [22] for the original database,
and in the case of the new materials, the values were obtained from a series of publications
referenced in the following Table, as well as from values belonging to similar materials.

Table 4.2: Values of constants for the Zenner-Hollomon constitutive Equa-
tions (4.39) and (4.40).

Material A’[s−1] n’ Q’=Q[kJ/mol] σ′
R[MPa] A[s−1] n

Al1080 1.37 x 1011 [64] 3.97 [64] 232 [64] 36.8 [64] 1.81 x 1015 11.93
Al2024 2.29 x 1011 5.46 178 47.7 6.52 x 1014 11.50
Al2195 2.29 x 1012 2.38 162 293.0 1.73 x 1012 3.54
Al2198 2.29 x 1012 2.38 162 293.0 2.93 x 1013 3.37
Al2199 2.29 x 1012 2.38 162 293.0 2.93 x 1013 3.37
Al2219 1.37 x 1011 [65] 6.65 [65] 160 [65] 68.0 [65] 1.74 x 1016 10.08
Al2524 1.37 x 1011 ” 6.65 ” 160 ” 68.0 ” 1.64 x 1016 10.01
Al5059 1.64 x 1010 2.44 173 34.8 3.84 x 108 8.46
Al5083 1.64 x 1010 2.44 173 34.8 1.78 x 1015 8.44
Al6061 1.63 x 1013 5.33 191 60.7 1.72 x 1013 7.68
Al6082 1.63 x 1013 5.33 191 60.7 3.28 x 1013 7.71
Al7010 5.04 x 1019 [66] 0.99 [66] 347 [66] 11.4 [66] 2.23 x 1022 15.87
Al7020 5.04 x 1019 ” 0.99 ” 347 ” 11.4 ” 1.91 x 1023 8.29
Al7050 1.45 x 1010 3.39 165 56.6 6.48 x 1013 10.70
Al7075 5.34 x 108 3.47 160 33.9 1.74 x 1012 11.95
Al7136 5.34 x 108 3.47 160 33.9 2.13 x 1019 12.61

IF 5.60 x 1012 [67] 5.8 [67] 285 [67] 113.6 [67] 3.12 x 1014 6.20
AISI 1012 2.36 x 1013 4.32 371 56.6 6.87 x 1016 6.84
AISI 1018 2.36 x 1013 4.32 371 56.6 6.95 x 1016 5.67
AISI 1035 2.36 x 1013 4.32 371 56.6 1.06 x 1017 5.89
AISI 304 1.62 x 1016 4.69 441 119.0 4.36 x 1018 5.51
SSA038 5.34 x 108 3.47 160 33.9 1.64 x 1012 12.07
AZ31 1.78 x 109 [68] 4.90 [68] 136 [68] 83.3 [68] 8.47 x 1011 8.01

Ti-6Al-4V 3.37 x 108 3.39 231 47.9 3.96 x 1014 4.63
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Chapter 5

Results

In order to compare the estimations to the measurement and numerical results, the ratio of
measurement and numerical results to estimations (X/X̂) is introduced, with the above, two
ratios are stablished: maximum temperature ratio and torque ratio, which can be obtained
by Equations (4.35) and (4.37) respectively. In this way, the ratios are expressed as it follows:

θ = Ts − T∞

T̂s − T∞
(5.1)

M

M̂
(5.2)

It can be noticed that there is no ratio made for the volumetric heat q̂c because there are
not appropriate techniques for its measurement. In the same way, the measurements of δ̂ are
not accurate enough to make a comparison to the estimations. On the other hand, the hat
symbol refers to the estimations made by the model, while the symbol without hat refers to
the the measurement and numerical results present in the literature.

To make the comparison, each ratio is plotted against the four simplifications presented in
Equations (2.1), (2.2), (2.3) and (2.4). If the ratios happen to be constant near one, i.e. the
graph presents values near one on the ’Y’ axis, the estimations made by the model manage
to capture the proper order of magnitude of the target variable. On the other side, if the
ratio moves away from the asymptotic regime, this implies that the simplifications become
relevant and a correction function must be applied. The latter allows the estimations to reach
values that are closer to the measurements and numerical results, by taking into account the
forces neglected in the formulation of the scaling law.

It is worth mentioning that the improvements cannot suppress the experimental or nume-
rical error, and the scatter in the comparison of the improved scaling laws to experiments or
calculations is unavoidable.
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The correction function is defined as follows:

f
(

Pe,
δ̂

a
,

V

ωδ̂
,
Tp − T∞

T̂s − T∞

)
= C1(1 + C2Pe)C3

(
1 + C4

δ̂

a

)C5 (
1 + C6

V

ωδ̂

)C7
(

1 + C8
Tp − T∞

T̂s − T∞

)C9

(5.3)

Where Ci (i = 1, 2, ..., 9) are constants fitted using a minimum least squares regression
given by the following:

Φ = Min
n∑
i

(
log

(
X

X̂

)
i

− log(fi)
)2

(5.4)

Where n is the total number of data considered. In case all the simplifications are neglected,
the constant C1 accounts for mathematical errors induced by the scaling model. In case any of
the simplifications become dominant, the coefficients that go with the respective simplification
capture a power law behavior. Thus, the improved estimations are given by the following:

X̂+ = X̂ · f
(

Pe,
δ̂

a
,

V

ωδ̂
,
Tp − T∞

T̂s − T∞

)
(5.5)

Since each simplification has a different contribution to the total error of the model, it is
worth mentioning that in this work only the most influential simplifications will be considered
in the regression that allows to obtain the improved estimation. Each selected simplification
will be justified in the next section. This work will analyze two types of graphs. In the first
place, there are the graphs that compare the ratio (X/X̂) against a simplification. Related
to the used data, there will be used the tests that fulfill all the simplifications except the one
that is being used as the horizontal axis, and those experiments that use a Trivex-type pin.
On the other hand, there are the graphs that compare the estimations (with and without
the improvement X̂+) to the measurement and numerical results (X), for these cases, all
the data available is considered. In this way, the graphs made are the ones that compare
the estimations of the model to the measurement and numerical results for the maximum
temperature and torque. In appendices A and B the compiled data and the results of the
estimations can be found.

5.1. Estimation of the maximum temperature
Figure (5.1) presents the ratio of maximum temperature as a function of the Pe number

given by Equation (2.1). It can be observed that the simplification is always satisfied since
Pe<1 for all the tests and the ratio of maximum temperature remains around a band that
is defined by the trendline given by Equation (5.6). Additionally, the range of the ratio θ is
between 0.34-1.01, except for Benavides et al. Al2024 [69] which is near 0.25, and the graph
counts with 31 experiments and 74 tests.
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Figure (5.2) presents the ratio of maximum temperature as a function of δ̂/a. It is ob-
served that this simplification is not always satisfied. Additionally, a systematic deviation
from the asymptotic regime can be observed for values of δ̂/a>1. The above implies that
this simplification influences the results and it is necessary then to involve its effect on the
estimation of the maximum temperature. The figure presents a range of the ratio θ between
0.1-1.01, with 38 experiments and 84 tests.

Figure (5.3) presents the ratio of maximum temperature as a function of V/ωδ̂. It is obser-
ved that this simplification is not always satisfied, even reaching values close to the order of
106. Nevertheless, the ratio of maximum temperature remains almost constant in the range of
study and remains around a band defined by the trendline described by Equation (5.6). The
graph presents a range of the ratio θ between 0.34-1.1 (except for Benavides et al. Al2024
[69] which is near 0.25), with 50 experiments and 150 tests.

Figure (5.4) presents the ratio of maximum temperature as a function of Tp −T∞/T̂s −T∞.
It is observed that this simplification is not always satisfied but the ratio of maximum tempe-
rature falls around a band defined by the trendline described by Equation (5.6). The graph
presents a range of the ratio θ between 0.34-1.01 (except for Benavides et al. Al2024 [69]
which is near 0.25), with 31 experiments and 86 tests.

Figure 5.1: Comparison between the ratio of maximum temperature as a
function of Pe.
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Figure 5.2: Comparison between the ratio of maximum temperature as a
function of δ̂/a.

Figure 5.3: Comparison between the ratio of maximum temperature as a
function of V/ωδ̂.
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Figure 5.4: Comparison between the ratio of maximum temperature as a
function of Tp − T∞/T̂s − T∞.

The average error associated to the estimation of maximum temperature is 30.3 % and
as the values of the estimations are in most of the cases higher than the measurement and
numerical results, it can be said that the model overpredicts the temperature. To find the best
correction function for the estimation of the maximum temperature it is required to study
the error of the regression analysis (Equation (5.4)). For this task, three cases are analyzed:

1. Case 1: Only constant C1 is considered.

2. Case 2: Only δ̂/a is considered.

3. Case 3: All the simplifications are considered.

Table (5.1) introduces the values of all the constants and the error for each case. Comparing
Case 1 to Case 2, the error decreases by about 37 %, however, if Case 2 is compared to Case 3
the reduction of the error is much smaller (approximately 6 %). Therefore, Case 2 is considered
the best correction function to improve the estimation of the maximum temperature.
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Table 5.1: Summary of constants and error values of the correction functions
for the estimation of maximum temperature.

Case 1 Case 2 Case 3
C1 0.70 0.74 0.78
C2 0.37
C3 0.12
C4 0.24 0.28
C5 -1.82 -1.81
C6 0.83
C7 -0.02
C8 -0.09
C9 0.04

Error 22.13 13.92 13.06

Thus, the correction function is given by the following:

f
(

δ̂

a

)
= 0.74

(
1 + 0.24 δ̂

a

)−1.82

(5.6)

In this way, the relation between the estimation of the maximum temperature and its impro-
vement is given by:

(T̂s − T∞)+ = (T̂s − T∞) · f
(

δ̂

a

)
(5.7)

The trendlines presented in Figures (5.1), (5.3) and (5.4) correspond to the correction
function evaluated at δ̂/a = 0.

On the other hand, the following two figures illustrate the comparison of the measurement
and numerical results (Ts − T∞) to the estimation of the maximum temperature with and
without the improvement (Figures (5.5 (a)) and (5.5 (b)) respectively).
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Figure 5.5(a): Correlation between the maximum temperature reported in
the literature (Ts − T∞) and the estimation of the maximum temperature
(T̂s − T∞).

Figure 5.5(b): Correlation between the maximum temperature reported in
the literature (Ts−T∞) and the improved maximum temperature (T̂s−T∞)+.
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While Figure (5.5 (a)) shows that the correlation does not fall in the 1:1 line for most
of the materials, Figure (5.5 (b)) shows that the correction function applied brings the data
closer to the 1:1 trend. Furthermore, two clusters are observed: aluminum alloys are grouped
at low temperatures, due to their lower melting temperature, and ferrous and titanium alloys
at high temperatures, due to their higher melting temperature. Finally, the graphs present
66 experiments and 215 tests.

5.2. Estimation of Torque
Figure (5.6) presents the ratio of torque as a function of Pe number (Equation (2.1)).

It is observed that in this case, the simplification is always satisfied (with Pe<1 for all the
materials), and the ratio of toque presents a slight increasing tendency as Pe increases. The
graph presents 9 experiments and 42 tests, and the ratio of torque remains in the range of
0.24-1.0, except for the experiment of Lienert et al. Al7075 Exp [27], which is near 2.7.

Figure (5.7) presents the ratio of torque as a function of (δ̂/a). Although the simplifica-
tion is not always satisfied, the ratio of torque remains almost constant in the range of study
and falls around a band defined by the trendline obtained with Equation (5.8). The graph
presents 10 experiments and 51 tests, and the ratio of torque remains in the range of 0.4-1.2,
except for the experiments of Jain et al. Al2024 [70] which reach values near 0.24.

Figure (5.8) presents the ratio of torque as a function of (V/ωδ̂). Despite the simplifica-
tion is not always satisfied, with results reaching values of V/ωδ̂ of around 106, the ratio of
torque remains almost constant in the range of study and falls around a band defined by the
trendline obtained with Equation (5.8). The graph presents 16 experiments and 96 tests, and
the ratio of torque remains in the range of 0.24-1.24.

Figure (5.9) presents the ratio of torque as a function of Tp − T∞/T̂s − T∞. It is observed
that this simplification is always satisfied, with the exception of three tests from Colgrove
and Shercliff Al7075 [71]. The ratio of torque falls around a band defined by the trendline
described by Equation (5.8). The graph presents a range of the ratio θ between 0.24-1.2,
(except for Lienert et al. Al7075 Exp [27] which is near 2.7), with 11 experiments and 49
tests.
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Figure 5.6: Comparison between the ratio of torque as a function of Pe.

Figure 5.7: Comparison between the ratio torque as a function of δ̂/a.
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Figure 5.8: Comparison between the ratio of maximum temperature as a
function of V/ωδ̂.

Figure 5.9: Comparison between the ratio of torque as a function of Tp −
T∞/T̂s − T∞.
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The average error associated to the estimation of torque is 76 % and as the values of the
estimations are in most of the cases higher than the measurement and numerical results, it
can be said that the model overpredicts the torque.

To determine the best correction function for the estimation of torque it is necessary to
study the error of the regression analysis (Equation (5.4)). For this study, three cases are
analyzed :

• Case 1: only the constant C1 is considered.

• Case 2: Only Pe is considered.

• Case 3: All the simplifications are considered.

Table (5.2) presents the results of the constants and errors obtained. By comparing Case
1 to Case 2 and even existing a slight trend related to Pe number, the error decreases by
approximately 1 % which suggests that Case 1 can provide a correction function almost as
satisfactory as Case 2. Comparing Case 1 to Case 3, the error decreases by approximately 6 %.
This is not an important reduction, considering all the coefficients involved in the correction
function. In this way, Case 1 can capture the overall non-dependence between the ratio of
torque and the simplifications.

Table 5.2: Summary of constants and error values of the correction functions
for the estimation of maximum torque.

Case 1 Case 2 Case 3
C1 0.61 0.38 0.53
C2 -0.62 -0.10
C3 0.51 -0.14
C4 0.01
C5 -3.51
C6 0.71
C7 0.00
C8 1.17
C9 0.38

Error 11.89 11.75 11.12

Therefore, the correction function can be expressed by a unique constant value which is
given by:

f = 0.61 (5.8)

In this way, the relation between the estimation of torque and its improvement is given by:

M̂+ = 0.61 · M̂ (5.9)
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The following figures illustrate the comparison of the measurement and numerical results
(M) to the estimation of the torque with and without the improvement (Figures (5.10 (a))
and (5.10 (b)) respectively):

Figure 5.10 (a): Correlation between the torque reported in the literature
(M) and the estimation of torque (M̂).

Figure 5.10 (b): Correlation between the torque reported in the literature
(M) and the improved torque (M̂).
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While Figure (5.10 (a)) shows that the correlation mostly does not fall in the 1:1 line,
Figure (5.10 (b)) shows that the correction function applied brings the data closer to the 1:1
trend. Finally, the graphs present 16 experiments and 103 tests.
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Chapter 6

Discussion

The estimation of maximum temperature is analyzed with θ (see Equation (5.1)) which
is the ratio between (Ts − T∞) and (T̂s − T∞). In the case of Figure (5.1), it can be seen
that the results of temperature ratios are close to 1 (approximately 0.73), which means that
the values of maximum temperature at the pin/shear layer interface predicted by the model
approach to the measurement and numerical results, this occurs independently of the value
of Pe, and additionally, the assumption Pe<1 is satisfied for all the tests, which allows to
affirm that Pe does not influence the result of θ.

It can be observed in Figure (5.2), that starting from δ̂/a ≈ 0,1, the values of θ begin to
decrease, deviating the ratio of its asymptotic regime which implies that the simplification
influences the estimation of maximum temperature, and therefore, it is necessary to consi-
der it in the correction function to improve the estimation of maximum temperature. Even
though the error of the regression analysis (see Table (5.1)) is not much smaller than the case
that does not consider the simplification from Equation (2.2), it is still a lower error and in
Figure (5.2) it can be seen that the trend fits the data, which means that the consideration
of the simplification in the correction function, aims to capture the errors introduced during
the generation of the model.

It is worth mentioning that the tests of the the material AISI1018 are at the left side
of the graph, which is due to the fact that steels have a higher density and therefore the
shear layer thickness is lower. This happens because these materials have a higher viscosity,
thus their resistance to deformation is higher, resulting in a thinner shear layer and a lower
temperature of the process, producing then, a lower measured maximum temperature than
the estimated maximum temperature.

In the case of Figure (5.3), as well as the case of Figure (5.4), the results of temperatu-
re ratio are close to 1, which means that predictions made by the model approach to the
measurement and numerical results, even in the case when multiple experiments do not ac-
complish the assumptions plotted on the ’X’ axis. Additionally, it can be observed that a
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higher number of experiments are present in Figure (5.3) since the simplification of Equation
(2.3) restricted more experiments than the other simplifications, this occurs because this sim-
plification is more often bigger than one as a result of a lower shear layer thickness estimation.

In all the figures that plot against the temperature ratio, it can be noticed that the ex-
periment from Benavides et al. Al2024 [69] stays away from the trend, this occurs because
the predicted maximum temperature (750 (Ko)) is much higher than the experimental one
(413 (Ko)). This difference occurs because the result of the predicted temperature has a high
dependency on the temperature at the shear layer/base plate interface (To), which in turn
depends on the melting temperature of the base plate (Tm), which is characteristic of the base
material. As a result, it can be said that the predicted maximum temperature (T̂s) depends
on the melting temperature, which is higher than the actual maximum temperature (Ts),
this is a correct statement, since in FSW melting does not occur. However, the maximum
temperature reached must be high enough to deform the material. In the case of Benavides
et al. Al2024 [69], the fact that the experimental maximum temperature is much lower than
the predicted maximum temperature, and thus, lower than the melting temperature, means
that the actual process did not need, in fact, such a high temperature to deform the material,
or that there was an error at the measurements.

Finally, the fact that in Figures (5.1), (5.3) and (5.4) the temperature ratio is close to
1 along the entire ’X’ axis, could lead to say that the maximum temperature manages to
be properly predicted by the model estimations. However, there is the case of Figure (5.2),
in which, at is mentioned previously, simplification (2.2) has a significant influence on the
estimation of maximum temperature. Thus, to tune the estimation, a correction function
dependent on the mentioned simplification is proposed.

The effect of the correction function on the maximum temperature estimation can be ob-
served by comparing Figures (5.5 (a)) and (5.5 (b)), since in the first one, the data is mostly
found above the trendline of 1:1, which implies that the predicted maximum temperatures
are higher than their respective measurements, while in Figure (5.5 (b)) it is observed that
the groups of experiments manage to focus around the 1:1 trendline, which indicates that
the correction factor provides accuracy to most of the estimations. It can be noticed as well
that in both graphs the data tends to separate in aluminum alloys (with lower melting tem-
perature) and steel ones (with higher melting temperature), and in the case of steels, when
the maximum temperature increases, the estimation does not.

There exist particular cases of experiments that, including the correction function, remain
away from the 1:1 trendline. In first place, there is the case of Nandan et al. AISI 304 [? ],
which has a temperature difference (Ts − T∞) of 272(Ko) compared to the difference when
applying the correction function to the estimation (T̂s − T∞)+= 985(Ko), this occurs, as
well as in the Benavides et al. Al2024 [69] case, because the temperature that achieves the
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deformation of the base material in this test is much lower than the melting temperature
characteristic of the material, which by having a high influence in the value of the maxi-
mum predicted temperature, produces this wide difference between the values of (Ts − T∞)
and (T̂s − T∞)+. However, it is worth mentioning that the correction function manages to
bring the temperature differences closer than in the case without the correction (T̂s − T∞ =
1,324(Ko)). A similar case is the experiment of Ho-Sung Lee et al. Al2195 [98], in which the
difference (Ts − T∞) has a value of 182(Ko), compared to (T̂s − T∞)+=611(Ko). This occurs
because the parameter of rotation speed of the tool ω is higher for this experiment (600
r.p.m), compared to the rest of the experiments of the material Al2195 (around 200 r.p.m).
Although this difference is not exorbitant, the value of predicted maximum temperature T̂s is
very sensitive to variations in the rotational speed of the tool, and with minor alterations of
this parameter, there may be significant changes in the result of T̂s. In Figure (5.6), it can be
seen a slight increase of the M/M̂ ratio, as Pe increases. This means that a bigger translation
velocity produces a M/M̂ ratio closer to 1, and the difference between the estimations and
the measurements decreases.

It can be observed in Figures (5.7) and (5.8) that he ratio M/M̂ is close to 1 and remains
relatively constant in the range of validity of the simplifications, even when the assumption
plotted on the ’X’ axis is not accomplished. Whereby it can be said that there is no depen-
dency between M/M̂ and δ̂/a or between M/M̂ and V/ωδ̂. In the case of figure (5.7), it can
be noticed that steels are found in the left half of the graph as well as it was seen previously
in Figure (5.2). On the other side, it is observed that Figure (5.8) has more experiments that
the rest of the torque graphs. This occurs for the same reason why Figure (5.3) presented a
higher number of samples.

Related to Figure (5.9), it can be observed a M/M̂ ratio that remains relatively cons-
tant range of validity of the simplifications, despite that the assumption Tp − T∞/T̂s − T∞

is not always being satisfied. It can be noticed the case of Lienert et al. Al7075 [27], which
is quite far from 1. This occurs because the estimation of torque depends on the rotational
speed ω, which in the case of this experiment, is too elevated (1,182 r.p.m), whereby the es-
timated torque is too small, thus generating a wide difference between the values of M and M̂ ,

It can be noticed that simplification given by Equations (2.2), (2.3), and (2.4) does not
influence the result of M/M̂ , and despite the slight dependence between Pe and the ratio of
torque, the influence of this simplification is not significant enough to be considered in the
correction function. This can be corroborated by comparing Cases 1 and 2 from Table (5.2),
in which the reduction of the error is infimum, whereby it is considered enough to apply a
correction factor that only includes C1.

It can be observed by comparing Figures (5.10 (a)) and (5.10 (b)), that the correction
factor provides a slight improvement to the estimations, since it locates most of them above
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the 1:1 trendline, while in the case that does not have the correction factor (Figure (5.10
(a))), the estimations of torque are found mostly above the 1:1 trendline, which indicates
that the estimations of torque are higher than the measurement and numerical results, i.e.
torque is overpredicted.

In all the figures that plot torque, it can be observed that the experiment from Jain et al.
Al2024 [70] remains away from the trendline. This occurs because the prediction of torque
is much higher than the experimental value, which happens because, as it was mentioned,
the result of M̂ is strongly dependent of the rotational speed ω, which happens to be small
enough to generate a higher M̂ value, however, since by observing Figures (5.10 (a)) and
(5.10 (b)), it can be noticed that this experiment does not present an excessively high value
in comparison to the rest of M̂ data, which indicates that the value of M is relatively small
(within the studied range of experiments). An explanation of this behavior lies in possible
measurement errors.

In particular, Figure (5.9) illustrates that this experiment, in addition to be away from
the ’Y’ axis trendline, whose reason is explained previously, is also far from the rest of the
data in relation to its position on the ’X’ axis. The latter happens because Tp«T̂s, having a
particularly small value of Tp, which indicates that the heat supplied by the shoulder due to
the friction that this exerts against the base plate is a minimal part of the overall heat that
the plate receives during the process.

Related to the sources of error, there exist experimental errors that occur during the expe-
rimental trials or test measurements which can lead to altered data. On the other side, there
can be originated errors based on assumptions that are not entirely true, for example, Ro-
senthal’s solution [17] assumes constant materials properties, which is not true because some
of them change with the variation of temperature, or the case of Zener-Hollomon constants,
that for some experiments, were taken from materials with similar properties. There exist as
well errors based on mathematical simplifications, such as the case of heat loss through the
plate or the process efficiency that where assumed as constant to all of the experiments and
they should vary.
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Chapter 7

Conclusion

The coupled behavior of heat and plastic deformation involved in the friction stir welding
has been validated for an extended set of materials, which involves comparing the published
data with the estimations and observing that the model captures the proper trends and or-
ders of magnitude of maximum temperature and torque. In relation to the simplifications
imposed on the model, Pe number smaller than one (Equation (2.1)) was always satisfied
in both of the cases analyzed, and even thought a small increasing trend was observed in
the case of M/M̂ , this one is almost negligible for the orders of magnitude in which the
work is being performed. Thus, it can be said that Pe number has no mayor influence on
the estimations made. On the other hand, the simplification δ̂/a (Equation (2.2)) was not
always satisfied. It was observed that the ratio of maximum temperature deviates from the
asymptotic regime, this means that this simplification has some influence on the estimation
of maximum temperature. Thus, Equation (2.2) was considered to improve the accuracy of
the estimations mentioned previously. In the case of V/ωδ̂, both studied ratios remain almost
constant despite the simplification is not always satisfied.

There is also considered the incorporation of the fourth criterion corresponding to the
relation between the preheat temperature due to the shoulder friction and the maximum
temperature at the pin/shear layer interface, by observing its respective relation to the ratios
of maximum temperature and torque, it was obtained that both studied ratios remain almost
constant although the simplification is not always satisfied.

Additionally, the model was readjusted by adding a correction factor that tunes the esti-
mations, making most of them even closer to the numerical results, noting that the former
were already capturing the correct trends and orders of magnitude. The correction function
captures the errors produced by the simplifications that restrict problem as well as errors
generated by the mathematical simplifications made in the scaling analysis. The correction
functions followed the correct trends for both ratios plotted against the simplifications.

Finally, it is worth mentioning how crucial is friction stir welding in a variety of industries
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such as aerospace engineering and other latest-generation manufacturing industries, whereby
there is the imperative need of a formulation of a model that provides relatively simple and
accurate approximations whose validity could be tested for different alloys, thus constituting
a fundamental advance in the welding field, whose knowledge has been unraveled mostly
based on trial and error.
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Chapter 8

Future work

Although the model manages to provide a set of formulas that predict satisfactorily the
maximum temperature and torque in the welding process, it can be further iterated to achie-
ve even more accurate estimations of the these values. With this in mind, the following
recommendations are made:

• Realization of more experiments where the temperature and torque are measured.

• Implement a correction function that more successfully captures the influence of the δ̂/a

parameter on the estimations.
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Annexes

Annex A. Summary of temperature data compiled from
literature

Table A.1: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 1.

Author Material Especification Ts [oK] T̂s[oK]
H. Schmidt Aluminum AA2024 673.0 747.0
Yuh J. Chao Aluminum AA2195 698.0 918.7
Yuh J. Chao Aluminum AA2195 678.0 913.8

K. J. Colligan Aluminum AA5083 803.0 1020.9
K. J. Colligan Aluminum AA5083 818.0 1004.1
K. J. Colligan Aluminum AA5083 848.0 986.4
T.J. Lienert Aluminum AA5083 623.0 860.6

M. Z. H. Khandkar Aluminum AA6061 683.0 825.1
G.G. Roy Aluminum AA6061 820.0 895.5
G.G. Roy Aluminum AA6061 770.0 845.3
G.G. Roy Aluminum AA6061 773.0 832.7
G.G. Roy Aluminum AA6061 766.0 828.1
G.G. Roy Aluminum AA6061 755.0 831.5
G.G. Roy Aluminum AA6061 742.0 823.7
G.G. Roy Aluminum AA6061 736.0 823.7
G.G. Roy Aluminum AA6061 729.0 823.7
G.G. Roy Aluminum AA6061 791.0 833.0
G.G. Roy Aluminum AA6061 795.0 833.2
G.G. Roy Aluminum AA6061 799.0 833.4
G.G. Roy Aluminum AA6061 820.0 881.7
G.G. Roy Aluminum AA6061 818.0 880.9
G.G. Roy Aluminum AA6061 814.0 879.6
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Table A.2: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 2.

Author Material Especification Ts [oK] T̂s[oK]
R. Nandan Aluminum AA6061 790.0 879.3
R. Nandan Aluminum AA6061 745.0 824.4
R. Nandan Aluminum AA6061 685.0 823.4
R. Nandan Aluminum AA6061 790.0 828.3
R. Nandan Aluminum AA6061 700.2 823.7
R. Nandan Aluminum AA6061 694.4 823.7
R. Nandan Aluminum AA6061 688.2 823.7
R. Nandan Aluminum AA6061 762.7 833.4
R. Nandan Aluminum AA6061 756.0 833.2
R. Nandan Aluminum AA6061 749.6 833.0
R. Nandan Aluminum AA6061 807.4 881.7
R. Nandan Aluminum AA6061 801.5 880.9
R. Nandan Aluminum AA6061 797.3 879.6

M. Z. H. Khandkar Aluminum AA6061 665.0 825.1
T.J. Lienert Aluminum AA6061 625.0 830.5
M. Assidi Aluminum AA6061 820.0 829.3
M. Assidi Aluminum AA6061 768.0 829.3
M. Assidi Aluminum AA6061 781.0 829.3
M. Assidi Aluminum AA6061 803.0 829.3

A.P. Reynolds. Aluminum AA7050 506.0 721.8
A.P. Reynolds. Aluminum AA7050 589.0 721.8
A.P. Reynolds. Aluminum AA7050 638.0 721.8
A.P. Reynolds. Aluminum AA7050 663.0 722.0
A.P Reynolds. Aluminum AA7050 592.0 721.8
A.P Reynolds. Aluminum AA7050 671.0 721.9
A.P Reynolds. Aluminum AA7050 661.0 724.9
A.P Reynolds. Aluminum AA7050 703.0 772.7
P.A. Colgrove Aluminum AA7075 803.0 1459.7
P.A. Colgrove Aluminum AA7075 813.0 1284.9
P.A. Colgrove Aluminum AA7075 823.0 1133.1
P.A. Colgrove Aluminum AA7075 808.0 1002.4
P.A. Colgrove Aluminum AA7075 813.0 954.0
P.A. Colgrove Aluminum AA7075 803.0 910.9
P.A. Colgrove Aluminum AA7075 798.0 872.3
P.A. Colgrove Aluminum AA7075 803.0 826.0
P.A. Colgrove Aluminum AA7075 808.0 812.5
P.A. Colgrove Aluminum AA7075 798.0 800.8
P.A. Colgrove Aluminum AA7075 773.0 833.1
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Table A.3: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 3.

Author Material Especification Ts [oK] T̂s[oK]
P.A. Colgrove Aluminum AA7075 793.0 805.4
P.A. Colgrove Aluminum AA7075 758.0 794.5
P.A. Colgrove Aluminum AA7075 738.0 785.3
P.A. Colgrove Aluminum AA7075 773.0 763.8
T.J. Lienert Aluminum AA7075 604.0 901.1
R. Nandan Steel 304SS 570.0 1622.2

X.K. Zhu and Y.J. Chao Steel 304SS 1243.0 1622.4
G.G. Roy Steel 304SS 1430.0 1620.4
G.G. Roy Steel 304SS 1412.0 1620.8
G.G. Roy Steel 304SS 1518.0 1621.5
G.G. Roy Steel 304SS 1316.0 1620.5
G.G. Roy Steel 304SS 1313.0 1620.7
G.G. Roy Steel 304SS 1385.0 1621.2
G.G. Roy Steel 304SS 1241.0 1620.4
G.G. Roy Steel 304SS 1200.0 1620.4
G.G. Roy Steel 304SS 1256.0 1620.6
G.G. Roy Steel 304SS 1314.0 1620.9
G.G. Roy Steel SAE1018 1428.0 1670.8
G.G. Roy Steel SAE1018 1506.0 1674.5
G.G. Roy Steel SAE1018 1349.0 1668.3
G.G. Roy Steel SAE1018 1286.0 1668.1
G.G. Roy Steel SAE1018 1236.0 1667.8
G.G. Roy Steel SAE1018 1359.0 1670.3
G.G. Roy Steel SAE1018 1301.0 1669.8
G.G. Roy Steel SAE1018 1423.0 1673.8
G.G. Roy Steel SAE1018 1361.0 1672.7
G.G. Roy Steel SAE1018 1273.0 1668.3

T.J. Lienert Steel SAE1018 938.0 1665.8
T.J. Lienert Titanium Ti-6Al-4V 1143.0 1711.1

B. Yang Aluminum AA2024 788.0 747.3
B. Yang Aluminum AA2024 763.0 747.3
B. Yang Aluminum AA2024 603.0 747.0

C.M. Chen and R. Kovacevic Aluminum AA6061 653.0 823.5
C.M. Chen and R. Kovacevic Aluminum AA6061 764.0 823.4

H. Schmidt and J. Hattel Aluminum AA2024 773.0 747.0
H. Schmidt & J. Hattel Aluminum AA2024 708.0 747.0

D. Kim Aluminum AA5083 798.0 812.5
D. Kim Aluminum AA5083 798.0 812.5
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Table A.4: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 4.

Author Material Especification Ts [oK] T̂s[oK]
D. Kim Aluminum AA5083 733.0 812.4
D. Kim Aluminum AA5083 740.0 812.4
D. Kim Aluminum AA5083 803.0 823.7
D. Kim Aluminum AA5083 813.0 823.7

R. Nandan Steel SAE1018 1463.0 1668.3
R. Nandan Steel SAE1018 1170.0 1666.9
R. Nandan Steel SAE1018 1137.6 1666.9
R. Nandan Steel SAE1018 1106.9 1666.9
R. Nandan Steel SAE1018 1061.0 1666.9
R. Nandan Steel SAE1018 1229.2 1668.4
R. Nandan Steel SAE1018 1168.0 1668.4
R. Nandan Steel SAE1018 1140.1 1668.4
R. Nandan Steel SAE1018 1097.2 1668.4
R. Nandan Steel SAE1018 1292.7 1670.9
R. Nandan Steel SAE1018 1210.5 1670.9
R. Nandan Steel SAE1018 1170.0 1670.9
R. Nandan Steel SAE1018 1128.3 1670.9
R. Nandan Steel SAE1018 1350.6 1674.8
R. Nandan Steel SAE1018 1253.9 1674.8
R. Nandan Steel SAE1018 1193.2 1674.7
R. Nandan Steel SAE1018 1152.3 1674.7

J. Adamowski Aluminum AA6082 513.0 921.5
Ho-Sung Lee Aluminum AA2195 480.0 1980.2

W. Tang Aluminum AA6061 698.0 823.3
W. Tang Aluminum AA6061 723.0 823.3
W. Tang Aluminum AA6061 728.0 824.1
W. Tang Aluminum AA6061 748.0 829.0

B. Mustafa Aluminum AA1080 610.0 1001.5
R. Jain Aluminum AA2024 756.0 878.1
R. Jain Aluminum AA2024 818.0 1535.6
R. Jain Aluminum AA2024 843.0 3917.6

J. J. Muhsin Aluminum AA7020 629.0 921.8
J. J. Muhsin Aluminum AA7020 642.0 921.8
J. J. Muhsin Aluminum AA7020 615.0 899.2
J. J. Muhsin Aluminum AA7020 680.0 922.0

S Verma Aluminum AA6082 532.0 821.4
S Verma Aluminum AA6082 521.0 821.4
S Verma Aluminum AA6082 528.0 821.4
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Table A.5: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 5.

Author Material Especification Ts [oK] T̂s[oK]
S Verma Aluminum AA6082 557.0 821.4
S Verma Aluminum AA6082 534.0 821.4

A.M. Sadoun Aluminum AA7075 658.0 761.1
A.M. Sadoun Aluminum AA7075 638.0 761.1
A.M. Sadoun Aluminum AA7075 627.0 761.1

P. Edwards and M. Ramulu Titanium Ti-6Al-4V 1277.0 1711.2
P. Edwards and M. Ramulu Titanium Ti-6Al-4V 1373.0 1712.8
P. Edwards and M. Ramulu Titanium Ti-6Al-4V 1422.0 1716.1
P. Edwards and M. Ramulu Titanium Ti-6Al-4V 1385.0 1713.5
P. Edwards and M. Ramulu Titanium Ti-6Al-4V 1361.0 1712.0

C. Hamilton Aluminum SSA038 619.0 769.6
C. Hamilton Aluminum SSA038 623.0 771.5
C. Hamilton Aluminum SSA038 645.0 780.4
C. Hamilton Aluminum SSA038 663.0 851.3
C. Hamilton Aluminum SSA038 586.0 769.6
C. Hamilton Aluminum SSA038 593.0 771.5
C. Hamilton Aluminum SSA038 638.0 780.4
C. Hamilton Aluminum SSA038 664.0 851.3
Rui-dong Fu Aluminum AA2024 608.0 747.0
Rui-dong Fu Aluminum AA2024 673.0 747.0
Rui-dong Fu Aluminum AA2024 708.0 747.0
Rui-dong Fu Aluminum AA2024 728.0 747.0
S. Benavides Aluminum AA2024 603.0 750.1
S. Benavides Aluminum AA2024 413.0 750.1
C. Genevois Aluminum AA2024 613.0 754.4

B. Yang Aluminum AA2024 598.0 747.0
B. Yang Aluminum AA2024 753.0 747.0
B. Yang Aluminum AA2024 788.0 747.0
B. Yang Aluminum AA2524 578.0 785.0
B. Yang Aluminum AA2524 653.0 785.0
B. Yang Aluminum AA2524 673.0 785.3

M. Mohammadtaheri Aluminum AA2024 725.0 2050.9
M. Mohammadtaheri Aluminum AA2024 706.0 2050.9

M. Jariyaboon Aluminum AA2024 754.0 748.9
M. Jariyaboon Aluminum AA2024 523.0 747.0
M. Jariyaboon Aluminum AA2024 548.0 748.8
M. Jariyaboon Aluminum AA2024 573.0 747.3
M. Jariyaboon Aluminum AA2024 545.0 747.0
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Table A.6: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 6.

Author Material Especification Ts [oK] T̂s[oK]
M. Jariyaboon Aluminum AA2024 603.0 748.9

F.F. Wang Aluminum AA2198 525.0 797.8
F.F. Wang Aluminum AA2198 540.0 824.6
F.F. Wang Aluminum AA2198 575.0 864.5
F.F. Wang Aluminum AA2198 603.0 918.4

P. Upadhyay Aluminum AA7050 683.0 721.8
P. Upadhyay Aluminum AA7050 743.0 742.0
P. Upadhyay Aluminum AA7050 773.0 970.0
Rui-dong Fu Aluminum AA7050 643.0 732.8

Kh. A. A. Hassan Aluminum AA7010 674.0 760.6
Kh. A. A. Hassan Aluminum AA7010 749.0 760.7
Kh. A. A. Hassan Aluminum AA7010 740.0 760.6

C. Hamilton Aluminum AA7136 587.0 736.8
C. Hamilton Aluminum AA7136 688.0 789.0

S Lu Magnesium AZ31 722.0 861.2
H. Fujii Steel IF 916.0 1707.3
H. Fujii Steel IF 1112.0 1707.3
H. Fujii Steel SAE1012 1063.0 1628.8
H. Fujii Steel SAE1012 913.0 1628.8
H. Fujii Steel SAE1035 1146.0 1591.8
H. Fujii Steel SAE1035 1014.0 1591.8
H. Fujii Steel SAE1035 926.0 1591.8

Y.C. Chen Aluminum AA2219 740.0 782.3
Weifeng Xu Aluminum AA2219 665.0 877.1
Weifeng Xu Aluminum AA2219 674.0 936.4
Weifeng Xu Aluminum AA2219 666.0 932.2
H.J. Zhang Aluminum AA2219 693.0 822.4
H.J. Zhang Aluminum AA2219 671.0 822.4
Z. Zhang Aluminum AA2024 613.0 767.2
Harpreet Aluminum AA2195 783.0 1766.9
Harpreet Aluminum AA2199 803.0 1364.0
J. Tsui Aluminum AA5059 668.1 816.5
J. Tsui Aluminum AA5059 718.2 817.3
J. Tsui Aluminum AA5059 761.6 830.0
J. Tsui Aluminum AA5059 708.1 817.3
J. Tsui Aluminum AA5059 760.9 817.3
J. Tsui Aluminum AA5059 695.4 816.5
J. Tsui Aluminum AA5059 726.7 817.3
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Table A.7: Maximum temperature from the literature and estimation of
maximum temperature for each experiment part 7.

Author Material Especification Ts [oK] T̂s[oK]
J. Tsui Aluminum AA5059 730.7 830.0
J. Tsui Aluminum AA5059 712.1 817.3
J. Tsui Aluminum AA5059 747.6 817.3
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Annex B. Summary of torque data compiled from li-
terature

Table B.1: Torque values from the literature and estimation of torque for
each experiment part 1.

Author Material Especification M[Nm] M̂ [Nm]
H. Schmidt Aluminum AA2024 40.0 37.7

K. J. Colligan Aluminum AA5083 295.0 471.1
K. J. Colligan Aluminum AA5083 326.0 481.8
K. J. Colligan Aluminum AA5083 358.0 494.4

T. Long Aluminum AA5083 181.0 367.5
T. Long Aluminum AA5083 152.0 277.3
T. Long Aluminum AA5083 128.0 223.8
T. Long Aluminum AA5083 108.0 184.5
T. Long Aluminum AA5083 94.0 155.3
T. Long Aluminum AA5083 79.0 125.2
T. Long Aluminum AA5083 70.0 108.9
T. Long Aluminum AA5083 64.0 92.8
T. Long Aluminum AA5083 50.0 75.8
T. Long Aluminum AA5083 40.0 64.3
T. Long Aluminum AA5083 35.0 55.9

T.J. Lienert Aluminum AA5083 23.7 32.3
M. Z. H. Khandkar Aluminum AA6061 84.4 131.5

T.J. Lienert Aluminum AA6061 30.6 25.5
A.P. Reynolds Aluminum AA7050 73.5 141.8
A.P. Reynolds Aluminum AA7050 118.4 197.2
A.P. Reynolds Aluminum AA7050 171.6 147.4
A.P. Reynolds Aluminum AA7050 78.4 98.3
A.P. Reynolds Aluminum AA7050 69.3 84.5
A.P. Reynolds Aluminum AA7050 63.7 66.2
A.P. Reynolds Aluminum AA7050 26.5 28.8
A.P. Reynolds Aluminum AA7050 79.9 142.4
A.P. Reynolds Aluminum AA7050 65.8 106.7
A.P. Reynolds Aluminum AA7050 53.5 71.8
A.P. Reynolds Aluminum AA7050 41.8 48.6
A.P. Reynolds Aluminum AA7050 32.1 36.5
A.P. Reynolds Aluminum AA7050 106.1 296.3
A.P. Reynolds Aluminum AA7050 101.4 194.2
A.P. Reynolds Aluminum AA7050 85.6 140.0
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Table B.2: Torque values from the literature and estimation of torque for
each experiment part 2.

Author Material Especification M[Nm] M̂ [Nm]
A.P. Reynolds Aluminum AA7050 73.8 97.9
A.P. Reynolds Aluminum AA7050 62.8 84.5
A.P. Reynolds Aluminum AA7050 54.8 64.7

T. Long Aluminum AA7050 305.0 701.2
T. Long Aluminum AA7050 275.0 495.0
T. Long Aluminum AA7050 205.0 382.5
T. Long Aluminum AA7050 155.0 290.2
T. Long Aluminum AA7050 130.0 233.7
T. Long Aluminum AA7050 90.0 195.7
T. Long Aluminum AA7050 75.0 168.3
T. Long Aluminum AA7050 70.0 145.1
T. Long Aluminum AA7050 60.0 105.2
T. Long Aluminum AA7050 55.0 80.9
T. Long Aluminum AA7050 50.0 76.5

P.A. Colgrove Aluminum AA7075 199.2 345.2
P.A. Colgrove Aluminum AA7075 221.3 362.4
P.A. Colgrove Aluminum AA7075 245.1 383.9
P.A. Colgrove Aluminum AA7075 224.4 401.4
P.A. Colgrove Aluminum AA7075 250.5 416.9
P.A. Colgrove Aluminum AA7075 270.6 435.1
P.A. Colgrove Aluminum AA7075 292.2 457.5
P.A. Colgrove Aluminum AA7075 342.2 488.9
P.A. Colgrove Aluminum AA7075 343.8 508.6
P.A. Colgrove Aluminum AA7075 356.3 531.3
P.A. Colgrove Aluminum AA7075 384.8 560.5
P.A. Colgrove Aluminum AA7075 311.5 552.8
P.A. Colgrove Aluminum AA7075 95.5 122.3
P.A. Colgrove Aluminum AA7075 119.4 135.8
P.A. Colgrove Aluminum AA7075 129.7 143.4
T.J. Lienert Aluminum AA7075 58.6 21.9
T.J. Lienert Steel SAE1018 55.0 102.3
R. Nandan Steel SAE1018 68.8 127.6
R. Nandan Steel SAE1018 70.9 127.7
R. Nandan Steel SAE1018 72.6 127.7
R. Nandan Steel SAE1018 75.5 127.8
R. Nandan Steel SAE1018 55.2 99.3
R. Nandan Steel SAE1018 58.0 99.3
R. Nandan Steel SAE1018 59.2 99.3
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Table B.3: Torque values from the literature and estimation of torque for
each experiment part 3.

Author Material Especification M[Nm] M̂ [Nm]
R. Nandan Steel SAE1018 61.1 99.4
R. Nandan Steel SAE1018 45.6 81.2
R. Nandan Steel SAE1018 48.4 81.2
R. Nandan Steel SAE1018 49.8 81.3
R. Nandan Steel SAE1018 51.0 81.3
R. Nandan Steel SAE1018 38.9 68.7
R. Nandan Steel SAE1018 41.3 68.7
R. Nandan Steel SAE1018 42.8 68.8
R. Nandan Steel SAE1018 43.7 68.8

R.Jain Aluminum AA2024 16.0 67.5
R.Jain Aluminum AA2024 12.0 50.6
R.Jain Aluminum AA2024 12.0 40.5

B. Yang Aluminum AA2024 95.4 114.1
B. Yang Aluminum AA2024 76.8 69.6
B. Yang Aluminum AA2024 87.4 71.0
B. Yang Aluminum AA2524 124.2 214.8
B. Yang Aluminum AA2524 65.9 86.7
B. Yang Aluminum AA2524 46.1 55.1

F.F. Wang Aluminum AA2198 13.3 30.6
F.F. Wang Aluminum AA2198 10.8 20.4
F.F. Wang Aluminum AA2198 9.0 15.3
F.F. Wang Aluminum AA2198 8.4 12.2

J. Tsui Aluminum AA5059 6.7 8.8
J. Tsui Aluminum AA5059 6.0 19.5
J. Tsui Aluminum AA5059 10.0 28.9
J. Tsui Aluminum AA5059 10.3 19.5
J. Tsui Aluminum AA5059 8.0 19.5
J. Tsui Aluminum AA5059 3.2 8.8
J. Tsui Aluminum AA5059 5.7 19.5
J. Tsui Aluminum AA5059 12.4 28.9
J. Tsui Aluminum AA5059 6.7 19.5
J. Tsui Aluminum AA5059 7.4 19.5386436
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