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Abstract

This PhD thesis explores the correlation between chemical composition, microstructure, and
magnetic behavior of Fe—Si alloys for applications in energy conversion and electrical machines.
The study integrates theoretical modeling, experimental analysis, and computational methods
to optimize magnetic properties—namely permeability, coercivity, and energy losses—in the
framework of high-efficiency and low-environmental-impact materials.

Experimentally, a rapid-heating annealing procedure was developed to accelerate recrys-
tallization kinetics in non-oriented Fe—Si steels. Specimens were inserted into a furnace pre-
stabilized at the treatment temperature, inducing strong thermal gradients and promoting dif-
fusion processes. Electron Backscatter Diffraction (EBSD) analyses enabled the quantitative
evaluation of grain size, texture, and residual deformation. Results demonstrated that complete
recrystallization can occur in less than one minute at suitable temperatures, showing promising
potential for industrial energy saving.

On the theoretical side, a unified mathematical framework was developed for describing
crystalline microstructure, elasticity, and magnetization. Using tensor analysis and dislocation
theory, correlations were established among lattice curvature, dislocation density, and stored
elastic energy. A generalized magnetization model was proposed by extending the Langevin
formulation to include the orientation distribution function f(g), thus accounting for crystallo-
graphic anisotropy and texture effects.

The outcomes provide a quantitative link between microstructure and macroscopic magnetic
performance, demonstrating how the control of texture, defect density, and heat treatment can
minimize hysteresis and eddy-current losses. The developed methodology offers a predictive
and physically grounded approach for designing next-generation Fe—Si magnetic materials for
sustainable energy applications.
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Chapter 1

Introduction

1.1 Global context and European policies

Climate change and the increasing instability of global energy systems represent one of the main
challenges of the 21 century.

The international community has recognized the need for coordinated action to reduce
greenhouse gas emissions, promote the efficient use of resources, and foster sustainable economic
development.

In this framework, the 2030 Agenda for Sustainable Development of the United Nations
defines 17 global goals (SDGs) aimed at achieving a balance between economic growth, so-
cial equity, and environmental protection [1]. Among them, Goals 7 (Affordable and clean
energy), 9 (Industry, innovation, and infrastructure), 12 (Responsible consumption and
production), and 13 (Climate action) represent the pillars of the transition toward more sus-
tainable production systems [2].

At the European level, the European Green Deal [3] constitutes the central strategy to achieve
climate neutrality by 2050, through a reduction of net greenhouse gas emissions by 90% by
2040 [4]. This initiative, articulated in the Green Deal Industrial Plan [5], promotes a more
competitive and circular European economy based on technological innovation and advanced
materials. Sectoral policies particularly concern transport, industrial production, and the energy
system, as highlighted by the actions of the European Commission and the European Parliament
to reduce emissions from ships and aircraft [6], reform the Emissions Trading System (ETS)
[7], and ban the sale of internal combustion vehicles from 2035 [8].

According to the European Parliament, the transport sector accounts for about 25% of total
greenhouse gas emissions in the European Union [9]. CO, emissions from passenger cars alone
represent more than 60% of those direct emissions [10], making the large-scale transition toward
electric mobility a priority. In parallel, data from the European Environment Agency show an
exponential growth in the registration of electric and hybrid vehicles [11]. This transformation is
closely linked to innovation policies for magnetic materials, which are a key factor in increasing
the efficiency of electric motors and reducing energy conversion losses.

At the national level, the Italian Ministry of Environment and Energy Security (MASE) reaf-
firms Italy’s commitment to European climate cooperation by supporting research on high-
performance materials for industrial decarbonization [12]. In this context, research on low-loss
magnetic materials represents a crucial frontier for combining technological progress, environ-
mental sustainability, and energy security.

1.2 Scientific and industrial motivations

Achieving the goals of energy efficiency and emission reduction requires profound innovation
in materials for electromagnetic energy conversion. Among these, iron—silicon (Fe-Si) alloys



have for decades represented the reference material for magnetic cores in motors, transformers,
and generators. Their excellent magnetic properties—high permeability, low coercivity, and
reduced core losses—make them irreplaceable in alternating current applications and electric
traction systems.

However, the growing demand for efficiency has made it increasingly clear that the magnetic
performance of Fe—Si materials critically depends on microstructural parameters such as grain
size, crystallographic orientation distribution, and residual stress state. Each variation in the
microstructure affects the mobility of domain walls, the pinning mechanisms, and the overall
response of the material to alternating magnetic fields. Consequently, improving magnetic
properties cannot rely solely on empirical approaches but requires a deep understanding of the
underlying physical phenomena at the microscopic level and an integrated approach combining
metallurgy, solid mechanics, and magnetism theory.

1.3 State of the art

1.3.1 Influence of microstructure and texture on magnetic properties

The correlation between microstructure, crystallographic orientation, and magnetic response
in Fe-Si materials is a central aspect for optimizing the performance of non-oriented elec-
trical steels (NOES). Magnetic properties—particularly permeability, coercivity, and specific
losses—strongly depend on crystallographic anisotropy and grain morphology, which govern
magnetization mechanisms and domain wall motion.

One of the first quantitative approaches to describing the angular dependence of magnetic
properties showed that the variation of the angle between the applied magnetic field and the
(100) and (111) crystallographic directions significantly affects the behavior of permeability
and hysteresis losses [13]. This analysis demonstrated that controlling the distribution of
crystallographic orientations in the rolling plane is a decisive factor in minimizing macroscopic
magnetic anisotropy.

Subsequent studies further investigated the correlation between microstructure and total mag-
netic losses, showing that an increase in average grain size leads to a reduction in hysteresis
losses, whereas an increase in dislocation density and local residual stresses causes higher eddy-
current losses [14]. Grain morphology, in addition to size, plays a key role in the mobility of
magnetic domain walls, directly influencing the overall response of the material to alternating
fields.

Further works analyzed the combined effects of texture and grain size on the magnetic perfor-
mance of high-silicon steels, demonstrating that the presence of crystallographic components
such as {100}(011) and Goss {110}(001), associated with easy magnetization directions, to-
gether with a controlled grain growth, enhances magnetic flux density and reduces total losses
[15, 16, 17]. In these conditions, secondary recrystallization and abnormal grain growth are
crucial for the development of favorable textures and the achievement of optimized magnetic
properties.

More recent analyses have extended the relationship between grain size, texture, and magnetic
losses over a wide range of operating frequencies [18]. It has been observed that grain refinement
produces opposite effects on different loss components: at low frequencies, hysteresis losses
decrease due to increased domain-wall mobility, while at high frequencies, eddy-current losses
become dominant, requiring an optimal compromise in the microstructural design of materials.

A comprehensive review has systematized the main advances in the field of magnetic steels [19],
highlighting how microstructure, chemical composition, alloying elements, and surface coatings
jointly influence magnetic properties, dimensional stability, and energy efficiency. The most re-
cent literature also emphasizes the importance of integrating numerical modeling, experimental



metallurgy, and process control to reduce magnetic losses and enhance the efficiency of Fe—Si
materials used in electrotechnical applications.

Overall, these results confirm that improving the magnetic properties of Fe—Si alloys requires
a thorough understanding of the microstructural and crystallographic mechanisms underlying
magnetization. Grain size and shape, orientation distribution, and dislocation density are key
parameters for reducing losses and increasing magnetic efficiency. The most advanced research
focuses on thermomechanical control strategies and predictive microstructural modeling, which
form the foundation for the development of next-generation magnetic materials.

A particularly recent contribution proposed a microstructural model for evaluating scalar mag-
netic permeability, capable of quantitatively correlating crystallographic texture and grain size
with the anisotropic behavior of magnetization [20]. The model integrates orientation distri-
butions and lattice geometric parameters to compute the effective average permeability of the
material, providing a predictive tool useful for estimating the influence of microstructure on
macroscopic magnetic performance. This approach unifies experimental analysis and physical
modeling, contributing to a deeper understanding of magnetic anisotropy mechanisms in Fe—Si
steels.

1.3.2 Effects of deformation and recrystallization on magnetic properties

The influence of deformation and subsequent recrystallization processes on the magnetic prop-
erties of Fe—S1 materials represents a topic of particular relevance in the metallurgy of magnetic
materials. The final magnetic behavior is closely dependent on the microstructural conditions
introduced during rolling and annealing stages, which determine the distribution of crystallo-
graphic orientations and the residual stress state within the material.

It has been demonstrated that the initial grain size plays a fundamental role in determining the
resulting microstructure, texture, and magnetic properties. In specimens with finer grains, plastic
deformation induces a high dislocation density and a more uniform preferential orientation,
whereas coarser grains promote the formation of shear bands and deformation localization,
leading to more pronounced magnetic anisotropy [21]. These differences are reflected in the
competition between the v and A fibers, which decisively influence the ease of magnetization.

Recent studies on non-oriented steels produced by twin-roll casting have revealed a peculiar
texture evolution, investigated through in-sifu experiments and simulations based on the Crys-
tal Plasticity Finite Element Method (CPFEM) [22]. It was found that the combination of
controlled thermomechanical deformation and specific solidification conditions promotes the
alignment of orientations favorable to magnetization along the (100) directions, while simulta-
neously reducing the unfavorable (111) components. The integration of numerical simulations
with experimental observations allowed for a detailed description of the interaction between
deformation, rearrangement, and recrystallization, providing useful insights for the design of
more efficient production processes.

The study of hot deformation has also provided significant results [23]. Analyses conducted
on non-oriented steels—with and without phase transformations during deformation—showed
that such transformations modify slip mechanisms and the kinetics of dynamic recrystallization.
These effects translate into a differentiated control of grain size and dislocation density, which
in turn affect magnetic anisotropy and total losses. The use of Zener—Hollomon parameters
and advanced constitutive models has enabled the prediction of microstructural evolution and
optimization of process parameters to obtain low-loss materials with high magnetic permeability.

More recent studies on Fe—Si steels have confirmed that recrystallization dynamics depend
significantly on deformation parameters and silicon content [24]. Higher temperatures and lower
strain rates promote dynamic recrystallization, leading to more homogeneous microstructures
and textures favorable to magnetization along (100). The study, based on EBSD analyses



and kinetic modeling, also proposed a constitutive model founded on the activation energy of
recrystallization, useful for predicting microstructural evolution during industrial rolling.

1.3.3 Residual stresses, cutting techniques, and magnetic modeling

Beyond thermomechanical effects, a non-negligible contribution to the degradation of magnetic
properties arises from residual stresses introduced during manufacturing, particularly in the
cutting stages of electrical steel sheets. These stresses can compromise the overall magnetic
efficiency by increasing coercivity and reducing effective permeability.

A comprehensive review on the variation of mechanical and magnetic properties as a function
of cutting technology showed that conventional methods, such as mechanical and laser cutting,
induce significant plastic deformation and microstresses in edge regions, resulting in increased
magnetic losses and reduced motor efficiency [25]. Conversely, alternative techniques such
as water-jet or wire electrical discharge cutting can substantially reduce residual stress levels,
improving magnetic performance. The comparative analysis highlights that the choice of cutting
technology can impact the overall efficiency of electromechanical devices by several percentage
points.

In parallel, the development of advanced numerical methodologies has made it possible to deter-
mine /ocal magnetic properties from macroscopic measurements through inverse simulations.
In particular, inverse methods coupled with finite element models enable the estimation of local
distributions of quantities such as permeability and specific losses as functions of stress state
and position within the material [26]. This represents an evolution beyond traditional empirical
models, as it explicitly integrates the combined effect of microstructure and residual stresses in
magnetic characterization.

Three-dimensional numerical modeling of magnetic cores has also provided new tools for
analyzing anisotropic behavior and specific losses in systems combining different grades of
electrical steels [27]. Finite element simulations on single-phase cores and hybrid structures
containing multiple GOES grades have revealed a nonlinear reduction in specific losses and a
heterogeneous magnetic flux distribution depending on rolling orientation and local properties.
Hence, optimizing the coupling between different types of steels can represent an effective
strategy to achieve high performance at reduced cost, opening perspectives for hybrid core
architectures.

Finally, significant developments in the analytical modeling of magnetic anisotropy are based
on directional models formulated through distribution functions and probabilistic relations [28].
These approaches account for both the isotropic component—associated with eddy-current
losses—and the anisotropic component—related to hysteresis and excess losses—allowing a
more accurate description of the directional dependence of losses and their integration into the
design of magnetic circuits and electrical machines.

Overall, recent literature confirms that the magnetic quality of Fe—Si steels is strongly influenced
not only by thermomechanical processing parameters but also by residual stresses introduced
during cutting and by the intrinsic anisotropic response of the material. The combination of
experimental analysis, inverse modeling, and anisotropic characterization currently represents
the most effective approach for correlating microstructure, stress state, and overall magnetic
performance.

1.3.4 Modeling of magnetic losses and application implications

The optimization of Fe—Si sheet behavior cannot disregard an accurate analysis of magnetic
losses, which represent one of the main limiting factors for the efficiency of electromechanical
devices. Total losses are commonly divided into three components: hysteresis, eddy-current,
and excess losses. Each component depends, to varying degrees, on microstructure, frequency
of the applied field, and processing conditions.



From an experimental standpoint, one of the most relevant aspects concerns the influence of
sheet thickness [29]. Reducing the thickness of hot-rolled sheets decreases eddy-current losses,
although it modifies the distribution of crystallographic orientations and, consequently, the
overall permeability. The optimal balance between thickness, dislocation density, and texture
homogeneity is therefore crucial, especially for high-frequency applications.

On the modeling side, a recent review of simplified loss models [30] critically analyzes empirical
and semi-empirical formulations (Bertotti, Steinmetz, Boglietti, and generalized phenomenolog-
ical models), highlighting that accuracy depends on the correct representation of the anisotropic
component and the ability to distinguish loss mechanisms as a function of frequency. This un-
derlines the need to incorporate microstructural parameters and directional properties of Fe—Si
sheets into design models.

A further step forward for applications in electrical machines comes from methodologies for the
direct experimental determination of losses in switched-reluctance motors [31]. The proposed
method evaluates losses in laminated and composite cores through a procedure based on local
electrical and magnetic variables, enabling quantitative comparison between materials and
machine configurations. This approach integrates direct loss measurement with structural and
microstructural characterization, providing a robust basis for validating analytical and numerical
models.

In parallel, interest in high-performance non-oriented steels has grown with the need to increase
energy efficiency and reduce losses. A recent review provided a comprehensive overview
of manufacturing processes and metallurgical variables influencing magnetic properties [32].
Different production routes—from conventional rolling to continuous casting and twin-roll
casting—were analyzed, highlighting their advantages and limitations. Parameters such as
silicon content, grain size, texture, and surface roughness emerge as critical factors in reducing
losses and increasing permeability. The review also pointed out the challenges of large-scale
production of high-silicon steels, where intrinsic brittleness limits traditional rolling techniques,
suggesting alternative routes to obtain thin, highly oriented sheets. This framework serves as a
bridge toward the most recent metallurgical innovations described in the following sections.

1.3.5 Development of new materials and thermophysical aspects in high-
performance Fe-Si steels

Improving the magnetic performance of electrical machines and energy devices requires an
increasingly sophisticated balance between mechanical properties, magnetic efficiency, and
thermal stability. In recent years, research has focused on multicomponent alloys and the
characterization of the thermophysical properties of Fe—Si steels, with the goal of ensuring
reliable performance under severe operating conditions, such as those typical of electric vehicle
motors.

An innovative approach to designing high-strength non-oriented steels involves microalloying
with copper and nickel, which provides high mechanical strength without compromising mag-
netic properties [33]. The Cu—Ni multicomponent system promotes the formation of nanosized
Cu-rich phases responsible for modulus and ordering strengthening, while maintaining a com-
pact microstructure and a texture favorable to magnetization. During aging, the controlled
formation of ordered B2 and bcc precipitates at early stages preserves good magnetic properties;
at later stages, coalescence into coarser fcc phases instead leads to an increase in eddy-current
losses. This demonstrates the possibility of reconciling strength and magnetic performance
through fine control of secondary precipitation and microstructural evolution.

In parallel, the study of high-temperature deformation has enabled comparison between classical
constitutive models and machine-learning approaches to accurately describe flow behavior dur-
ing hot rolling [34]. The comparison between empirical models (Johnson—Cook, Hensel-Spittel,



Zerilli-Armstrong, Zener—Hollomon) and deep neural networks showed that Deep Neural Net-
work (DNN) models reproduce the entire deformation domain with higher fidelity, capturing
the simultaneous dependence on temperature, strain rate, and strain. This opens the way to the
targeted use of artificial intelligence in the design of thermomechanical processes for magnetic
steels.

From a thermophysical standpoint, a relevant contribution comes from recent experimental
measurements of density, surface tension, and viscosity in high-silicon Fe—Si melts over a
temperature range up to about 1600 °C [35]. The data, obtained using high-precision techniques
(e.g., maximum bubble pressure and oscillating viscometry methods), allowed the derivation
of empirical relations between physical properties of the liquid metal, temperature, and silicon
content. These correlations are essential not only for casting modeling and refractory behavior
prediction but also for the production of metal powders by atomization, where surface tension
and viscosity control particle size distribution. The study fills a gap in the literature, since the
thermophysical properties of high-silicon steels have historically been poorly documented due
to experimental challenges at high temperatures.

Taken together, these results indicate that the integration of advanced metallurgy, computational
modeling, and high-precision thermophysical characterization represents the most promising
route for developing next-generation high-performance Fe—Si steels. Control of precipitated
phases, accurate prediction of thermomechanical response, and knowledge of liquid metal prop-
erties are today key elements for designing efficient, sustainable, and technologically adaptable
magnetic materials for the electromechanical sector.

1.4 Objectives, strategy, and research structure

The primary objective of this thesis is to optimize the magnetic properties of Fe—Si steels for
electrical machines by reducing the energy losses associated with internal dissipative phenomena
and by maximizing magnetic polarization at low field intensities. This goal fits within the
framework of the European Green Deal and the policy-driven transition toward high-efficiency,
low-environmental-impact magnetic materials, with a view to sustainability and reduced energy
costs in manufacturing.

The improvement of magnetic properties does not depend solely on the alloy’s chemical com-
position but, above all, on the control of microstructure, crystallographic texture, and internal
stress state. The ability to obtain grains with optimal size and orientation, with a low content
of defects and inclusions, is a key factor for shortening heat-treatment times and, consequently,
reducing the overall energy consumption of industrial processes. From this perspective, the the-
sis aims to identify heat-treatment conditions that yield a magnetically favorable microstructure
in significantly shorter times than conventional cycles, while keeping the process temperature
unchanged.

To this end, an experimental rapid-heating annealing procedure was investigated, in which
specimens of size 25 x 15 x 0.5 mm?® were inserted into a furnace already stabilized at the
treatment temperature. This methodology, which imposes a sharp thermal gradient within the
specimen, accelerates diffusive processes and enables the analysis of recrystallization kinetics
under non-stationary conditions. EBSD acquisition made it possible to identify active slip
systems, the presence of residual plastic deformation, deformation structures, and the internal
energy of the material, providing a quantitative description of recrystallization mechanisms. The
analysis showed that, for at least one of the temperatures considered, complete recrystallization
can occur in less than one minute—a result of considerable technological relevance, not yet
achieved on an industrial scale, which suggests substantial energy savings while keeping the
thermal conditions of the process unchanged.

From a theoretical standpoint, the thesis addresses the correlation among crystal structure, lattice
defects, and the magnetic properties of the material. Magnetic characteristics depend not only
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on lattice type but also on the distribution of crystallographic orientations in polycrystalline
materials and on the elastic energy state associated with defects. In this direction, the work
develops a rigorous treatment of the mathematical foundations of crystallography and elasticity
theory, leading to a tensorial formulation of dislocations and grain boundaries in terms of
lattice curvature, elastic energy, and dislocation density. This formalism provides the basis for
quantitatively interpreting EBSD maps and for correlating local variations in energy and stress
with microstructural evolution and magnetic response.

Building on these foundations, the probabilistic theoretical model of magnetization originally
introduced by Langevin is reformulated by integrating crystal symmetry and a generalized
definition of the material’s average magnetization that explicitly accounts for the distribution of
crystallographic orientations. In particular, incorporating the orientation distribution function
f(g) into the definition of magnetization allows one to represent the contributions of different
crystallographic families and to describe the magnetization of the material as a function of the
rotation angle of magnetization vectors with respect to the applied magnetic-field vector. This
formalism, which moves from a purely statistical description to a deterministic one based on
crystal orientation, overcomes the isotropic assumptions of traditional models and provides a
quantitative representation of the influence of texture and lattice defects on macroscopic magnetic
properties.

Overall, the research pursued three strongly interconnected objectives:

* Theoretical: to develop a coherent mathematical and physical framework for the descrip-
tion of the crystalline microstructure and internal elastic energy, based on dislocation
theory and the tensor analysis of lattice curvature, as well as for the processes governing
magnetization;

* Experimental: to identify rapid heat-treatment conditions capable of producing a fully
recrystallized and magnetically favorable microstructure, through quantitative EBSD anal-
ysis and correlation with the material’s internal energy state;

* Modeling: to integrate crystal symmetry and the distribution of crystallographic orienta-
tions into existing models and definitions of the overall magnetic response.

The thesis is organized into seven main chapters:

* Chapter 1 introduces the scientific context, motivations, and research objectives.

* Chapter 2 presents the mathematical foundations and analytical tools employed through-
out the subsequent chapters.

* Chapters 3, 4, 5 address crystallography, elasticity theory, and dislocation theory, respec-
tively, providing the basis for the energetic description of crystalline defects.

* Chapter 6 covers aspects of electromagnetism and magnetization modeling.

» Chapter 7 reports the application of the concepts developed in the preceding chapters to
the experimental and modeling work.

Taken as a whole, the work proposes a unified methodological approach that integrates theory,
modeling, and experimentation. The methodology developed enables a quantitative interpre-
tation of how microstructure influences the magnetic properties of Fe—Si alloys, providing a
physical and predictive basis for the design of high-performance magnetic materials with re-
duced environmental impact.

The author declares the use of ChatGPT (OpenAl) exclusively as a support tool for language
revision, BTEX formatting, and stylistic consistency checks, always under the author’s
direct supervision. All scientific content, analyses, and interpretations are the author’s
original work.






Chapter 2

Basic Mathematical Concepts and Tools

2.1 Introduction

This chapter aims to collect and formalize the basic mathematical concepts and definitions
that will serve as the theoretical reference for the entire work. These contents are presented
within a unified framework, with the goal of providing a clear and rigorous understanding
of the quantities, relations, and mathematical structures underlying the essential elements of
crystallography, elasticity theory, and electromagnetism, which will be further developed in the
following chapters.

The adopted approach is intended to form an organic set of supporting notions, usable both
in theoretical analysis and in the discussion of experimental results, thereby providing a common
context for the interpretation and understanding of the treated phenomena.

In what follows, the exposition proceeds from set-theoretic and algebraic notions to functions

and fields with their corresponding operators and geometric tools, then to multilinear algebra and
tensors, and concludes with transversal analytical instruments that will be used in the subsequent
chapters.
The concepts and formulations presented in this chapter are the result of an integration of different
literature sources. Some passages—Iike fundamental mathematical expressions, theorems and
definitions—are quoted exactly from the original works to preserve their formal accuracy. The
main references are: [36], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46]

2.2 Set-theoretic Foundations and Algebraic Structures

2.2.1 Set-theoretic Foundations

Definition — Spherical neighborhood
Let xo € R™. The spherical neighborhood with center xy and radius r > 0 is defined as the set

Un(x9) ={z € R" : |x — x| <1}

The point X is called the center, and r the radius of the neighborhood.

Definition — Interior, exterior, and boundary point
Let A C R™ and xy € R™.

o Interior point of A: there exists a spherical neighborhood of x entirely contained in A;

o Exterior point of A: there exists a spherical neighborhood of X, contained in A€ (the
complement of A);



* Boundary point of A: every spherical neighborhood of xq contains at least one point of
A and at least one point of A°.

Definition — Open and closed sets
A set A C R" is said to be:

* open if each of its elements is an interior point of A;

* closed if its complement AC is open.

Definition — Neighborhood
Given xy € R", any open set containing X is called a neighborhood of Xy.

Definition — Properties of set operations
The following properties hold:

* the union of any (possibly infinite) family of open sets is an open set;
* the intersection of a finite number of open sets is an open set;
* the intersection of any family of closed sets is a closed set;

* the union of a finite number of closed sets is a closed set.

Definition — Characterization via continuous functions
Let f : R™ — R be continuous. The following sets are open:

[XER": f(x) >0}, {x€R":f(x) <0}, {x€R":f(x)#0}
the following sets are closed:

{xeR": f(x) >0}, {xeR":f(x)<0}, {xeR":f(x)=0}.

Definition — Interior, boundary, and closure
Foraset A C R":

* the interior A° is the set of interior points of A;
* the boundary (or border) OA is the set of boundary points of A;
o the closure A is defined as A = AU OA.

The relation A° C A C A always holds.

Definition — Bounded and unbounded set
Let A C R". We say that A is bounded if

IMeRL: Vx€eA, |x|| <M.

A set that is not bounded is called unbounded.

Definition — Compact set
Let A C R". We say that A is compact if it is both bounded and closed.
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Definition — z-simple and y-simple sets
Let B C R2%. We say that B is y-simple if it can be expressed as

B={(z,y) €R? | a; <z < by, g1(x) <y < gol)},

where g1, g2 € C([a1,b1],R) and g1(x) < go(x) for every x € [ay, by].
Similarly, let D C R?. We say that D is x-simple if it can be expressed as

D ={(z,y) e R* | ay <y < by, hi(y) <z < ha(y)},
where hy, hy € C([ag, bs],R) and hi(y) < ha(y) for every y € [ag, by].
A subset of R? is said to be simple if it is either x-simple or y-simple.

2.2.2 Algebraic Structures

Definition — Internal composition law
Let A be a non-empty set and A x A the Cartesian product of A with itself. A function

*:AxA—A

is called an internal composition law (or internal operation) on A. If (a1,as) € A X A, its
image is the element a, x as € A.

Definition — External composition law
Let A, B, D be non-empty sets and A x B the Cartesian product of A and B. A function

o:AXxB—=D

is called an external composition law (or external operation) with values in D. If (a,b) € Ax B,
its image is the element a b € D.

Definition — Semigroup
Let A be a non-empty set and x an internal composition law on A. The pair (A, ) is called a
semigroup if  is associative, that is:

‘v’al,ag,ag €A (al*a2)*a3:a1*(a2*a3).
Definition — Monoid
A semigroup (A, ) is called a monoid if there exists an element e, € A such that:
Vo€ A axe,=a=¢e,xa.

The element e, is called the neutral element of the monoid and it is unique.

Definition — Additive and multiplicative monoid
Let (A, %) be a monoid.

 [f % coincides with addition, the neutral element is 0 and the monoid is called additive.

» If x coincides with multiplication, the neutral element is 1 and the monoid is called
multiplicative.
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Definition — Symmetric (inverse) element
Let (A, %) be a monoid and a € A. An element a' € A such that

axad =e, =d xa

is called the symmetric element (or inverse) of a. If it exists, the symmetric element is unique;
moreover, the symmetric element of the neutral element coincides with the neutral element itself.

Definition — Group
A monoid (A, x) in which every element admits a symmetric element is called a group.

Definition — Commutative law
Let A be a non-empty set and x an internal composition law on A. The operation x is said to be
commutative if:

Yai,a € A a1 *as = as xay.

Definition — Distributivity
Let A be a non-empty set and *, ® two operations on A.

* e is right-distributive with respect to * if Vay, as, a3 € A it holds that a; e (as * az) =
(a1 ® as) x (a; ® ag).

* o is left-distributive with respect to x if Va',ay, ay € A it holds that (a| % a}y) e afy =
(0} @ az) x (a3 ® az).

o [f e is both left- and right-distributive with respect to %, it is simply called distributive with
respect to *.

Definition — Ring
Let A be a non-empty set equipped with two operations + and -. The triple (A, +,-) is called a
ring if:
* (A, +) is a commutative group;
* (A,-) is a semigroup;
* multiplication is distributive with respect to addition:
aq '(CLQ—FG;}) :a1~a2+a1-a3,

Val,ag,ag eA
(a1+a2)~a3 = a1 a3+ as - as.

Definition — Commutative ring and ring with unity
A ring (A, +, ) is said to be:

* commutative if (A, ) is a commutative semigroup;

* with unity if (A, -) is a monoid.

Definition — Zero divisors
Let (A, +,-) be a ring, and set A* = A\ {0}. Elements ay,ay € A* such that

CLl'GQZO

are called zero divisors. More precisely, a; is called a left zero divisor and a, a right zero
divisor.
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Definition — Integral domain
A commutative ring without zero divisors is called an integral domain.

Definition — Field (body)

Anintegral domain (A, +, -) such that for every element a € A* there exists in A* a multiplicative
inverse of a is called a field (or body). In particular, the triple (A, +, -) is a field if the following
properties hold:

e (A, +) is a commutative group;
o (A*,-) is a group;

* multiplication in A is distributive with respect to addition.

Definition — Commutative field
A field (A, +,-) in which multiplication is commutative is called a commutative field.

2.3 Functions, Fields, and Elementary Geometry

2.3.1 Real and Vector Functions

Let A C R", with n, m € N*, n,m > 1. Functions of the form
f:A—>R™
are called:

¢ real functions if m = 1;

¢ vector functions if m > 1.

The number n represents the dimension of the Euclidean space of the domain and is equal to
the number of real variables on which the function depends. The argument of the function is
therefore a vector x € R”, and the function is expressed as f(x).

Differentiability and Regularity Classes

In the case of a vector function defined on a set A C R", let c € A°. If f admits continuous
partial derivatives in a neighborhood of c, then f is differentiable at c.
Based on this, we define:

Definition — Function of class C'!
Let A C R" be an open set and f : A — R™. The function f is said to be of class C' if. at
every point of A, it admits all partial derivatives and these are continuous.

The set of functions of class C! from A to R™ is denoted by

CHAR™).

Higher-order regularity classes are defined analogously.

Definition — Function of class C'™
Let A C R" be an open set and f : A — R™. The function f is said to be of class C* in A if it
belongs to C?(A, R™) for every p € N*.

The set of functions of class C* from A to R™ is denoted by

(A, R™).
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Operations and Properties of Real Functions

We now define a fundamental vector associated with real functions:

Definition — Gradient
Lt ACR" neN*, f:A—=R, ceA Iff e CYANR), the gradient of f atc € A'is

defined as
_(9f of of
Vf(c)= (8_x1’8_:702’ ,8—%)

The gradient transforms a real function into a vector function.
In a three-dimensional affine space {O, k1, k2, k3 }, the gradient takes the form:

0 ~ 0 ~ 0
f—f-/fz f+/{?3 /

Vi=h 0xy 0xy Oxs’

In the more general case where f € C''(A, R™), the Jacobian matrix of f at c is defined as

V fi(c)
s = | VPO cpmen
Y fulc)
2.3.2 Scalar and Vector Fields
Let A C R", with n,m € N*. A function
fiA—R™

is called:
e ascalar fieldif n > 1and m = 1;
¢ avector field if n = m and n > 1.

It is always assumed that A is an open and connected set and that f € C'(A).

Definition — Connected set
Let A C R™. The set A is said to be connected if for every X,y € A there exists a continuous
arc in A joining x andy.

Some properties of connected sets:

* Let A C R be non-empty; then A is connected if and only if A is an interval, possibly
non-degenerate.

eLet ACR"and f: A — R™ If Ais connected and f € C(A,R™), then f(A) is
connected.
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Component Functions

Let A C R", n € N*, m > 1, and consider the function f : A — R™. If x € A, then
f(x) € R™, and hence f(x) has m components (functions of x):

f(X) = (fl(x)’ fQ(X)v R fm(x))
Therefore, the vector function f defines m real functions with domain A, called the component
functions of f.

Interpretation in an Affine Space

Given an affine space determined by an orthonormal Cartesian triple {O, k1, ko, kg} where O
is an arbitrary origin and k1, ko, ks are orthonormal unit vectors, the j-th component function f;
can be interpreted as the projection of f(x) onto the j-th axis identified by k: In particular, if

f+AC R® — Rg, f(951>$2,$3) = f1($1,$2,9€3) 1%1 +f2($1,$2,1'3) ];‘2 +f3($1,9€27$3) 7;‘3,

then the field associates to each point (position vector) of space a vector whose components are
functions, and not merely constant scalar quantities.

Operations on Vector Fields and Specific Cases

We now define some fundamental operations on vector fields:

Definition — Divergence
Let A be an open subset of R™ and f € C'(A,R"). The divergence of the field f is the function:

= Of;(x)
V. = 7
f(x) g P,
The field is said to be solenoidal in A if:
V-.-f=0.

Definition — Curl
Let A be an open subset of R and f € C*(A,R3). The curl of f is the vector field:

_(0fs 0f Ofi 0fs Ofr Of
v x f N <8ZE2 8903’ 61’3 8ZE17 8901 61’2> )

All partial derivatives are computed at the point (x1, T3, T3).

The field is said to be irrotational if:
V x f=0.

Definition — Laplacian
Let A be an open subset of R" and f € C?(A,R). The Laplacian of | is the function:

Af:A—R, Af=V- -V,
from which it follows that:
A -2
- i=1 O
If f € C?(A,R"), the Laplacian of [ is defined as the vector field in R":
Af:A%Rna Af:(Af17Af2>“'7Afn)'
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Identities Among Differential Operators

Let A be an open subset of R3, f € C'(A,R), and g1, 9> € C'(A,R?). Then the following
identities hold:

V-lfg)=(Vf) g+ [V-q,
Vx(fgl):(v )X g1+ f(VXag),
V(g1 xg) =(VXg) g2—91-(V Xga),
VX (1%X92)=1(92-V)g1 = (V1) 92+ (V+92) 91 — (91 V) ga.

Let A be an open subset of R?, f € C?(A,R), and h € C?( A, R?). Then the following relations
hold:

V x (Vh) =0,
V. (fo>:o,
V - (Vh) = Ah,
VX(VX[)=V(V-f)-Af

where the Laplacian of f is intended componentwise.

2.3.3 Curves and Paths

Definition — Parametric curve (or path)
Let A C R. A function f : A — R™ withm € N, m > 2, is called a curve (or path) in R™.

Definition — Continuous curve arc
Let A C R. A continuous curve arc (or path in R™) is a continuous function f : A — R™.

Definition — Support of a curve
Given a continuous curve arc [ : A — R™, the support of the curve is the image f(A) C R™.

Definition — Closed and simple curves
A curve f A - R™ is said to be closed if there exist a,b € Awitha < bsuch that f(a) = f(b).

Definition — Planar curve and parametrization

A curve is said to be planar if there exists a plane that contains its support. A continuous curve
arc vy is identified by the pair (f, f(A)), where f : A — R™ is a parametrization and f(A) is
its support. Two different parametrizations define the same curve if they have the same support.

Definition — Orientation of a curve
Let v be a compact, regular, and simple curve in R". The orientation of ~ is a function
T :~v — R" such that:

e T eC(v,R");

e for every x € v, T(x) is a tangent vector to y at X;

* foreveryx € v, |T(x)]| = 1.
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An alternative version of the definition of curve orientation is as follows:

Definition — Orientation of a curve — alternative version
A parametrized curve arc f : A — R™ is oriented according to the direction of traversal induced
by the increasing value of the parameter within its domain interval.

Definition — Oriented curve
Let v be a compact, regular, and simple curve in R", and let T' be an orientation of it. The pair
(v,T) is called an oriented curve.

Definition — Regular (or piecewise regular) curve arc

A curve arc f : A — R™ is said to be regular if f € C'(A,R™) and f'(t) # 0 for every t € A.
It is said to be piecewise regular if f is continuous and A can be divided into a finite number of
subintervals on each of which f is regular.

Definition — Union (concatenation) of curves
Let v1,v79 C R™ with parametrizations f, : [a,b] — R™ and f5 : [b,c] — R™ such that
f1(b) = fo(b). The concatenation v, U s is the curve f : [a, c] — R™ defined by

_JA@), telab]
f(t)_{fg(t), te[b,d.

2.3.4 Surfaces in R?

Definition — Surface
Let S C R3. The set S is said to be a surface if there exists a connected open set A C R? and a
continuous and surjective function

f:A—=S

such that f is a parametrization of S.
In this case, S is called the support of the parametrization f.

Definition — Regular surface with boundary
Let S be a surface in R3.
The set S is said to be a regular surface with boundary if there exists a parametrization

f:Q—S,
where Q) C R? is a regular open set, such that:
s feCHO R,
» fisinjective;
e for every (u,v) € Q, the rank of the Jacobian matrix of f is equal to 2.

In this case, f is called a regular parametrization of S.
The boundary of S is defined as
0S = f(09).
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If OS2 consists of a piecewise regular, simple, and closed curve, and g : [a,b] — R? is a
parametrization of it, then the boundary of the graph of f is the piecewise regular, simple, and
closed curve in R? with parametrization

%U : [a7b] — R37 7vZ)(t) = (gl(t)’ gQ(t)v f(gl(t)’QQ(t)))'

A surface of this type is called a Cartesian surface of class C".
Analogously, the graphs of class C! functions in the variables (zy, z3) or (z2,x3), namely the
surfaces defined by the equations

Ty = f(x1,23), r1 = f(x2,3),

are also called Cartesian surfaces in R®.

If S'is a regular surface with boundary, then 0S5 is a piecewise regular, simple, and closed curve
in R3, or the union of a finite number of piecewise regular, simple, and closed curves, pairwise
disjoint. In particular, the number of such curves coincides with the number of curves forming
the boundary of the domain of any regular parametrization of S.

Definition — Area of a regular surface B
Let S be a regular surface with boundary and g : ) — S a regular parametrization of it. The
area of the surface S is the positive real number

wo-

In particular, the definition of the area of .S is independent of the chosen regular parametriza-
tion.
For a Cartesian surface in particular, A(S) can be computed through an explicit formulation:

A(S) ://Q\/Wdudv.

doluv) Dyl
ou ov

‘dudv.

Definition — Orientation of a surface
Let S be a regular surface with boundary. An orientation of S is a vector field n : S — R3 such
that:

e neC(S,R3;
e foreveryc € S\ 0S, the vector n(c) belongs to the normal space to S at c;

* for every c € S, it holds that ||n(c)|| = 1.

Recall that the normal space to .S at c is the set of all vectors orthogonal to .S at the point c.

This definition can also be interpreted intuitively: a regular surface S' is said to be orientable
if, for every closed curve r : [a,b] — S, it holds that

n(r(b)) = n(r(a)).

In other words, if we follow the normal vector along a closed curve lying on S, at the end of the
path the vector points in the same direction as at the beginning. The choice of one of the two
possible normal fields £n determines the orientation of S'; a surface on which one of these two
orientations has been fixed is called an oriented surface.
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Definition — Parametrization compatible with an orientation B
Let S be a regular surface with boundary, n an orientation of S, and g : Q0 — R3 a regular
parametrization of S.

The parametrization g is said to be compatible with n if, for every (u,v) € €, it holds that
0g(u,v) 9g(u,v)
ou v

Og(u) , Dgluv)
ou ov

X

n(g(u,v)) = ‘

Definition — Oriented regular surface with boundary
Let S be a regular surface with boundary and n an orientation of it.
The pair

(5,n)

is called an oriented regular surface with boundary.

Definition — Piecewise regular surface

Let S be a surface in R3.

The surface S is said to be piecewise regular if there exist regular surfaces with boundary
S1,S2, ..., S, such that:

e 5= Uf:l Siy
e for every i # j, it holds that S; N S; = 0S; N 0S;.

Definition — Boundary of a piecewise regular surface

Let S be a piecewise regular surface.
The boundary of S, again denoted by 0S, is defined as

{xeS|Jie{l,...,p}: xe€0S;}.
The surface S is said to be closed when 0S = ().

Definition — Regular open set
Let A C R3 be a connected open set.
The set A is said to be a regular open set if the following conditions hold:

o A is bounded;

* the boundary of A is a closed piecewise regular surface, or the union of a finite number
of closed, pairwise disjoint, piecewise regular surfaces;

« A" = A
Let A C R? be a regular open set and let
p
0A =3,
i=1

where each S; is a regular surface with boundary. If x € S; \ 0.5, then there exist two opposite
vectors belonging to the normal space to .S; at x, both of unit norm.
One of these vectors, denoted by n(x), satisfies the following property:

J0 e R: :Vt€]0,d], x+in(x)¢ A, x —tn(x) € A.
Thus, on the set 9A \ (| J_, 95;), one defines a vector field called the unit outward normal

field to A, or more briefly, the outward normal to A.
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Definition — Induced orientation on the boundary
Let (S,n) be an oriented regular surface with boundary, and g : Q — R a regular parametriza-
tion of S compatible with the orientation n. For simplicity, assume that 0S consists of a single
piecewise regular, simple, and closed curve; consequently, 0S) also consists of a single piecewise
regular, simple, and closed curve.

If f € PCY([a,b],R?) is a parametrization of O compatible with the positive orientation
of 0%, then g o f is a parametrization of 0S. We call induced orientation from n on 0S the
orientation for which the parametrization g o f is compatible.

The induced orientation is denoted by

*

n.

Recall that PC" ([a, b], R?) denotes the set of piecewise C' functions from [a, b] to R?.

2.3.5 Line and Surface Integrals, and Fundamental Derivatives of Vector
Fields

Line Integrals

Definition — Line integral (or curvilinear integral) of the first kind

Let y be a compact, regular, simple curve in R™, and let f € C(v,R).

If g : [a,b] — R™ is a regular parametrization of v, the line integral of the first kind of f over
v is the real number

/ Fa)g @] dt

[ f(x) ds.

Line integrals are independent of the choice of the parametrization g.

denoted by

Definition — Line integral (or curvilinear integral) of the second kind
Let (v, T) be a compact, regular, simple, oriented curve in R™, and let f € C(v,R"). The line
integral of the second kind of f over the oriented curve (v,T) is the real number

L(f-T)(x) s

The line integral of the second kind is independent of the parametrization, provided that the
parametrization is compatible with the orientation 7" of ; that is, there exists a quasi-regular
parametrization g : [a, b] — ~ such that

Vit € la, b, T(g(t)) =

In particular, a function g : [a,b] — < is called a quasi-regular parametrization if
g € PC'([a,b],R™), ¢'(t) # 0 for every ¢ € |a, b], and the restriction g |, [ is injective.

If v is simple and closed, the circulation of f is denoted by:

f;f-dx.
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Surface Integrals

Definition — Surface integral of the first kind

Let S C R3 be a regular surface with boundary, g : Q0 — R® a regular parametrization of it,
and f € C(S,R).

The surface integral of the first kind of f over S is the real number

o o
//sf do .

For a Cartesian surface in particular, the surface integral of the first kind can be computed using
the explicit formulation:

dudv,

denoted by

- / /Q Flgu, )T+ V] dudo.

Definition — Surface integral of the second kind
Let (S,n) be an oriented regular surface with boundary and f € C(S,R3).
The surface integral of the second kind of the vector field f over the oriented surface (S,n) is

the real number
/ f-ndo.
s

Definition — Surface integral of the second kind over the boundary of a regular open set
Let A be a regular open set in R and f € C(0A,R3).

If 0A = UY_|S;, we call surface integral of the second kind of the vector field f over OA,
oriented according to the outward normal n, the real number

i/ f -ndo,
i=1 7 /5

Fundamental Derivations of Vector Fields

denoted by

Let A C R3 x € A, 7y a piecewise regular curve arc, the infinitesimal displacement dx =
dxq k1 + dxs k:2 + dxs /<:3, and a vector function f : A — R3. The elementary work performed
by the field f along the displacement dx is:

AL = f -dx = fidz, + fodrs + fdas.

A vector field f € C(A, R") is said to be conservative if there exists a function U € C?(A,R"),
called the potential of f, such that VU = f. In this case:

/f “dx = U(q) - U(p),

o

where p = x(a) and q = x(b) are the endpoints of ~.
For a conservative vector field, the following statements hold and are equivalent:
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* For every pair of piecewise regular curves 7y;, v, contained in A and having the same
initial and final points but otherwise disjoint:

[ reix= [ peax

* For every closed, piecewise regular curve -y contained in A:

ff-dx:o.
y

Moreover, if a vector field is conservative, then it is irrotational in A. However, for this
implication to hold, the set A must be simply connected.

Definition — Simply connected set

Let A be a connected open subset of R". The set A is said to be simply connected if every
simple closed curve entirely contained in A can be continuously deformed into a point without
ever leaving A.

Examples:

* Inthe plane: circles, ellipses, polygons, half-planes, the entire plane, or the plane deprived
of a half-line;

* Inspace: spheres, ellipsoids, convex polyhedra, solids obtainable from them by continuous
deformation, spherical shells, half-spaces, or the space deprived of a finite number of
points.

A vector field may be locally conservative: given any set A and a simply connected spherical
neighborhood By C A, the field is conservative in By and thus admits a local potential.

For a solenoidal field f, if
JF e C*(ARY): VX F=Ff

then F' is called a vector potential of f. For such a potential to exist, an additional condition
on A must be imposed: the set must be star-shaped.

Definition — Star-shaped set
Let A C R" and c € A. The set A is said to be star-shaped with respect to c if

Vaec A, [c,a] C A
The set A is said to be star-shaped if

dc € A such that A is star-shaped with respect to c.

The vector potential defined in this way is not unique: indeed, if A is a scalar function of class
Clin A, then F + Vh is also a vector potential of f.

Moreover, every solenoidal field admits a local vector potential; furthermore, it is always possible
to choose F’ so that one of its components is identically zero.

22



Divergence theorem in R? (Gauss—Green theorem)
Let B C R? be an open set and g : B — R? a function of class C'. If A C B is a regular open

set with A C B, then
//V-gdxdy:/ g-nds,
A DA

where n denotes the unit outward normal field to A.

The integration may be carried out equivalently over A or over A. The use of A emphasizes that
continuity of g up to the boundary of A is required.

Divergence theorem in R? (Gauss-Ostrogradsky theorem)
Let A C R3 be a regular open set and f € C'(A,R3). Then the following identity holds:

//AV-fdxdydz:/aAﬂnda,

where n denotes the outward normal to A.

Curl theorem (Stokes’ theorem)
Let (S,n) be an oriented regular surface with boundary in R®, and suppose that 9S consists

of a single piecewise regular, simple, and closed curve. Let B C R? be an open set such that
S C B, and let f € C*(B,R3). Then the following relation holds:

//S(fo)ﬂnda: asf~n*ds,

2.4 Cartesian Tensors

2.4.1 Definitions

Definition — Space of homomorphisms
Let U,V be vector spaces over the same field K, and let fi,fo : U — V be two linear
transformations. We observe that:

* the function f| + fs is a linear transformation;
e for every k € K the function k f is linear.

Since the null function f,,; : U — V is linear, the set of all linear transformations forms a
subspace of the vector space V'V of all functions f : U — V. This space is denoted by

Hom(U, V),

and its elements are called homomorphisms.

Definition — Isomorphism of vector spaces
A transformation f € Hom(U, V) is an isomorphism if and only if there exists a basis B of U
such that f(B) is a basis of V. Moreover, two vector spaces over the same field are isomorphic
if and only if they have the same dimension.

Two vector spaces U,V are said to be isomorphic if there exists an isomorphism between

them, and in this case one writes U = V. The isomorphism relation = is an equivalence
relation:
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* reflexive: U = U;
e symmetric: U=V =V 2 U;

e transitive: U=V V=W =U=W.

Definition — Endomorphisms and automorphisms
Let V' be a vector space. A linear transformation f : V. — V is called an endomorphism; the
set of all endomorphisms of V' is denoted by End(V).

If f is bijective (that is, an isomorphism), it is called an automorphism. The set of all
automorphisms of V, denoted by Aut(V), is a subset of End(V') and forms a non-commutative
group under functional composition, i.e.,

fiofo# foo fi in general

Definition — Dual space
Let V' be a vector space over K. The dual space of V' is defined as

V* = Hom(V, K),

that is, the vector space of all linear applications from V to K. Such linear maps are called
linear forms or linear functionals. It holds that

dimV* =dim V.

In general, a tensor is a multilinear mapping defined on a vector space V' and its dual, taking
valuesin Rorin V.

In the context of this work, we will restrict ourselves to the case of Cartesian tensors in the
three-dimensional Euclidean space.

Let V' = R® be a Euclidean vector space endowed with the scalar product (-, -), and let
B = (1%1, ks, 1%3) be an orthonormal basis generating the whole space V', i.e. V' = Span(B).

A Cartesian tensor of order two can be represented as a linear transformation

T:V =YV,

that is, as an endomorphism of V.
In this case, for every v € V there exists a unique v/ € V such that

Cartesian tensors preserve the properties of linearity:

T(av)=aT(v),

Va eR, v,vi,vo €V :
b {T(v1 +vy) =T(v1) + T(vs).

Moreover, there exist the identity operator I : V — V (with identity matrix /) and the null
operator (which maps 0 to every v € V).

2.4.2 Orthogonal Tensors

Given the Euclidean vector space (V, (-, -)), two vectors v, v’ € V, the basis B = (ki, ko, k3),
and the transformation
T:V =YV,
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the components of v’ are obtained from those of v through the matrix ) associated with the
transformation 7:

Qu Q2 Q3 o
V= |Qa Qa2 Qa| [V], Qij = K - k.
(31 Q32 @33

Recall that the matrix Q is orthogonal when Q! = Q™.
The set of all orthogonal tensors is

Orth={QeTHV)| Q'Q =1, detQ = +1}.

2.4.3 Types of Cartesian Tensors
Cartesian tensors of order zero

A tensor of order zero is a scalar quantity, i.e., a real number that remains invariant under any
orthogonal transformation of the reference frame.

Cartesian tensors of order one

These are linear transformations that preserve the vector description. This can be better under-
stood by means of an example.

Letv € R® v = (v, ve,v3) = (w9, —21, 23). Suppose that the following transformation is
given:
v] = cos O vy + sin 6 v,
v =T(v): ¢ vh=—sinfv; + cos vy,
vy = Us.

Substituting the values of (vq, v2, v3), one obtains:

vy = cosfxy —sinfx; = b,

vy = —sinfx; —cosfxy = —1f,

~

/U:)) - /U3.

Hence,
_ /
/U]_ —_— /Ul,

; = v isa first-order tensor.
/UQ - ,02’

On the other hand, if v € R?, v = (v1, v3, v3) = (72, 21, 73), then

U1 %U/h

p = v isnot a first-order tensor.
V2 7é Vg,

Proper rotation and reflection matrices

These are particular cases of orthogonal matrices.
We define the set
Rot = {Q € Orth | det Q = 1},

which constitutes the subgroup of proper rotations. The elements of the set of proper rotations
are denoted by L.
Similarly, we define the set

Ref = {Q € Orth | det Q = —1},

which contains the reflections. The elements of the set of reflections are denoted by m,..
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Rotation Matrices — Alternative Formulation

It is possible to derive rotation matrices and their properties through a simple example applied
to the tensorial transformation of a vector.

Given the Euclidean vector space (V, (-, -)), two vectors v, v/ € V, the basis B = (ky, ko, k3),
and the transformation

T:V =V,
consider
vV = Ulkl + U2]€2 + U3k)3.

Then:

V, = T(V) = UlT(lg‘l) + UQT(/%Q) + UgT(/;'g)
= 1)1/%/1 + 'UQ];'é + Ug]%é,
from which it follows that

3
V/'ki: E Uzk;k?J:U;

In matrix form:

!
(% Ly Ly Ly U1
/
Vg | = Loy Loy Log| X |02
/
U3 L3y L3y L3 U3

In compact form:
If L is orthogonal, then:

Hence:

* each element 7 in every row j represents the projection of l%; onto /%j;

 each element j in every column ¢ represents the projection of l;:j onto l%;

Invariant Elements of Rotation Matrices

Every rotation leaves invariant two elements of the vector space in which it is defined:

¢ an axis of rotation;

* aplane of rotation, perpendicular to the rotation axis.

To better understand this, let us once again consider an example.
Given the Euclidean vector space (V/, (-, ) ), the basis B = (k1, k2, k3), and the transformation

T:V =V,

suppose that, in the simplest possible case, the rotation matrix associated with the transformation

is
cosf) sinf O

L=|—sinf cosf 0
0 0 1
It is straightforward to observe that if we apply the transformation
ffé = T(l;3)7
we obtain A A
k;/)) - k3.

Therefore, the unit vector 12:3 identifies a line—called the rotation axis—that remains invari-
ant under any rotation performed about it. The plane perpendicular to this axis is, by definition,
the plane of rotation.
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Cartesian Tensors of Order Two

These are linear transformations whose associated matrix 7" has components 7;; such that:

* the following property is satisfied:

Ty = LaLyTy < Ty = Ly LTy
* the transformation law of first-order tensors also holds:
v = Lijvy;
* the associated matrix 7" must be orthogonal, i.e.,

T =L xTxL"
Hence, not all linear transformations are second-order tensors.

2.4.4 Tensor Operations
Outer Product (Tensor Product — Dyads)
The outer product (or fensor product) between two vectors vy, vo € V' is defined as:
Vi®ve:V =V,
such that, for any third vector v € V/,
(vi @ vo)(v) = (Vg - V) vy.

The product v; ® vy is a second-order tensor, called a dyad. Its matrix representation with
respect to an orthonormal basis {k;} is:

V1,1V21 U1,1V22 U11U23
[Vl ® V2] = |V12V21 V12022 U12V23
V1,3V21 U13V22 U13U23

Transformation of the Components of a Vector

Let p € V be a vector with components p; relative to a reference frame in the affine space
{O, ky, ky, ks}. Let {O, K, k), k;} be a second orthonormal frame obtained from the first
through a rotation L. The components p; of the vector p with respect to the new frame are
obtained through:

pi = Lip; (direct transformation) < p; = sz'p;- (inverse transformation),
where L;; = cos(Z(pj, p})).

Transformation of the Coordinates of a Point

Let P be a point with coordinates x; in the system {O; 1%1, 152, 12:3} and coordinates z, in the
system {O; k1, kb, k4 }. Then:

x, = L, (direct transformation),

T; = Ljia:; (inverse transformation).
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Transformation of the Components of a Second-Order Tensor
Let p,q € V be vectors in the reference system {O; ky, ko, 153} such that:
Di :T‘i_jqja with 1] = 17273'

Given a second reference frame {O; k|, k}, k} obtained from the first by a rigid rotation L, the
components of the vectors in the two systems are related by:

pi = Lijp;, ¢ = Ljq).
Composing the successive transformations:
Pi = pi = 45 = 4,

we obtain:
that is,

m

Reversing the order of composition (i.e. p; — p; — q; — ¢;;), we can write more compactly:
pi = LaTuljq; = Tj; = LaTuLj.

This is the transformation law for a second-order tensor.

The full expansion of the formula:

Ti; = LiTi Ly
for the case i, j = 1, 2, 3, using dummy indices k, [ € {1, 2, 3}, is for instance:
TZ/] = Ly LTy + LinLjoTho + Lin LT3
+ LigLj1To1 + LigLjoToe + LipLj3Th3
+ LigLj1T31 + LisLjoT50 + LizLj3T33.

Each pair (i, j) defines an independent equation for 77;.

Starting from the rotated system, the original form of the tensor can be reconstructed by com-
posing the inverse transformations:

pi < Py ¢ qj,

from which it follows that:
Tij = LTy Luy.

In the tensor transformation law:
¢ Direct transformation: Ti’j = Ly Ty Ly  (dummy indices adjacent);
* Inverse transformation: 7;; = L;;7},L;; (dummy indices separated).

The indices k£ and [ are dummy indices, subject to contraction according to the Einstein
summation convention (which will be discussed in the next section). The indices 7 and j are
free indices, and they identify the components in the target reference frame.
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Product of Coordinates as a Tensor

It can be shown that the transformation law of a second-rank tensor is equivalent to the transfor-
mation law of the product between coordinates.

Given a point in space, let x; denote its i-th coordinate with respect to the system {O; k1, k2, k3 },
and let z; denote the same coordinate with respect to the rotated system {O; k7, k5, k% }. Consider
the product z;z’;, namely:

i = Ly, - Lz = LigLjwg,.

This relation has the same form as the transformation law of a second-rank tensor:
T}, = Ly LT,

ij

Therefore, one can conclude that a quantity 7;; that transforms according to this law behaves
like the product z;;.

However, a clarification is necessary. When the right-hand side of the coordinate product
equation is expanded:
I;l’; = LiijlfL‘ka‘l,

the terms in which k # [ can be grouped in pairs. For example:
LiLjsx120 + LigLj1xowy = (LiyLjs + LioLj1 )21 25.

Such grouping, however, cannot be performed in the case of a general tensor, unless 7y, = 1y,
that is, when the tensor is symmetric.

Consequently, the product x;z; transforms as the components 7;; of a second-order tensor only
if no symmetrization is performed. In particular:

T1X2 # ol .

2.5 Einstein Summation Convention

The introduction of the Einstein summation convention is fundamental, as it allows for a compact
and elegant formulation of tensorial and vectorial expressions. It significantly simplifies the
formal treatment, which will be adopted throughout all theoretical developments in the following
chapters.

Given a generic linear transformation:

T:V—=W, p=T(q),
according to the Einstein convention, an expression such as
pz:EJQJa iaj:172737

automatically implies a summation over the index j, without the summation symbol being
explicitly written.

In general, whenever an index (or subscript) appears twice within the same term, it is
understood that the summation is to be performed over all possible values of that index (in this
case from 1 to 3). This allows tensor expressions to be written in a compact form, making
different representations of component equations equivalent.

The index j is called a dummy index, since the letter itself is arbitrary: it may be replaced
by any other symbol, provided it does not appear elsewhere in the same term. What matters is
that the index appears exactly twice within a single term—once as a subscript of one variable
and once as a subscript of another. Conversely, the index ¢ is called a free index, since it appears
only once per term, and must occur consistently on both sides of the equation.

In an expression written using the Einstein notation:
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* the free indices must be the same on both sides of the equation;

* the dummy indices must appear in pairs within each single term and are subject to the
implicit summation.

Example. Consider the expression:
Ajj + By Cy Dyj = Ejy, Fy;.
In this case:

* the indices 7 and j are free, since they appear on both sides of the equation and identify
the components;

* the indices k£ and [ are dummy, since they appear only within individual terms and in
pairs, thus being subject to summation.

An important aspect of the Einstein notation is that the order of factors in each term does
not affect the meaning of the summation. For instance, the following expressions are perfectly
equivalent:

Biy Cri Dij = Ciy Biy, Dy

Unless otherwise specified, from now on it is assumed that all indices vary within the range
{1,2,3}.

2.6 Airy Function (or Stress Function)

The Airy function plays a fundamental role in the Theory of Elasticity, as it allows for a compact
representation of the stress state—and consequently, the strain state— in linearly elastic media.
This function is also widely used in the study of stress fields generated by dislocations, thus
constituting an essential tool in the analysis of defects in crystalline materials.

Let n € N. An Airy function is a scalar function:

A:R" — R,

sufficiently regular (typically A € C?). In two-dimensional problems of plane elasticity, the
components of the stress tensor can be expressed as functions of the second derivatives of A.

2.6.1 Examples of Functional Forms

For illustrative purposes, two functional forms are presented for the case n = 2:

Quadratic function:

a C
Az, y) = 32562 + byry + f?ﬂ

Cubic function: ; p
az 3 3 2 €3 2 3.3
Az, y) = — — — —y°.
(w,y) = F2° + Sy + Jry" + 2y
The coefficients ag, by, ¢, d, € R represent fundamental parameters that determine the
internal stress state of the body. An appropriate choice of the Airy function A allows one to
satisfy the constraints imposed by the physical problem, such as boundary conditions, geometric

symmetries, or requirements of static equilibrium.
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2.7 Spherical Harmonic Functions

2.7.1 Generalized

Generalized spherical harmonic functions play a fundamental role in the analysis of the re-
lationship between the macroscopic behavior of a material—when subjected to a physical
interaction—and its microscopic properties, which may vary depending on the direction of
the interaction itself. The importance of these functions will become evident in the following
chapters, particularly in the study of the thermal interaction and the magnetic properties of the
material under investigation.

General Definition

The generalized spherical harmonic functions are the matrix elements of an irreducible repre-
sentation of the three-dimensional rotation group, denoted by G.
The group G is parametrized by the Euler angles and is defined as

G={g=(p1,0,02) €R’ | 0<p <21, 0< <, 0< ¢ <2 }.
For each ¢ € N, the indices m,n € Z are taken such that
— <m,n </.
The generalized spherical harmonic function is then defined as
" .G — C, T (@1, ¢, p2) = €™ P/"™(cos @) €.

By setting x = cos ¢ for simplicity, the associated function P;""(x) is defined for every
x € [—1, 1] and, in general,
P (x):[-1,1] - C.

However, for certain combinations of indices (for instance, when m + n is even), the function
takes real values:
P (x):[-1,1] = R.

The explicit form of P;""(z) is given by:

(1) (= m)) (£ )] 2
Fe(w) = 26 (0 —m)! {(ijm)!(f—n)!}
(1) )

dﬁfn

ey [(1 — )1+ q:)”m} )
Particular Cases

e For/{ =m=n=0:
T5°(9) = Py (cos ¢) = 1.

* For g = (p1,0,92) = (0,0,0), corresponding to the identity element of the rotation

group:
17" (id) = dpn,s P (cos0) = dpmn.-
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Addition Theorem

For two rotations ¢, g’ € G performed successively, the following relation holds:

T = 3 T T,
s=—/

This formula is also known as the addition theorem.
In the particular case g = {0, ¢,0}, ¢' = {0, ¢', 0}, one has:

B+ ) = Y PO ).

s=—/{

Orthonormal System

The functions 7;""(g) form a complete orthonormal system. Indeed, the following relation

holds:
1

F T T @y = 5

where the symbol * denotes the complex conjugate.
The normalized invariant measure is:

L.
dg = 52 sin ¢ d¢ dp; deps.
T

From this it follows that the orthonormalization condition for the associated functions
Py (x), with © = cos ¢, is:

5%’ 5mm’ 5nn’7

Oper.

/Owr Pgmn(cos ¢) Pé‘; mn(COS ¢) sin Qb d¢ = SV

Symmetries and Orthogonality
The functions P;""(¢) satisfy the following relations:
B (¢) = Bi™(0) = P ™ (9),
Py — ¢) = (=1)Fm P (g).
Particular cases:
« Prn(mf2) = (1) R (n/2);
o Pr(m) = (=1)0pm —n.

Recursive Relations
If 7;7"(g) are elements of a unitary matrix, the following relation holds:
g™ =T, (g).

From this, the following recursive relations between functions with the same index ¢ are
obtained:

m — n cos ¢

n+1pm,n+1 . an,n—l — 9 mn

&y ¢ (¢) — ay P, (¢) Z—Sin¢ " (@),
m Ml m—1n .m—mcosp .

af P (¢) — ot P (¢) = 2i Wpe (),

with

ap =/ (L+n)l —n+1).
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Classes of Conjugate Elements
Let two reference systems in Euclidean space be defined as:
KA: {07 ]%17]%2712;3}7 KB = {07]%11712;57]%&}

The orientation distribution function of a vector described in K 4, or equivalently in K, is

written as:
f:G—=R

Two rotations g, ¢’ € G generate a class of conjugate elements defined by
g=9""99 €G.

The function f(|g|), which depends solely on the conjugacy class of g, can be expanded into
a series of characters of the irreducible representations:

Fgl) =Y arxelg),
=0

4

In the particular case

g - {w’ O? 0}7

one obtains
¢ ¢
Xe(w) = Z M =142 Z cos(mw).
m=—/ m=1
In the case

g - {07 w? 0}7

one has

¢
Xe(w) = Z P (cosw).

m=—/

Real Normalized Bases

The definition of 7" can also be written explicitly as:
jjémn“oh ¢7 902> = eimgoz Pemn(cos ¢) eimpl
= P;""(cos ¢) [( cos(meps) cos(nyy) — sin(meps) Sin(mpl))

+ i ( cos(meps) sin(ne ) + sin(mep,) cos(ngol))] .

From the symmetric combinations:

5 [T 4 T, = P () [cos(meps) cos(ngr) — sin(mees) sin(mey)],

1
2

one defines the real normalized bases of the generalized spherical harmonic functions as:

(7,77 = T7™] = Py (6) [eos(miga) sin(ngpr) + sin(migs) cos(nig)]

Témn — Z'm—n [Temn + Té_m7_n:| 7

S-Sl

Imn __ 14+m—n mn —m,—n
)™ = —1i [ -1, .
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2.7.2 Symmetric Generalized Functions

In the case of symmetric generalized functions, it is necessary to consider the subgroups of
proper rotations:
ga € G4 CG, g € Gp C G,

where reflection operations are not included.
Let L(g) € Rot be the rotation matrix associated with the transformation

T: Ky — Kg,
then we define:

* L(gp) € Rot: the rotation matrix that transforms a vector of K 4 into a crystallographically
equivalent one;

* L(ga) € Rot: the rotation matrix that transforms a vector of Kz into an equivalent one
of the specimen.

For these functions, the following symmetry conditions hold:

e Case Ky4:
flgs-9) = f(9),

e Case Kp:
f(g-g94) = f(9)

These conditions restrict the admissible forms of the functions f(g). Accordingly, the general-
ized series expansion becomes:

M(€) N(¢)

£ i)

(=0 p=1 v=1

where the symbol above T} (g) denotes the spherical harmonic generalized with respect to
the crystal symmetry, while the mirrored symbol represents that symmetric with respect to the
specimen.

The symmetric generalized spherical harmonic functions are linear combinations of the basis

functions: , ,
T (g)= > > AMAPT™(g),

m=——fn=—/{
where the coefficients A;”“ and ‘?” are determined so as to satisfy the symmetry conditions.
We start by analyzing A}”. The following functions are therefore introduced:

4

" (g) = Y AT (9).

n=—¢
The coefficients Ag” must ensure the symmetry condition

f(g-94) = f(9),

which implies
7" (g - g4) = 17" (9)-
By the addition theorem, it follows that:

l 1
T (g-9a) = Y AP Y T (9) T (9)-

n=—~{ s=—/{
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Since f(g - ga) = f(g) holds for every g € G, and the functions 7;"**(g) are orthogonal for
different values of s, one must have:

y4
Z Aznnu T;n (g) _ AZ’LSV.

n=—¢

Hence, the coefficients Az“’ must satisfy:

XE: A?V [Tesn(gA) - 554 =0, ga € G4.

n=—/

The index v labels, in a given sequence, the linearly independent orthogonal solutions of
this system of equations. The range of the index v is:

veN, 1<v<Myu), Mall)eN.

In particular, the values of M,4(¢) depend on the symmetry group associated with the
reference system K 4. These values are tabulated as functions of ¢, depending on whether it is
even or odd (see figure below).

However, the way in which the independent solutions are selected from the set of all solutions
is entirely arbitrary.

Analogously, the study proceeds with the determination of A}””. The following functions are
thus introduced:

T“” Z Am“T
m=—~

In this case as well, the following condition holds:
7" (95 - 9) = 17" (9),

and the coefficients A}* must be determined from the system of equations:

ZA [TgnsgB . ]:o, g5 € G,

n=—{

Also in this case:
MEN, 1§V§MB(€), MB(K)GN,

where the values of Mp({) are tabulated as functions of ¢ and depend on the symmetry group
associated with the system K.

One finally arrives at the definition:

- Lot
T/ ()= D Y A AT (g)
m=——fn=—/

L . L

= S AT = S A Tin(g),

m=—/ n=—~{

thus concluding that TZ“”( g) possesses both right-hand and left-hand symmetry.
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Orthonormal System

The symmetric spherical harmonic functions are themselves orthogonal, and therefore satisfy

the relation: )
me iTmV’ _ .

Moreover, from the conditions

¢
() = ) AP T™(9),
n=—~¢
A* muy Amu
one obtains the orthonormality condition for the coefficients:

)4
> AP AP =6,

n=—¢

The same property holds for AZ”“ , from which the orthonormality condition for the symmetric
spherical harmonic functions follows:

1

20+ 1 01 Ot Onwt O

f Tew (9) Te* w (9) dg =

Addition Theorem for Symmetric Spherical Harmonic Functions

From the addition theorem for generalized spherical harmonic functions, three fundamental
results follow:

(g g) ZTZ’“ )T (d),
s=—/
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Chapter 3

Fundamentals of Crystallography

3.1 Introduction

This chapter introduces the affine space representation of the fundamental units that constitute
the material investigated in this thesis — crystals — as well as most solid-state materials.

The periodic repetition of a crystal in space generates the so-called crystal lattice. Although
the crystal structure determines the intrinsic properties of a material, its spatial arrangement
and the combination with other crystal lattices, differently oriented with respect to each other,
significantly influence the macroscopic response of the material to external stimuli.

This chapter plays a central role in the analysis of the phenomena associated with the
thermal response of the material starting from its deformed state, with particular attention to the
interaction between the crystal structure and magnetic stimuli. The representation of the crystal
lattice in affine space, together with the symmetries that characterize it, constitutes an essential
complement to the concepts introduced in the previous chapters concerning tensor theory and
spherical harmonic functions.

Such representation will be formalized here by adopting the geometric viewpoint of classical

mechanics, in which crystallographic symmetries are interpreted as rigid motions in Euclidean
space.
The concepts and formulations presented in this chapter are the result of an integration of different
literature sources. Some passages—Ilike fundamental mathematical expressions, theorems and
definitions—are quoted exactly from the original works to preserve their formal accuracy. The
main references are: [47], [48], [36], [49], [50], [51], [45], [46].

3.2 C(lassification and Structure of Solids

Solids can be classified, according to the internal arrangement of atoms, into two main categories:
crystalline and non-crystalline (or amorphous). This distinction is fundamental to understanding
the macroscopic properties of materials and the mechanisms governing the formation and
transformation of solid matter.

3.2.1 Non-crystalline (Amorphous) Solids

Non-crystalline solids, also known as glassy or amorphous materials, lack long-range periodic
order. They can be considered as supercooled liquids, since they differ from ordinary liquids
only in certain physical properties, such as viscosity.

By convention, a substance is considered liquid if its viscosity is lower than 10'° poise;
above this value, it is classified as solid. The transition between the glassy and liquid states,
which occurs upon heating, is gradual, whereas the melting of a crystal occurs in a sharp and
well-defined manner.
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Glasses do not form exclusively from substances with complex crystalline structures: simple
glassy materials also exist, representing all types of interatomic bonds, including metallic,
covalent, ionic, and Van der Waals bonds.

From a macroscopic perspective, amorphous solids are generally isotropic, meaning that
their physical properties are identical in all directions.

3.2.2 Crystalline Solids

Crystalline solids are characterized by an ordered and periodic atomic structure, which some-
times also manifests itself macroscopically through the formation of natural flat faces.

From a geometrical point of view, a crystal can be described as the repetition, through
translations in three-dimensional space, of an elementary unit called a motif.

The specific arrangement of the motifs in the plane and in space generates the so-called
fundamental patterns, which amount to 17 in the plane and 230 in three-dimensional space.

Three essential conditions must be satisfied for a pattern to exist, corresponding to its
fundamental features:

e Symmetry (qualitative property);
* Periodicity (quantitative property);

* Details of the motif (quantitative property).

The first two features — symmetry and periodicity — will be discussed in detail in the
following sections. As for the motif itself, it may consist of a single atom, a group of atoms,
or a more complex geometrical configuration. Its structure directly determines many of the
anisotropic properties of the crystal.

Polycrystalline materials consist of an aggregate of crystals (grains) with different orienta-
tions. When the grain size is very small, long-range order may be absent, although a certain
local organization is still preserved.

3.2.3 Unit Cell

\_ _________ ~
\
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N / \
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N / N
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a ’————.’. ________ ﬁ
/ / 1
/ / /
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1 1
\
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Figure 3.1: Representation of a generic unit cell.

The unit cell is the elementary volume of the crystal lattice whose repetition by translation along
the three spatial directions generates the entire crystal structure, without overlaps or voids. It
represents the fundamental geometric module of the crystal’s periodicity.

For a cell to be considered a unit cell, two essential conditions must be satisfied:

1. It must completely fill the space through periodic repetition;
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2. It must maintain a constant orientation, so that all replicas are geometrically congruent.

A simple example is that of a cube with side 1 m subdivided into smaller cubic blocks of
side 1 cm: the regular repetition and uniform orientation of the cubes satisfy both conditions.
Conversely, covering a plane with equilateral triangles alternately oriented may fill the space,
but it does not ensure directional consistency. In such a case, the true unit cell is a parallelogram
obtained by pairing two triangles with coherent orientation.

Crystallographic Axes

The crystallographic axes define the edges of the fundamental parallelepiped that constitutes the
unit cell ( a, b, c in Figure 3.1 ). Translation along these vectors generates the entire crystal
lattice. The choice of the unit cell is not unique: several equivalent representations of the same
lattice exist. However, configurations that best reflect the symmetries of the crystal system are
generally preferred.

Primitive and Non-primitive Cells

(a) (b)

Figure 3.2: Representation of a unit cell: (a) primitive; (b) non-primitive.

Lattice points can be located:
* only at the vertices: in this case, the cell is called primitive — Figure 3.2a;
* also at the center of the volume, faces, or edges: in this case, the cell is called non-primitive
(for instance, body-centered or face-centered) — Figure 3.2b.

A primitive cell contains exactly one lattice point per cell, whereas non-primitive cells
contain multiple equivalent repetitions, while still describing the same lattice.

Geometric Abstraction of the Lattice

A crystal lattice can be modeled as a discrete set of points in space — an abstraction that allows
one to focus on the periodicity and symmetry of the structure while disregarding atomic or
molecular details. This approach leads to the following definition:

Definition — Lattice
A lattice is a set of points such that every point has a neighborhood indistinguishable from that
of any other point.

In other words, every node of the lattice is indistinguishable from the others in terms of spatial
arrangement, a necessary condition to ensure crystallographic homogeneity.
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Anisotropy and Crystal Morphology

Unlike amorphous materials, crystals exhibit anisotropic properties — that is, properties that
depend on the direction considered. Among the most commonly anisotropic physical properties
are:

* electrical and thermal conductivity;
* thermal expansion;

¢ elastic constants.

Anisotropy is also evident in crystal growth. In the absence of external constraints, a
crystal tends to develop well-defined growth faces that directly reflect the symmetry and internal
orientation of its lattice structure.

3.3 Representation of the Unit Cell — Affine Space

The unit cell, and therefore the entire crystal lattice, is described within a three-dimensional
Euclidean affine space K, defined by a set of three linearly independent unit vectors — not
necessarily orthonormal — and an origin O:

K {O, ]{?1,]{?2,]{?3}.
Every point in the affine space is represented by a position vector:
re K: I':T’1]%1+7”2]%2+T3]A€3, 7’1,7”2,7‘3€R.

In this framework, the symmetry operations applied in the space of the unit cell are interpreted
as rigid motions in affine space — that is, transformations that preserve distances between points.

3.3.1 Rational Directions and Planes in the Affine Lattice

x3| €
[

Figure 3.3: Miller indices associated with crystallographic directions (u,v,w) and planes {h, k,l}.
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Directional Indices

A rational direction in a crystal lattice is represented by a vector connecting the origin to a lattice
point P, expressed as an integer linear combination of the unit cell vectors:

r:ul%1+vl%2+wl%3, u, v, w € 2.

The coordinates (u, v, w) identify the crystallographic direction according to the notation [uvw],
known as the direction index.
By convention:

* the smallest set of integers having the same ratio of components is chosen;

* negative values are indicated by a bar over the corresponding number, e.g., [uvw].

For instance, the vector 2 /%1 + 2 /2:2 +0 /%3 corresponds to the direction [110], since it can be
reduced to the smallest integer ratio by dividing by the greatest common divisor, which in this
case is 2.

Crystallographic Directions and Equivalent Families
* The notation [uvw] denotes a specific direction within the crystal lattice;
* The notation (uvw) denotes a family of equivalent directions — that is, all directions

obtained by applying symmetry operations to [uvw].

Rational Planes

X3
l»
11N
! .
. / ;
Additional p N Rational
planes 1 N plane

Figure 3.4: Rational planes.

A rational plane is one whose normal corresponds to a rational direction. Translation of such a
plane along a specific rational direction generates a family of parallel and equally spaced planes.

For a set of planes to correctly define a family of rational planes, the following conditions
must be met:
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1. the planes must be equally spaced, that is, separated by a constant distance d;

2. every lattice point must lie on at least one of the planes in the family.

Let a = ||ky1||l, b = ||k2|, ¢ = ||k3| be the magnitudes of the unit cell edges. If a plane

intersects:

e the k; axis at a/h,

o the ks axis at b/k,

o the ks axis at c/l,

then, in Cartesian coordinates (1, 22, 23) associated with the basis {k1, ks, &3}, its equation
1s:

s} T2 T3
- — 4+ = =

ah ok T
In the special case a = b = ¢ = 1, the simplified form is:

h k
= —x1+—w2+—x3 = 1.
a b c

h[El —f- k’l’g —|— l[L‘g = ]_
The integers (hkl) are called the indices of the plane, and can be referred to as:

* rational plane indices (or Miller indices) if they have no common factor;

* multiple plane indices if they share a common integer factor p € N, corresponding to
p — 1 planes parallel to the rational one.

The procedure to determine these indices is as follows:

1. determine the plane intercepts with the crystallographic axes (in unit cell dimensions);

2. take their reciprocals;
3. reduce to the smallest three integers having the same ratio;

4. write the triplet in parentheses: (hkl).

For example, a plane with intercepts (2, oo, 1) has reciprocals (1/2,0, 1), leading to (102).
As with directions, negative signs are indicated by a bar over the corresponding number

(e.g., (hkl)).
Crystal Forms and Equivalent Families
* The notation (hkl) denotes a specific plane;

* The notation { hkl} denotes a crystal form, that is, the set of planes equivalent by symmetry.

For example, in a cubic crystal:

{100} = (100) + (010) 4 (001) 4 (100) + (010) + (001)

All planes belonging to a crystal form share the same atomic configuration.
Crystal forms are also classified according to the crystallographic axes intersected by their

planes:

* Pinacoids: each plane intersects only one axis and is parallel to the other two;
» Prisms / Domes: each plane intersects two axes and is parallel to the third;

» Pyramids: the planes intersect all three axes and have indices of the type {hkl}.
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Crystallographic Zones and Zone Axes

Certain sets of crystallographic planes intersect along a common line or along parallel lines.
Such planes are said to belong to the same zone, and the common direction along which they
intersect is called the zone axis.

Any pair of non-parallel planes defines a zone; their line of intersection represents the zone
axis.

Crystallographic zones play a fundamental role in the stereographic projection of planes
and directions, as well as in understanding the nature of grain boundaries in polycrystalline
materials.

3.4 Symmetry Operations

3.4.1 Translational Symmetries

The set of translational symmetries forms a discrete subspace of the affine space /K, defined as:
Teansl = {t = tll%l + tg/%g + tgl%g o 1, To, t3 € Z} .

The subspace T defines the translation lattice of the crystal.

3.4.2 Rotational Symmetries

The discrete set of admissible rotation angles consistent with translational symmetry is defined

as:
©={0:0=2 n=/{1,2 3 4, 6}}.

Values such as n = 5 or n > 7 produce configurations that are not compatible with the
required translational periodicity. Therefore, only the values of n listed in the set above are
allowed.

The set of rotational symmetry axes is defined as:

Asym = {r C K : 36 € © such that R, ¢(motif) = motif} ,

where r is an oriented line in the affine space K, and R, 4 denotes a rigid rotation by an angle
around the axis r.

The complete set of rotational symmetries of the crystal is thus given by all pairs (r, 6)
satisfying the above condition:

ROtZ{RI‘,Q . I‘GAsym, 96@}

An axis is said to be of n-fold type if there exists a rigid rotation about it by an angle ¢ such
that the transformed motif coincides with its original configuration. In other words, the figure
appears indistinguishable from itself after a rotation of angle 6.

Composing n successive rotations of angle ¢ results in a total rotation of 27, which corre-
sponds to the identity operation — every point of the motif returns to its initial position.

3.4.3 Enantiomorphism

According to the definition from the Oxford Dictionary of Science:

Definition — Enantiomorphism
A relationship between two forms (or structures) that are mirror-symmetric with respect to an
external plane but cannot be superimposed by rotations alone.
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Enantiomorphic operations therefore generate pairs of enantiomorphs, i.e., geometric con-
figurations that are mirror images of each other but cannot be made to coincide by any rigid
motion in space.

In the crystallographic context, the symmetric operations that produce enantiomorphs cor-
respond to elements already introduced — in particular, reflection planes and inversion centers.

When applied to a motif, such transformations generate a configuration that is mirror-
symmetric with respect to the original one. If this new configuration cannot be superimposed
onto the original by a rigid rotation, the result is a pair of enantiomorphs.

3.4.4 Elements of Symmetry
Planes of Reflection Symmetry

A reflection plane of symmetry is a geometric plane P C K with respect to which every point
ry = (rAl,rAerg))T € K is transformed into a symmetric point rg € K, whose position
differs from that of r 4 by the sign of a single coordinate.

For instance, if P is a plane orthogonal to the direction ks and passing through the origin,
reflection with respect to P reverses the sign of the second component while leaving the others
unchanged:

rp = (rAla —T Ay, TAS)T

It is important to emphasize that reflection is not, in general, equivalent to a twofold (2-fold)
rotation.

Consider, for example, an isosceles triangle lying in the xy-plane together with a vector
oriented along the z-axis. A rotation of angle 7 about the = or y axis would leave the shape
of the triangle unchanged but would reverse the direction of the vector along z. Conversely,
a reflection with respect to a plane containing the z-axis (such as zz or yz) preserves the
direction of the vector along that axis. This example clearly shows that reflection and rotation
are geometrically distinct operations.

Centers of Inversion

A center of inversion is an arbitrary fixed point O' € K with respect to which every point
rg=(ra,ra,," AB)T € K is transformed into a symmetric pointrp € K, opposite to r 4 along
all spatial directions.

When the inversion center coincides with the origin of the reference system, the transforma-
tion takes the form:

rp=—Ta=(—Ta, —Ta,, —Ta,)" .

The point rp thus obtained is called the antipode of r 4 with respect to the inversion center
O’. A geometric configuration is said to be invariant under central inversion if every one of its
points has a corresponding antipode within the same configuration.

3.5 Pattern-Generating Operations

Pattern-generating operations are combinations of symmetry transformations and their corre-
sponding invariant geometric elements that construct ordered configurations in space. When
applied iteratively and coherently, these operations generate regular patterns either in the plane
or in three-dimensional space.

In the case of crystalline materials, such patterns assume a highly homogeneous form but
must satisfy two fundamental structural constraints:

1. The motif must occupy specific positions;
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2. Every three-dimensional crystal must necessarily admit three non-coplanar translations
that define the lattice periodicity. The presence of symmetries is possible but not manda-
tory; however, if symmetry operations are present, they must be compatible with the lattice
translations.

In other words, not all geometrically admissible symmetries are compatible with the discrete
lattice structure of crystals. The only symmetry operations allowed in crystalline systems are
those that, when applied together with lattice translations, generate a configuration perfectly
superimposable on the original lattice.

3.5.1 Rotation—Translation (Screw Operation)

The most homogeneous pattern obtainable through the congruent repetition of a motif in space
is generated by the composition of two elementary transformations:

* a proper rotation L by an angle ¢ about a fixed axis defined by the unit vector a C K;

* atranslation 7 of magnitude 7 = || 7| along the same direction as the axis G, with

T = 1t, t € Tanst, ¢ <néeN.

The composition of these two operations generates congruent copies of the motif arranged
along a helical trajectory around the axis a, with periodicity determined by 6 and .
This pattern reduces to two special cases:

e if # = 0 and T # 0, a linear sequence of motifs is obtained, aligned along the axis a and
separated by a constant distance T;

* if §# # 0 and 7 = 0, a circular distribution of motifs is obtained, each equidistant from the
axis a and rigidly rotated from the previous one by an angle 6.

3.5.2 Translation—Reflection (Glide Reflection)

This operation is defined by the composition of a rigid translation 7 along a given direction and
a subsequent reflection with respect to a plane m parallel to the direction of translation. When
such a transformation leaves the geometric configuration of a motif unchanged, it is called a
translation-reflection symmetry (or glide plane symmetry).

The operation is denoted by m., where T is the translational vector and m = P represents
the associated reflection plane. It generates an ordered sequence of reflected motifs translated
along the direction of 7.

If the operation m, is applied twice in succession, a pure translation t along the same
direction is obtained:

T = %t, t e 7;ansl-

For the symmetry introduced by the plane m to be compatible with the spatial periodicity,
the translation vector 7 must have a magnitude equal to half the lattice translation t.

3.5.3 Rotation—Reflection

This operation is defined by the composition of a rigid rotation by an angle ¢ about an axis a and
a subsequent reflection with respect to a plane m orthogonal to that axis. When such a transfor-
mation leaves the geometric configuration of a motif unchanged, it is called a rotation—reflection
symmetry.

The operation is denoted by Ay ,,,, where @ is the rotation angle and m represents the reflection
plane.

The reflection plane m is orthogonal to the axis a and contains the circle along which the
motifs are distributed. The presence of this plane is essential for the operation to be classified
as a rotation—reflection, and not simply as a rotation.

45



3.5.4 Rotation-Inversion

This operation is defined by the composition of a rigid rotation by an angle 6 about an axis a,
followed by a central inversion with respect to a point lying on the same axis. When such a
transformation leaves the configuration of a motif unchanged, it is called a rotation—inversion
symmetry, and the axis a is referred to as a rotation—inversion axis.

If the rotation angle is 6 = 2 with n € N, the operation is referred to as an n-fold
rotation—inversion, and the corresponding axis is called an n-fold rotation—inversion axis, or
more simply an n-fold inversion axis.

The operation is symbolically denoted by Ay ;, where @ is the rotation angle and ¢ represents
the inversion center.

3.5.5 Invariant Geometric Elements and Symmetry Elements

With the exception of pure translation, every symmetry operation leaves at least one geometric
subset of space unchanged — a point, an axis, or a plane. These subsets are referred to as
invariant geometric elements and represent the spatial reference around (or with respect to)
which the operation takes place. Such elements characterize the type of symmetry involved and
are precisely the symmetry elements of the crystal.

For example, consider a pattern generated by a rigid rotation L(6). If § = 27“ with n € N,
the pattern repeats identically every 27“ radians around the axis a. This axis, which remains fixed
during the transformation, is called an n-fold symmetry axis.

Referring back to the symmetry operations already introduced:

* In a rotation—reflection, the invariant geometric elements are the rotation axis a and the
reflection plane m; the resulting symmetry element is the rotation—reflection axis.

e In a rotation—inversion, the invariant elements are the rotation axis a and the inversion
center O'; the corresponding symmetry element is the rotation—inversion axis.

* In a translation—reflection m., the only geometric element that remains fixed is the plane
m; the corresponding symmetry element is called a glide plane.

3.6 Monoaxial Point Groups

3.6.1 Group Theory

In crystallography, the concept of symmetry is formalized through the algebraic notion of a group.
A group is a set of operations for which a binary composition law (called the “multiplication of
operations”) is defined and satisfies four fundamental properties:

1. Closure: the product of two operations of the group is itself an operation belonging to
the group.

2. Identity element: there exists an operation £ such that, for every operation R of the
group, FR = RE = R.

3. Inverse: for every operation R, there exists an inverse operation 2! such that RR™! =
R'R=FE.

4. Associativity: for every triple of operations P, @), R, it holds that (PQ)R = P(QR).

In the description of crystalline symmetries, these operations correspond to geometric trans-
formations — such as rotations, reflections, and inversions — that leave the spatial configuration
of the crystal or the motif unchanged. Since real crystal structures exhibit only a finite number
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of symmetries compatible with lattice periodicity, crystallographic symmetry groups are also
finite.

To introduce the concept concretely, consider a regular square lying in a plane. The symmetry
operations that leave it invariant are:

E': the identity operation, which leaves the square unchanged;

CIZ : rotation by 90° counterclockwise about the z-axis perpendicular to the plane and
passing through the square’s center;

(5. : rotation by 180° about the same axis;

C,.: rotation by 90° clockwise;
* 0,,0,: reflections with respect to the  and y axes passing through the center;

* 01, 09: reflections with respect to the diagonals of the square.

The set of these eight operations constitutes a finite, non-commutative group. For instance:
C ZZ oy # O'ICZZ.

The closure property of the group allows one to construct a multiplication table, in which
each row and column represents an operation, and each cell corresponds to their composition.

This structure provides the basis for the classification of crystallographic point groups, which
in turn serve as the foundation for the definition of space groups, where point operations are
combined with lattice translations compatible with three-dimensional periodicity.

3.6.2 Crystallographic Symmetries and Group Classification

The geometric patterns compatible with crystal periodicity are described by a finite set of
configurations known as space groups. Within this classification, an intermediate role is played
by the crystallographic point groups, which include all symmetry operations that leave at least
one point in space invariant, excluding any translational component.

Every crystallographic symmetry can, in first approximation, be traced back to an axial
symmetry — that is, a rigid rotation about an axis passing through the center of the unit
cell. By combining such symmetries with reflections in planes, inversions about a point, and
compositions following the algebraic rules of group theory, one obtains the 32 crystallographic
point groups compatible with three-dimensional lattice periodicity.

The symmetry operations that generate repetitive spatial configurations can be divided into
two fundamental classes:

1. First-type operations, which generate a sequence of congruent objects. These include:

* proper rotations,
* pure translations,
* helical (screw) rotations.

2. Second-type operations, which generate a sequence of alternately enantiomorphic motifs.
These include:

reflections with respect to a plane,

* inversions with respect to a point,

rotation—reflections,

e rotation—inversions,
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* translation-reflections (glide planes).

In the case of point groups, which do not include translations, the first-type operations
comprise only proper rotations, whereas the second-type operations include rotation—reflections
and rotation—inversions.

For this reason, one distinguishes between:

* Proper rotations, which preserve orientation;

» Improper rotations, which combine a rotation with either a reflection or an inversion (e.g.,
rotation—inversion and rotation—-reflection).

3.6.3 Proper Rotations

The patterns associated with proper rotations compatible with crystallographic periodicity cor-
respond to the values n = 1,2, 3,4, 6, where n represents the order of the rotation axis.

Each pattern is named according to the value of n, and the symmetry axis is typically
represented by a regular polygon with n sides.

In the case n = 1, such a representation is omitted, as it corresponds to the identity operation.

3.6.4 Improper Rotations

The patterns associated with improper rotations compatible with crystallographic periodicity
correspond to the same values n = 1, 2, 3, 4, 6, where n represents the order of the rotation axis.
These operations are denoted by the notation 71, with n € {1, 2, 3, 4, 6}. Each operation 72
generates a monoaxial improper point group, and the overbar notation graphically distinguishes
the composite (non—purely rotational) nature of the operation.

Some notable cases include:

[ ]
—

: central inversion, i.e. the transformation x — —X;

]
[\w]}

: reflection with respect to a plane (formally equivalent to a twofold rotation—inversion);

.
ol

: rigid rotation by ¢ = 120° followed by a central inversion;

e 6: rigid rotation by 6 = 60° followed by a reflection with respect to a plane orthogonal to
the rotation axis;

* 4: a peculiar case, not reducible to a simple direct combination of a proper rotation with
either a reflection or an inversion.

These improper symmetry axes are conventionally represented with distinctive graphical
symbols, typically based on regular n-sided polygons with modified notation, in order to em-
phasize the orientation-reversing character of the operation.

The identification and analysis of such improper symmetries are fundamental for the clas-
sification of crystallographic point groups, as they allow a complete description of the point
symmetries observable in real crystal lattices.

3.6.5 Composition of Rotations and Construction of Point Groups

Crystal symmetries can be constructed from the composition of rotations about distinct axes
that share a common fixed point, usually the origin of the reference system. The composition of
two proper rotations — even when performed about different axes — is equivalent to a single
rotation about a third axis.
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Composition of Rotations about Distinct Axes

Figure 3.5: Cube with three symmetry axes and a feature on each face.

Consider two 3-fold symmetry axes oriented along two main diagonals of a cube — Figure 3.5.

An initial point located on face I is transformed by a first rotation about the axis a through
an angle 6, = 120°, bringing it to face II. This operation is denoted by Ry, .

A second rotation about the axis ?), also of 65 = 120°, moves the point to a new position on
face 111, denoted by Ry, .

The overall effect of composing the two rotations is equivalent to a single rotation of 180°
about a 2-fold axis ¢, orthogonal to the initial face and passing through the intersection of the
axes G and b.

This behavior can be formalized using Euler’s formula for the composition of rotations:

cos (%) + cos (%) cos (g)

sin (%) sin (g) 7

cos(Ry, o Ry,) = cos(Cy) =

where «/2, 5/2, and y/2 are the angles of a spherical triangle.
The values of v and [ are constrained by the value of « so that the identity holds. In
particular:

a € {360°,180°,120°,90°,60°} = ~, 5 € {360°,180°,120°,90°,60°}.

Six distinct combinations of the angles «, 3, and ~ can thus be identified, corresponding to
six different spatial arrangements of the rotation axes.

In four of these cases, two 2-fold axes form a planar angle o = 90°, 60°, 45°, or 30°.
The composition of two successive rotations — first about one axis, then about the other —
is equivalent to a rotation about a third axis perpendicular to the first two. The resulting
configurations are:

e o = 90°: a 2-fold rotation about the third axis — class 222;
¢ o = 60°: a 3-fold rotation about the third axis — class 223, 322, or 32;

e o = 45°: a 4-fold rotation about the third axis — class 224;

49



e a = 30°: a 6-fold rotation about the third axis — class 226.

In the remaining two cases, the two axes form spherical angles of a/2 and (/2. Here too,
the composition of the two rotations is equivalent to a rotation about a third axis, though not
necessarily perpendicular to the first two:

* If both initial axes are 3-fold and form angles /2 = 70°32" and /2 = 54°44’, the
composition is equivalent to a 2-fold rotation with spherical angle /2 = 54°44’ — class
233 or 23;

* If one of the axes is 2-fold and the other 3-fold, with angles «/2 = 35°16’ and 3/2 =
54°44', the composition is equivalent to a 4-fold rotation with angle v/2 = 45° — class
234 or 432.

Finally, if an additional rotation is performed about one of the initial axes, its composition
with the third axis generates a new symmetry axis belonging to the same class, possibly with a
different spatial orientation.

Relations among Rotations

A geometric relationship can be established among proper rotations about three distinct axes in
space.

Let @, b, ¢ be three rotation axes in three-dimensional space, and let L(«), L(8), L(v) be
rigid rotations of amplitudes «, (3, v about these axes, respectively. If two rotation operations
R, and R are performed in succession, their combination is equivalent to a third rotation about
axis ¢, but with opposite angle:

R,oRg=R_,.
Multiplying both sides on the right by /2., one obtains:

R,oRgoR,=1d.

This identity implies that, given two rotations about distinct axes, the third one is uniquely
determined and must therefore be considered implicit.
The analogous cyclic relations are:

Rgo R, = R_,, RyoR,= R_p.
These relations express the closure of the system under composition and the internal sym-
metry of crystallographic configurations.
General Rules for the Composition of Proper and Improper Rotations
Let us denote:
e P: aproper rotation;
 [: an improper rotation (reflection, inversion, or rotation—inversion).

The possible combinations between these operations satisfy the following rules:

PoP=P (proper followed by proper)

lol=P (improper followed by improper)
IoP=1 (improper followed by proper)
Pol=1 (proper followed by improper)
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From these relations, it follows that a combination is equivalent to a proper rotation if and
only if it contains an even number of improper rotations (zero or two).
In total, eleven fundamental symmetry elements can be identified, including:

* single symmetry axes, i.e., not derived from combinations;

* combined symmetry axes, obtained through the composition of rotations according to the
above rules.

Furthermore:

* each axis may correspond to an n-fold rotation (proper) or to an n-fold rotation—inversion
(improper);

* combined axes must satisfy the rule of an even number of improper operations;
* the same axis may host both a rotation n and a rotation—inversion 72; such a situation is
denoted as n /7.
Equivalences between Axes and Operations

Certain equivalences between improper operations and composite transformations are useful in
the classification of point groups:

» 2 = m: reflection with respect to a plane;

3 = 3 0 1: 3-fold rotation—inversion as the composition of a rotation and an inversion;

2 om = 1: a 2-fold rotation followed by reflection gives a central inversion;
* 204 =m: a2-fold rotation followed by inversion is equivalent to a reflection;
* 7 0om = 2: inversion followed by reflection is equivalent to a 2-fold rotation;

* more generally: n on = n if n is odd, whereas n o n = n o m if n is even.

3.6.6 Operational Classification of Crystallographic Point Groups

The following section presents the operational approach by which the 32 crystallographic point
symmetry groups can be derived.

Axes of Pure Rotation (n)

This class includes proper rotations about a single axis, without any associated reflections or
inversions. Only the orders n = 1, 2, 3, 4, 6 are allowed, in accordance with the constraints
imposed by lattice periodicity.

* Groups: 1,2, 3,4,6
Total: 5 groups.

Axes of Pure Rotation—Inversion (72)

These include symmetry operations composed of a proper rotation followed by a central inver-
sion. Notable cases include:

e 1: pure central inversion;
« 2: reflection with respect to a plane, conventionally denoted as m;

e Groups: 1, m, 3,4, 6
Total: 5 groups.
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Rotation Combined with a Perpendicular Mirror Plane (n/m)

This category includes rotational axes associated with a symmetry plane orthogonal to the axis
itself (typically a horizontal mirror plane in stereographic projection).

* Groups: 2/m, 4/m, 6/m
Total: 3 groups.

Rotation Combined with Mirror Planes Perpendicular to the Projection Plane (nm, nmm)

This group type includes one principal rotation axis and one or more mirror planes m perpen-
dicular to it.

* Groups: mm?2, 4mm, 3m, 6mm
Total: 4 groups.

Rotation-Inversion Combined with a Perpendicular Mirror Plane (nm)

These consist of operations where a rotation—inversion axis is combined with a mirror plane
orthogonal to it.

 Groups: 3m, 42m, 62m
Total: 3 groups.

Rotation Combined with a Second Perpendicular Axis (n2)

This class includes groups with one principal rotation axis and two mutually orthogonal 2-fold
axes.

* Groups: 222, 422, 622, 32
Total: 4 groups.

Rotation Combined with a Second Axis and Orthogonal Mirror Planes (. /mm)

Extension of the previous case, with the addition of two mutually perpendicular mirror planes,
both orthogonal to the principal rotation axis.

* Groups: 2mm, 4mm, 6mm
Total: 3 groups.

Cubic Groups

Groups with maximum symmetry, typical of cubic lattices. They exhibit multiple 3-fold axes
along the cube diagonals and several symmetry planes.

e Groups: 23, m3, 432, 43m, m3m
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Total: 5 groups.

Z
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Category No. of Groups
Axes of pure rotation (n)
Axes of pure rotation—inversion (72)
Rotation + perpendicular mirror plane (n/m)
Rotation + parallel mirror plane (nm, nmm)
Rotation—inversion + perpendicular mirror plane (2m)
Rotation + second perpendicular axis (n2)
Rotation + second axis + orthogonal mirror planes (n/mm)
Cubic groups

Total number of crystallographic point groups

DN Wk WA W WL

W
[ %)

Table 3.1: Operational classification of the 32 crystallographic point symmetry groups.

3.7 Crystal Systems

3.7.1 Bravais Lattices

In addition to rotational, inversion, and reflection symmetries, it is essential to consider trans-
lational symmetries, which must be combined consistently with the others in order to describe
the periodicity of the crystal lattice.

Two-Dimensional Lattices

In two dimensions, there exist only five Bravais lattices, representing all geometrically admissible
configurations compatible with periodicity and planar symmetries. Considering a generic
parallelogram with sides AB and BC), the following cases can be distinguished:

* Oblique: AB # BC the internal angles are arbitrary and different from 90°; no axial
symmetry is present.

* Hexagonal: AB = B(; the angle between the sides is 120°; the cell exhibits a 6-fold
symmetry axis.

* Square: AB = BC( all internal angles are right angles (90°); this lattice exhibits the
highest planar symmetry among the two-dimensional Bravais lattices.

* Rectangular: AB # BC, butopposite sides are equal; all internal angles are right angles;
the cell is a rectangle without additional internal lattice points.

* Centered Rectangular: same as the previous case, but with an additional lattice point
at the center of the cell; this configuration introduces an additional symmetry element
compared with the simple rectangular lattice.

Three-Dimensional Lattices

In three dimensions, the configurations compatible with spatial periodicity and crystallographic
symmetries are fourteen, known as the three-dimensional Bravais lattices.

They are obtained by combining the seven metric classes of the crystal systems (triclinic,
monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, and cubic) with the possible arrange-
ments of lattice points within the unit cell (at the corners, face centers, body center, etc.).

For a configuration to be recognized as a Bravais lattice, two fundamental conditions must
be satisfied:
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1. Translational invariance (mathematical condition): every point must have a neighbor-
hood indistinguishable from that of any other point;

2. Crystallographic compatibility (symmetry condition): the configuration must be com-
patible with at least one of the 32 point groups allowed by crystallographic symmetry.

The 14 Bravais lattices are not obtained merely by varying the cell dimensions or angles, but
also by the controlled introduction of additional lattice points (center, faces, or bases), provided
that:

* the local environment remains identical at every node (structural invariance);
* the symmetries of the lattice are not violated.
This principle leads, for example, to:

* the triclinic lattice, with the lowest symmetry, where the cell is an asymmetric paral-
lelepiped with unequal sides and angles;

* the rhombohedral lattice (R) in the trigonal system, obtained by deforming a cubic cell
along its diagonal;

* the centered lattices, obtained by adding a point at the center of the volume (body-
centered, I), at the centers of the faces (face-centered, F), or at the centers of the bases
(base-centered, A, B, C).

Each three-dimensional Bravais lattice is compatible with one or more of the 32 crystallo-
graphic point groups. Once a reference point (e.g., the origin O) is fixed, all symmetry operations
of the corresponding point group must leave the overall structure of the lattice invariant.

The 14 Bravais lattices provide the geometric foundation for the construction of the space
groups, which combine translational and point symmetries to describe the full periodicity of
crystalline materials.

3.7.2 Crystal Systems

Referring to Figure 3.1, and following the classical convention of crystallography, the edges of
the unit cell are denoted by a, b, ¢, oriented along the basis vectors ky, ko, k3, with magnitudes:

a=kll, b=kl c=ks].

These define the fundamental units of the natural coordinate system associated with the lattice
in the affine space K.
The interaxial angles are defined as:

a=/2L(bc), B=2L(ca), ~v=ZLa,b).

Due to the symmetry of the lattice, the edge lengths and interaxial angles must satisfy specific
constraints. These constraints do not arise from numerical coincidences, but rather reflect the
restrictions imposed by the symmetry operations compatible with each crystal system. In this
context:

* the symbol = indicates an equality imposed by symmetry, valid for any configuration
belonging to the system;

* the symbol # indicates a general inequality, which may admit equalities in special cases
without changing the classification.
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For example, a crystal belongs to the tetragonal system if and only if it possesses a 4-fold
symmetry axis, which implies a = b. If, instead, all three axes exhibited 4-fold symmetry, the
system would be cubic, witha = b = c.

Although there exist 14 Bravais lattices, only six symmetrically distinct coordinate systems
are compatible with periodicity and crystallographic symmetries. These are known as the crystal
systems, and they constitute the geometric basis for the classification of crystalline lattices.

Each crystal system allows for several possible configurations of rational plane families —
that is, sets of equidistant planes with rational normal directions, as previously introduced.
The metric constraints imposed by the crystal systems determine not only the admissible point
symmetries (point groups), but also the interplanar spacing d between consecutive planes in a
family and the rationally allowed orientations.

Conventional Orientation of the Unit Cell The unit cell is represented following a right-
handed convention:

* the c-axis is oriented vertically, with its positive direction upward;
* the b-axis is oriented horizontally from left to right, being horizontal when o = 90°;

* the a-axis points outward toward the observer, completing the right-handed triad.

Characteristics of the Crystal Systems

Table 3.2 summarizes the fundamental characteristics of the six crystal systems, including the
possible metric relationships among the lattice parameters and a qualitative description of their
respective geometries. This summary provides a useful reference for the analysis of lattice
symmetries and the structural configurations compatible with each system.
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Crystal System Metric Relationships Description

Isometric (Cubic) a=h=c The three axes are orthogonal and equal
a=[p=~y=90° in length. The system coincides with a
Cartesian reference frame.
a=b#c ) ..
Tetragonal Two equivalent axes and one distinct
a=p=v=90° axis, all mutually orthogonal.

a) =ay =as # ¢

Hexagonal a4+ ay+as=0 Three coplanar axes separated by 120°,
orthogonal to the c-axis. Plane indices

a=3=90° ~v=120° are written as (h ki), with

h+k+i=0.
] a#b#c
Orthorhombic Three mutually orthogonal axes of
a=pf=vy=90° different lengths. No equality relations
among edges.
. aFb#c . L
Monoclinic The system admits two settings: in the

a=v=90° g #90° standard one, the c-axis is vertical and
is obtuse; in the alternative (now
obsolete) setting, symmetry is assigned

to b.
. aFb#c
Triclinic No axes are orthogonal. The reduced
a# B F#v#90° cell is used, defined by the three shortest

non-coplanar edges. Two variants exist:
type I (acute angles) and type II (obtuse
angles).

Table 3.2: Metric characteristics and description of the six crystal systems.

3.7.3 Relationship with Point Groups

Each lattice is compatible with a specific subgroup of point symmetries, i.e., with a group of
transformations (rotations, inversions, reflections, and roto-transformations) that leave invariant
the relative positions of the lattice points with respect to a fixed point, generally the origin O.

The compatibility between translational periodicity and local symmetry is ensured by the
fact that each of the 14 Bravais lattices is associated with at least one of the 32 crystallographic
point groups.

Hermann-Mauguin Notation

According to the Hermann—-Mauguin notation, each type of unit cell is classified by a letter
describing the internal distribution of its lattice points:

* P — Primitive: points only at the cell vertices;

e C — Base-centered: an additional lattice point at the center of a pair of parallel faces,
typically in the ab-plane; common in the monoclinic and orthorhombic systems;

* I — Body-centered (inner-centered): one lattice point at the center of the volume;
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* F — Face-centered: lattice points at the centers of all faces;

* R — Rhombohedral: a primitive cell representing trigonal symmetry through an inclined
configuration.

In the hexagonal system, the unit cell is typically represented as a prism with edges parallel
to aq, ag, ¢, such that a; + as + as = 0. The Miller indices in this system adopt the extended
four-index notation (h kil).

In the trigonal (rhombohedral) system, two equivalent representations can be used: one
based on hexagonal axes, and another with an inclined rhombohedral cell having equal edges
and identical (non-right) interaxial angles.

3.7.4 Summary Table

Crystal System Metric Condi- | Main Symme- | Allowed Cells (H-M)
tions tries
Triclinic a#b#c a#|No symmetry P
B # v #90° constraints
Monoclinic a #b#c a=/|1 twofold axis + P, C
v =90°, B # 90° | mirror plane
Orthorhombic a #b+#c, a=|3 mutually or- PC,ILF
g =~v=090° thogonal twofold
axes
Tetragonal a = b # ¢, a =| 1 fourfold axis P 1
f=r=90
Hexagonal a =10b# ¢, a = | 1 sixfold axis P
g o= 90° v =
120°
Trigonal (Rhombohedral) | a = b = ¢, a = | 1 threefold axis R
B=~7#90°
Cubic (Isometric) a=0b=c a=|3 mutually or- P,LLF
g =~=90° thogonal fourfold
axes

Table 3.3: Crystal systems: metric conditions, main symmetries, and allowed cells (Hermann—Mauguin
notation).

3.8 Space Groups and Real Crystalline Symmetry

The combination of point-group symmetry operations with the translational periodicity of the
Bravais lattice generates the space groups, which represent the fundamental tool for a complete
description of the symmetry of a real crystal.

3.8.1 Point Groups and Space Groups

Each crystal system is characterized by a finite set of point groups. For example, in the cubic
system, there are five point groups:

23, m3, 43m, 432, m3m.
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However, each cubic Bravais lattice possesses the symmetry of the most symmetric point group,
namely m3m, meaning that every lattice point remains invariant under all symmetry operations
of this group.

Since there are three cubic Bravais lattices (P, I, F), their combination with the cubic point
groups generates 15 distinct space groups.

Extending this principle to all seven crystal systems yields:

* 73 symmorphic space groups, obtained from pure rotations, reflections, inversions, and
translations;

* 157 asymmorphic (or non-symmorphic) space groups, which also include screw rotations
and glide reflections.

Hence, the total number of distinct space groups is:

’ 230 space groups ‘

3.8.2 Symmorphic and Asymmorphic Groups: Meaning and Nomencla-
ture

The distinction between symmorphic and asymmorphic space groups is fundamental:

* In symmorphic groups, as typically found in metals, the designation is based solely on
the Bravais lattice and the corresponding point group.
Examples:

— Im3m: body-centered cubic lattice with m3m symmetry;

— Fm3m: face-centered cubic lattice with m3m symmetry.

* In asymmorphic groups, as in diamond, sodium chloride, or graphite, additional opera-
tions are involved:

— Screw axes (rotation—translation operations), indicated with subscript numbers (e.g.
41,32, 03);

— Glide planes (reflections combined with translations), indicated with letters a, b, c, d, n.
For instance, in the unit cell of diamond, the carbon atoms occupy positions:
* halfway between the base and the top plane;
* at fractional coordinates }l and % along the diagonals of the two-dimensional lattice.
In this case, the space group designation is:

Fd3m,

where:
¢ I denotes a face-centered lattice;
* d replaces m to indicate a diagonal glide plane.

Other examples of asymmorphic space groups include:

Pn3m, 1d3d, P4,32.
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Caution in the Determination of the Space Group

The correct identification of a space group requires the analysis of the internal atomic arrange-
ment of the material. For example, in sodium chloride (NaCl):

* The chlorine atoms occupy positions halfway along the edges of the two-dimensional
sodium lattice;

* However, the space group of the entire crystal remains Fm3m, identical for both sublat-
tices.

Exceptions and Non-Ideal Cases

In some cases, symmetry conditions are not fully satisfied, such as in imperfect crystals or
quasi-crystals. An illustrative example is found in deformed gold, where five pure rotation axes
can be identified — a configuration incompatible with the translational symmetry constraints
of a perfect crystal. Such anomalies indicate the presence of structural defects and require
approaches different from the classical analysis based solely on space groups.

3.9 Stereographic Projection, Crystallographic Poles, and Zone
Axes

3.9.1 Experimental Origin of Pole Figures and Stereographic Projection

Pole figures do not originate as an abstract theoretical construction, but rather from the historical
development of optical techniques used in crystal studies. Understanding their experimental
origin is essential to correctly interpret their geometric and crystallographic meaning.

Optical Observation of Crystal Faces

In early experimental investigations, crystals were analyzed using reflecting goniometers. These
instruments allowed the identification of crystal faces that reflected light into the telescope. For
this to occur, the normal to the face — i.e., the vector perpendicular to the crystallographic plane
— had to be aligned with the optical axis of the observer. This direction was called the pole of
the face and was interpreted as a measurable and representable directional property.

Instrumental Determination of the Pole

The crystal was mounted on a rotatable support with two perpendicular axes (horizontal and
vertical), each equipped with a graduated goniometer. When a face optimally reflected the light
from the collimator tube toward the telescope, its normal was aligned with the bisector of the
angle between the two instruments. The direction of this normal — the pole — was recorded as
a pair of angles (6, ¢), known as Euler angles, which uniquely define the face orientation with
respect to the reference frame.

Need for a Two-Dimensional Representation

To graphically represent the orientation of all measured faces, it became necessary to project
the various pole directions onto a plane. The solution was the introduction of the stereographic
projection, a geometric technique that projects points from the surface of a sphere onto a plane
while preserving their angular relationships.
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Geometrical Construction of the Stereographic Projection

Consider a unit sphere centered at a point O, with an orthonormal reference system. The poles
of the crystal faces — i.e., the measured normal directions — are represented as points on the
sphere’s surface.

The projection plane is chosen as the equatorial plane zy, dividing the sphere into two
hemispheres: north and south. To construct the stereographic projection of a pole:

* If the pole lies in the northern hemisphere, a line is drawn connecting the south pole to
the point on the sphere; the intersection with the zy-plane gives the projected point.

* If the pole lies in the southern hemisphere, the projection is made from the north pole.

Graphical Conventions

In stereographic representations:
* poles from the northern hemisphere are indicated by filled black dots;

* poles from the southern hemisphere are indicated by open circles (continuous outline).

The Wulff Net and the Representation of Symmetry

Figure 3.6: Wulff Net. Picture is taken from [52].

To facilitate the construction and interpretation of pole figures, the Wulff net — Figure 3.6 is used
— a predefined circular grid representing the stereographic projection of the sphere. Each point
on the net corresponds to a pair of experimentally measured angles

(0, 9),
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allowing a direct representation of the normals to the crystal faces.
The resulting pole figures faithfully reflect the crystal symmetry, making it possible to
visualize:

* rotation axes of order n (n-fold axes), indicated with conventional symbols;
* mirror planes, drawn as straight or curved lines;

* zones, represented as circles connecting poles aligned along a common crystallographic
direction.

Conclusion

Pole figures represent a graphical synthesis of the normals to the crystal faces projected onto
a plane and constitute a fundamental tool for the identification of crystallographic symmetry
classes. There are 32 such figures, each corresponding to one of the 32 crystallographic
classes, and each characteristically reflecting the three-dimensional symmetry of the crystal
under examination.

3.10 Mathematics of Pole Figures

This section provides the fundamental mathematical tools required to quantitatively evaluate the
density of crystallographic directions (poles), in order to analyze the macroscopic anisotropy
of the material. For this purpose, the concepts introduced in the previous chapter concerning
tensors and spherical harmonic functions are employed.

The crystal is described in a three-dimensional affine space equipped with an orthonormal
basis {O; 1%1, 1%2, 1%3}. Crystallographic directions are represented by vectors v € R3, which,
when necessary, are considered in their normalized form (unit vectors) to uniquely describe
orientation.

To study the angular distribution of these directions, one makes use of real functions defined
on the set of unit vectors — in particular, the generalized spherical harmonic functions introduced
in the previous chapter. These functions provide a compact representation of orientational
properties while preserving the symmetry of the crystal lattice.

3.10.1 Description of Orientation in the Crystal Reference Space

Consider a three-dimensional Euclidean affine space containing two reference frames, K 4 and
Kp, sharing the same origin O and associated, respectively, with the orthonormal Cartesian
bases: o o

Ka :{O; ky, ko, ks3}, Kp : {O; K}, Ky, k3 )

In the context of a polycrystalline continuum, K 4 represents the global reference system of
the material, while K g is associated with a single crystal embedded within the medium.

The orientation of K 5 with respect to K 4 is described by a proper rotation L. In this context,
the rotation is parameterized by the three Euler angles:

G={9=(p1,0,02) ER* | 0< 1 <2m, 0< <, 0< <27},

according to the z-z/-z” convention.
Assuming initially K4 = K, the rotation transforming K 5 with respect to K 4 is obtained
through the following sequence:

* arotation by an angle ¢; about the k3 axis;

* arotation by an angle ¢ about the new axis l%’l resulting from the first rotation;
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* arotation by an angle ¢ about the new axis l%g’ resulting from the previous rotations.

The matrix associated with this transformation is denoted by L (1, ¢, ¢2).

Each triplet of Euler angles can be represented as a point in Euler space, a parametric space
that allows for the geometric visualization of crystal orientation. Although this space is not a
vector space in the strict mathematical sense, it provides a convenient coordinate description of
the rotation group, making it suitable for the statistical study of crystallographic textures.

Representation of Orientation in the Pole Figure

Let a vector v € K 4 be expressed with respect to the global orthonormal basis {l%l, ]%27 1%3}:
V:l’l%l—i‘yl%g—i‘Z];’g.

The coordinates of the vector v in the system K g, associated with the crystal, are obtained
by applying the rotation matrix L, which describes the orientation of K5 with respect to K 4.
Denoting L = [L;;|, with:
Lij = k’; . ]’Cj,
one obtains:

' = Lyyx + Lisy + L3z,
Y = Lorx + Loy + Lasz,
7' = Lg1x + L3y + Lssz.

The elements L;; of the matrix L represent the direction cosines of the components of the
basis K g expressed in the global reference frame K 4. The matrix can thus be written as:

,u// ,’,,/ h/
L= |Jv § K],
w

where each column corresponds to the components, in the global system K 4, of the crystal basis
vectors K pg:
ky = [u, o W', kK, =[r s ¢]T, ky=I[n K T
These unit vectors are often expressed in terms of normalized Miller indices (i.e., as directions
or plane normals) according to the following conventions:

* [uvw]: rational direction obtained by assuming v, = (1,0, 0), i.e., the direction of axis
Ejin K 4;
* [rst]: rational direction obtained by assuming v, = (0,1,0), i.e., the direction of axis

7.
29

* (hkl): rational plane whose normal is the direction vg, = (0,0, 1), i.e., the direction of

~

o /
axis k.

Representation of Poles in the Wulff Net

Once the Wulff net is defined as a stereographic grid for the angular representation of directions
in three-dimensional space, it can be used to visualize the poles (hkl) projected in the sample
reference frame.

Each crystallographic direction (typically the normal to a plane (hkl)) is associated with a

pair of angles (d(nki), Y(nkr)), Where:
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* Omry € [0,7/2]: zenithal angle between the pole and the k5 axis, corresponding to the
radial distance from the center of the net;

* Ywy € [0,27): azimuthal angle with respect to k:1, measured in the equatorial plane.

The Wulff net thus provides a conformal representation of the pole distribution, preserving
angular symmetries and making immediately visible:

* the directional distribution of crystal planes with respect to the sample;
* the possible presence of macroscopic crystallographic symmetries;

* the crystallographic zones (families of planes sharing a common axis), represented by
circles connecting aligned poles.

However, the knowledge of a single pole is not sufficient to completely determine the three-
dimensional orientation of the crystal, since a rotation about the direction n,y leaves its
projection invariant.

Therefore, to uniquely specify the orientation, three independent parameters are required:
the Euler angles (41, ¢, ¢2), which uniquely define the element ¢ describing the transformation
between the crystal and the sample reference systems.

Inverse Calculation of Euler Angles from Direction and Plane
Once the plane (hkl) and the direction [uvw| are known, such that:

(hkl) || ks, [wow)] || ki,

it is possible to determine the Euler angles (1, ¢, ) that describe the crystal orientation with
respect to the global reference frame.

The direct relationships between the normalized components and the Euler angles are:

h = nsin ¢ sin @g,
k = nsin ¢ cos 9,
[ =ncos ¢,
u = n' (cos 1 cos g — sin @1 sin P, €os @),
v =n'(— cos @ sin py — sin @1 cos Y, Cos @),
w = n' sin ¢ sin ¢,
where:

n=[(hkD)|| = VR + k> +1, 0 =|[uwww]]| = Vu® +0* +w?

From these relations, the inverse calculation of the Euler angles follows:

l
¢ = arccos (—) ,
Vh?+ k2 + 12

k _ h
= arccos | —(———— | = arcsimn { ———— | ,
2 (\/h2+k2) <\/h2+k2)

, < w EEy z2>
(1 = arcsin . .

uZ 4+ v2 + w? h? + k2
These relationships allow experimental data — typically given in terms of plane normals and

crystallographic directions — to be converted into the Euler angle space. This procedure is
fundamental for the analysis of crystal texture through the orientation distribution function f(g).
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Relation Between Stereographic Projection Angles and Euler Angles

The main crystallographic directions [100], [010], [001] are transformed into the sample reference
frame through the rotation matrix L. The stereographic projection of these directions onto the
Waulff net allows the corresponding zenithal and azimuthal angles to be determined.

For the direction [001], corresponding to the unit vector ki, one obtains:

gbOOl = ¢7

Yoor = Y1 — 7.

For the direction [100], corresponding to k!, the following relations hold:

G100 = arccos(sin ¢ sin ps),

. ( sin s cos ¢
Y100 = arcsin | ——— | + 1,
sin ¢10p

( COS (g )
Y100 = arccos | — + 1.
sin @100

The two expressions for ;o9 are equivalent but lead to complementary solutions; the correct
value must be chosen according to the sign of the Cartesian components of the direction in the
sample coordinate system.

Conversely, given the positions of the poles [100],[010], [001] in the pole figure (i.e., their
zenithal angles ¢10, ¢o10, Poo1), the corresponding Euler angles can be retrieved as:

¢ - ¢0017
»1 = Yoo1 + T,
. (COS ®100 > (COS ®o10 >
(g = arcsin - = arccos | —— | .
sin @go1 sin ¢go1

Again, the two expressions for o yield complementary results and must be interpreted
according to the geometrical context.

3.11 Orientation Distribution Functions

To fully describe the orientation of a crystal within a polycrystalline material, it is necessary to
specify the orientation g for each point with coordinates (z, y, z) inside the sample:

g=g(z,y,2).

If Euler angles are chosen as the orientation parameters, then:

P1 :Ql(l’,y,Z), ¢:¢<I7y7z>7 P2 :902(1'7:%2)'

However, such a description would be excessively complex. Therefore, a simplification is
introduced by considering only a representative volume element within the sample, characterized
solely by its orientation and not by its spatial coordinates. Denoting:

* dV: the total volume of all elements having the same orientation g;
* dg: the infinitesimal orientation element containing the orientation g;

* V: the total volume of the sample;
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it is then possible to define the equation associated with the orientation distribution function
within the volume element dV:

dV
= f(g) dg (3.1
With the normalized invariant measure over the rotation group:
1.
dg = ]2 sin(¢) do de; dey, (3.2)

it follows that ¢ dg = 1.
The function f(g) can be expanded as a series of generalized spherical harmonics:

Floy=>_> > cr1™(9)

When Euler angles are used, the function can be written explicitly as:

901 ¢, 902 Z Z Z ann imepsa Pmn(COS ¢) mcpl

{=0 m=—fn=—{

Since f(g) is a real-valued orientation distribution function, it satisfies:

flg) = f"(9),

which implies the following relation among the expansion coefficients:
C;mn = (e,

In general, the representation of f(g) through generalized spherical harmonics remains valid
even in the absence of crystal symmetries. However, when symmetry is present, one must
employ the symmetrized generalized spherical harmonics, leading to:

[o¢]
£=0
The function can be normalized as:

ff(g) dg=1. (3.4)

If the function corresponds to a random distribution, denoted by f,., the normalization

condition becomes:
fofdg=1,

f=1.

By normalizing (3.3) according to (3.4), one obtains:

M(¢)

N(©) )
> ar T‘“’ (3.3)

(£)
p=1 v=1

and since f dg = 1, it follows that:

M(£) N(£)

Z > e fT“ ) dg = 1. (3.5)

/=0 p=1 v=1

To determine the coefficients C”, the orthogonality condition of the functions T/ (g) is
employed:

0o M) N(')

ff el @—ZQZZ@V%WWﬁW%M%

=0 p/=1 v'=1
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from which it follows that:

Cr = (20 + 1) f F(9) T; " (9) dg. (3.6)

This formula is generally valid. If the function f(g) is strongly concentrated around a single
orientation gy, with nonzero values only within a small neighborhood of gy, the integral in (3.6)
can be approximated by:

O s (20 + 1) 7™ (go). 3.7)

When multiple orientations g; are considered, each associated with a volume fraction V;, and
f(g) is concentrated in small neighborhoods around these orientations, one obtains:

VTR (g
O~ (20 + 1)22‘428‘/ (9:). (3.8)

In this framework, f(g) can be described as a combination of functions localized at the
orientations g;. The truncated expansion up to a finite order L thus provides a continuous and
smooth function that approximates the discrete distribution of orientations:

L - .
S ViT " (gi) -
flg) =~ (20+1) = ;" (g). (3.9)
Ez:; p=1 v=1 ZZV; ‘

The smoothness of the approximating function is directly controlled by the truncation order L.
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Chapter 4

Theory of Elasticity

4.1 Introduction

The theory of elasticity deals with the study of the mechanical behavior of continuous deformable
bodies, that is, material systems in which every infinitesimal element always contains matter and
can undergo variations in the relative position of its internal points as a result of the application
of external forces.

The classical formulation of the theory is based on two fundamental sets of equations:

* the compatibility equations, which describe the displacement field of the points of the
body and the deformations derived from it;

* the equilibrium equations, which describe the internal stresses (i.e., the mechanical efforts)
acting at every point, as a function of the applied external forces and the boundary
conditions.

To rigorously develop this theory, it is necessary to preliminarily introduce some mathe-

matical tools that allow the description of the geometric transformations associated with the
deformed states of the body and of the physical quantities involved, particularly through the use
of tensor calculus.
The concepts and formulations presented in this chapter are the result of an integration of different
literature sources. Some passages—Ilike fundamental mathematical expressions, theorems and
definitions—are quoted exactly from the original works to preserve their formal accuracy. The
main references are: : [53], [54].

4.2 Compatibility Equations

4.2.1 Displacement Field

Definition — Continuous body
A continuous body is defined as an entity that occupies a region of the three-dimensional space
such that each of its infinitesimal volume elements contains matter.

Definition — Deformable continuous body

A deformable continuous body is defined as a continuous body whose configuration can vary,
that is, the relative positions of its material points can change as a consequence of the application
of external forces.
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Figure 4.1: Deformation of a continuous body from the initial configuration € to the final configuration
¢

Let us consider:

* A three-dimensional affine Euclidean space, described by an orthonormal Cartesian ref-
erence frame {O, k1, ks, k3 };

¢ C R3: the initial configuration of the body;

%' C R3: the final configuration of the body;

The points:

— P € ¥, described by the position vectorx = P — O = Ele ik

— P’ € ¢, described by the position vector x’ = P/ — O = 2?:1 ok
* A displacement vector v : v = x' — x;

The deformation of a continuous body can be described by a vector field
[:€ = flx,22,23) = (21401, 22+ 02, T3+ v3).

From the relations above:
U = Ui(-rla T2, .Z'g),

thus:

~

vV = Ul($17 T2, 1’3)/271 + 02(561, 5172,96‘3)]272 + U3(1317372, 553)/<73

is a vector field, which can be defined as:
v:€ — R

This field is called the displacement field.
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Displacement Gradient

Figure 4.2: Deformation in an infinitesimal neighborhood %y of P.
Let us consider:
* 4y C ¢ an infinitesimal neighborhood of a material point in the body;
* Py € ., described by the position vector xy = Py — O;
* P € .9, described by the position vector x = P — O;

* adisplacement field
v:€ — R v =v(P).

Since % is infinitesimal, the distance between P and F, can be expressed as:
h:P—Po, dl’i:Ii—l’Oﬂ', 221,2,3

Expanding the displacement field in a Taylor series around F, one obtains:

0
v(x) =v(xg+h) =v(x0) + E % dz; + higher-order terms.
j=1 "

Neglecting the higher-order terms, since .# is an infinitesimal neighborhood, it follows that:

Therefore, in matrix form:
Qv Jvi Our

U1 Vo1 Ozy Oxy Oz dxy
- Qug Qv vy

V2| = | Vo2 + Oxr1 Oxy Oxsz dx2

Vg 03 Qus  Ouvz  Quz dxs

ax1 8x2 8$3 PO

In compact form:
v=vg+Hd “4.1)

where:
e d=x—xp;
* H is the Jacobian matrix of the displacement field at the point F,, also called the

displacement gradient matrix or deformation gradient tensor.
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Affine Transformation

Setting:
81}1

Cij = )
o0z
J

the components of the displacement field can be written as:

dz; = z; — woi,

v;(x) = v;(x0) + Z cij (z; — xoj).

J=1

Expanding the product ¢;; (z; — ;) and collecting constant terms:
3
vi(x) = co; + Z Cij Ty,
j=1

where:
3

coi = vi(Xo) — Z CijToj-

i=1

The overall transformation of positions becomes:
x =x+v(x) = ¢y + Cx,

where:
C = [Cij]a Cy = V(XQ) — CXO.

The presence of the constant term cy makes the transformation non-homogeneous, and it is
called an affine transformation.

Rigid Translation, Rigid Rotation, and Pure Deformation

It follows that:
CcC=1+H,

where:
o I € R**3is the identity matrix;

e H € R3*3 is the matrix of the infinitesimal homogeneous transformation, or the matrix
of the transformation tensor at F.

The matrix H can be decomposed as:
H=¢+ w,
with:
» € € R®*3, a symmetric matrix representing the pure deformation;
e w € R3*3, an antisymmetric matrix representing the infinitesimal rigid rotation.

These components are expressed as:

1 1
€:§(H+HT), UJZE(H—HT),
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that is, in component form:

1 al)i ov;
J
€ii = = + (4.2a)
" 2 8xj ﬁxz ’
1 /0v, Ov;
wij=sa- =27, (4.2b)
2 8xj 8]31
ov;
hii =€ + wi; = —
J ij ij .
8xj
The associated matrices are:
[ vy 1(ov 4 dva) 1(0v | v
ox1 2<‘$2 + rLE1> 2<d$3 +3$1>
— |1 0w 4 Ou Ova 1(0v2 4 Ous
€= 2 <8$1 + 31’2) Oxo 2 <8:03 + 3$2> (433)
1(0vs 4 Ou 1(0vs | Ova Ovs
| 2 <8a¢1 + 8:173) 2( T2 + m3> oxs
[ 0 1(0v _ Ovy 1(0v _ dvs )]
2 T2 1 2\ Ozx3 ox1
_ 16w _ 6w 1( v _ Ous
w=[3(32-42) 0 L(g2 - ) (4.3b)
1 avg am l a’Ug 8’02 O
2\ Ox1 Ox3 2 \ Oz2 Ox3 |

The linear expression of the displacement field is therefore:
v=vyg+wd+ed,
where:

¢ vo € R? is the displacement of the reference point;
e d=x—x,€R?
* wd is the displacement due to an infinitesimal rigid rotation;

* &d is the displacement due to pure deformation.

In compact form:

v=vy+Vv +v" with v =ed, Vv'=wd.

Physical Interpretation of Rigid Translation, Rigid Rotation, and Pure Deformation

X3

dxo

X1

Figure 4.3: Infinitesimal parallelepiped.
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Let an infinitesimal parallelepiped of volume be given, with sides parallel to the Cartesian axes

and dimensions dx1, dzs, dxs.

X3
dxs

(-fF--1--+1"

| 1

l | dx, Xy
l[dx o

| 1

| |

w TN
1

Figure 4.4: Infinitesimal normal deformation of the parallelepiped along a reference axis.

The diagonal components of the infinitesimal strain tensor € € R3*3 represent the relative

elongations along each Cartesian direction:
o(dz;

iizﬂa i:1a2737
d.’L’i

that is, the relative variation of length along the axis z;.

X3
[ q 1
1| dx 1
.' -
I I
I I
I I
. O dle xz
dx
1 f
1 I
L _h
X1
1
5 Yij

Figure 4.5: Infinitesimal shear deformation of the parallelepiped in a reference plane.

The off-diagonal components ¢;;, with 7 # j, describe the change in shape of an infinitesimal
element in the plane x;x;, and are associated with the angular shear in that plane.
In the small deformation regime, this angular variation is given by:

1
€ij = 5 Yijs

where ;; represents the total angular shear (in radians) in the plane z;x;.
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This variation can be interpreted as the sum of two elementary angles, associated with the
rotation of the sides parallel to the axes in the considered plane:
«;; = rotation of the side parallel to x; in the plane z;z;,

aj; = rotation of the side parallel to z; in the plane z;z;.

It follows that: )

1 . .
gy = lay +agi) = 5, PF .

Transformation of the Strain Components

Let us consider two orthonormal Euclidean vector spaces:

Ko :{O; ky, ka, s}, Kg:{O; K, K}, k}}.
The system Kp is obtained from K4 through a rigid rotation described by the matrix
L € R®*3,
The position vector and the displacement field are therefore:
x' = Lx, v'(x') = Lv(x).
In index notation:
’U; = Lij V.

The components of the infinitesimal strain tensor in the system Ky are:

L (o 0
= \ow, o)

Applying the transformation rule for derivatives:

0 0
B
o) POz,

one obtains:

L % (8(Lim) . 8(ijvm))

“ ox; oz
1 (%l 8vm
9 ( iljm aZL’m + gmLil al’l )
= Lilem €im-

Thus, the second-order tensor transformation law follows:
5;j = Lilem Elm-
Conversely, exploiting the orthogonality of L, one obtains:

/
iy = LliLmj Eim-

4.3 Equilibrium Equations

4.3.1 External and Internal Forces

The deformations of an elastic body may be generated by the application of forces acting on it.
The forces acting on a continuous body are divided into two categories:

» External forces, applied on the boundary or within the body by external agents;

* Internal forces, transmitted between adjacent portions of the body through imaginary
internal surfaces.
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External Forces

External forces are divided into two main categories:

* Surface forces: acting on portions of the boundary of the body due to contact with adjacent
bodies;

* Body forces: distributed within the volume of the body and depending on its mass.

AS S

AP

X1
Figure 4.6: Surface stresses acting on a deformable body.

Starting from surface forces, let a point on the surface .7 of the body be identified by the
position vector x. We define:

* A.Y: an infinitesimal surface element in the neighborhood of x;
» AP: the resultant of the forces acting on A.7.

The surface force density at the point x is then defined as:

6= 1 AP dP
P = 0% AT~ dAT

If
lim P(x)- A.¥ = constant,
AL —0

the point x is the location of a concentrated force.
With respect to the orthonormal Euclidean space {O, k1, k2, k3 }, the vector p takes the form:

~

p = p1(x1, T2, T3) ];71 + p2(x1, 2, 73) /272 + p3(x1, g, 23) k3.
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X1
Figure 4.7: Volumetric stresses acting on a deformable body.

Proceeding to body forces, let a point inside the volume 7#” of the body be identified by the
position vector x’. We define:

* A/ an infinitesimal volume element in the neighborhood of x';
» AF': the resultant of the forces acting on A7

The mass force density at the point X’ is:

AF dF

)= 27 = a7

and can be expressed as: . . )
f:f1k1+f2k2+f3k3-

Internal Forces and Stresses within the Body

Internal forces are transmitted between different portions of the body through imaginary internal
surfaces.

X3

X1
Figure 4.8: Internal stresses within a deformable body.
Let us consider:

* an arbitrary internal surface (2 within the body;
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* apoint x’ € (2, and a surface element Af2 containing x’;
* aunit normal vector @ = (a1, as, ag) to Af2;
* an elementary resultant AT of the internal forces acting across A(2.

The stress vector is then defined as:
I AT dT
= lim — = —
AQ—0 A2 A’
which represents the internal force per unit area, associated with the surface having normal a,
and can be expressed as:

t

t =ty ki + to ko + ts k.

Let a local orthonormal reference frame { B, a, l;, ¢} be introduced, with:
¢ ¢ normal to the surface (2;
. B, ¢ tangent to the surface (2.
The components of t with respect to the local system are:

Oua =t -0 =t1a1 + taas + tsas,
-b = t1b1 + tobs + t3bs,
- C = tyc1 + taco + t3cs.
where:
* 0,u = 04 18 the normal stress;

* 04 = Tap and o, = T, are the shear stresses with respect to the planes ab and ac;

* the total shear stress with respect to the normal direction a is:

_ /2 2
Ta = A/ Top T Tae

In matrix form:

Oq 51 ay az as
Tab| = L ts s where L = bl bg b3
Tac t3 c1 Cy C3

The matrix L is orthogonal, hence:

L7 =1L" = t=L"o.
4.3.2 Local Equilibrium and Construction of the Stress Tensor

X3

X1

Figure 4.9: Stresses acting on an infinitesimal tetrahedral element.
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Consider an infinitesimal tetrahedral element having one vertex at a point B inside the elastic
body, from which the coordinate axes x1, x5, x3 depart, parallel to the edges of the tetrahedron.
The three faces of areas (2, {2, {23 are orthogonal to the respective Cartesian axes. The

fourth face, inclined with respect to the axes, has area (2, and a unit normal vector a.

Let the center of mass of the tetrahedron coincide with an internal point G, and let the
internal forces transmitted through the faces be represented by:

* t: the stress vector acting on the inclined face;

* t;: the stress vectors acting on the faces orthogonal to z;, with 7 = 1,2, 3;

* f: the body force acting within the element.

To study the static equilibrium of the body, one uses the fundamental equations of statics:

* Translational equilibrium:

Rz/PdQ+/fd”//:0,
(0] v

* Rotational equilibrium with respect to an arbitrary fixed point O:
MO:/(A—O)deQ—I—/(B—O) xfd? =0.
Q ¥

Applying the translational equilibrium condition to the infinitesimal tetrahedron yields:

R=t02, -t —ta (2 —t325+fAYV =0.

Since A/ is an infinitesimal of third order, the term f A#” can be neglected. Moreover, one

has:

2 = (2 a;,

The equilibrium condition thus reduces to:

i=1,2,3.

3
tAQa—ZtiAQaai =0,

=1

from which, by the arbitrariness of A(2,, it follows that:

3
1=1

Each vector t; can be expressed in the global reference frame as:

ti1
t; = [t
3 |
Hence: _
t
t= |t
t3_
In matrix form:
t
t=|t] =
t3

)

i=1,2,3.
ti1
= Z tio| @
=1t
tor t31] [ag
tos t32] [a2
tos t33| [as

77



The projections of the vectors t; along the axes a; represent the stress components o, Tap, Ouc;
hence, one can define the matrix associated with the stress tensor:

T tor ty 011 012 013
3x3 . _ — —
cceR™: o=loy]= |tz te ts| = |0a o0xn o], (4.4)
T3 tog ts3 031 032 033

where:
® 04 =0aqa =045 =1 1= 172737
° Oab:Uac:Uij:tija Za]:1a2a3727éj

Finally, by applying the moment equilibrium principle to the infinitesimal tetrahedron with
respect to its center of mass (, it can be shown that:

O'ZO'T.

4.3.3 Indefinite Equilibrium Equations

X3

X1
Figure 4.10: Infinitesimal volume used to derive the indefinite equilibrium equations.

Let an infinitesimal volume AY" C R3 be given, with boundary surface A{2. On the surface acts
a stress vector t with outward unit normal a; inside the volume acts a body force f, represented

by a vector field f : A — R3.
The principle of translational equilibrium requires:

R = tdQ—l—/ fd?v =0.
AR AY

Projecting along a fixed Cartesian direction z;, with ¢« = 1,2, 3, one obtains the scalar form
of the equilibrium equation:

RZ»:/ tid(2+/ f, dv =0.
AQ AV

From the relation between the stress vector and the components of the stress tensor:
ti =0 ij aj,
it follows that:

Rlz/ U,]a]d(2+/ fld”//zo
AR AV
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Applying the Gauss—Ostrogradsky theorem to the first integral:

8Uij

oi;a; df2 = dv,
/AQ T AV 8%‘

/ (ﬂ + fi) d?7 =0.
INANLT

Since the volume A/ is arbitrary, one deduces the local differential form of the equilibrium
equations:

one obtains:

L +fi=0, i=123. (4.5)
Furthermore, by applying once again the rotational equilibrium condition:

Uij = Uji-

4.3.4 Boundary Equilibrium

From the relation between the stress tensor o;; and the stress vector t acting on a surface with
normal a, one has:
t; = 0y a,

or, in vector form:
t=o0a.

When the surface A{? coincides with the external boundary of the body, the internal surface
force t acting across Af2 coincides with the externally applied force, that is:

t=p,

from which it follows that:
p=oa. 4.6)

4.3.5 Statically Admissible Stress Field

X3

X1
Figure 4.11: Subdivision of the external surface of the elastic body.

Let 0% denote the external surface of the body, subdivided into two distinct portions:

* 0%,: the portion on which kinematic boundary conditions are imposed, i.e., the displace-
ment field is prescribed;
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* J%,: the portion on which static boundary conditions are imposed, i.e., the external
surface forces are prescribed.

At every point ¢ of the body, the following conditions must be satisfied:

* the indefinite equilibrium equations (4.5);

* the boundary conditions (4.6).

A stress field that satisfies the equilibrium equations within the body and the boundary
conditions on the portion 0%, of the surface is called a statically admissible stress field.

4.4 Principle of Virtual Work

The Principle of Virtual Work (PVW) provides a fundamental relationship between the equilib-
rium equations and the compatibility equations in a deformable body. It is independent of the
constitutive behavior of the material and is based solely on static—kinematic considerations. For
this reason, it has general validity in all problems of elastic equilibrium.

Two independent systems of physical fields are introduced within an elastic body, in the
sense that one does not functionally depend on the other:

* System (a) — composed of:
- body forces: f* = (f{, S, ) = f*(x1, x9, 23);
— surface force density: p* = (p{, p$, p§) = p*(x1, T2, x3);
— stress field: o7).

* System (b) — composed of:

— displacements: v® = (v}, v5, v8) = v¥(x1, 79, 23);

: vl vl
— strains: 52’]- = % ( Sh 4 o).
J (3

The external virtual work is defined as:

LVC:/f“-vbd”//+/ p®- v’ d¥,
V4 ot

Expanding the scalar products:

LVe:/ffvfd7/+/ plol d¥ .
v

a%

However, from the boundary condition p{ = afj a;, it follows that:

LVe:/f;‘vf d7/+/ ofi v a; dF .
v 0%

Applying the Gauss—Ostrogradsky theorem to the second integral:

0
a b a b
/M%'Uiaj d%:[ya—xj(aijvi)d“//,

and expanding the derivative of the product, one obtains:

(90'(-1- ayb
Lyve = —W oy fa ) b a 27 qy
v LG ) e
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Using the condition of the indefinite equilibrium equations (4.5), one finally obtains:

o?
LVe = / zaj Z d/lf/
V4 8 X
This integral represents the virtual work performed by the internal stresses on each infinites-

imal element " of the body through the corresponding deformations. Thus, by making the
stress and strain components explicit:

3 3
= [ (Zggjggj> ar
=1 \j=1

For a deformable system in equilibrium:
LVe = / O_U 613 dv = Lvl
4

Its explicit formulation is:

/f”vbd”i/+/ plol A€ = /awsm v .
v o€

This principle is also known as the fundamental integral identity of mechanics.

Rigid Body

In the limiting case of a rigid body, one has 5% = 0 everywhere in 7/, since no deformations
occur. Therefore, the internal work is zero:

LVi = / O_U El] dv = O
4
and, by the validity of the Principle of Virtual Work, it follows that:
Lye = 0.

4.5 The Elastic Body Problem

The problem of the elastic body consists in determining the relationship between the stress and
strain components, in order to describe the laws governing the deformation of a material element
under the action of applied stresses.

The elastic body is modeled as a system undergoing a reversible transformation, such that
the energy spent to deform it is completely recovered upon unloading.

The process considered induces a transformation of the elastic body from the initial (or
natural) configuration %’ to the final one %”.

The ability of the body to spontaneously return to its natural state is attributed to the presence
of elastic energy (or strain energy), which represents the amount stored in the material in potential
form during deformation. This energy can:

* be supplied by the work done by external forces in bringing the body from % to %”;
* be released as work when the body returns from ¢” to €.

The energy supplied by external forces is therefore converted into internal energy during
deformation, while the release of elastic energy enables the body to perform negative work on
the acting forces.

Hence:

g work — elastic energy,

€' — € elastic energy — work.
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4.5.1 Quasi-Static Loading

Consider an elastic body subjected to gradually increasing external forces, applied slowly over
time so that every intermediate configuration may be considered to be in static equilibrium. This
assumption defines a quasi-static loading.

Let again a body be such that:

¢ =%pU%,, f= (f1,f27f3), P= (pla P2, Ps)» V= (01,02703)-
At the initial instant it is assumed that:
fo =0, po = 0.

The forces are then increased infinitesimally in a manner consistent with the equilibrium
equations, generating intermediate fields:
of*, op”

Y

which induce an internal stress state o;; that is statically admissible:
(7, p7) <= o35

7

Hence, atevery instant, the system of forces and stresses is in equilibrium, or statically admissible.

To each infinitesimal variation do;; caused by the variation of the external forces there
corresponds a kinematically compatible variation of the displacement field dv}, and thus an
associated variation of the strain field:

* *

Hence, at every instant, the system of displacements and strains is congruent, or kinematically
admissible.

4.5.2 Generalized Hooke’s Laws
Deformation Work

Given the variation of external work:
5L6:/1‘;“5v;k d”VJr/ p; ov; d.7,
v 0%
the variation of internal work is:
oL; = / 0;;0e;; AV .
¥
According to the Principle of Virtual Work:
6L6 - 5Lz
The incremental internal deformation work per unit volume is defined as:
3 3
=3 (3ori ).
i=1 \j=1
Hence:

5Li:/5wd”f/.
4
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During the transition from the initial configuration % to the final configuration ¢”:

(’b(// (gl (fl)(/,
4 € v vV JE

The deformation work per unit volume is then defined as:

%7/
w:/ ow,
((6)

from which the total deformation work of the volume ¥ is obtained as:
v

also called the rotal deformation work or strain energy.
Since the deformation work per unit volume in an elastic body depends only on the initial
and final states:

/ " b= () - (@),

%
the quantity w may also be defined as the potential energy function of the system.
From this it follows that:

(g/ %/
Lv. = dLve = O0Lvi = Lvi = Lyi =W.
% @

In particular:
* W (%") represents the energy stored in the volume at the end of the deformation;

» W (%) represents the energy stored in the volume at the beginning of the deformation,
also called constrained or latent energy.

4.5.3 Strain Work and Constitutive Relation
Since dw is an exact differential and can be defined as:
w= w({f’{l’ 532’ 5;;37 591627 59{37 533)7 with ngj = '7;(3‘7 i 7é j:

then:
3 3. Ow
i=1 \j=1 i
It follows, by definition, the direct constitutive relation:

. Ow

o’ .
Y e

4.5.4 Complementary Strain Work and Constitutive Relation
Analogously to the direct formulation, one introduces the function w’ such that:
3 3
ow' = Z <Z €5 (502}) .
i=1 \j=1
From the sum of the two differentials:

3 3
dw + dw' = Z (Z(Ufj dei; + €5 50;)) = Z (

i=1 \j=1 =1

3
5(0;‘;5:‘})) )
j=1
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and since both 0w and d(o7;¢};) are exact differentials, §w’ is also exact, so that:

3 3 aw,
(S'LU/ = dw’ = E ( a—* (50’;}-) .
o*.

i=1 \j=1 1

It then follows that:

*

ow'
£ = .
K do};
The function w' is called the elastic potential or complementary elastic strain energy density,

which, integrated over the volume of the elastic body, gives the total complementary elastic
energy:

W’:W:/wd”f/.
4

4.5.5 Stiffness and Compliance Matrices

Expanding the elastic potential w in a Taylor series about the undeformed configuration € = 0,
one obtains:

Ow(0) 1 9%w(0)

w =w(0) + oz, gty 920, gig; + O(e).
Defining:
ow(0) 9?w(0)
9i = ) 9ij = )
agi 862'(98]'

and assuming in the undeformed state:

it follows that:

1
W= —(;i ;55
29@] icj
By functional differentiation, the direct constitutive relation in Einstein notation is obtained:
ow
g, = — = cs E s 4.7
7 (%i 9ij € ( )
In compact matrix form:
o o
09 €2
03 €3
o= =G =Ge¢
04 €4
05 €5
_0' 6] _86_

The matrix G € R®*® is called the elastic stiffness matrix. It is symmetric and positive
definite, and its coefficients g;; represent the elastic constants or stiffness coefficients of the
material in the contracted formulation.

The elastic potential is expressed in bilinear form:

1 1 1

_ L _tr _ LT
w—2€ Ge 25 o 20 E. (4.8)

The complementary elastic potential is instead:

1
/ T
= -0 Ao.
w 5
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The coefficients:
9?w'(0)
;. = —=
" (90'1'80' j
are called the elastic compliance coefficients, and form the matrix A € R%*®, which is the

inverse of the stiffness matrix:
A=G "

In fully tensorial form, the constitutive laws of linear elasticity assume the following structure

in Einstein notation:

¢ Direct form (stiffness):
Oij = Gijkl €kl;

* Inverse form (compliance):
€ij = Qijkl Okl-

These relations are the Hooke’s Laws and represent the constitutive equations.
In general, the elastic or compliance constants amount to 81. If, however, one assumes:

* symmetry of stresses and strains, they reduce to 36;

* additional symmetry of the elastic constants, they reduce to 21.

4.5.6 Thermodynamic Foundations of Elastic Constants

The elastic constants of a continuous material can be systematically derived from the Helmholtz

free energy function:
F=U-TS5,

where:
* U is the internal energy of the system;
» T is the absolute temperature;
* S is the entropy.
The total differential of the function F' is:

dF =dU — SdTI'—=TdS.

Under isothermal and reversible conditions, i.e., for d1' = 0 and dS = 0, and in the case where
the internal energy of the system arises solely from mechanical contributions:

dF = dU = 045 dEij = Gijkl €kl d&’fij.
By differentiating F' with respect to the strains, one obtains:

_PF
Gight = 85ij85kl '

The tensor g;;; therefore represents the set of linear elastic constants governing the local
response of the material under reversible and isothermal conditions.
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4.5.7 Transformation of Stresses and Elastic Constants
Let K4 be an orthonormal Cartesian reference frame in which the linear elastic constitutive

relations in direct form are known:

Ogh = Yghmn Emn- (49)

Let Kp be a rotated reference frame with respect to K 4, obtained through a rigid rotation
represented by the matrix L = [L;;]. The components of second-order tensors transform
according to the tensor transformation rule:

ey = LinLjign, (4.10a)
O'Z/-j - LiijlOkl' (410b)

Substituting (4.9) into (4.10a) and the inverse of (4.10b) into the resulting equation, one
obtains:
O-;j - Lik le Gklmn Emn = sz le Gklmn me an 5;(]‘

Hence, the constitutive law in the rotated coordinate system is:

/ /

_ !
945 = Jijpq Epg>

where the transformed tensor g;;,, is given by:

g;qu = sz le me an Gklmn -

4.6 Principal Directions of Strain and Stress
To explicitly determine the values of the elastic constants, it is essential to:

* identify the principal directions of stress and strain;
* diagonalize the symmetric tensors ¢;; and o;;;

* reduce the analysis to the normal components along the principal axes.

This approach allows one to simplify the form of the constitutive laws and to determine
the elastic moduli experimentally through uniaxial or triaxial tests conducted along preferential
directions.

The principal directions of strain and stress are defined as those along which the tensors
€;; Or 0;; assume a diagonal representation, that is, they exhibit only normal components. In
these directions, the symmetric tensors admit an orthonormal basis of eigenvectors in which the
associated matrix is diagonal, and the eigenvalues represent the principal strains or principal
stresses.
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4.6.1 Principal Displacements

Displacement Parallel to an Arbitrary Axis

X3

o

Figure 4.12: Spherical neighborhood.

Consider a spherical neighborhood of unit radius in the reference frame { Py, /2;1, /;:2, /;:3}.
A generic point A on the surface of the spherical neighborhood can be described by the
components of the half-line a passing through F, and A, so that:

r1=ay, To=as, T3=as, where a; are the direction cosines.
If v || a, then:
U1 €11 %’712 %%3 dy
ve| = |dm2 € 3703 |dao
U3 %713 %723 €33 dr3
Since:
dr; = x; — Ty = Ti, Ti = Qi,
it follows that:
U1 VAl €11 %’le %713 ay
Vo | = |Va2| = %712 €22 %723 a2
U3 VA3 %%3 %723 €33 as

Displacements Associated with Coordinate Unit Vectors
Let @ = (1,0,0), R =(0,1,0), S =(0,0,1). Then:

(

,al =1, Vo, = €11 H Iy,
Q@=(L0,0)=qaz=0, = v, = 3me2 | 2o,
(a3 =0 [ ves = 37 |l 2s
(4, =0, ( VR, = %712 | 21,
R=(0,1,0)=<a;=1, =1 vg, = €p |z,
(a3 =0 [ vrs = 37 [l 2
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a, =0, Vs, = %713 | @1,

S=(0,01)=<ay=0, ={ vsx = 37 |
as — 1 Vg, = €33 || xs.
Hence:
v [ a,
a; || z;

Since the unit vectors k; associated with the Cartesian axes are of unit length, it follows
that the displacements parallel to the reference axes coincide with the displacements of the
corresponding unit vectors of the axes.

Moreover, the shear angle 7;; between two axes x; and x; is equal to twice the component

of the displacement of the unit vector £; (or, symmetrically, %;) along the remaining orthogonal
direction.
Displacement Not Parallel to an Arbitrary Axis

In the case where v 4 is not parallel to a, it is possible to determine its components with respect to
the reference frame { Py, k1, ko, k3 }, starting from an orthonormal reference frame { P, a, b, ¢}
such that a || a.

In the reference frame { Py, a, b, ¢}, the elongation component ¢, along a is:

a

€q=VA-Q=10y]0a1, a=-—-:.
all

In the reference frame { Py, ky, ko, 1%3}:

3
Ea:VA'&: E VA, Q.
j=1

Given the strain state € at Py referred to { Fp, 12:1, 12:2, 1%3}, one has:
VA = Eijay,

and therefore:
Vg - a= €ij Aj Qj.

In matrix form:
va-a=la]" [ey][al,

and recalling that v4 - @ = v4 1 a1 = £,, one obtains:

ea = [a]" [eij] [a].
Following the same reasoning for v, considering two axes a, b:
from which it follows that:

and hence:
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4.6.2 Principal Directions and Principal Strains

In the particular case where a is assumed to be the unit vector of a principal direction, the
following condition must hold:
v || a.

The deformation in the reference system { Py, a, IS, ¢} will then have only one nonzero com-
ponent, &,.
In the system { Py, k1, ko, k3}:

Since:

[UAA - [Eij] lai) Nas] = [e.] [a;
ond = e[, o = el lod

grouping terms gives:
(less] = [eal) [ai] = O,
which is the characteristic equation associated with a diagonalization process, with eigenvalues

e, and corresponding eigenvectors [a;].
Since:

* [e,] is a diagonal matrix with the values ¢, along the main diagonal,
cal+ai+al=1;

the equation associated with the diagonalization process cannot admit a trivial solution. To obtain
the similar diagonal matrix, it is therefore necessary to solve the characteristic polynomial:

([es] — €aln) [ai] = 0,

with /,, being the identity matrix of order n.
The characteristic polynomial associated with this equation is:

Aley) =l — L &2 — e, — I3, =0,

also known as the secular equation.
The terms [; . are called the strain invariants and are defined as:

I =€ + €2 +e33 (First invariant),
Y12 Y13 Y23
€11 5 €11 5 €22 57 . .
I, = —det 21 —det 2| —det 2 , (Second invariant),
7%2 €22 % €33 Vzﬁ €33
I3, = detleyj], (Third invariant).

It is assumed that there exist three distinct real eigenvalues ¢, €,,ec € R, for which the
associated eigenvectors coincide with an orthonormal triad of unit vectors {é .1, ¢ } C R

The roots of the secular equation represent the principal strains, while the unit vectors
represent the principal directions.

In this principal basis, the tensor €;; is diagonalized:

€¢ 0 0
[Sij] = 0 517 0 s
0 0 8{

so that in this configuration no shear components are present and the angular distortion is zero.
The triad Py (£, 7, () is therefore called the principal reference frame.
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The strain invariants simplify as:
L. =ec+e,y+eg,
I, = —eeey — €ce¢c — €nE¢,

I3 . = eeepee.

4.6.3 Principal Directions and Principal Stresses

The procedure used to determine the principal stresses is entirely analogous to that employed
for the principal strains.
Let a € R? be an arbitrary direction. The stress vector t, || a is defined as:

Oq01 = ta,17
t,=0,a= Oq 2 :ta,2>
Oq Q3 = ta’g.

However, it is also true that:
taﬂ; = 045 4j.

From the equality of the two systems, one obtains:
(loij] = 0aln) [a] = O,
from which the secular equation follows:
A(U) = Ua3 - Il,cf 02 + IZ,U Oq — I3,cr == 07

where [; , are the stress invariants, defined as:

I o = 011 + 022 + 033, (First invariant),
011 012 011 013 O22 023 . .

I, = —det — det — det , (Second invariant),
012 022 013 033 023 033

I3, = det[oy], (Third invariant).

The roots of the secular equation represent the principal stresses, while the corresponding
unit vectors represent the principal directions.

It can also be shown that the set of the three principal stresses contains both the minimum and
maximum stress values within an elastic body. However, this statement will be presented here
without proof, since the demonstration is not essential for understanding the concepts related to
the interpretation of dislocations and their stress states.

4.7 Generalized Hooke’s Laws and Isotropy

Within the framework of linear elasticity theory, the constitutive behavior of a material can
be described starting from the complementary elastic potential w’, which is a function of the
components of the stress tensor:

/ !
w =w (011,0227033701270137023)-

Assuming that the tensor o;; is diagonalized in the principal basis associated with the
eigenvalues o¢, 0, 0¢, and denoting by «, 3, 7y the angles formed by this basis with the original
triad (1, 2, x3), one can write:

w' =w'(o¢, 00, 0c,, 3,7).
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However, for an isotropic material, the elastic properties are invariant under rotations.
Therefore, the function w’ depends only on the eigenvalues of the stress tensor:

w' = w'(og,0,,0¢).

By requiring symmetry with respect to the cyclic permutation of the eigenvalues, one adopts
the most general quadratic form compatible with isotropy:

W = % (allag + aQQUfI + a33ag + 2a120¢0, + 2a130¢0¢ + 2a230n04) .
The invariance under permutation requires:
1 v
ai :a22:a33:E’ a12:G13:a23:—E>

where:

* FE'is Young’s modulus;

¢ v is the Poisson’s ratio.
Substituting, one obtains:

1 v
w = T (O’? + 03 + af-) ~z (0e0y, + 0c0¢ + 0,0¢) .

Returning to the Cartesian reference system (1, x9, 23 ), the complementary elastic potential
takes the form:

1 v 1
w’ — ﬁ (0‘%1 —+ 0'32 + O'§3) — E (0'110'22 + 011033 + 0'220'33) + ﬁ (0'%2 + 0'%3 + 0'33) s
where:
B E
h= 2(1+v)

is the shear modulus or first Lamé constant.

By differentiating w’ with respect to the components of the stress tensor, the corresponding
elastic strains are obtained:

_ou'
N Oo ij ’
Writing the constitutive relation in contracted form yields:

0 0

gij

|=

€11 % —E —% 0 011
€22 —z L 2 0 0 0f |og
€33 | _ -5 —F % 0 0 Of |o33 @.11)
V23 0 0 0 l% 0 0| |ogg '
M3 0 0 0 0 % 0| |ois
vl L0 0 0 00 .| |0
A
which represents the generalized Hooke’s law in direct form.
By inverting the system, the inverse form is obtained:
[o11] [h vt vt 0 0 0] [en]
099 v  h v 0 0 0] |e9
033 v®  v* h 0 0 0f |ess
ol 0 0 0 L0 0] |yl (+12)
013 0 0 0 O % O [7s3
012 ] (0 0 0 0 0 % |2l
G
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where the auxiliary coefficients are defined as:

1—-v v
h = = .
1—-2v’ YT o
The Lamé constants are related to the moduli £ and v by:
B E - vE
F=oi+o)y T 1t -2)

Alternatively, the direct constitutive relation for an isotropic material can be expressed in
terms of the Lamé constants 1 and \ as:

011 _)\ + 2u A A 0 0 0 €11
099 )\ )\ + 2# A O O 0 €99
A A A+2 0O 0 0

033 _ I €33 (4.13)
093 0 0 0 200 0 Y23

013 0 0 0 0 2u 0 Y13

_0'12_ L 0 0 0 0 0 2u_ _’712_

G,

4.7.1 Positivity Conditions of the Elastic and Complementary Potentials

For the complementary elastic potential to represent a physically admissible energy density, the
constitutive matrix A must be positive definite for every nonzero stress state. This requirement
is equivalent to imposing:

1 v v
E TE T E 1
det |- L % :ﬁ(1+u)2(1—2u) > 0.
v v 1
“E T E E
This condition is satisfied if and only if:
1
E >0, —-l<v<-.

2
In general,
E:E(l'l,l’g,l’g), V:V('I17x27$3)7

but if these values are constant at every point of the elastic body, the material is said to be
isotropic and homogeneous.
The elastic potential w can then be expressed through the inverse generalized Hooke’s law:

1
w = 5{2M [511 (heir + v (€22 + €33)) + €92 (heag + V™ (611 + €33))

. 1
+ 33 (hegs + v (e11 +e2)) + 2 (7122 + 7%3 + 733) ] }

Hence:
w=p [11__21; (g3, + 3 +e33) + : 3V2V (611622 + €11€33 + €22€33)
b5 Otk B |
From which the stresses follow:
o1l = % = 2u [heyr + v (22 + €33)] 012 = 5’;102 = WY12-
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4.7.2 Particular Cases

The analysis of simple stress states makes it possible to determine experimentally the fundamental
elastic constants in isotropic materials. The two most significant cases are recalled below.

Uniaxial Stress State
Let us consider a uniaxial stress state oriented along the z3 direction:
033 = t33, o11 = 092 = 0, 012 = 013 = 023 = 0.
From the compliance law for an isotropic material, it follows that:

=X} B B t33 —0
€33 = f’ €11 = €22 = —V Ea Yijg = Y.

These relations allow the experimental determination of:

t33 €11
E=— vV=——"-.
€33 €33
Pure Shear State
Now consider a pure shear stress state:
093 = ta3, all other components are zero.
The isotropic constitutive law gives:
to3
Y23 = 7, €11 = €2 = €33 = 0.

Hence, the shear modulus can be determined experimentally as:
)

= )
V23

These two cases form the basis of standard mechanical tests (uniaxial tension and pure
shear), from which the parameters £, v, and i can be directly determined for linearly elastic
and isotropic materials.

4.7.3 Degree of Anisotropy

The degree of elastic anisotropy of a crystalline material can be quantified by means of a
dimensionless parameter known as the anisotropy ratio Z.

Consider a linearly elastic crystal subjected to a simple strain state in which only one
component of the strain tensor is nonzero:

€11 ?é 0, €ij = 0 for (Z,j) 7é (1, 1)
According to the general constitutive relation, the stress components are:
011 = g11 €11, 022 = 033 = (12 €11,

from which:
_ _ Y12
O22 = 033 = — 011-

g11
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Now consider a rigid rotation of angle = 7/4 in the z;z5 plane about the x3 axis. The
associated orthogonal rotation matrix is:

1 1L 9

V2 V2

_ 11
L= ~5 0
0 0 1

Applying the transformation law for second-order tensors:
€ij = Lix Lji €x1,

the shear component in the new reference frame is:

1 1 1
€12 = L1 Lyien = E (—7) fu = —5en
Similarly, for the stresses:
, 1 1 1 1
010 = Li1Loyo11 + LigLasoay = E o1+ % : E@z = 5 (022 - 011) .
Substituting the previous expressions:
r 1 _ /
O12 = 5(912 —gu)en = (911 — g12) €1

For the isotropic case, the contracted constitutive law imposes:

r_ /
012 = 2914 €15-

Hence, the condition for elastic isotropy is:
2941 = g11 — G12-

Based on this identity, the anisotropy ratio is defined as:

2

7 — 944 .
g11 — 912

e /=1 = perfectly isotropic behavior;

* Z/ #1 = anisotropic behavior.

The parameter Z is particularly useful in the study of cubic-symmetry materials (FCC and

BCC lattices), where elastic anisotropy has a significant influence on the macroscopic mechanical
properties, depending on the crystallographic orientation.

4.7.4 Stresses and Elastic Constants in an Isotropic Medium

Recalling the constitutive relationship between stresses and strains in an isotropic elastic material
defined in (4.13), the two Lamé constants A and y are related by:

g1 = A+ 2y, gi2 = A, Ga4 = [L.

In the general tensorial formalism, the fourth-order tensor of elastic constants for an isotropic
medium is given by:
Gijit = A 030 + 1 (0ar0j1 + dadjn) 4.14)
where 9;; is the Kronecker delta. This symmetric structure is fully determined by the two
parameters A\ and p and remains invariant under any orthogonal rotation.
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Elastic Energy Density

For an isotropic material, the elastic strain energy density per unit volume can be expressed as
a function of the strain tensor components:

1
w = 5()\ + 2”)(811 + €929 + 633)2 + 2# (E%Q + 533 + 8?))1 — £11€922 — £€11€33 — 522633) . (415)

Alternatively, using the inverse form of the constitutive relation, the same energy density
can be expressed in terms of the stress tensor components:

1+v

0'11+O'22+O'33)2+ E

w

2 2 2
(0'12 + 093 + 031 — 011022 — 011033 — 0'220'33) . (416)

:ﬁ<

4.7.5 Relations Between Elastic Constants and Strains

A concise collection of the main relationships linking the elastic constants of an isotropic material
to the derived tensorial quantities and the most commonly used experimental parameters is
provided below.

Derived Quantities

¢ Volumetric strain:
€ =¢€11 + €22 + €33.

* Mean pressure (negative hydrostatic stress):
1
p=-3 (011 + 092 + 033) .

* Compressibility:

3 e
k=———=——.
3N+ 2u P
* Bulk modulus (or incompressibility):
p—1_ 32
k 3

Relationships Between Elastic Constants

The main elastic constants F, v, A\, i, and B are connected through the following equivalent
relations:

* Young’s modulus:

3A\+2u  9uB

E=2u1+v)=p- in 3B

¢ Poisson’s ratio:
A _ 3B—2pu

YT 2BB+p)

¢ Inverse relations:

E vE 2vp

PESa Ty Moo 1o
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Constitutive Equations in Inverse Form

In the isotropic case, the components of the strain tensor can be expressed directly in terms of
the components of the stress tensor:

1

e11 = = (011 — V(09 + 033))

E
1

€29 = o) (092 — V(011 + 033)) ,
1

(4.17)
€33 = £ (033 — V(011 + 092))
L0z _os __0ou
12 20 23 2 31 2

4.8 Introductory Concepts for the Study of Dislocations

4.8.1 Isotropic Medium Under Plane Strain

In an isotropic elastic medium subjected to plane strain:
v; = v1(T1,72), V2 = va(w1,72), vz =0.
The equilibrium equations in the absence of body or surface forces (f; = 0) take the form:

Jo1 0019

=0
8x1 8x2 ’
0012 0o —0
a.’L‘l 8$2 e

In polar coordinates (, 6):

aarr 1 80}9 Orr — Ogp
or r 00 r

Oorg  100gg 2049
or r 00 r

=0,

=0.

The stresses can be derived from the Airy stress function A:

0?A 0?A 0?A
— -7 = — ) 4.18
011 83:% ) 022 8w% ) 012 92102 ( )
In polar coordinates (r, 6):
104 1A PA 0 (10A) 104 o
o= or T 2 02 700 = g2 70 = " or \r o8 r2 00" '
The compatibility condition leads to the biharmonic equation:
oA 0*A 0*A
2 =0 ‘A =0. 4.20
oz} * 021014 * A% = VA (4:20)

In polar coordinates:
19 (9 1 9%\’
(;a (a_) *‘a?) A=0. *21)
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4.8.2 Solution in the Continuum Theory of Dislocations

The goal is to determine the displacement field induced by the presence of dislocations in an
elastic continuum, under different external constraints and geometrical conditions of the material
body. The analysis is developed within the framework of continuum mechanics, assuming as
reference space a three-dimensional affine Euclidean space {O, 12:1, 1%2, 1%3}

Case of a Point Force

Let us consider the elastic equilibrium of an isotropic medium:

20,

0 0“u;
()\—F/L)axi—f‘,ua—x?—Ffz‘—o.

For a force f = f; §(r) applied at the origin, with d(r) the Dirac delta function, we have:
(A+ 1) 8%1 + uV?0; + f16(r) =0,
A+p) %+ pVie =0,
A+p) 3% +uVivs =0.
Assuming the displacement field as the sum of potential contributions:
v=VII+V X VU,
where I1(x1, 25, x3) is a scalar potential and W is a vector potential, we obtain:
A+ 20) V22 4 2 (% — 582 ) 4 £, 6(r) =0,

(A +2u) V2L 4 2 (8& _ a&) _o,

T2 azg 6361
(A +20) V2L 4 V2 (G - 21 ) g,

Using the fundamental identities:
2 2 4
\Y |I‘| = mv \Y |I'| = —871'5(1')7
a particular solution of the system is:

fl 8|r\

- | 6ok, 6o
8m(A + 2u) 0z

 8mp Oy 5 8mu by

v, =0, Uy =

Hence, the displacement v;;(r) generated by f; = 1 applied along direction j at the origin is:

1 A p 02|
) = — (6,7 - 22 .
ig(r) 87r,u< sVl A+ 2p 0x;0x;

If, by symmetry, u;;(r) = u;;(r), then w;;(r) is called the Green’s tensor function for elastic
displacements.

If the point force is instead applied to a finite medium, the boundary conditions on the free
surfaces must also hold, namely o;;n; = 0.

Finally, if f;(r) is a continuous distribution of forces, the same system of equations must be
solved using the convolution relation:

v;(r) = /vij(r —r')f;(x") dV".
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Case of a Point Expansion Source

Consider three pairs of forces f;, each parallel to the respective axis x;, applied such that:
* one component is located at the origin O;
* the other is placed at a distance h, k, [ along its respective direction.
Each pair generates a moment:
M=fh="1k=11

For example, the pair composed of —f, at O and +f, at x = h induces a displacement given
by:

e the term at O: —f, - v1,(r);

N —h f .0 _ .9
the term atx = h: f, - h- St = M - St

Extending the reasoning to all directions, one obtains:

. Juny O0v12 81113
v (r) = M(@x + By + 62)’

Substituting the Green tensor representation and using the potential decomposition, we get:

M9,
vr) = e T2 9n (VFr)

2
Since V?|r| = —, it follows that:

x|

(r) M 0 (2 M x
vr)=—— ()= e—— .

8m(A+2u) 0x \ r dr(A+2p) 13
The displacements v, (r) and v, (r) are obtained by symmetry with the same procedure:

M Z;
)= T 123
vi(r) dr( A+ 2u) 13 !

Spherical Expansion with Boundary Condition

The displacement field can be derived by assuming that the origin represents a point of volumetric
expansion, and that the neighborhood of the point is a sphere of radius 2, whose surface satisfies
the boundary condition o;;n; = 0.

Starting from the expression of the radial field in spherical coordinates:

M

=1
Ay Cdr(A+2u) 1

the local volume variation associated with the expansion is:

Mr

8V = dnrv, = )
A+ 2p

To satisfy the boundary condition on the spherical surface, we impose:

Urr(R) =0.
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To ensure this, a linear corrective term must be added:

v (1) + ar.

 4nr?
In spherical coordinates, the radial stress takes the form:

ov, n %v
or ro

o = (A +2p)

Imposing the condition o,,.(R) = 0 yields the value of the parameter o

. 4p oYV
C2u+ 3N 4ATR3

The radial displacement on the spherical surface is therefore:

()~ DEOu Y 3B+ 5
YT N Yo k2T 3B dnR®

The effective volumetric dilatation then becomes:

3B+4M-6”//

AV =
3B
Finally, the stress components in spherical coordinates, for » < R, are:

_,ué”//

w3’

wovy

2mr3’

Orp = 0gp = Opp =

4.8.3 Validity of the Superposition Principle in Elasticity Theory

In linear elasticity, the principle of superposition of effects holds: given an initial configuration
of a body and a deformation state in which the acting forces are known, the resulting stress state
can be decomposed as the sum of the contributions associated with each external force. In other
words, the solutions to the linear elastic equilibrium equations are additive.

This principle applies only within the regime of small deformations and stresses, where the
relationship among displacements, strains, and stresses is linear, and the order of the contribu-
tions is irrelevant. However, this assumption loses validity in the case of large deformations
or in the presence of internal stress sources (e.g., dislocations, inclusions, defects), where the
geometric description becomes ambiguous.

Geometric Ambiguity and Reference Frame

Considering a point of the deformed body identified by the coordinates (x1, xo, z3), it must be
specified with respect to which reference frame these coordinates are defined. In particular, the
description can be:

* with respect to an external frame fixed in space, which does not deform with the bodys;

* or with respect to a frame attached to the deformation, i.e., deforming together with the
body.

Linear elasticity, by construction, does not discriminate between these two possibilities,
since it employs only first-order terms in the expansion of the equilibrium and compatibility
equations. Therefore, near the core of a dislocation—where both deformations and stresses may
reach high values—this theory must be applied with caution, because the displacement field
v(x) and its derived quantities are no longer uniquely defined within the order of approximation
considered.
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Stress Ambiguity and Anisotropic Contributions

The stress state is also ambiguous if the reference system with respect to which it is measured
is not specified. For example, consider a cube of anisotropic material. Extract a portion of this
cube and suppose a shear stress o5 is applied to it, inducing a deformation ,. If instead a shear
stress o is applied to the entire cube, the stress on the extracted portion will be o1 + o9, but the
deformation will remain 75 = 5. This shows that the deformation may depend on the global
configuration, while the stress represents the local sum of the contributions.

Linear elasticity thus represents matter as a continuous medium that occupies space in a
completely linear manner, neglecting geometric effects and second-order interactions.

Internal Stresses and the Superposition Principle
Let us now consider two bodies:

¢ the first, free of internal stresses;
* the second, containing internal stress sources (line, point, or surface type).

If both are subjected to the same external stress o, the deformed regions of the two bodies
will be geometrically identical only if the internal stress sources are locked-in, i.e., constrained
to remain in the same position during the deformation of the material.

When the sources are locked-in, it is legitimate to sum the deformation and stress con-
tributions produced by internal and external sources, and the superposition principle remains
valid.

Absence of Cross Terms in Elastic Energy

In the expression of the total elastic energy of a stressed body, no cross terms appear between the internal
stresses (present in the absence of external forces) and the stresses generated by external loads.

It follows that the total elastic energy w of a body containing internal stress sources and
subjected to external loads can be expressed as:

w = wmt + wext7

where w'™ is the contribution associated with the internal (locked-in) stresses, and w®™! is that
due to the external loads. No mixed term appears between the two contributions, provided that
the sources remain fixed during the deformation process.

4.8.4 Point Sources of Dilatation and Application to Line Singularities

Consider a hollow sphere with inner radius 7y and outer radius 12, within which a distributed
internal pressure p, is applied. This pressure generates a volumetric expansion of the cavity
equal to 67'.

Once the inner cavity reaches the desired expansion, it is assumed to be filled with a
material that prevents retraction, thereby maintaining the pressure py constant due to mechanical
interference. The following condition holds:

wov

Po = 3~ = Opr-
7T7"0

Subsequently, a uniform external pressure p is applied on the outer surface of the sphere.
The total elastic energy accumulated within the spherical core of radius ry is:

(po +p)* dmrg

W=""5 3
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This expression can be expanded as:

_ pg + p? _ 47?7“3 Pop 4777“8
2B 3 B 37
—_——

WCI’OSS

W

where the term W represents the cross contribution to the interaction energy between the
two sources.
Using the previous relation between py and 07/, the cross term can be rewritten as:

pop Amry 1 Amry oV
B 3 B 3 Tre
4p
=—pdiV.
37

It is observed that, keeping 07 constant and letting o — 0, the cross energy W, remains
finite and proportional to p 7. Consequently, this finite amount of energy is concentrated at a
point, which can be interpreted as a volumetric singularity.

Such a singularity acts as a sink of interaction energy, i.e., as a point toward which elastic
energy flows. The external pressure p induces a radial displacement in the surrounding material:

pr
v (1) = ~35

The energy flux through a spherical surface of radius 7, centered at the singularity, is then:
2 Ap
O(r) = 4nr op(r) v.(r) = 3—Bp(5“//.

This flux is constant with respect to the radius r, implying that the transported energy
converges toward the singularity point.

Application to the Case of Dislocations

This analogy extends to dislocations, which represent line singularities. A locked-in dislocation,
perpendicular to the plane of the sheet, generates a stress field that decreases radially as:

1
oq(r) -

The displacement field resulting from the internal stress satisfies:
v(r) o< ro4(r) o constant.

The energy flux per unit length toward the dislocation line, in the presence of an external
stress, is:
O(r) = oq4(r) v(r) 2mr o r.

Hence,
O(r) — 0 as r — 0.

Therefore, a locked-in dislocation does not concentrate interaction energy. The elastic flux
generated by external loads vanishes in the limit approaching the line singularity, in contrast to
the volumetric point singularity case discussed previously.
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Chapter 5

Foundations of Dislocation Theory

The concepts and formulations presented in this chapter are the result of an integration of different
literature sources. Some passages—Ilike fundamental mathematical expressions, theorems and
definitions—are quoted exactly from the original works to preserve their formal accuracy. The
main references are: : [55], [56], [54].

5.1 Introduction

Let a displacement field be given by
v:R® = R3, v = vy (21, Ta, T3) ky + Va1, T, 3) Ky + vs(1, T2, 3) ks,
associated with the atomic displacement of the lattice from its initial ideal position.
Let v C R? be a closed path, regularly parametrized by
r1 =21(8), w3 =1mxa(s), x3=1x3(9),

where s is the arc—length parameter along ~.
If in (4.1) one assumes vy = 0, then the presence of a dislocation in the material can be
characterized by the following integral criterion:

7{ Hdds =0, absence of dislocations, (5.1a)
y

j{ Hdds # 0, presence of a dislocation. (5.1b)
”

X3 y

T(x)

Figure 5.1: Dislocation circuit.
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Now consider a dislocation line identified by the unit tangent vector f . Take a closed circuit
~ lying in a plane orthogonal to £ and oriented positively around it — Figure 5.1. The Burgers
vector b is defined as the circulation of the gradient of the displacement field:

b—— ¢ s (5.2)
V@s

where s is the arc—length parameter along . In components one has:

b= — ]{ dvi g (5.3)
Y

ds ’

that is, a line integral of the first kind of the derivatives of the components of the displacement
field.
According to the direction of b, the following cases are distinguished:

* b= (b0,0): edge dislocation;
* b=(0,0,b): screw dislocation.

A dislocation is said to be of Burgers type if the displacement field v exhibits, at the end
of every closed circuit around the dislocation line, a net increment equal to b. It follows that a
dislocation cannot terminate within the crystal lattice.

Although this property can be proved formally, the treatment is deferred to later sections.

Figure 5.2: Dislocation in the discrete crystal lattice.

An edge dislocation is a line defect corresponding to the presence of an incomplete atomic plane
within the crystal lattice. It is commonly represented by the symbol L, where _ denotes the
glide plane — that is, the plane along which the displacement occurred — and | the terminal
part of the interrupted plane — Figure 5.2.
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Figure 5.3: Dislocation in the continuum crystal lattice — transverse section.

The dislocation is localized in a region of the material, denoted by segment AA’. Considering
the plane perpendicular to AA’ passing through A and A’, one observes that above this plane
there are n atomic planes, whereas below it there are only n — 1. In crystals, the region T'A
represents the slipped zone, i.e., the region deformed due to the cumulative glide of multiple
dislocations. The plane z;z5 is generally defined as the glide plane — Figure 5.3.

g ”A
Up-----mm--- AL AR e U

‘IIIIII
P —

Slipped zone Unslipped zone

Figure 5.4: Dislocation in the continuum crystal lattice — top view.

In domain [ a screw dislocation is depicted. In this case, the dislocation line is parallel to
the slip direction, which coincides with the x; axis.

In domain /7 an edge dislocation is depicted. Here, the dislocation line is parallel to the x5
axis and is orthogonal to the slip direction — Figure 5.4.

The two types can combine to form a mixed dislocation. In general, dislocation lines are not
polygonal chains but smooth curves. The vector associated with the dislocation slip is called the
Burgers vector.

We now proceed with the detailed study of the different types of dislocations.

5.2 Volterra Models — Basic Models of Dislocations

Volterra models constitute the essential starting point for the study of dislocations.
They provide the theoretical foundation upon which the entire mechanics of dislocations is
built and represent the reference framework from which the modern understanding of plastic
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deformation phenomena in crystals has progressively evolved.
In this section, two representative cases of the original formulation are presented.

5.2.1 Screw Dislocations

Figure 5.5: Screw dislocation according to the Volterra model. Picture adapted from [54]

Displacements, Strains, and Stresses

Let an affine space {O; ki, ko, 1;3} be given. A screw dislocation is represented by a cylinder
of length L and base radius R, in which a maximum displacement equal to the Burgers vector
b, parallel to the dislocation direction é , has occurred — Figure 5.5. The displacements of the
material along the three principal directions x1, zo, x3 are:

Ulzvgzo, 1133&0

The displacement v3 exhibits a discontinuous behavior, from which the magnitude of the
Burgers vector can be obtained:

li -n) — =b
n%}g}w (U3(I17 n) — vs(@1, 77))
with > 0.

Assuming that the medium of the cylinder is isotropic, the displacement vs3 can be considered
to increase linearly.

Using the definition of v3 in polar coordinates and the relation between polar and Cartesian

systems:
0 )
Vg (1,60) = b - o 0 = arctan(—)

|

one obtains the expression of vs3 in Cartesian coordinates:

b
v3(21, x2) = o arctan(ﬁ) (5.4)

™ T

Substituting (5.4) into (4.2a) gives the strain components:

'8 _1 b B )
BT or 3+ a3
e=q, L. b (Lm (5-5)
79 o \a?2+ 42
(e =€ =¢é3=¢c12=0
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Substituting (5.5) into (4.13) yields the stress field:

( b 1
093 = — -
BT or 22 4 22
o= __Hb o x (5.6)
OB = "5 " T3 3
2r  x] + x5
\011 =033 =012=0

From the relations between Cartesian and polar coordinates:

x1 = rcosf TR

. n—0 = 0—0
T9 = 7sin 6 —l Ty 16
r2:xf+m§ r2:x§—|—x§

The stress components in polar coordinates are then obtained as:

b
27r

Oy (1,0) = 0p9(1,0) = 00 (1,0) = 099 (1, 0) = Oy (1,0) =0

O0zs (7”, 9) = 0'139(7’, 9) =

The stress oy,, acts on the base surface of the cylinder, producing a torque with a single
component along the x5 axis:

R 2w b 2
MI3:/ (/ 09I3rd9)rdr:uR
0 0 2

To satisfy the boundary equilibrium conditions, one must introduce a fictitious stress equal
and opposite to oy,,, generating an opposite torque:

b ubR?
Trnp = ~Toas = — M, = =M, = -2
This equal and opposite torque produces a torsion, known as Eshelby torsion ¢, per unit
length of the cylinder:
M! b 4
oML b
L ulL TR? A 2
Hence, a circumferential displacement follows:
b
Vg=——=T7C
0 Rz
From which:
Ovg 10 b
0z = 92 =5 T, Ogzy = 20, = - r (5.7)
Finally, the displacements and stresses generated by dislocations are:
0 b ) br
Vg (1, 6) = b%, vg(r, x3) = T Ouat = 5=
If: 23=0, R—
br pbr pbr
Vg = ) rg — — ) 0 3 —
" om(p+ as) ’ 2mp(p + x3)? - 2mp(p + x3)

with p = \/2} + 23 + 22
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Energy per Unit Length

Figure 5.6: Coaxial screw dislocation.

The elastic energy per unit length associated with the screw dislocation can be derived as follows.
Starting from (4.8) and considering the one—dimensional case:

1
w=-0-¢ 2
2 = wzlEezza—Qz%m
u_b 2 2F 2F

0 = 0pyy = bl = 7

The elastic strain energy per unit length stored in a cylinder of inner radius 7y and outer
radius R — Figure 5.6 — for an infinite dislocation line is:

W [Fo2, ub? R
LA O oA I M 5.8
L /m ok T T o (5-8)

Moreover:
. ub? R . ub? R
lim — In[ — | = o0, lim — In|{ — | =0

R—oo 4T To

Hence, the elastic strain energy stored by the dislocation is not an absolute property but
depends on the size of the crystal lattice in which it lies.

Due to the logarithmic nature of the stored elastic energy, one does not need to determine
the exact value of R precisely. In a lattice, a reasonable approximation for iR may be:

* the distance of the dislocation line from the free surface of the lattice, if only one dislocation
is present;

* half of the distance between dislocations, if two dislocations of the same sign are present
in the lattice.

The divergence of the elastic energy per unit length as » — 7, arises from the inadequacy of
the classical theory of elasticity to describe the region near the dislocation core, where distortions
are extremely large. Therefore, the theory of elasticity is valid only for r > ry, with rg ~ b.

For r < 1y, a modified formulation of the elastic energy stored by the dislocation must be

used: - 2 .
N
T = I ln( 2 ) (5.9
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with

In particular, the value of o depends on the specific atomic forces considered.
It is also possible to express the stored elastic energy taking into account the deformation
energy of the free surface, by including the twist effect induced by the screw dislocation.
Therefore, for a finite cylinder of external radius R:

W oub?. [aR ub?
T EIH(T> T (5.10)

2

where the term —/i— arises from the formulation of oy,,.
s

Force per Unit Length

The forces acting on dislocations are virtual forces, representing the variation of the system’s
free energy with the displacement of the dislocation. Hence, these forces do not act directly on
the dislocation line itself but on the entire deformed material.

Let us consider, for the moment, forces acting on dislocations arising solely from elastic and
mechanical effects.

The total dislocation energy W, is given by the sum of two contributions:

* Elastic energy W, (elastic effect),

¢ Potential of external forces WWp (mechanical effect).

Thus:
Wt = We + Wp

Starting from the total dislocation energy, knowing the generalized configuration coordinate
of the dislocation 7, one can obtain the total force acting on the dislocation, F;;:

CSWt = _Fﬂ 57]
and therefore: oW,
F,=——
on

For example, consider a screw dislocation parallel to a free surface and located at a distance

[ from it: ) (" ,
K_&ln(a_l> L P o) _mw

L 0l dnl
Therefore, the total force acting on the dislocation is an imaginary force, since it originates
from the elastic energy stored in the lattice.

L 4r b L

An application of these concepts can be seen by considering a single crystal with one predominant
dimension L'.

Figure 5.7: Single crystal with predominant dimension and a screw dislocation. Picture adapted from

[54]
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The dislocation is placed in such a position that it lies far from the lateral face of area L x L”,
so that in that region the imaginary force is negligible and the dislocation energy is independent
of its position along x; — Figure 5.7.

When an external stress (mechanical contribution) o3 is applied on the L x L’ face, the two
portions of material move relative to each other by b. If the dislocation, under the effect of the
applied stress, moves from position ; ; to position x; o, then the work performed by the external

stress is:
AWp = —093L (=T1,2 - $1,1) b, Fn = 093 ($1,2 - $1,1)

If AW, = AW, then the force acting on the dislocation is:

F.
In this case, the energy required for the dislocation to move from position z; ; to x; o is that

dissipated through slip along the plane, and it is released in the form of heat.

Total Deformation Energy

The work is performed at the expense of the total energy of the system, and is thus directly
related to the total force acting on the dislocation.

Self-stresses do not perform work during the motion of dislocations, and this can be demon-
strated.

Consider a pure screw dislocation. In the core region of the dislocation, the total stress o
is given by the sum of two contributions:

e o4 the self—stress of the dislocation,

* o: the stress due to external loads, image forces, or other lattice stress sources such as
point or lattice defects.

Thus:
or =04+ 0

X2

023,4(x1,0)
023(x1,0)

=

X1

~d X1

(a) (b)

Figure 5.8: (a) Stress distribution due to elastic and mechanical effects; (b) displacement distribution
due to elastic and mechanical effects. Both pictures are adapted from [54].

The stresses in screw dislocations have only one component parallel to the slip plane —

Figure 5.8a — therefore:
0 = 023, 04 = 0234
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The stress — Figure 5.8a —and displacement — Figure 5.8b — fields generated by the dislocation
exhibit singularities near the origin of the Cartesian axes because of the use of the classical theory
of elasticity to describe dislocations.

These behaviors, however, imply a simplifying assumption: the absence of asymmetries in
the real crystal.

The self-stress does not perform work when the dislocation undergoes a displacement dx;
to the right:

w o 0
f = 51‘1 /_Oo O'da—ml(AU/) dlL’l =0

Indeed, o4 is an antisymmetric function, whereas a%l“) is symmetric. Consequently, the
integral from —oo to 0 equals and opposes that from 0 to +oo.

Conversely, an external stress performs work when the dislocation moves by dx;:
ow > 0
— =010 —(Au)dzy = 0z 0b
L — 00 81‘1
Hence, the total energy of the system varies exclusively due to external stresses:

Wr __W
L L

= —dx,0b

Therefore, the force acting on the dislocation is solely due to the external contribution:

Fy B F,, B
7 =ob = 7 ob

This demonstrates that, if a dislocation lies far from a free surface, an external stress must be
applied to move it toward that surface. Only this stress contributes to the motion, in the absence
of other opposing effects.

Image forces are necessary to satisfy the boundary conditions imposed on the outer surfaces
of the volume deformed by the presence of the dislocation.

They are associated with image dislocations — Figure 5.9: fictitious entities introduced to
generate the stresses required to ensure such boundary conditions.

X2
Image

Screw Screw

X1

A
A\ 4
A
v

Figure 5.9: Dislocation and image dislocation.

In the simplest case of a straight dislocation, parallel to a free surface in the plane x;x5 and
located at a distance [ from it, the stress generated by the image dislocation is:

i _ b

L Anxl

from which the force driving the dislocation toward the surface follows:
Fu pub?
L 4nl
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X2

Figure 5.10: Image dislocation at distance | from the real dislocation.

In a more general case, consider a screw dislocation located at a distance A from the origin
inside a cylindrical single crystal — Figure 5.10.
To satisty the boundary conditions on the cylindrical surface of radius R, i.e.,

0N = 0 = Opz3Mp = 0,

it is necessary to introduce an image dislocation at p = RTQ so that the total stress on the surface

p = R vanishes.
The total displacement generated by the dislocation and its image is given by:

¢ Real dislocation: ——,
2

/
* Image dislocation: —.
27

Hence, the resulting displacement is:

which, in Cartesian coordinates, becomes:

b To Zo
213(181, 932) = % arctan Y — arctan xl——R—z .
X

( ) ub 0 . T ; i)
g r1,T = — —— |arctan — arctan| ——-5 .
23141552 2 8271 r1 — )\ T — RT2

For 25 = 0, this yields:
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Surface forces

X3

Figure 5.11: Cylinder with removed surface. Picture adapted from [54].

This expression represents the stress generated by forces acting in the z1x3 plane, regarded
as the shear plane of the cylinder, with z; > 0, to displace the lower surface by b along x3 —

Figure 5.11.
The displacement dvs3 = b can be seen as the sum of infinitesimal contributions db’ = dvss.

From this, the work follows:
b b
(SWG = / (723((131, 0) 0A db/ = 0'23(1'1, 0) 514/ db/ = 0'23(1'1, O) 0A - b,
0 0

or explicitly:

A

ub? 1 1
_ - A
ow. = & (xl_A xl—R—2>5

Integrating over the entire shear area of the cylinder gives the elastic energy per unit length:
W pb? /R 1 1 ub? <R2 — )\2)
— = — 7z | dz1~——1In .
L AT Iapre \T1 — A 2y — 5 uv roR

The torque M,, produced by the dislocation at its position is:

(91)3 (%3
M,, = [ 0goypdA= B g2 )dA.
3 /1;0'9 3P ,u/A(xlﬁx2 $28x1)

Applying the Gauss—Green theorem yields:

M,, = u%(vgxl dzy — v3zy duq),
c

where (' is the contour obtained by removing a surface from the cylinder — Figure 5.12.
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Figure 5.12: Integration contour C'. Picture taken from [54].

The only contribution to the line integral comes from the removed surface. Hence:

R ,ub
M,, = ub/ 7y dry = —(R* — \?).
Ao 2

The additional work generated by the cylinder twist (elastic relaxation on the removed
surface) is:
2
WMLl
L 7wR* 4nR*

(RQ o )\2)2.

This term represents an elastic relaxation contribution associated with the residual torsion
in the cylinder.
Therefore, the total deformation energy associated with the screw dislocation is:

Wb | (RN (R
L~ 4 | "\ Rr R

This energy can also be interpreted as the work done on the removed surface to generate the
dislocation.

Moreover, a screw dislocation constrained to remain straight is stable with respect to small
transverse displacements relative to the axis of the crystalline cylinder.

From a theoretical standpoint, one should also take into account the energetic contribution
of the surface generated by the screw dislocation, which exerts a traction tending to attract the
dislocation toward it.

Formally, there also exists an entropic contribution associated with the fluctuation of the
dislocation line, but this term is usually neglected in analyses based on the linear configurational
form, since it is secondary compared to the main elastic contributions.
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5.2.2 Edge dislocations

Figure 5.13: Edge dislocation according to the Volterra model. Picture adapted from [54].

Displacements, strains, and stresses

Given a reference system {O; 1%1, ]232, ks }, an edge dislocation can be represented by a cylinder of
length L and base radius R, within which a maximum displacement equal to the Burgers vector
b has occurred, perpendicular to the dislocation line é — see Figure 5.13.

The material displacements along the three main directions x1, zo, x3 are:

1117&0, 1)27&0 1)320 (511)
By inserting (5.11) into (4.2a), the following strain components are obtained:
0
L (5.12)
€13 = €93 = 0.

Recalling (4.20), and defining:

011 + 029 = V2A,
from the definition of the strain invariants, applied to the plane case:
Lo =011+0n+033 — L,=01+00n=V4

in polar coordinates, one obtains an equation equivalent to (4.21):

2 2
V21102<8 10 18)[1(7:0'

a2 T ror T 2og
This equation can be solved by means of the separation of variables method:
Lip(r,0) = Ru(r) Au(6).
n=0
Imposing that the solution be single-valued in the plane (11, (7, 6 + 27) = I;,(r,0)), yields:

o

Liy(r,0) = (ap + folnr) + Z [(cr™ 4 Bur™") sin(n) + (yur™ + 6,7~ ") cos(nb)] .
n=1
(5.13)
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A qualitative analysis of the field associated with an edge dislocation, considering that:

L, = —(011 4+ 022) = —V°A,
suggests that /;, should:

* exhibit a maximum for § = —7/2,
* a minimum for § = 7/2,

* and decrease with increasing .

The simplest term capable of reproducing such behaviour is:

[10-75 = 517" sin 0,

which represents the dominant asymptotic behaviour of the stress field far from the disloca-
tion core.

From a physical standpoint, the terms in the series can be interpreted as follows:

* The terms ™ represent effects due to external forces applied on the surface of the body.

* The terms »~", with n > 2, are associated with additional line singularities or with the
internal structure of the dislocation core. These contributions depend on local details and
do not significantly affect the behaviour at the macroscopic scale. Therefore, for large
values of r, i.e., far from the dislocation core, these terms must decay rapidly so that the
stress field reduces to the main contribution /i, ..

* The term In r represents a constant shear stress over half of the outer surface of a semi-
infinite medium. However, this term is not relevant to the description of the stress field of
a dislocation.

In conclusion, the characteristic stress field of an edge dislocation must satisfy the following
non-homogeneous differential equation:

”# 19 1 02 )
= 42 L2 = Byr *siné. 5.14
(87“2 ror  r? 892) A= firsin ( )
The homogeneous solution of this equation can be neglected when focusing on the stress
behaviour far from the dislocation core. Hence, only the particular solution is considered:

A, = %rsin@lnr (5.15)

As previously discussed, an edge dislocation can be interpreted as the insertion of a half-
plane of atoms into an infinite crystal lattice with a thickness equal to b, i.e., the magnitude of the
Burgers vector. In this context, b represents the integral discontinuity in the displacement field
and must equal the difference in elastic strain above and below the inserted plane. Therefore:

b= _/ le11(z1,m) — ennl@r, —n)] day, n >0 (5.16)

From (5.15), the stress components can be obtained in Cartesian coordinates using (4.18),
and in polar coordinates using (4.19). From (4.17), it follows that:

1
€33 = ; (033 = V(011 +092)) =0 = o33 =v(01 + 02). (5.17)
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Since the analysis is performed under plane stress conditions, substituting (5.17) into (5.16)
gives:

b:_M.& = 51:
7 2

By substituting 3; into (5.15), and expressing r = \/x? + x3, y = r sin 6, one obtains:

_ bz
A, = 47r(1—y)1n( ZL‘1—|—CL’2>. (5.18)

Applying (4.18) to (5.18), the stress components in Cartesian coordinates are derived as
follows:

o
4r(l —v)

b z2(323 + 23)
o= — .
1 2n(1—v) (22 +23)2
b nima)
2(1 —v) (23 +23)2’
o=, __ by @ (5.19)
BT a(1—v) 224 a¥
pb (2] — 3)
o123 = : ,
12 21(1 —v) (23 + 23)?
(013 = 023 = 0.

Similarly, by applying (4.19) to (5.18), the stress components in polar coordinates are
obtained:

( pbsin 0
Opr = 09 = — 57—,
% 2n(1 —v)r
B _ pbvsind (5.20)
R 7(1—v)r’ '
b cos 6
Org = ———.
L 0 2n(1 —v)r

The displacement along x; can be obtained by integrating (4.2a):

b 1 T1To
— — |—arctan | — C.,,
(e, 22) %{ e (m)*%l—u)(mxa) "

where the constant C, is determined by imposing v;(0) = 0, leading to C,, = %, and thus:

( ) b t T2 i T1T9
vi(21, x9) = — |arctan | — .
R on ) 20 —v)(x2 + a2)

Similarly, the displacement along x5 is given by:

b [(1—2u) 1?2 — 13

7 —1 2 2 —
27 |4(1—v) n(x1+x2)+4(1—u)(x%+x%)} TG G

vo (1, x9) = m
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The logarithmic term in vy diverges as r increases. This behaviour can be idealised by
interpreting the dislocation as the insertion of a half-plane containing the x3 axis.

In polar coordinates, the displacement fields are expressed as:

b 1—2v sin 0
y = — | —=————sinf1 —— + 6 cosb
v 2#{ 2(1_V)s1n n7‘+4(1_y)+ cos }
b 1—2v cos 0
S nr— ——" _ @si
Vg 27r[ 20 =) cosfInr 11— Gsm@}

The stress components o, and gyy do not vanish for any value of r. This also occurs in the
model where the dislocation is represented by a hollow cylinder with inner radius r and outer
radius R, centred along the cylinder axis.

Consequently, non-zero residual stresses are generated on the external surface of the cylinder.
To ensure that the boundary conditions are satisfied, it is necessary to introduce a corrective
function for the Airy potential that compensates these stresses. One possible choice is:

pubr3

~ 4r(1 - v)R?
which cancels the normal forces on the external surface r = R, and symmetrically compen-
sates those on the inner cutoff surface r = rg:

Ar sin @, (5.21)

A, =M g (5.22)

Equation (5.21) represents the contribution of the surface traction term oy 7 sin € in (5.13),
while (5.22) represents the component associated with the dislocation core, derived from the
solution of the homogeneous equation (5.14).

The resulting stress and displacement components can then be obtained from the superposi-
tion of the internal and external effects:

[ _10Ar 1A
R oy r2 062’
OARr _ 3ubr’sing pbr sin 6
o dn(l-v)R O R T -2 (5.23)
PAr _ pbr’sing
[ 002 (1 — v)R?’
([ _10A, 1A,
e o r2 002
OA,,  pbrgsing pbré sin 6
or  dn(l— )2 = T = 5T pys (5.24)
O*A,,  pbrgsing
[ 062 4e(1 —v)r’
Hence: bsing )
sin roor
Opp = Opp. R+ Oy = h <ﬁ + ’l“_g) (5.25)
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Moreover:

( _ 9*Ar _ 6ubrsinf
C0ORT "2 T qr(1— ) R? o (a2
= ggy = M7 (20 To (5.26)
_ 2n(1—v) \ R 13
B 0?A,, L ,ubr(z] sin 0
\099’7“0 o2 2n(1—w)rd
,a 0 18AR _ pbrcosd
R Tor\r 00 ) 2r(1—v)R2’

2
= 0, = —“bc—ose) (i + r—°> (5.27)

So__ 0 10A,, _ pbrg cosd
LT ar \r 06 27(1 —v)rd’

Finally:
Ogzws = V(UTT + 009) (528)

The corresponding displacements in polar coordinates are:

bsin 6 r? r2
L= Y g gyl o
! 8r(l —v) ( V)R2 7“2] ’
(5.29)
bcosf [ r? ol
= 5 —4v)—
v 8r(l—v) | ~ V)R2 * ]

Energy per unit length

The elastic strain energy induced by the dislocation in an infinite cylinder with inner radius
7o and outer radius 12 can be calculated starting from the elastic strain energy density per unit
volume.

From (4.16), and considering the stress conditions of the dislocation field:

011 7&0, 0227&0, 0127&0

033 = V(011 + 092),

o13 =023 =10

the strain energy per unit length of the cylinder is expressed as:

R 21
% = / / rw dfdr (5.30)
0 0

By substituting (4.16) into (5.30), one obtains:

W 1
/ / [ e 5F (07, + 03y — 2001109 — 032)3)} rdodr

From this, the total elastic energy is obtained as:
W ub? R
R cha— T
L 47T(1 — I/) To
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b
If the energy associated with the dislocation core is also included, the condition ry = — is
o
imposed, yielding:
w ub? aR
—=——In| — 5.31
L  4n(1—-v) n( b ) 3D

The radial components of the stress generate forces directed toward the cylinder axis, which
in turn perform mechanical work. The total work done by these forces per unit length is given

by:
W 1 o 1 2w
Wr _ _/ (o0,)| - RAO+ —/ (ovove) | - R dO,
L 2/ —R 2 Jo r=R
N . (5.32)
%—1/ (0rrvr) o d9+1/ (o7vov0) 7o df
L N 2 0 m r=ro ’ 2 0 o T=ro ’ |

By substituting (5.25), (5.26), (5.27), and (5.29) into (5.32) and performing the integration,
the result is:

W oub*(1—2v)
L 167(1—v)? (5.33)

In the case of a cylinder with finite dimensions, the strain energy in the final state represents
the change in the crystal’s free energy required for the creation of the dislocation.

Since the change in free energy is a state function, it is independent of the path followed. In
particular, it can be assumed that on the external surface » = R, radial forces equal and opposite
to those generated by the dislocation act, thereby keeping the cylinder constrained in position.
This constraint ensures that the external work performed to create the dislocation is entirely
stored in the system as internal energy.

If the stresses on the outer surface are released, the cylinder may undergo radial (v,) and
circumferential (vy) displacements that allow it to cancel the constraining traction components.

Recomputing the work performed by the forces generated by the radial stress components
yields:

W a3 —4v)

— =0 5.34
L 167m(1 — v)? (5.34)
Therefore, the total elastic strain energy per unit length is given by:
2 2(3 -4
W_ b g (eR) _prB-dv) (5.35)
L  A4r(l—v) b 167(1 — v)?

Force per unit length
In the case of an edge dislocation, it is possible to determine the force components acting on it
starting from the stresses in the surrounding material.
The first component is directed along the x; axis and is referred to as the glide component:
F,,

L

Let o denote the total stress at a point in the vicinity of the dislocation core. It is given by
the sum of two contributions:

* 0,4 the self-stress generated by the dislocation itself,

* o: an externally applied stress.
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Since the self-stress does not perform work on the dislocation motion, the effective force is
associated only with the externally applied stress o, acting on the slip plane x;x5. Consequently,
the force per unit length is given by:

Fy
L

L — O'lgb

The second component acts along the x5 axis and is associated with the climb motion of the
dislocation:

Fy,
L

This force is related to motion perpendicular to the slip plane (climb), which involves the
insertion or removal of portions of the crystal plane — see Figure 5.14.

| ————]

At f

ox 2 6'x2
" 4
Ox %, Ox, %
Perfect crystal
- p—]

Figure 5.14: Removal of an ideal crystal portion and dislocation climb. Picture adapted from [54].

The magnitude of this force can be obtained from the derivative of the total energy of the
system with respect to x5, evaluated at the dislocation position.

By definition, the total variation in energy during the climb process corresponds to the
energy required to remove a portion of the extra half-plane and replace it with a perfectly elastic,
stress-free crystal region. In this situation, the system locally relaxes, thereby reducing its stored
energy.

If less energy is required to remove an atom from the inserted plane, the same amount is
gained by reintroducing it into a stress-free region of the crystal. The energy difference is
compensated by a reduction in both the strain energy and the potential energy associated with
external mechanisms.

During this process, the energy flows toward the dislocation core and is dissipated through
the climb phenomenon.

Let us now analyse the various energy contributions involved during the climb motion.
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Figure 5.15: Dislocation climb and the resulting volumetric variation of the crystal lattice. Picture
adapted from [54].

When the dislocation moves by an infinitesimal distance dx2, the crystal segments A—A’ and
B-B’ — see Figure 5.15 — shorten, generating a displaced volume per unit depth equal to:

5V /L

The work done by the forces acting on the moving walls is:

oW ().% o7
L L < In

To this, the elastic contribution associated with the deformation of the displaced volume
must be added:

oWy o7
L S In?

Hence, the total energy per unit length, as a function of the volumetric variation associated
with climb, is given by:

5W_5W1+5W2_&5 _ %4‘5& [ = constants

Since the stress generated by the dislocation, o4, decays with increasing distance from the
slip plane, it follows that:

arden 742) =0

Consequently, the total displacement discontinuity across the dislocation plane satisfies the
relation:

b— /OO 8vl(x2, h) _ 8U1<I2, —h)
N _ 3x2 8%2

From this, the displaced volume per unit length can be expressed as:

4 /°° [8vl(x2,h) B Ovy (22, —h)

T B 6?/ 81’2 81'2

:| dﬂ?g

[ee]

}dyzb&y

— 00
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Substituting this expression into the total elastic work yields:

ow F, _boxy boxy  [ab b
T pomeatyt et = () on
In particular:
. oW
.

Since F,, /L is independent of h, the only consistent conclusion is that:

F,,
L
that is, the self-stress o, does not exert any climb force on the dislocation.

However, if a compressive external stress —oq; is present in the dislocation core region, a
climb force arises. Physically, the local stress state in the core region determines the magnitude
of the force acting on the dislocation and, consequently, the amount of energy dissipated during
the climb process.

=0

A local stress equal to 011 + o4 acts on the dislocation in the same way as a homogeneous
stress o1 superimposed on the field o4. In the presence of a uniform external stress oy,
the asymmetric configuration of the system implies that the energy associated with a climb
displacement of amplitude dx5 flows through the shear surfaces AA, BB and A’A’, B'B’.

Finally, for any given value of o1, one can always find a distance h sufficiently large that the
self-stress o, becomes negligible with respect to the contribution of ;.
In this case, the total energy per unit length associated with the climb motion of the dislocation
is:
2
‘%W = FL 5y = —011bdws + T bor,
The second term represents a quadratic contribution related to the elastic energy, but it can be

neglected as it is of the same order as the intrinsic inaccuracy of the linear elasticity description.
Therefore, within the linear approximation, the climb force per unit length is:

F,
L

The force expressions derived above are generally valid for straight dislocations, both in
isotropic and anisotropic media. They are directly related to the work performed on the disloca-
tion during its motion, which occurs at the expense of the elastic and potential energy stored in
the system.

= —Ollb

We now consider the contribution of image forces in the case of an edge dislocation.

Consider an edge dislocation with its line parallel to a free surface and a slip plane perpen-
dicular to it.

To satisfy the boundary conditions imposed by the free surface, an image dislocation is
introduced, symmetric with respect to the free plane and located outside the body.

This symmetric configuration cancels all stress components on the free surface except o1,.
In particular, the stress generated by the real dislocation along the surface x; = 0 is:

pb 1(l® —=3)

1—v) 4

0'12(0, Ig) = 71'(

r— VBT,

where [ is the distance of the real dislocation from the free surface.
For the stress equilibrium conditions to be satisfied for an edge dislocation near a free surface,
the Airy stress function .A must be chosen so as to ensure:
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pb (1 — a3)

rl—v) ot

® 012(0,5102) = —

* 011 = 013 = 0 on the boundary,

* stress decay as 1 — —o0.

We thus propose a separable stress function:

Az, 22) = X(21) - Y (22) (5.36)

In addition to satisfying boundary and symmetry conditions, this function must also satisfy
moment equilibrium about a point.

For all these conditions to hold, the function .4 must satisfy (4.20).

Substituting (5.36) into (4.20) yields:

X n 2 0°X 9*Y n X 0ty B
ort Y Oz} 0x3 Y Oxt
To make the equation depend on the sole variable x;, we impose for Y (x3) a combination
of sines and cosines:

0 (5.37)

Y (22) = asin(kxs) + bcos(kxs)

From which it follows that:

d?y 9, . 9
—5 = —k” (asin(kxy) + bcos(kry)) = —k7Y (x2)
dxs
dy o, ,
e E* (asin(kxq) + beos(kxg)) = k'Y (x2)
2

Substituting into (5.37) gives:
d*X d2X
4 2k* 2
dxf dxy
which is a fourth-order linear ODE with constant coefficients for X (z;), admitting exponen-

tial solutions.
Solving for X (z;) yields:

+EX =0

X(21) = (ag + ar1@1)e™* + (Co + Crzy)e ™

For the stress to vanish as x1 — —oo, we impose:

00201:0 = lim X((L’l):O

r1——0o0

Moreover, imposing the boundary condition X (0) = 0 = A(0,25) = 0 = 012(0,25) = 0
gives:

apg = 0
Therefore, the Airy stress function can be written as:
o
Az, 29) = / a(k) z1e™ sin(kxy) dk
0
The term containing cos(kz5) is neglected because o12(0, 23) is an even function of x.

To satisty the boundary condition:
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0*A
8x18x2

—012(07$2) =

= OOCL COS|KT = ,ub . l(l2 _ lg)
_/0 (k) hcos(kaz) dk = s oo

x1=0

Applying Fourier inversion gives:

_ ub P — 23
o) =iy |

cos(kxy) dzy

After an integration by parts, one obtains:

ubl k /Co Toethy
L - - .z e
a(k) W —v) i) (P+a2? dzs

Using the residue at the complex pole x5 = ¢/, we obtain:

_ bl o H
alk) = (1l —v)

Finally, the Airy function for an edge dislocation in the presence of a free surface is:

bl > ,
A1, 22) = h/{) z1eF@ 7 gin(kay) dE

The Airy function associated with the configuration of an edge dislocation near a free surface
1s:
ubl T1X2

A ®) = ) @ a3

In particular, evaluating at (—/,0):

D*A(-1,0) ubl > onl
__ 1— =
e /0 k(1 — kl)e=2 d = 0

This result shows that the stresses generated by A do not produce a force along the x;
direction: hence, the attractive force toward the surface is entirely due to the image dislocation.
The attractive force per unit length exerted by the image dislocation is:

012 = —

L

L (1 —v)l

The overall stress distribution for an edge dislocation near a free surface includes three
contributions:

¢ the real dislocation,
* the image dislocation,

* the correction field described by A(x1, z3).

The stress components associated with A are:
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( 2ublzix
/Lbl 3 2 3 3
099 = m [4(1 = 21)°my + 6(1 — x1)?@120 + 4(1 — 21)25 — 23125 |
o =
Olo = L (1= z1)* + 221 (1 — 31)° — 62123 (1 — 21) — 23]
m(1 —v)rs 2 2
4pbly
|75 = i e L~ o)z (1= )]
where:

r? = (2, — 1) + 23

The analytically obtained stresses are particularly relevant for dislocations in thin films,
where proximity to free surfaces significantly influences mechanical equilibrium.

In the case where the dislocation does not assume the ideal configuration described above,
(5.22) does not vanish on the free surface but produces a residual stress of the form:

pbrd a3 — 3myas
(1l —v) 76

012(0,352) = -

It is nevertheless possible to introduce a corrective stress function that cancels this contribu-
tion. In particular, evaluated at the point (—/, 0), it yields:

O'm(—l, 0) =

It follows that the attractive force exerted by the free surface can no longer be represented
solely by the image dislocation, but also includes the corrected contribution that compensates
for the residual stress induced by the core structure.

When the edge dislocation is oriented normal to the free surface, the added stress field can
be treated analogously to the screw dislocation case.

Consider a semi-infinite crystalline medium with 3 > 0 and a free surface on the plane
x3 = 0, in the limit R — oo.

As a reference stress function, one may take:
Tol
A(zy, 29, 73) = T310g (p + 3) + ——0 (5.38)

p+ 3
where p = /2% + 2% + 3.
This expression satisfies the symmetry conditions with respect to the free surface and enables
the construction of solutions that account for relaxation along the direction normal to the surface.

Two stress components of particular interest, derived from the function A(z1, 2, 23), are:

_vpb  [xows T
TBETA-v) | P plp+ )
(5.39)
owpb | T3 T3T3 T3Ts
BT R0 =) | plptas)  pPlptas) Pt as)?

For x3 = 0, 033 cancels the stresses produced by (5.18), ensuring that the boundary condition
on the free surface is satisfied.
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For a finite volume of radius R, the additional stresses from (5.21) generate o33 contributions
that introduce complicated end effects.

Far from the end, i.e., in the limit |z3| > R, the end-effect stresses generated by (5.21) tend
to compensate the stresses in (5.39), restoring the overall stress distribution to that associated
with the systems (5.19) and (5.25)—(5.27).

5.2.3 General straight dislocation

Figure 5.16: General straight dislocation.

The Burgers vector of a general straight dislocation — Figure 5.16 — can be decomposed into
its edge and screw components:
b =b, + b, (e = edge, s = screw)
Knowing that the elastic energies per unit length associated with the two components are:

L 4r(1—v) b )’ L 4r b

and that:

b, = bsin 3, bs = bcos 3,

then, by the principle of superposition of effects, the total energy per unit length is:

2
Wy,  We n Wi M_52 <COS25+ sin ﬁ) n (@) — E(8)In (O‘_R) (5.40)

T L L ar 1—v b b

where F(3) is the prelogarithmic energy factor.

A dislocation that possesses both edge and screw components is said to have a mixed
character. Its glide plane is determined by the plane of the edge component, whereas the screw
component does not define a glide plane. In general, the glide plane is the plane that contains
both the dislocation line and the Burgers vector.

If the dislocation undergoes a climb, that is, it moves by an amount ér perpendicular to the
plane in which it lies, a quantity of material per unit length equal to:
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is removed.

If this quantity of material is removed, the continuity of the medium can be restored by the
relative displacement of the free shear surfaces by a vector equal to b. If a uniform stress o acts
in the dislocation core, the work done during this process is:

—:Z-dr: [a-(fxér)]-b

where o - (€ x dr) is the force exerted by the stress tensor on the surface element of area
& x or.
Rewriting the work using vector identities gives:
oW

To[booyxd o s T =eo)xé

The force components therefore result as:

(£, |bo)x]- [5 (bx &) b
L ‘b x &
(5.41)
% ) [CE 0)\2 f]é LX)
X

\

When a straight dislocation undergoes a generic climb along dr, the restoration of material
continuity is not determined solely by the forces acting on the core but also involves the glide
and climb components arising from the dislocation geometry.

5.3 Peierls Model — Influence of Lattice Periodicity

The Volterra models, while providing the essential theoretical basis for the description of
dislocations, do not allow an accurate evaluation of the stress, strain, and displacement fields in
the immediate vicinity of the dislocation core.

The Peierls model addresses this limitation by introducing lattice periodicity into the formu-
lation of the problem, providing a more realistic description of the Burgers vector and of the
elastic strain distribution within the crystal.
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5.3.1 Introduction to the model: edge dislocation

(a) ()

Figure 5.17: (a) Division of a perfect lattice into two half-crystals; (b) reference system and displacement
Sfunction of the crystalline lattice.

Consider a crystal with a perfect cubic lattice, divided into two half-crystals I and II separated
by a mutual distance d — Figure 5.17a.

A Cartesian coordinate system {O, ki, ko, 12:3} is placed midway between I and II, with the
axis 21 || ky parallel to the faces of the two half-crystals and the axis x || ky parallel to the
crystallographic planes. The spacing between parallel crystal planes is equal to the modulus of
the Burgers vector, b = b ke — Figure 5.17b.

The maximum relative misalignment between the crystal planes is defined as:

b

-, x1 >0
T

b

—E, r1 <0

To restore the continuity of the material, a displacement function is introduced for edge
dislocations:

uz(x1) : R = R, ug(r1) € C1(R)

The misalignment function is then defined as:

b
2ux($1)+§, 1 >0
(Sx(l'l) R — R, 6:13(x1) =

b
qu(l'l) — 5, 1 <0
which is assumed to be convergent:
, b
i Ua(®) = =7

To re-establish crystalline continuity, displacements must occur that generate restoring forces
associated with the atomic bonds distorted across the plane x,.

As a first approximation, these forces are assumed to produce a local stress 015 on the plane
x9 = 0, defined by a sinusoidal function of the misalignment d, (). This assumption is valid
for small displacements along x,.

129



