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Abstract 

Aluminum (Al) and its alloys are in great demand and are vital to various industries such as 

aerospace, construction, transportation and packaging industries, etc. From an engineering 

perspective, a lot of research has been carried out with the aim to gain a comprehensive 

understanding of their behavior and performance, which paved the way to design Al alloys with 

enhanced properties. One of the most influential factors, which strongly affects the behavior and 

properties of the materials, is the lattice defects. This includes grain boundaries (GBs), dislocations 

and disconnections, etc. Furthermore, in the last few decades, special attention is being paid to 

unearth the impact of the GB’s atomic structures and chemistry on the GB properties, since bulk 

properties can be impacted by the GB properties. Improvements in transmission electron 

microscopy (TEM) and atomistic simulations have made this possible. However, yet, the 

experimental observation of the local atomic structure and chemistry introduces extremely 

challenging experimental conditions and restricts this field today. The PhD thesis focuses on the 

in-detailed investigation of the atomic structures of [111] tilt grain boundaries in pure Al and its 

alloys by atomic resolution scanning TEM (STEM) in combination with atomistic simulations. 

The main aim of the thesis is to discover the atomic structures of pure Al GBs as a function of 

different macroscopic and microscopic GB parameters and then to understand how the structure is 

influencing the local excess properties of the GBs. Furthermore, how the solute elements are 

interacting with the pure [111] tilt boundaries is investigated in detail and its implications have 

been discussed. 

In the first part of the thesis, in order to fabricate [111] tilt GBs (to investigate the atomic 

structures), pure Al thin films are grown on (0001) sapphire (α-A2O3) substrate with the 

temperature range between room temperature and 300ᵒC via e-beam evaporation. A template of 

processing parameters are developed for depositing the films with the desired characteristics such 

as smooth and dense surface, large grain size and a wide distribution of [111] tilt columnar GBs. 

Due to the strong [111] texture of the Al films, we have now two adjacent [111] oriented grains 

allowing to resolve the GBs motifs on atomic scale. The electron back scattered diffraction 

investigations revealed that the Al film mainly consists of a high fraction of low angle tilt GBs 

followed by a low fraction of high angle special tilt GBs such as Σ3, Σ13b, Σ7, Σ19b, Σ21a, Σ37c 

and other higher Σ coincidence site lattice (CSL) boundaries. Furthermore, high angle annular dark 
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field investigation of the atomic structure of a low angle GBs (LAGBs), discloses the dissociation 

of perfect dislocations into partial dislocations at the GBs (in a direction normal to the GB), despite 

having a high stacking fault energy (SFE) of Al. Moreover, how the configurations of partial 

dislocations vary with increase in the misorientation angle is explored and its association with the 

GB energy is further discussed. 

Besides the low angle GBs, it is known from the literature that high angle GBs’ (HAGB) properties 

and behavior are very different to LAGBs. Hence, in order to understand the global behavior of a 

polycrystalline material, the atomic structures of HAGBs need to be examined. Hence, in the next 

part, the effect of microscopic translations of the atoms at the GBs with fixed macroscopic 

parameters are investigated. Two different microstates of incoherent Σ3 [111] (112̅) GBs from two 

different orientation relationships (ORs), comprised of slightly different structural units, are 

identified. The structural units in ORII ({111} ± <011> Al  ǀ ǀ (0001) <2110> α-Al2O3) exhibit 

hexagonal units while in ORI ({111} ± <011> Al  ǀ ǀ (0001) <1010> α-Al2O3), the hexagonal units 

are slightly distorted. Molecular statics simulations, employed to understand the difference in 

excess properties of both states revealed that strain could potentially contribute to the stability of 

the ORII GB microstate over the ORI microstate. In addition, the atomic structure of the two ORs 

along the <110> zone axis shows the rigid body microscopic translations of different magnitude 

of {111} planes across the GB experimentally. Furthermore, in the case of asymmetric variants of 

the same GBs, different types of Σ3 [111] disconnections with Burgers vectors (b1 = 1/6[112]), 

(b2 = 1/2[101]) and varying step heights (h = 2adsc, 5adsc) are investigated and their implications 

on the GB behaviour are discussed. 

Thereafter, the relationship between the structures of various GBs throughout a misorientation (𝜃) 

range for a particular tilt axis i.e. [111] and inclination of the boundary plane is explored. The 

atomic structures of high angle symmetric tilt GBs such as Σ21a, Σ13b, Σ7, Σ19b, Σ37c and Σ3 are 

investigated. One of the major findings is that two different misorientation groups (Group 1 and 

2) consisting of two distinct type of structural units (SUs), are found. The Σ21a, Σ13b and Σ7 CSL 

GBs belong to group 1 with a misorientation range of 21° < 𝜃 < 34°. Here, the atomic structures 

of the GBs consist of “bow and arrow” shaped units (B/B’) or a combination of B/B’ and A units, 

also termed ”bow and arrow” type structure. While Σ19b, Σ37c and Σ3 GBs are associated to group 

2 with a misorientation range of 46° < 𝜃 < 60°. They have either square shaped units (E, E’ and 
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E’’) or a combination of square units and trapezoidal shape F units. The atomic structure of the 

GBs in group 2 is referred to “zipper” type structure. It is observed that as the misorientation 

increases from Σ21a to Σ7 GB, A units are disappearing from the GBs and diminishes completely 

at 38ᵒ. With the corresponding atomistic simulations, the influence of the atomic structure on the 

interfacial excess properties of the GBs like different excess volumes and stresses are evaluated. 

Interestingly, we found our simulated structures matches quite closely with the experimental ones 

and possess different excess properties. However, no trend in excess properties is found with 

increasing misorientation unlike in the experimental observation i.e. reduction of A type units. In 

addition, different atomic structures of the GBs are found on investigating the symmetric variants 

(GB plane inclination changes by 30ᵒ) of the GBs in group 1. Apart from a very different atomic 

arrangement for the two symmetric variants of a GB with fixed misorientation, also their excess 

properties are found to be very different to each other. 

In the final part of the thesis, conventional TEM and aberration-corrected STEM coupled with 

energy dispersive X-ray spectroscopy are used to explore the interaction of the solute elements 

like Cu and Zr with the [111] tilt GBs in pure Al, in terms of how a solute atom is segregating to 

the GB and affecting its atomic structure. For that, the surface of the pre examined Al film is first 

cleaned with Ar-sputtering to remove the strong native Al2O3 oxide (which always prevails on Al 

surface and acts as a barrier to diffusion). Thereafter, the Al-(Zr/Cu) films are annealed in two 

steps. This is done to have the sufficient amount of diffusion of the solute elements from the top 

layer towards the GBs. The results obtained after the first annealing of Al films (with Zr-Cu 

reservoir on top) to 450ᵒC for 6 hrs showed that the GBs are highly inclined in comparison to the 

pure Al films (with native oxide). Due to an abrupt change in the inclination of the GB plane, a 

higher number of facets/steps are introduced at the GBs. Furthermore, Cu is identified as the only 

primary alloying element that is segregated at the Al GBs and leads to the occurrence of two 

different segregation patterns at the GBs i.e. monolayer (from low angle up to misorientation of 

26ᵒ) and bilayer segregation (with a misorientation of 31ᵒ). No Zr is found at all after first 

annealing, neither at the GB nor in the bulk. The absence of Zr segregation after 450ᵒC annealing 

indicates that Cu (present in the reservoir at the top of the Al) is diffusing very fast to the GBs as 

well as in the bulk, while Zr has very low diffusion rate at 450ᵒC. The solubility of Cu in Al is 

high at elevated temperatures in contrast to Zr. However, upon cooling, the Cu solubility is 

decreasing with lower temperature and Cu is found to be segregating to the GBs.  
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Hence, to enhance the diffusivity of Zr, the film is further annealed in a second thermal treatment 

at 520ᵒC for 32 hrs. Interestingly, despite being exposed to such high temperature, no Zr 

segregation was found at any of the GBs, be it low angle GBs or high angle Σ21a GBs. Rather, it 

is found that needle shaped precipitates are formed at high angle Σ21a GB that correspond to the 

L12 Al3(CuxZr1-x) cubic (metastable) phase with some amount of Cu in it. This suggested that the 

pre-segregated Cu at the GB reduces the nucleation barrier for the formation of Al3(CuxZr1-x) 

precipitates. Furthermore, there is a clear indication that the presence of Cu limits the Zr 

segregation into the GBs. 
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Chapter 1 Introduction 
 

1.1 Aim and outline of the thesis 
 

Aluminium (Al) and its alloys are one of the most commercially used engineering metallic 

materials, opening up new paths into the modern world. Al alloys are availed for widespread 

industrial application to make a wide range of products such as marine parts, automotive parts, 

structural parts and components of smart phones, etc. [1–4]. Al alloys are in great demand due to 

their superior properties that includes lightweight together with very high strength, excellent 

thermal and electrical conductivity, outstanding machinability, etc. [5–7]. Furthermore, Al alloys 

recyclability and their high resistance to oxidation and corrosion make them unique and special in 

terms of their versatility and environmental amiability [8–10]. However, several technically 

important alloys such as 2XXX, 6XXX and 7XXX series alloys, which are used in structural 

applications, are highly susceptible to intergranular corrosion and stress corrosion cracking (SCC). 

In both cases, the materials fail along the grain boundaries (GBs), on exposure to stresses and/or 

certain environment (solutions/ liquids/ air/ water vapour etc.) [11,12]. This has led to the failure 

of the structural components in aircrafts as reported in the literature [13]. Similarly, several heat 

treatable Al alloys are also highly prone to abnormal grain growth, which substantially deteriorates 

their strength such as during friction stir welding while joining components of these alloys [14–

16]. Given that the majority of engineering alloys are polycrystalline and made up of a 3D network 

of GBs (regions of atomic mismatch between the two differently oriented grains) distributed 

throughout the material, their bulk behavior are significantly influenced by the properties of these 

internal interfaces (GBs) [17,18]. These GB properties are mainly translated by the local atomic 

structure and chemistry of a GB. This means that the type of a GB, segregated impurity on a GB 

and presence of different defects at it play an important role in driving all the aforementioned GB 

related phenomena in materials [19–21]. Therefore, in order to comprehend the atomistic 

mechanism of these phenomena fundamentally, it is of utmost importance to understand the 

underlying atomic structure and chemistry of a GB. This facilitates us to answer the many 

unresolved scientific questions related to GBs such as whether a specific segregating element, 
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causing an abrupt change in GB properties is detrimental or beneficial to a GB. The knowledge 

about these fundamental attributes of the GBs paved for advanced new alloys to be designed via 

GB engineering.  

Geometrically, eight degrees of freedom (DOF), including five macroscopic and three microscopic 

DOFs, are used to fully define GBs. Out of the 5 macroscopic DOFs, three of the them specify 

mutual misorientation of the two adjoining grains and two of them represent the orientation of the 

GB plane between the two crystals [22]. However, these five parameters do not adequately 

describe the atomic structure of a GB. Numerous studies disclose the existence of multiple stable 

and metastable states for a GB with fixed macroscopic parameters, that are distinguished by 

distinct thermodynamic excess properties [23–27]. This is due to the possible rigid body 

microscopic translations in the GB plane that lead to the emergence of different states (atomic 

structures) of the GBs [28–31]. These states have also been called GB phases [32] or complexions 

[33–35]. In the last few decades, many efforts have been made in order to unravel the atomic 

structure of these states or phases, but the majority of them are limited to simulations [36–38]. 

However, in many cases, real experimental structures of the GBs look very different compared to 

the predicted ones obtained by the simulation methods [25,36,39]. Recent advancements in 

aberration-corrected transmission electron microscopes (TEM) have made it possible to see the 

actual atomic structures and chemistry of the GBs. However, yet, very few experimental studies 

in combination with simulations correlating the atomic structures of GBs and their properties are 

reported in the literature [25,40–44]. Furthermore, there is still a lack of a detailed understanding 

of the atomic structures, segregation, defects, and phase transformations of a GB and how they 

influence the GB properties, which is the motivation behind all the current work in the following 

thesis. 

The main aim of the work described in the thesis is to investigate the atomic structure of the [111] 

low angle tilt GBs and special high angle GBs in order to establish a link between the structures 

and the GB properties. Furthermore, another objective of the work is to study the implications of 

solute segregation on the atomic structures of the pre-examined pure Al GBs. Pure Al has been 

chosen as a model system in this study. The reason for that is although a lot has been investigated 

about the properties and the macroscopic behaviour of Al GBs, however very little is known about 

the local atomic scale configurations of the GBs, which plays a vital role in several GB related 
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phenomena such as GB cohesion, stress corrosion cracking at the GB, abnormal grain growth, etc. 

Understanding the pure and segregated atomic structures of the GBs and their effect on the GB 

properties lay the foundations for controlling such GB related phenomena. In order to accomplish 

the aim, Al thin films having pure [111] tilt GBs are grown via physical vaporization techniques. 

The combination of electron backscatter diffraction (EBSD) and plasma focused ion beam (PFIB) 

make the recurrent extraction of specific pre-examined GBs possible, in order to compare the pure, 

annealed and alloyed GB. Methods such as thin film depositions, scanning electron microscopy 

(SEM), and aberration-corrected TEM techniques together with energy-dispersive X-ray 

spectroscopy (EDS), are coupled with atomistic simulations in this study with the aim to observe 

the GB structures and the local chemistry. The current outline of the work consists of following 

main investigations:  

After the introduction, Chapter 2 describes the background details and the literature study related 

to the GBs in general, their atomic structures, chemistry, defects and transitions. This chapter also 

consists of the background description and studies on Al and its alloys. Chapter 3 provides a brief 

introduction to all the experimental techniques employed in this work. The comprehensive 

characterizations carried out on the Al thin films and Al GBs are explained in detail in Chapter 4. 

This chapter focuses on the experimental details of the Al thin film growth, annealing treatments, 

sample preparation and the characterization techniques involved.  

Chapter 5 reports the results obtained in this thesis on the synthesis of tilt GBs in Al thin films, 

GB atomic structures and segregation in the following 4 sub-chapters.  A detailed study on the 

synthesis of defined epitaxial thin films in order to design a template of the processing parameters 

is reported in Chapter 5.1. The influence of the substrate on the microstructural evolution of the 

Al film has been studied in this chapter. In addition, the configuration of fcc dislocations at the 

low angle GBs in Al has been examined and the effect of the misorientation on the dislocation 

configuration has been explored. 

Chapter 5.2 focuses on the findings of the microscopic investigation of the atomic structures of 

several high angles GBs (with different misorientation). Furthermore, the influence of different 

GB habit planes of a CSL GB on their atomic structures and the interfacial excess properties is 

explored and discussed in detail. Chapter 5.3 discusses the influence of microscopic translations 

on the atomic structure of an incoherent twin GBs in both the ORs in the Al film, despite having 
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similar macroscopic degrees of freedom. This chapter reports the detailed analysis of the 

experimental structure by STEM in combination with atomistic simulation and DFT calculations, 

which together explains the emergence of two different structural motifs and further evaluate the 

excess properties of both the structures. Furthermore, the defects present in both the ORs, 

investigated by STEM are also reported and their implications on the GB behaviour is discussed. 

In the final part, the interaction of segregating elements like Cu and Zr with the atomic structure 

of Σ21a and Σ13b GBs has been systematically studied and reported in Chapter 5.4. 

Chapter 6 summarizes the outcomes of the study. The results obtained in the study are combined 

to give an overview of the atomic structures of the [111] tilt GBs in pure and alloyed Al. The 

detailed microstructural characterization via electron microscopy techniques and simulation 

results are coupled to explain the atomic structure and properties of the GB. The investigations 

carried out help in comprehending the correlation between the structure and properties of the GBs 

in general.  
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Chapter 2  Background and Literature 
 

2.1 Introduction to grain boundaries  

Grain boundaries are the internal interfaces between two differently oriented crystals inside the 

polycrystalline materials. GBs are the two – dimensional (2D) defects that are paradoxical in 

nature. On the one hand, GBs acts as an obstacle to dislocation glide, thereby providing resistance 

to deformation in the material [45]. While on the other hand, due to their high energy, they are the 

preferential sites for many degradation processes such as crack formation [46,47], reduced strength 

due to enrichment of impurity atoms causing GB decohesion [48,49], abnormal grain growth [50] 

and GB corrosion [51], etc. Since the GBs spread throughout the polycrystalline materials in the 

form of a three – dimensional (3D) net, undoubtedly, they substantially affect the global properties 

and behaviour of the materials. This is because the bulk behaviour of the material is highly 

controlled by the GB properties such as GB interfacial energy, GB cohesive strength, and GB 

sliding, etc. More or less, all of these GB properties are highly influenced by the complex atomic 

structure and chemical state of a GB that often possesses a different atomic arrangement than the 

two adjoining crystals. In the past decades, many efforts have been made in order to understand 

the atomic structure of the GBs and their properties, but are mainly limited to simulation. This is 

due to the experimental constraints associated with it, mainly, the unavailability of advanced 

STEM techniques during former times (with better atomic resolution) and the stringent edge-on 

conditions of the GBs to study the structures. There is still a lack of understanding of several 

aspects related to the GBs such as how the local atomic structure is changing as a function of 

misorientation angle or GB plane, interfacial defects, various impurity elements in reality and how 

these structures are associated to GB properties.  

 

2.2 Grain boundaries geometrical description 

 

Geometrically, GBs are described by a total of eight parameters [52] that include five macroscopic 

degrees of freedom (DOFs) and three microscopic DOFs, schematics of which are illustrated in 

Figure 2-1. Out of the five independent macroscopic parameters, three of them illustrate the 

misorientation between the two adjacent crystals described by a rotation axis 𝑟 ⃗⃗  = [ℎ0𝑘0𝑙0] and a 
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misorientation angle 𝜃. While two of them specify the orientation of the GB plane w.r.t the two 

adjacent crystals, defined by a normal vector to the GB plane i.e. 𝑛 ⃗⃗  ⃗= [ℎ𝑔𝑘𝑔𝑙𝑔]. By utilizing these 

five parameters, GBs are formally expressed as follows: 

 𝜃 [ℎ0𝑘0𝑙0] , (ℎ𝑔1𝑘𝑔1𝑙𝑔1) / (ℎ𝑔2𝑘𝑔2𝑙𝑔2) 2.1 

Apart from this, three parameters are required to describe the microscopic degrees of freedom that 

specify the rigid body translation of both the grains, characterized by a translation vector �⃗�  = 

[𝑡1𝑡2𝑡3] [52]. These translations can occur in both the directions: the parallel and/or the 

perpendicular to the GB plane 𝑛 ⃗⃗  ⃗ leading to volume expansion and shear between the two adjacent 

crystals, respectively [53]. These rigid body translations are thought to occur from relaxation 

events in order to reduce the energy of the boundary, corresponding to the equilibrium structure of 

a GB [22,52]. The atomic structure of a GB is highly sensitive to all the aforementioned parameters 

and therefore variation in any of the GB parameters influences the atomic arrangement of the GB 

and eventually affect the GB properties. Hence, in general, GBs are categorized into various sub 

groups depending on the correlation between the discrete geometric parameters [22]. This signifies  

Figure 2-1: Schematic illustration of eight degrees of freedom to define a GB. a) represents five macroscopic 

degrees of freedom described by 𝑟 , 𝜃, and �⃗� . b) and c) depict two different modes of rigid body translation i.e. sliding 

and volume expansion of the GB, described by a translation vector �⃗� . 
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the infinite number of possible GBs theoretically, however in reality only few GB inclinations are 

possible due to energetic reasons. For example: on observing a GB at low magnification (in SEM), 

a curved boundary may indicate that many different GB plane inclinations coexist. However, on 

the atomic scale (in S/TEM), the boundary could consist of only specific symmetric and 

asymmetric inclinations associated with lower energy.  

Based on the relationship between rotation axis 𝑟 ⃗⃗  and the GB plane 𝑛 ⃗⃗  ⃗, GBs are described 

as a tilt (𝑟 ⃗⃗ ⊥ 𝑛 ⃗⃗  ⃗) or a twist (𝑟 ⃗⃗  ǀǀ 𝑛 ⃗⃗  ⃗) GB. Similarly, tilt GBs are further characterized into symmetric 

and non-symmetric GBs depending on the type of GB plane. The boundary is referred to as 

symmetric, if the GB plane lies exactly on the mirror symmetric plane between the two adjoining 

crystals such that (ℎ𝑔1𝑘𝑔1𝑙𝑔1) =  (ℎ𝑔2𝑘𝑔2𝑙𝑔2).  Other GBs, which do not satisfy the above criteria, 

are called asymmetrical. Moreover, GBs can also be classified as low angle (𝜃 < 15ᵒ) and high 

angle GBs (𝜃 > 15ᵒ), depending on the magnitude of the misorientation angle 𝜃. Currently, it is 

unquestionably an established fact that in general most of the GBs in metals and alloys are 

crystalline in nature [22,52]. From the definition of a GB as mentioned above, it is evident that the 

positions of the atoms are usually displaced in the mismatched region relative to the interior of the 

crystal. Taking into account the crystalline nature of a GB, there are several models developed to 

describe the atomic structure of a GB. Starting from the very first Read and Shockley dislocation 

model [54], which describes that the structure of GBs having a low misorientation angle are 

accommodated by an array of dislocations (edge dislocations forms tilt GBs, while screw 

dislocations forms twist GBs), also shown in Figure 2-2 a) [55]. This model provides an expression 

that relates the misorientation angle 𝜃 to the dislocation spacing D and the magnitude of the 

Burgers vector ǀ�⃗� ǀ, described as follows: 

 2 sin
𝜃

2
≈  𝜃 =  

ǀ�⃗� ǀ

𝐷
 2.2 

 

Based on the theory of elastic continuum, the energy of a low angle tilt GB (𝛾𝐺𝐵) as a function of 

misorientation angle (For Al, please see Figure 2-2 b)) is expressed as: 

 𝛾𝐺𝐵  =  
𝜇𝑏

4𝜋(1 −  𝜈)
(

𝑏

2𝜋𝑟0
 −  𝑙𝑛𝜃) 𝜃 2.3 
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Here, r0, μ and ν are the dislocation core radius, the shear modulus and the Poisson’s ratio, 

respectively. However, the model only holds well for the GBs with misorientation angle of 𝜃 < 

15ᵒ. For higher misorientation angle, D decreases and the dislocation gets so close that the 

dislocation cores start to overlap each other, thereby reaching the limit of this model. Furthermore, 

the energy of a GB becomes independent of the misorientation angle for higher angles [56]. 

Moreover, this dislocation model does not take into account the interaction of the GBs with the 

nearby defects or vacancies and the influence of microscopic translations etc. on the atomic 

structure. Figure 2-2 b) is adapted from the ref. [57,58] 

It is found that there is the potential that a complex dissociated dislocation configuration may 

emerge at these low angle grain boundaries (LAGBs) in order to further reduce the energy of the 

GBs such as dissociation of a full dislocation into a periodic array of two partials dislocations 

[59,60]. The presence of different configurations is highly dependent on the stacking fault energy 

(SFE) of the material, which means these different configurations are possible only at the GBs in 

low SFE material. However, so far such configurations have not been examined for high SFE 

materials like Al experimentally by any atomic scale observations. Since LAGBs are present in 

significant amount in polycrystalline Al, investigating the different possible configurations at 

LAGBs may advance our understanding on the plastic deformation of Al.  

Figure 2-2: Illustration of a low-angle GB. a) represents the structure of a low-angle GB consisting of an array of 

edge dislocations at the GB. b) shows the plot of the energy of a low angle tilt GB as a function of the misorientation 

angle. The plot clearly indicates that the energy of a LAGB increases as the misorientation angle increases, following 

the Read-Shockley model. Both the figures a) and b) are adapted with permission from the Refs [57,58], respectively. 
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Moving forward to the high angle GBs, there exists a special class of GBs called coincidence-site 

lattice (CSL) boundaries. Around 60 years ago, Kronberg and Wilson [61] developed this CSL 

model to describe these special GBs. It was postulated on the basis that the special GBs have less 

number of broken bonds, hence possess a lower GB energy than the random high angle GBs [22]. 

This model proposed that the overlay of the two lattices oriented along a specific direction having 

a certain misorientation between them leads to the emergence of a dichromatic pattern, which has 

a coincidence/overlap of some of the lattice points, called coincidence sites. The superlattice 

consisting of all these coincided lattice points is called the coincidence-site lattice (CSL). Σ defines 

the ratio of the CSL lattice points to the total number of lattice points that signifies the degree of 

matching between the two grains. A particular example of Σ5 in a cubic crystal is illustrated in 

Figure 2-3. 

It is evident from the figure that every fifth atom is coinciding in the dichromatic pattern. In many 

studies [62–65], special behaviour of some of the GBs was found, where there is a high density of 

Figure 2-3: Generation of a coincidence-site lattice for a Σ5 GB with a misorientation angle of 36.87°. a) Two 

identical [001] lattices 1 and 2 are rotated by a specific misorientation angle corresponding to Σ5, resulting in a 

dichromatic pattern with some coincidence lattice points (indicated by red colour circle) called CSL points/sites. Blue 

dashed horizontal line indicates the trace of the GB plane. b) shows CSL and displacement shift complete (DSC) unit 

cell, indicated by red and blue squares respectively. Translation of lattice 1 w.r.t lattice 2 (from green to final yellow 

square) shifts the origin of the CSL lattice without changing the CSL pattern, corresponding to a DSC lattice vector 

(indicated by an orange arrow). A newly placed CSL unit cell is shown as a dashed red square. 
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atomic fit at the GB (means low mismatch), especially associated with the low value of Σ, also 

shown in Figure 2-3 a). 

Apart from being very successful and popular, the CSL model is very simple and purely 

geometrical model that does not take into account the impact of the GB plane [25] and microscopic 

translations into the structure of a GB [36]. Furthermore, GBs in reality may also consist of defects 

at the GB such as dislocations, steps or disconnections. Therefore, in order to describe such defects 

at the GB, the “displacement shift complete” (DSC) lattice is established. These defects at the GB 

should be associated to the Burgers vector that preserve the CSL relationship. The DSC lattice is 

a sub-lattice of CSL that consists of all such minimum displacement vectors (as highlighted by 

black dashed line in Figure 2-3 b)), which conserve the CSL relationship. This means on translating 

lattice 1 w.r.t lattice 2 along the displacement vectors, the CSL pattern remains the same, however 

its origin is shifted. DSC lattice vectors describes the possible Burgers vector of a disconnection 

and/or height of a step, which are often present at the GB structure. A detailed description of the 

DSC lattice is provided in the Ref [66].  

Figure 2-4: High-angle GBs a) Grain boundary energy as a function of misorientation angle θ for symmetric Al tilt 

grain boundaries. This plot indicates that the GB energy does not increase consistently with the misorientation angle. 

The simulated graph is taken with permission from the Ref. [71]. b) Two different atomic structure for Σ3 [111̅] (112) 

GB having quite significantly different interfacial energies in Cu [36]. 
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Furthermore, considering the energy of the HAGBs, Balluffi [67] found in 1987 that the correlation 

between the energy and the geometry of the GBs is much more complex than the computed or 

experimentally measured energies by Hasson [68]. Simultaneously, it is also evident from the more 

recent simulation studies [38,69–71] performed in order to compute the energies of HAGBs in the 

fcc material (shown in Figure 2-4 a)) that only the misorientation angle or GB plane alone is not 

sufficient to evaluate GB energies. For example: Σ3 {111} and Σ3 {112} having a misorientation 

of 60ᵒ will have different energy corresponding to their different habit planes. In addition, it is not 

always necessarily true that low value of Σ represents low energy. Furthermore, GBs with the same 

Σ value, having the same tilt axis and the identical GB habit plane may have distinct atomic 

structures with substantially different energies. This is also illustrated in Figure 2-4 b) for Σ3 <111> 

{112} GB in Cu. This means the Σ value has very little association with GB energy. Nowadays, it 

is well-accepted that other than the geometry of a GB, its energy is highly dependent on the atomic 

structure, presence of interfacial defects, and the nature of bonding at the GB.  

Recently, great advancements in the field of electron microscopy techniques such as aberration-

corrected STEM and atomistic simulations with more accurate embedded atom model (EAM) 

potentials have substantially advanced the topic. The atomic structure of the HAGBs are highly 

influenced by the microscopic relaxations at the GB, which is dictated by the bonding nature and 

forces between the atoms. There have been several systematic simulation studies [19,21,28,36,37] 

done in order to understand the structures of GBs, which have led to the evolution of the structural 

unit model (SUM). In accordance with the SUM, the atomic structure of a high angle GB can be 

described by a single/combination of repeating 2D structural units (a specific arrangement of a 

certain quantity of atoms) [72]. The GBs having a single structural unit are referred to as delimiting 

GBs and are considered as a reference structure for other GBs. The combination of SUs from the 

respective delimiting GBs can be used to explain the structure of any GB that has a misorientation 

between the two delimiting GBs. Although the SUM has been highly effective over the past few 

decades, particularly in the area of modeling, differences between the simulated and the 

experimental structure of a GB have frequently been found. [73,74]. One reason for such a 

discrepancy could arise from the simulation method itself, which is used to predict the atomic 

structures of the GBs. Another major reason for such contradiction is the non-unique atomic 

structure of a GB with fixed macroscopic DOFs [36,53,72,75]. Several studies reveal the existence 

of multiple stable and metastable states for a GB with fixed macroscopic DOFs, characterized by 
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distinct thermodynamic excess properties [23–27]. Due to energetic reasons, a large number of 

possible rigid body microscopic translations in the GB plane give rise to the different atomic 

structures of a GB [28–31]. Apart from that, it is often found that various interfacial defects at the 

GB like full dislocation, step and/or disconnections, etc. also dictate the GB behavior.  

It is well known that the creation and dynamics of disconnections play a vital role in various GB 

kinetics such as the existence of disconnections along thermally equilibrated GBs [76], 

disconnection movement during GB sliding [77] and deformation coupled GB motion [78].  GB 

disconnections are line-defects exhibiting both dislocation and step character in grain boundaries 

or phase interfaces and are characterized by a Burgers vector b and step height h. In addition, both 

b and h must be a translation vector of the DSC lattice. Bollman first advanced and expanded the 

idea of disconnections in 1970 [66,79–81]. In their analysis of the atomistic migration mechanism 

of the Σ11(113) coherent GB, Zhu et al. [82] found that the regular coalescence and dissociation 

of two disconnections with the height of either one or two atomic layers has an impact on the GB 

migration. Other than the boundary structure, the type and density of the disconnections have a 

significant impact on the GB's properties as well as their macroscopic behavior. Thus, there is a 

need for direct experimental evidence of the local atomic structures of defects present at the GBs 

in order to discern their impact on the interfacial properties. 

2.3 Grain boundary thermodynamics and phase transitions  
 

Grain boundaries are one of the interfacial defects represented by the presence of broken atomic 

bonds. Hence, their thermodynamic treatment should be in accordance with the general well-

developed thermodynamic description of other interfaces such as free surfaces [19]. Gibbs [83] 

has provided the very first thermodynamic description for the dividing interfaces. Later, Cahn [84] 

adapted Gibb’s description and redeveloped a more convenient thermodynamical model for the 

grain boundaries. Considering a system having a bi-crystal with two differently oriented crystals, 

separated by a grain boundary interface. According to Gibbs, the internal energy of a system 

increases as the bi-crystal grows and can be expressed by the following equation [83]: 

 𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 + ∑𝜇𝑖𝑑𝑁𝑖

𝑁

𝑖=1

+ 𝛾𝑑𝐴 2.4 
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Here, T, S, P, V indicate the thermodynamic state variables i.e. the temperature, the entropy, the 

pressure and the volume of the system; while N is the number of constituents with their chemical 

potential 𝜇𝑖. Furthermore, A and 𝛾 represent the grain boundary area and the free energy of the 

boundary per unit area, which is defined by Cahn [84] at constant V and 𝑁𝑖, as follows. 

 𝛾 = (
𝜕𝑈

𝜕𝐴
)
𝑆,𝑉,𝑁𝑖

= (
𝜕𝐺

𝜕𝐴
)
𝑇,𝑃,𝑁𝑖

 2.5 

The grain boundary energy can additionally be expressed in terms of other thermodynamic state 

variables such as Gibb’s energy (G) as in equation 2.5. This equation indicates that the existence 

of interfaces increases Gibb’s energy of the whole system, which depends on the thermodynamic 

state variables (pressure, temperature and composition) as described above and also on the GB 

geometry and the atomic structure [22,52].  

Furthermore, more recently, Frolov et al. [85,86] have developed the thermodynamic description 

for planar coherent interfaces under non-hydrostatic elastic stresses and also introduced several 

other interface excess quantities that may affect the GB properties. According to Frolov and co-

workers, the GB free energy is defined as the reversible work of the formation of an interface from 

a single crystal under stress and the total interfacial energy (𝛾𝐴) is given by the following 

expression: 

 𝛾𝐴 = ∆𝑈 − 𝑇∆𝑆 − 𝑀21∆𝑁2 − 𝐴 ∑ 𝐵𝑖

𝑖=1,2,3

𝜎3𝑖 2.6 

Here, ∆𝑆, 𝑀21, ∆𝑁2, 𝐵𝑖, and  A  is the entropy change of the region, the diffusion potential of 

component 2 relative to 1, the change in the number of atoms 2, the displacement vector and the 

GB area. In this thermodynamic approach, instead of chemical potentials, diffusion potentials are 

considered. In addition, the terms ∆𝑈, 𝑇∆𝑆, 𝑀21∆𝑁2 and 𝐴∑  𝐵𝑖𝑖=1,2,3 𝜎3𝑖 describes the energy 

change, the total sum of the heat, the chemical work and the mechanical work done by stress, 

respectively, during GB formation. Any extensive property such as ∆𝑁2 can also be described in 

terms of excess quantity notation i.e. [𝑁2]𝑁, where [𝑁2]𝑁 indicates the segregation of component 

2 at the GB. The GB excess of a property is defined relative to a homogeneous region from the 

grain having the same amount of atoms as in the GB. Hence, the above equation can also be 

expressed in terms of excess quantities as follows: 
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 𝛾𝐴 = [𝑈]𝑁 − 𝑇[𝑆]𝑁 − 𝑀21[𝑁2]𝑁 − 𝜎33[𝑉]𝑁 − 𝐴 ∑ 𝐵𝑖

𝑖=1,2

𝜎3𝑖 2.7 

Furthermore, a generalized fundamental adsorption equation for an interface is derived (see 

equation 2.8), whose differential coefficients give several GB excess properties such as GB stress 

tensor, GB segregation, GB excess shear and GB excess volume.  

 d (𝛾𝐴) = −[𝑆]𝑁𝑑𝑇 − [𝑁2]𝑁𝑑𝑀21 − [𝑉]𝑁𝑑𝜎33 − 𝐴 ∑ 𝐵𝑖

𝑖=1,2

𝜎3𝑖 − 𝐴 ∑ 𝜏𝑖𝑗

𝑖,𝑗=1,2

𝑑𝑒𝑗𝑖 2.8 

In the right-side terms in equation 2.11, [𝑉]𝑁 is the GB excess volume, the coefficients AB1 and 

AB2 represent the excess shears of a GB. The coefficients of 𝑑𝑒𝑗𝑖 define how lateral strains at the 

GB influences the total GB free energy. 𝜏𝑖𝑗 is a stress tensor and an excess quantity that describes 

the stress state of the core of a GB (whether it is compressive or tensile).  

In the last few decades, it has been recognized that GBs can also be considered as 2-D phases 

analogous to bulk phases and hence can undergo phase transformations (structural and chemical 

change) as a function of thermodynamic state variables [27,34,87]. These transitions can be 

described using the GB excess free energy, which is a function of thermodynamic excess properties 

as described above equation 2.8 [85,86]. These grain boundary phases are also termed 

“complexions” [33–35,40], however in this thesis term ‘phase’ is utilized. Gibbs [88] was the first 

one who theoretically identified these transitions at the interfaces and formulated their stability 

and equilibrium criterion. Hart [26], later introduced the possibility of such transitions at the planar 

GBs and suggested that the GB properties such as GB migration, cohesion, GB sliding resistance 

and diffusivity, among others, will also alter on transition. This suggested that if a substantial 

fraction of GBs in a material undergoes such transitions, this will lead to a dramatic and abrupt 

influence on the GB properties and eventually will have implications on the bulk behaviour of a 

material.  

Several indirect measurements (both experimental and/or simulation)  have provided insights into 

the understanding of the atomic structure and phase behaviour of the GBs, revealing the presence 

of such transitions in several materials system [23,29,36,37]. In addition to that, in some studies, 

researchers have also tried to correlate the change in properties of the GBs with these GB phase 

transitions [30,89–92]. Divinski [93] studied the relationship between Ag diffusivity and 
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temperature in Cu Σ5 (310) GB and discovered a sharp change in diffusivity at a particular 

temperature value. He proposed that the abrupt shift in the diffusion value points to a change in 

the atomic structure of the grain boundary, which was later confirmed by Tim Frolov [89] using 

atomistic simulation. 

Similarly, Bojaski and co-workers [94] have tried to correlate the abnormal grain growth 

phenomena found in yttria-doped Alumina with GB phase transformations. According to their 

argument, higher energy GBs are more likely to go through transitions to a new phase with high 

Figure 2-5: Experimental observation revealing phase transitions. a) congruent transition observed in Σ19 GB 

and b) non-congruent transition in Σ5 GB by STEM-HAADF in Cu [40,41]. 
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mobility than lower energy GBs. Furthermore, changes in the mechanical properties may also 

indirectly reveal such transitions such as the occurrence of liquid metal embrittlement in 

Σ11(110)[311] Al GB due to the segregation of Ga into the GBs [95]. Depending on the 

macroscopic degrees of freedom, the phase transitions can be classified into congruent and non-

congruent transitions [34]. In addition to the change in the atomic structure, the latter is 

accompanied also by a change in geometrical DOF and chemistry while the former has fixed DOF 

[27,34]. Despite the fact that Cahn's [27] initial theory claimed that congruent transitions in pure 

component systems are extremely uncommon. It is now well recognized via direct experimental 

observations and/or simulations [23,40,42] that both kinds of transitions can occur for pure as well 

as for multicomponent system as shown in Figure 2-5. 

Figure 2-6: Depiction of stress induced GB migration in Σ5 (310) GB in Aluminum at 300 K. a) Two different 

GB structures SC-1 and SC-2 were found for Σ5 GB. b) Calculated GB position as a function of shear moving distance. 

It clearly shows different shear-coupling factor (β) for both the structures, and thus differences in GB behavior. SC-1 

exhibits a stepwise motion of the GB while SC-2 does not exhibit sharp stepwise motion until 11.4 % strain. The 

images are taken with permission from Ref. [20]. 

. 
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Furthermore, it is important to take into account that in a pure component system, the presence of 

two different atomic states (called microstates) at a GB with fixed macroscopic DOFs does not 

necessarily corresponds to a phase transition. This is because sometimes these two different 

microstates may not coexist at the same GB and may not transform into each other. Hence, in order 

to confirm whether two microstates can be transformed into each other or not, in-situ transmission 

electron microscopy experiments or molecular dynamics simulations need to be performed. 

Numerous atomistic computer simulation studies [36–38] have been carried out to investigate the 

structure, possible transitions and energy of various tilt GBs in pure component systems, but 

mainly for the [001] or [011] tilt axes. For example: Cheng et al. [20] and co-workers investigated 

the influence of different microstates on the shear coupling motion of  Σ5 (310) GB in Al via 

molecular dynamics (MD) simulations. They predicted three different atomic structures for Σ5 

GB, two of which SC-1 and SC-2 at 300 K are depicted Figure 2-6 a). Each GB structure exhibits a 

distinct GB migration pattern behaviour when shear strain is applied, as shown in Figure 2-6 b).  

However, GB structures and properties evaluated via simulation highly depend on the accuracy of 

the interatomic potential. It is of utmost importance to verify whether the simulated structures 

resemble the real experimental one or not. Hence, new advances have been made by combining 

the results of the calculated boundary structures with relevant experimental atomic scale 

observation [24,96–98]. Recently, Meiners et al. also observed the coexistence of two distinct GB 

phases (pearl and domino structure) at Σ19b [111] GB in elemental copper by atomic-resolution 

STEM imaging and further explored the coexistence and transformation kinetics of these GB 

phases by MD simulation [40]. However, there is a scarcity of such combined studies on atomic 

level, especially for [111] tilt GBs in metals [36,37,99]. Therefore, in order to establish the 

structure-property correlation, we need to understand the atomic-scale GB structures as a function 

of misorientation angle and the GB plane (i.e. change from one symmetric variant to another 

symmetric one or from a symmetric to an asymmetric one). 

2.4 Grain boundary segregation 
 

GB segregation defines the increase in the concentration of solute atoms at a GB [100]. Generally, 

the solubility of the solute atom at the GBs is different than in the bulk [101]. There are primarily 

two types of segregation called equilibrium and non-equilibrium GB segregation. Equilibrium 

segregation is the thermodynamically-driven distribution of the solute atoms at the GB with the 
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goal of lowering the system's overall Gibb's energy. The system's thermodynamical characteristics 

exclusively determine the extent of the chemical enrichment at a GB at equilibrium, and this 

determination is straightforward reproducible. While non-equilibrium segregation occurs because 

of the concentration gradient due to the interaction of the solute atoms with the vacancies. It is 

highly sensitive to the rate of cooling from an elevated temperature and is more prevalent in certain 

processes such as quenching and irradiation [102].  

In the thesis, more or less all of the annealed specimens have been cooled slowly in the furnace, 

thus equilibrium segregation has a great significance here. Wynblatt and Chatain [103] very 

thoroughly explore a variety of various approaches that might be used to describe interfacial 

segregation. In general, there are two most common approaches to describe GB segregation 

thermodynamically: the Gibbs adsorption isotherm [104] and the Langmuir–McLean types of 

segregation isotherm [105]. The fundamental Gibbs adsorption theorem can be used to illustrate 

how the GB energy changes in relation to the bulk solute concentration and is derived from the 

equation 2.4 as follows: 

 Γ𝐺𝐵 = −
1

𝑅𝑇
 (

𝜕𝛾

𝜕ln(𝑋𝑖)
)
𝑃,𝑇

 2.9 

Here, Γ𝐺𝐵 is the adsorption of solutes i at the GB, 𝜕𝛾 is the change in GB energy upon 

segregation at constant temperature T and pressure P and 𝑋𝑖 is the molar fraction of the solute in 

bulk. Equation 2.9 correlates the change in the GB energy due to a change in solute concentration 

of the bulk to the amount of solute being adsorbed at the GB. This way one can determine the 

solute excess by plotting the interface energy vs solue concentration of the bulk. This model is 

successfully applied for the first experiments on GB segregation such as to quantify the solute 

excess in the segregation of phosphorus, tin and sulphur in iron [106,107]. Despite its success, this 

approach is not as fruitful as it is experimentally challenging to measure the GB energy and the 

accurate bulk concentration at different temperatures.  

Hence, these shortcomings led to the development of more complementary analytical 

models such as the McLean model, which explicitly dealt with the GBs. McLean model defines 

the segregation equilibrium based on the aspect of the Gibbs energy minimization coupled with 

the statistical mechanics approach [108]. In this model, he put forward that there are fixed number 

of atomic sites at the GB and the solute atoms are distributed among these sites, corresponding to 
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a minimization of the free energy. The classical Langmuir-McLean isotherm is described as 

follows: 

 
𝑋𝑖

𝐺𝐵

𝑋𝑖
𝐺𝐵,𝑠𝑎𝑡 − 𝑋𝑖

𝐺𝐵
= 

𝑋𝑖

1 − 𝑋𝑖
 𝑒𝑥𝑝 (

−Δ𝐺𝑖
𝐺𝐵

𝑅𝑇
) 2.10 

Here, 𝑋𝑖
𝐺𝐵,𝑠𝑎𝑡

 is the saturation concentration of solute i at the GB, 𝑋𝑖
𝐺𝐵 is the measured solute 

concentration at the GB, 𝑋𝑖 is the solute concentration in the bulk and Δ𝐺𝑖
𝐺𝐵 represents the change 

in Gibbs free energy due to the GB segregation. According to equation 2.7, it is evident that the 

segregation increases as the solute content increases and the temperature drops. Furthermore, the 

segregation reaches towards a saturation value 𝑋𝑖
𝐺𝐵,𝑠𝑎𝑡

, when all the adsorption sites at the GBs 

are filled with solutes and correspond to one monoatomic layer at the GB [108]. If that 

happens, 𝑋𝑖
𝐺𝐵,𝑠𝑎𝑡

 becomes equal to one and equation 2.10 can be rewritten as: 

 𝛽 =
𝑋𝑖

𝐺𝐵

𝑋𝑖
=  𝑒𝑥𝑝 (

−Δ𝐺𝑖
𝐺𝐵

𝑅𝑇
) 2.11 

Here, 𝛽 is referred to as the enrichment factor. Since the Langmuir-McLean model does not require 

comprehensive information about the variation in the GB energy with the temperature, it becomes 

widely useful and popular to quantify GB segregation [109]. 

2.5 Al and Al-(Cu/Zr) systems 
 

Al is the most abundant element on the earth’s crust, found as bauxite ore and the third most 

significant material, commercially used worldwide. However, pure Al is very soft with low flow 

stress; therefore, certain alloying elements are added to improve its properties, followed by specific 

heat treatments like annealing, strain hardening and precipitation hardening. Al alloys with Cu, 

Mg, Si, and Mn have a very good strength and are greatly used for the manufacturing of a huge 

variety of products like structural components, utensils, automobile parts, doorframes, roofs, 

windows, foils, wiring in microchips, coatings, etc. [3,10,110]. This is owing to their excellent 

properties such as resistance to corrosion and oxidation, good electrical conductivity, 

environmental friendly (recyclable), high thermal conductivity, easily castable and machined. 

Globally, the transportation industry accounts for the major use of Al alloys. Al consumption is 

increasing currently and will continue to increase in the future. According to the fortune business 
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insights’ report, it is estimated that the global Al market share is going to expand approximately 

by 48%, from 2019 to 2027 [111]. There are various key factors responsible for driving such 

growth of Al that include the continuous expanding automotive industry, adaptation of Al products 

in robotics technology, increasing popularity of recycled products, strict government policies and 

regulations to produce vehicles with improved carbon footprint [112]. 

Besides the high demand and popularity, it has been realized that many Al based engineering 

components are also prone to metallurgical failures. There are several causes, which contribute to 

the failure of these alloys that include porosity, corrosion, crack formation and fatigue (the most 

common one). Numerous studies [113–115] have reported that fatigue damage to aircraft under 

the atmospheric environments such as rain, water, fog and humid air may often result in the failure 

Figure 2-7: Al-Cu system: A typical binary phase diagram for Al-Cu and Al-Zr system. This figure is taken from 

Ref [126]. 
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of the aircraft and endanger its security. More specifically, it is well known for 2XXX (Al-Cu) and 

7XXX (Al-Zn) series Al alloys, which are widely used for making commercial products for 

structural applications. However, in general, the most prevalent problem with these alloys is that 

they do not have very good stress corrosion cracking resistance compared to other Al alloys 

[13,116], which accounts for 90% of  the service failures. Similarly, another big problem with Al-

Cu alloys is the electro-migration failure [117] of interconnects in integrated circuits (IC), which 

leads to open circuit failures and pose a big reliability threat in the fields of microelectronics. All 

these failures are dependent on several factors such as alloying element, heat treatment, 

microstructural characteristics, mainly by grain boundaries distribution, character and their 

behaviour [118]. Therefore, it is of great interest to understand the GBs structure and the impact 

of impurities on the structures fundamentally, on the atomic level in order to improve the properties 

of these alloys from engineering aspect so that such failures can be avoided in future.  

Since Al-Cu alloy (2XXX series) are technically very important and one of the most widely used 

alloys, hence we have chosen the Al-Cu system in this study. These alloys have been studied 

extensively to understand the impact of the alloying elements to enhance their mechanical 

properties. Several studies [119–121] found that Cu has a strong segregation tendency towards Al 

GBs and can stabilize the ultra-fine grained size in Al alloys. Additionally, it is well-known that 

Cu can strengthen Al alloys via precipitation hardening [122]. However, it is yet unclear how the 

Cu solute influences the local atomic structure and the properties of Al GBs. Zhao et al. [123] 

systematically simulated the impact of Cu solute on the strength of Σ5 (210)[001] GB in Al. Zhao 

and co-workers found that the preferred interstitial segregation of Cu on Al GBs is enhancing the 

cohesive strength of the Al GBs, which also increases the resistance to inter-granular fracture at 

Al GBs. Campbell [124] also found that the preferred interstitial segregation of Cu is also causing 

a change in the atomic structure of a Σ5 Al GB (210)[001]. The modified structure of Al also 

altered the mass transport behaviour, which will eventually have a considerable impact on the 

understanding of the electro-migration process. However, there is a scarcity of such atomic level 

studies on pure and alloyed Al system, especially for [111] tilt GBs. More recently, Prakash [125] 

has reported the atomic scale Cu segregation on [111] tilt GBs as a function of misorientation angle 

between the two neighbouring grains. He found two types of segregation behaviour i.e. point (for 

< 28ᵒ) and parallel segregation (for > 28ᵒ) and concluded that the GBs with high misorientation 

angle are more segregated than the lower angle ones. However, this study was performed on 7075 
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Al alloy with the following composition (based on EDS from a substantial sample area) : Al 

96.77%, Zn 0.15%, Mg 1.47%, Cu 1.13%, Si 0.5%. It is important to take into account that this 

system has Mg, which also has a very high segregation tendency in Al and is available even in 

higher percentage than the Cu. However, no Mg segregation was observed. Hence, it is difficult to 

rule out the influence of Mg and Zn on the two discrete types of segregation. Therefore, it is of 

great interest to study the independent effect of Cu on pure Al GB structures in order to understand 

the segregation. 

Figure 2-8: Different precipitation behavior for a) Al-Cu and b) Al-Cu-Zr alloys, as revealed by TEM studies 

following the heat treatment at 643 K (370 ◦C) as described in the ref [126]. It is shown that the lengths of the Al-

precipitates in b) is 3 times higher than a) and possesses fine microstructure. c) The plot reports the overaging of two 

Al-Cu alloys with and without Zr addition at 473 K. It is found that Zr-containing alloys persistently had a higher 

strength than the one without Zr addition [126]. 
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Furthermore, Zr is also an important alloying element, which is routinely added to control grain 

size via formation of large precipitates of Al3Zr, which further strengthen the Al-Cu alloys [126–

128]. For example, Dean and his coworkers found the Al-Cu alloys containing Zr had a different 

precipitation behavior of Al-Cu precipitates (Al2Cu) in the system, along with the formation of 

Al3Zr precipitates [126]. A typical phase diagram for Al-Cu and Al-Zr systems are shown in Figure 

2-7 [126].  The size of the Al-Cu precipitates in Al-Cu-Zr alloys becomes fine as compared to the 

Al-Cu alloys (without Zr), as reflected in Figure 2-8 a) and Figure 2-8 b). Furthermore, the Al-Cu-Zr 

alloy possessed slightly higher strength than the Al-Cu alloys without Zr as depicted in Figure 2-8 

c). However, prior to precipitation, the Cu and Zr interaction at the GBs locally on an atomic scale 

is not understood. Thus, a systematic and comprehensive investigation of Cu and Zr segregation 

on pure Al GBs needs to be done. This will provide further insights into compositional control of 

solute in the material system and their implications on various GB related mechanisms such as 

crack formation, de-cohesion and strengthening via solute precipitation. 
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Chapter 3  Methods 
 

3.1 Thin film deposition by physical vapour deposition techniques 
 

A thin film deposition technique known as Physical Vapor Deposition (PVD) involves vaporizing 

the material to be deposited from a solid material, conventionally called target. The deposited 

material first transforms into a vapor phase and then develops atom-by-atom in the form of a 

condensed phase onto the substrate. PVD deposited thin films may have layers with thicknesses 

as thin as few atomic layers up to several microns [129]. The atomic deposition process can 

possibly be done in a variety of distinct environments such as gaseous, vacuum, plasma, or any 

electrolytic environment. Several deposition parameters like the type of the substrate, the thickness 

of the film, the deposition rate, the temperature of the substrate, the annealing conditions and the 

surface properties of the substrate dictate the microstructural features and properties of the thin 

films deposited [130]. Typical deposition rates in PVD generally vary between 1-100 Å/s [131]. 

The most widely used and popular surface coating methods in the PVD process are sputtering and 

evaporation. Schematics of those are shown in Figure 3-1 (based on the Refs [132,133]).  

Both of these techniques enable the ejection of the atoms from the target material at a very low 

pressure, which facilitates the deposition of these particles onto the substrate. Furthermore, the 

Figure 3-1: Schematic of the working principle of the PVD techniques a) e-beam evaporation and b) magnetic 

sputtering. The images are taken from the Refs [132,133]. 
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presence of vacuum in the deposition chamber during deposition significantly lowers the 

contamination [134]. In the current thesis, all of the Al thin film growth was carried out using 

either electron (e)-beam evaporation or sputtering techniques.  

3.1.1 Electron-beam evaporation 
 

In the electron (e)-beam evaporation method, a high-energy electron beam is created from an 

electron source, which is further escalated to a high kinetic energy. The beam is then steered with 

the help of electric and magnetic fields towards the target material placed in the crucible. As the 

electrons irradiate the source material, heat produced during interactions increases the temperature 

of the target material. Once the surface atoms have sufficient energy, they transform into gaseous 

state and start evaporating from the melt or solid. These atoms then transmit through the vacuum, 

get deposited onto the substrate, and coat the surface as shown in Figure 3-1 a). In order to assure 

the uniform deposition of the film, the substrate holder on which the substrate is fastened, rotates 

at a distinct speed. For high temperature depositions, infrared heater lamps are utilized to preheat 

the substrate. The main advantage of this technique is the low deposition rates achievable as low 

as 0.16 Å/s and a great structural and morphological control of the thin films [135]. 

3.1.2 Magnetron sputtering 

 

In Magnetron sputtering, the substrate is placed in a high vacuum chamber containing a sputtering 

gas, usually Argon (Ar), which reduces the partial pressures of all the potential gases and 

impurities inside the chamber. A magnetically confined plasma is generated near the surface of the 

target material to be deposited onto the substrate. Negative charge is applied to the target material 

that onsets the acceleration of electrons present in the Ar gas atoms. Accelerated electrons collide 

with the nearby Ar gas atoms causing an electrostatic repulsion, leading to the knocking off 

electrons from the Ar atom thereby causing the ionization of the gas. When they reach the 

negatively charged target (in our case, Al), these positively charged Ar ions in the plasma are 

accelerated and sputter off the atoms from its surface. As they go through the vacuum chamber, 

these sputtered particles deposit a thin film on the substrate's surface (which needs to be coated). 

Several types of power sources are available for sputtering, which includes direct current (DC), 

radio-frequency (RF), pulsed DC, alternating current (AC) and the newly evolving high power 
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impulse magnetron sputtering (HPIMS) techniques [136,137]. Typically, DC power source is used 

for magnetron sputtering of target materials that are conductive in nature such as metals. This 

technique offers many advantages over other PVD techniques as it does not need melting or 

evaporation of the source material. Thus, even materials with a high melting point can be sputter-

deposited with excellent adhesion and high density [137]. 

3.2 Electron microscopy techniques 

 

Electron microscopy (EM) is a multifaceted tool with a range of techniques used for material 

characterization at different length scales by using electrons as a source of illumination. Scanning 

electron microscopes (SEM) and transmission electron microscopes (TEM) are the two main types 

of electron microscopes. 

During the interaction between the primary incoming electrons and the atoms in the sample in 

SEM, different types of elastic and inelastic scattering processes occur which lead to the generation 

of various types of signals [138] as shown in Figure 3-2. The specimen generates secondary and 

backscattered electrons, which the SEM detects [139]. The TEM method, however, is dependent 

Figure 3-2: Electron – specimen interactions: This figure depicts several types of signals generated from different 

parts of the electron-specimen interaction volume. The length scale gives approximated interaction volumes. The 

image is redrawn after [138]. 
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on the detection of transmitted electrons that are travelling through the specimen [140]. SEMs 

usually use acceleration voltages up to 30 kV, whereby TEMs can be operated in the voltage range 

of typically 60–300 kV. SEM allows characterization of the microstructural features at the macro, 

micro and nanoscales, i.e., from several micrometers down to few nanometers while transmission 

electron microscopy (TEM) provides information of even smaller features with fine details down 

to atomic resolution. 

3.2.1 Scanning electron microscopy 
 

A high-energy focused beam of electrons is used for imaging in SEM in a similar way as light 

microscope uses visible light. Electrons are emitted via thermionic or field emission phenomena 

by the electron gun placed at the top part of the column. The path of electrons inside the microscope 

column can be controlled using electromagnetic lenses. Specific set of coils are used to raster the 

electron beam over the sample surface that generates variety of signals during electron sample 

interaction (see Figure 3-2). The two primary signal types employed in SEM imaging are secondary 

electrons (SE) generated by inelastic interaction from the sample's near-surface regions and 

backscattered electrons (BSE) produced by elastic interaction from the sample's deeper sections. 

SE provide detailed information about the surface topography while BSE provide information on 

crystallography and composition in the specimen. Different types of detectors detect both SE and 

BSE. For the detection of BSE, solid state detectors are used that is placed concentrically to the 

electron beam just above the sample while for the SE, mainly Everhart-Thornley (ET) detectors 

and in-lens detector are used. The scintillator for the ET detector is housed in a Faraday cage that 

is tilted and fastened to the side of the microscope chamber. A small positive voltage is applied to 

the Faraday cage to attract the relatively low-energy (<50 eV) secondary electrons [141]. Applying 

a strong positive voltage to the scintillator, where the impinging electrons are converted into light, 

accelerates them even further. These photons then travel along the light guide to a photomultiplier 

tube, where they are amplified. However, some BSE may also reach the ET detector in addition to 

SE.  Consequently, under these situations, the resultant image is not a pure SE image. In addition, 

modern SEM instruments use in-lens detector, which is positioned above the objective lens inside 

the microscope column. In order to increase the spatial resolution and collection efficiency of SEs, 

in-lens detector is equipped rotationally symmetric around the optical axis of the microscope [142]. 

A comprehensive overviews of SEM techniques can be found in the literature [139,143]. 
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3.2.2 Electron backscatter diffraction  
 

For the literature of this section, please refer to the Ref. [144,145]. Electron backscatter diffraction 

(EBSD) is a microscopy technique that provides rich crystallographic information about the 

microstructure of a crystalline specimen that includes determination of the crystal structure of 

phases, grain orientation, texture and local strain. 

In this technique, an electron beam interacts with a fine polished crystalline specimen tilted at 70ᵒ 

and undergoes both elastic and inelastic scattering. As the elastically scattered BSEs came out of 

the specimen, coherent Bragg scattering by the atoms in the crystal lattice further diffracts them. 

As long as the diffraction conditions are satisfied, electrons are diffracted from the individual 

grains in all directions in the form of a diffraction cone, called Kossel cones.  

On intersecting with the phosphor screen, these Kossel cones form Kikuchi lines/bands in a 

projection that corresponds to the diffracting lattice planes present in the crystal. The Kikuchi 

pattern generated from each grain is also referred to as electron-backscattered pattern (EBSP). 

These patterns are detected by a special detector equipped with a phosphor screen and a charge 

coupled device (CCD) camera that record the diffraction pattern for each pixel over which the 

beam is raftered across the specimen. 

Hence, this results in a full EBSD map. Once the Kikuchi patterns are collected for each pixel, a 

mathematical Hough transformation is used that converts straight line in the image space (x, y) 

into a single point. The Kikuchi bands appear as peaks in Hough space that are easily detected and 

used to determine the original band positions. From that identified position, the angle between the 

detected bands is calculated. On comparing it with the database available in the TSL-Orientation 

Imaging Microscopy (OIM) EBSD software, crystal orientation of the specimen is determined.  

3.2.3 Plasma focused ion beam microscopy  
 

The literature for this section is based on Refs. [146–148]. A focused ion beam (FIB) instrument 

is almost equivalent in principle to an SEM, besides it uses a beam of ions alternative to electrons. 

The plasma focused ion beam (PFIB) dual beam system utilized here uses a Xenon ion beam and 

an electron beam. Both intersect at an angle of 52° at a coincident point (also called eucentric 

point/height) near the sample surface for milling of micro/nanometer size sample and subsequent 
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imaging of the FIB milled surface. The system has a five-axis piezo-driven motorized sample stage 

for precise control of the sample position. In contrast to Ga-FIB, which utilizes liquid metal ion 

source (LMIS), PFIB employs an inductively coupled plasma (ICP) source. Both type of sources 

are schematically illustrated in Figure 3-3 [149]. Xenon (Xe) ions are generated from Xenon gas, 

using a mini RF-generator that inductively heats the gas with the help of an electromagnetic 

induction coil and ionizes it.  

 

A combination of electrostatic and electromagnetic lenses is used for focusing the ion beam onto 

the specimen surface and the beam is rastered across defined patterns with the help of scanning 

coils. As the impinging ions interact with the sample surface, secondary electrons are generated 

and the high mass and kinetic energy of the ions leads to removal of the material by the sputtering 

process. Furthermore, the heavy incoming ions also induce damage to the region of interest in the 

form of point defects such as vacancies and interstitials. Therefore, modern FIB systems also 

possess a gas injection system (GIS) to deposit protective layers (commonly Pt, W or C) by beam 

induced precursor gas decomposition.  

The main advantage of using a Xe+ Plasma FIB over a conventional Ga FIB is that it offers much 

higher currents up to tens of nA (up to 60nA) compared to a Ga FIB. This allows high milling rates 

for large volume sections, which are impossible to achieve with a Ga FIB in a reasonable time. In 

addition, it also eliminates Xe enrichments and contamination at the interfaces in contrast to Ga 

Figure 3-3: Schematic illustration of FIB sources a) Liquid metal ion source (LMIS) in Ga-FIB. b) Inductively 

coupled plasma (ICP) source in Xe-PFIB. Images are redrawn after Ref [149]. 
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enrichments with conventional FIB, especially for Al and its alloys. On performing EDS on the 

GBs, no trace of Xe is found in the Al specimen prepared by PFIB in contrast to Ga FIB.   

3.2.4. Transmission electron microscopy  
 

For the literature of this section, please refer to ref. [140,150–153]. Transmission electron 

microscopy (TEM) uses a high-energy electron beam having very small wavelength (as small as 

2.24 pm at 300keV). These electrons are generated from an electron source by either thermionic 

emission (LaB6 crystal/tungsten filament) or field ion emission (FEG). These electrons are then 

accelerated to a high voltage of typically 60-300kV in a high vacuum. The condenser lens system 

focuses the electron beam on to the specimen in parallel beam illumination (conventional TEM) 

or convergent beam mode (scanning transmission electron microscopy (STEM)). While 

convergent beam mode is largely utilized for STEM imaging, convergent beam electron diffraction 

(CBED), and chemical analysis using electrons and X-ray spectrometry, parallel beam mode is 

primarily used for TEM imaging and selected-area diffraction (SAD).  

The incoming electrons transmit through a very thin specimen of below 100 nm thickness 

where all the beam-specimen interactions take place. In a broader sense, this results in two type of 

electrons: unscattered electrons (corresponds to central spot in diffraction pattern (DP)) and 

scattered electrons (produced by different elastic and inelastic scattering processes). There is no 

energy loss during elastic scattering, which happens when the primary electron beam is scattered 

to merely a few degrees (100 mrad ≈ 5ᵒ) when interacting with the electrons in the outer shell or 

to a significant angle while experiencing Coulombic interaction with the positive nucleus. While 

inelastic scattering results from loss of energy from the primary beam to the specimen and 

produces several useful signals that provides information about the chemistry and electronic 

structure of the specimen. In TEM, electrons are transmitted through a thin specimen (<100 nm) 

and are elastically scattered to form either a DP in the back-focal plane (BFP) or an image in the 

image plane. This is done by varying the strength of the electro-magnetic field of an intermediate 

lens. In STEM, a convergent beam is focused onto the sample and rastered pixel by pixel across 

the whole sample. High angle annular dark field (HAADF) images, created by incoherent 

elastically scattered electrons that have scattered to high angles, are the most well-known and often 

used images in STEM. The objective lens, the intermediate lenses and the final lens, which serve 
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as the projector lens, make up the imaging system in TEM. The DP or an image is magnified and 

further projected onto the phosphorus screen using the projector lenses. A detector such as a charge 

coupled device (CCD) or complementary metal oxide semiconductor (CMOS) records an image 

or a DP. While in STEM, annular detectors are used to collect the transmitted electrons as a 

function of the location of the beam. Depending upon the range of scattering angles recorded, 

STEM can be used in various different modes such as bright field, dark field and HAADF. A 

detailed account of STEM methods and modes used in this thesis is discussed below in the 

upcoming sections.  

3.2.4.1 Conventional transmission electron microscopy technique 

 

In conventional transmission electron microscopy (CTEM), primarily two kinds of interactions 

take place between the incident beam and the atoms within the specimen: elastic and inelastic 

scattering. Elastic scattering occurs when the incident primary electrons interact with the screened 

Coulomb potential of a nucleus in the specimen such that the energy and momentum of the 

interacting electrons remains unchanged after the interaction. The unscattered electrons form the 

direct beam in the diffraction pattern (DP) (indicated by a yellow line in Figure 3-4 [154]). In 

addition, the diffracted beams arise from elastically scattered electrons fulfilling the Bragg’s law: 

 2𝑑(ℎ𝑘𝑙) sin 𝜃(𝐵) = 𝑛. λ(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠)  3.1 

Here,  𝑑(ℎ𝑘𝑙)  is the lattice spacing between the hkl planes, 𝜃(𝐵) is the Bragg angle and λ(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠)  

is the wavelength of the primary electrons. On the other hand, inelastic scattering occurs when the 

primary incoming electrons interact with the shell electrons and/or the nucleus of an atom via 

Coulombic interaction and results in a loss of energy. Due to that, the energy and the momentum 

of the primary electrons are not conserved after the inelastic interaction. The back focal plane, 

where the diffraction pattern appears, is the position where the objective aperture is located. This 

aperture is used in two distinct imaging modes, known as bright field (BF) mode and dark field 

(DF) mode, to produce images with enhanced contrast. When an objective aperture is placed 

positioned around the direct beam, only non-scattered electrons contribute to image formation, 

thereby excluding the scattered ones, also referred to as bright field image as shown in Figure 3-4 

a). However, it is important to take into account that the diffracted beams due to the interference 

also modulate the intensity of the unscattered electron beam. In the BF imaging mode, the objective 
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aperture obstruct the diffracted electrons, thereby collecting only the unscattered electrons. Hence, 

the strongly scattered regions emerge dark in an image. This strong scattering takes place due to 

thick or high Z regions via Rutherford/incoherent scattering and for crystalline samples mainly via 

coherent elastic scattering.  

Figure 3-4: Ray diagrams for a TEM in a) the bright-field mode and b) selected-area diffraction (SAD) mode. The 

BF-TEM image in the left comprises a long segment of a curved Σ19b type grain boundary. The right image shows 

the diffraction pattern of the same Σ19b GB, giving information about GB crystallography such as tilt axis, 

misorientation and GB plane. The ray diagram is redrawn from [154]. 
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An incident beam is tilted in the DF imaging mode so that one of the diffracted beams comes onto 

the optical axis of the microscope. The objective aperture is placed around that specific reflection 

and the regions scattering in that specific direction appear bright in the DF image. Selected area 

diffraction (SAD) aperture, situated in the image plane, is used to select an area of interest to obtain 

the SAD pattern (SADP) as shown in Figure 3-4 b). A sample's crystal structure that satisfies the 

diffraction requirement is related to the information offered by each spot in SADP, which includes 

information on phase identification, orientation relationship and crystal defects in materials, etc. 

The intermediate lens allows to switch between diffraction and imaging in a way that it selects 

either the BFP or the image plane of the objective lens as its object. In the following thesis, DP 

and BF images (that gives GB plane trace) are used to examine the GB type and orientation of the 

grain, and subsequently determining grain boundary plane. In addition, systematic investigation 

on the growth of Al films and orientation relationship between the Al film and the substrate is done 

by using CTEM. 

3.2.4.2 High-resolution transmission electron microscopy  
 

This section is based on the following Refs [140,150,152]. While conventional microscopy uses 

the amplitude and thus the intensity of the diffracted waves to form an image, high-resolution 

transmission electron microscopy (HRTEM) employs the phase of the diffracted electron wave 

that interferes constructively or destructively with the phase of the transmitted wave to create an 

image. The most obvious difference between HRTEM and conventional TEM imaging is the large 

number of diffracted beams collected with no or a large objective aperture in HRTEM. The plane 

electron wave incident on the surface of the TEM specimen, propagates through the crystal and 

interacts with the atomic potentials of the atoms. During interaction between the plane wave and 

the periodically ordered atoms, there is an emission of secondary wavelets from atoms (following 

Huygens-Fresnel’ principle). Since the secondary wavelets originate from the interaction with the 

atoms, they are shifted in phase. Consequently, another phase shift is introduced when they 

interfere with the incident plane wave. Due to the occurrence of phase shifts, the electron wave's 

phase changes as it passes through the specimen, also known as the “exit wave”. The superposition 

of the modulated waves at the image plane results in interference effects and causes phase contrast 

that primarily depends on defocus and spherical aberration and the particular illumination 

conditions. The phase modulation contains the information of the crystalline structure of the 
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specimen, however cannot be interpreted straightaway. The phase modulation is translated into 

real space in the form of an image, by tuning the amount of defocus that depends on the spherical 

aberrations of the objective lens. Hence, the amount of information translated to the real image is 

influenced and determined by the contrast transfer function (CTF), which is exemplary depicted 

in Figure 3-5. The CTF can be described as follows: 

 𝐶𝑇𝐹(�⃗� ) = 𝐴(�⃗� )𝐵(�⃗� )𝐸(�⃗� ) 3.2 

Here, �⃗� , A(�⃗� ), E(�⃗� ) and B(�⃗� ) represents the spatial frequency, the aperture function, the envelope 

function and the aberration function. A (�⃗� ) describes the spatial frequencies cut off associated with 

the defined size of the aperture. The aberration function describes an oscillation of the contrast 

transfer as a function of the spatial frequencies and can be approximated to 2 sin χ(u⃗ ) for weak 

phase objects (very thin specimen thicknesses). 

χ(�⃗� ) is mainly a function of the spherical aberration coefficient Cs of the microscope and the 

defocus Δf of the objective lens and is described by: 

 χ(u⃗ ) =
2𝜋

λ
(
1

4
𝐶𝑠λ

4𝑢4  −  
1

2
Δ𝑓λ2 𝑢2) 3.3 

Here, λ is the electrons' wavelength, which is controlled by the accelerating voltage.  

 

Figure 3-5:  Plot of the Contrast Transfer Functions (CTF) as a function of spatial frequency u (nm-1) a) CTF 

corresponding to an uncorrected TEM having a spherical aberration coefficient of Cs = 1mm under Scherzer defocus 

Δf = 50 nm conditions. b) shows the CTF for a corrected TEM with Cs = 15 µm and Δf = 6.4 including the envelope 

function. These images are simulated using JEMS software. 
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At high spatial frequencies, the contrast transfer oscillates and a contrast inversion occurs at the 

first zero crossing of the CTF. The resolution limit of the instrument, often known as the point 

resolution, is defined as this crossing point. Figure 3-5 b) illustrates how the influence of spherical 

aberration 𝐶𝑠 can be countered using a discrete negative value of Δfsch, known as Scherzer defocus, 

to achieve the best CTF. The Scherzer defocus can be stated as follows: 

 Δ𝑓𝑠𝑐ℎ = −1.2√𝐶𝑠λ 3.4 

Up to the point resolution, the contrast in the image is directly decipherable (all the atoms look 

dark on a bright background). E (�⃗� ) describes the effect of the chromatic aberration and the spatial 

coherence of the electron source that limits the resolution because of the damping of higher spatial 

frequencies. The envelope functions in the BFP of the objective lens produce a virtual aperture 

that suppresses higher-order spatial frequencies. This cut-off has resulted in a new resolution limit 

for the microscope known as the "information limit". 

In an uncorrected microscope, correlative image simulations are required for a detailed 

interpretation of HRTEM micrographs in order to prevent fallacy due to the inversions in the 

contrast. However, in a corrected microscope, there are no oscillations in contrast until the 

information limit in the CTF. In this case, the information limit and the point resolution are nearly 

equal. Therefore, optimization of the microscope aberrations cautiously with an aberration 

corrector makes the interpretation of HRTEM images uncomplicated and direct. 

3.2.4.3 Scanning transmission electron microscopy   

 

The basics of both SEM and TEM techniques are combined in STEM, which can be implemented 

nowadays on each kind of instrument. The most predominant advantage of STEM over TEM is to 

avail the other supplemental signals that cannot be spatially correlated in TEM that includes 

characteristic X-rays, electron energy loss and secondary electrons [155].  

While the specimen is exposed to a parallel beam in the TEM, a fine focused converged beam is 

employed in the STEM to raster scan the sample at each pixel. Elastic and inelastic scattering 

events are the consequences of the electron beam's interaction with the sample. Plotting the 

particular scattered electrons as a function of probe position eventually yields a magnified image. 

The STEM imaging optics (before the sample) are identical to the imaging optics (after the sample) 
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in the CTEM because of the reciprocity theorem of scattering theory [156]. As a result, the 

illumination configuration in CTEM and the detector plane in STEM have identical functions.  

Concentric annular detectors with different diameters were recommended by Crew (1975) for 

STEM in order to detect electrons scattered over a wide angular range. A specific annular region 

can be selected for collecting the electrons scattered up to the specific angles by controlling the 

semi- collection angle (β) and the semi convergence angle (α). The focus of the electron beam is 

described by the semi-convergence angle α of the probe, which is directly proportional to the size 

of the condenser aperture (in this case, the C2 aperture). While the semi collection angle β is 

adjusted by changing the microscope’s camera length (L) as shown in Figure 3-6 a). For each 

different imaging condition, an angular range having an inner (β1) and an outer angle (β2) 

represents the semi-collection angles [157]. For example: for a fixed camera length of 100 mm 

and a semi-convergence angle α of about 17 mrad, different imaging conditions are attributed such 

as below 16 mrad annular bright field (ABF) imaging, 17 - 78 mrad low angle annular dark field 

Figure 3-6: A schematic of the HAADF detector setup in a STEM. The β1 = 78 mrad and β2 = 200 mrad indicate 

the inner and outer semi-angles of the HAADF detector, detecting incoherent elastically scattered electrons at high 

angles. Image is redrawn from [157]. For a 300 kV Cs-corrected STEM, the convergence semi-angle’s usual values 

fall between 15 and 30 mrad. Here, a convergence angle of 23.8 mrad is used.  HAADF (figure b)) and ABF STEM 

(figure c)) of an Al thin film with a Pt protection layer from the identical sample position. 
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(LAADF) imaging and above 78 - 200 mrad HAADF imaging, respectively. These angular ranges 

are also similar in other microscopes; however, they are still quite specific to our in-house 

instruments at MPIE (Titan Themis, 60-300 keV). Each detector collects the electrons only in a 

specific angular range. One such example is depicted in Figure 3-6 b) and c), where an identical 

region from the cross-sectional sample of an Al thin film with a Pt protection layer is shown in 

both annular bright filed (ABF) and HAADF STEM images to compare the contrast. The 

dislocations in ABF clearly shows the presence of diffraction contrast due to the low collection 

angle in contrast to the absence of such contrast observed in HAADF. The higher atomic number 

(Z) element Platinum (Pt) in the HAADF image appears brighter due to more high angle scattering 

than in the low Z element Al. The two different Pt layers at the top of the Al correspond to the 

electron and ion-assisted Pt deposition by GIS in the PFIB.  

Incoherent (elastic) scattering is the foremost mechanism for image formation in HAADF imaging, 

which is also known as Z-contrast imaging. It is important to use the optimum large collection 

angles for the detector in order to enhance the Z-contrast and suppress the effects of diffraction 

contrast [158]. This is because both the presence of high diffraction contrast at small scattering 

angles and the emergence of diffused signals at very high scattering angles will lead to the 

degradation of Z contrast in the images [159].  

As the beam is rastered across the specimen, every atom behaves as an independent scattering 

center. Therefore, there is no phase relation between the incoming electron wave and the scattered 

wave, thereby making this imaging mode incoherent. In a mathematical sense, this is described by 

the fundamental equation of image intensity from incoherent imaging [160]: 

 I (𝑟 ) = O (𝑟 ) ⊗ |(𝑃(𝑟 )|2 3.5 

Here, the object function (O (𝑟 )) is defined by the scattering cross section. The above equation 

depicts that the image intensity emerges from a convolution of the object function (O (𝑟 )) with the 

intensity of the electron probe i.e. squared point spread function (P (𝑟 )) as shown in Figure 3-7. 

Incoherent imaging leads to easily interpretable data with no contrast reversals or delocalization, 

as well as the point resolution is almost equal to the information limit. However, this is true only 

for an aberration corrected instrument, since lens aberration, diffraction etc. lead to blurring of the 

beam.  
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To a first approximation, the intensity in HAADF micrographs can be described by the screened, 

relativistic, differential Rutherford cross-section by the equation [160]:  

 

dσ

dΩ
  = 

λ4×Z2

64 π4 a0
2E0 (sin2 (

θ

2
)+ (

θ0
2
)2)

2
 

 3.6 

Here, Z is the atomic number, a0 is the Bohr radius, E0 is the probe's energy, θ is the scattering 

angle, θ0 is the characteristic screening angle, and λ is the mean free path for elastic scattering.  

Figure 3-7: A schematic illustration of the formation of an incoherent Z-contrast image in STEM. a) A 

crystalline monolayer of atoms. b) The object function of the sample constitutes the scattering cross sections for each 

atom, which are roughly proportional to Z2. c) Interaction of a pair of atoms with a Gaussian shaped probe. Rastering 

of the probe across the specimen maps the objective function, resulting in a direct incoherent image manifesting the 

position of the atoms. The image gives a depiction of the object, which is blurred by the size of the probe. Hence, its 

intensity is a convolution of the object function with the intensity of the electron probe i.e. the point spread function. 

The image is adapted with permission from Ref. [160]. 
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The angular distribution of the scattered electrons is directly proportional to the square of the 

atomic number Z of the elements in a specimen. HAADF STEM imaging is quintessential for 

analyzing GB structures and segregation events down to the atomic level because of the strong Z 

contrast that results from the high-angle scattering. This results in a high-contrast, chemically 

sensitive imaging mode. The shape and size of the electron probe are the major factors that decide 

the resolution in STEM, which is eventually governed by the objective aperture and its aberrations. 

In order to attain the atomic resolution in STEM, the probe size should be smaller than the atomic 

distances in the specimen. Therefore, minimizing aberrations and creating the smallest, most 

intense probe with a Gaussian intensity shape are the ideal conditions for incoherent imaging in 

STEM. The strength of the condenser lens can be increased to provide higher source 

demagnification. However, doing so results in a lower beam current. Therefore, higher brightness 

is necessary to provide a reasonable current and it is for this reason that the modern STEM 

instruments are equipped with high-brightness gun in order to have enough current left after 

demagnification to detect larger signals. On the other hand, the probe size is also limited by the 

aberrations in the objective lens, which are defined as the deviation in path length between the 

ideal spherical wave and the actual wave front emerging from the lens in the microscope [152,160]. 

There exists a myriad of aberrations in addition to the more typical ones like first-order astigmatism 

and coma. The scattering angle θ power series that represents the aberration coefficients is 

described as follows: 

 χ(θ) =
2𝜋

λ
[
1

2
Δ𝑓θ2 + 

1

4
𝐶𝑠θ

4  +
1

6
𝐶5θ

6 + 
1

8
𝐶7θ

8 + ⋯] 3.7 

Here, Cs, C5 and C7 stands for the coefficients of third, fifth, and seventh order spherical aberration, 

respectively and Δf is defocus. Furthermore, STEM’s resolution is also highly controlled by the 

diffraction limit from the probe-forming aperture. The bigger the aperture, the higher the 

resolution, however with the incorporation of the stronger aberrations of the lenses, namely 

astigmatism, coma and spherical aberration such as chromatic aberrations, thereby effecting the 

beam shape and size. Therefore, a balance between diffraction limit and aberration is required in 

order to achieve the best STEM resolution. Correction of these resolution-limiting factors is not 

trivial and can be well compensated by the aberration correctors. Such aberration-correctors 

require very complex assemblies of electromagnetic lenses (such as quadrupole, hexapole and 

octopole lenses) in order to compensate for the aberrations and allow an increase in the semi-
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convergence angles to 23.8 mrad or even larger (in comparison to ~10 mrad in uncorrected STEM 

instruments). This paved the way to form probes with a diameter of several hundred pico-meters, 

well below the distances between the neighboring atomic columns for most of the materials and 

hence remarkably improved the resolution of STEMs.  

3.3 Energy dispersive X-ray spectroscopy  
 

For the literature of this section, please refer to refs. [160–162]. Energy dispersive X-ray analysis 

(EDX), also referred to as EDS or EDX, is an X-ray method that provides access to various 

compositional details at the atomic level. 

EDS relies on X-ray radiation originating from inelastic scattering events between impinging 

electrons and electrons belonging to the specimen. The incident electron transfers energy to an 

inner shell electron of an atom and that electron is excited into an unoccupied state above the Fermi 

level. The ionized atom returns to a low energy state by filling in the hole with an outer shell 

electron. This transition can be accompanied by the emission of an X-ray photon carrying the exact 

Figure 3-8: Energy dispersive X-ray spectroscopy (EDS) principle: A schematic of the incident beam electrons 

interaction with the electrons and the nucleus of an Al atom. The impinging electron transfers energy and ejects a core 

shell electron, which leaves an atom in excited/ionized state. A higher shell electron (in this case from the L shell) 

filled the created empty state. This transition is followed by an emission of an X-Ray photon that is element specific. 
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energy equivalent to the energy difference between the two energy levels and this energy 

difference is unique to each element. According to Moseley's Law, there is a direct correlation 

between the energy emit by the outer shell electron and the atomic number (Z) of the atom. 

Therefore, these generated X-rays are used to identify what elements are present, as well as in what 

proportion they are present in the TEM specimen. If an electron from the K shell is ejected and 

then filled by an electron from the L or the M shell as illustrated in Figure 3-8, a Kα or Kβ type X-

ray photon is generated, respectively. The number of electrons present in an atom of that specific 

element determines the number and type of transitions that can occur. In order to obtain a good 

signal to noise ratio and efficiency, large detector areas are required to capture a lot of X-rays. Due 

to geometrical limitations, such as a lack of space to accommodate a much larger area detector and 

the sample's location between the two pole components of the objective lens, it is not possible for 

the detector to detect all of them. Nevertheless, the usage of multiple small detectors may enhance 

the collection efficiency, which increase the total solid angle and ultimately the X-ray counts. The 

aberration corrected modern microscopes allow improved detector arrangements with large 

detector areas. Yet, the efficiency of EDS system is still low, because many X-rays do not reach 

the detector due to shielding by the specimen holder. However, this has been robustly developed 

lately. 

Nowadays, the most common X-ray detector used to detect the generated X-rays is silicon drift 

detector. The incoming X-rays transfer energy into a semiconductor thereby creating electron-hole 

pairs due to the ionization process. The energy of the entering X-ray photon directly correlates to 

the quantity of electrons or holes produced in the detector. Applying a reverse bias separates the 

electrons and holes, and a pulse of electrons can be detected at the rear interface. Once each X-ray 

has been counted, a pulse charge is produced in proportion to the energy of the X-ray. This pulse, 

produced by an X-ray of particular energy, is first transformed to a voltage, pre-amplified using a 

field-effect transistor, and then electrically recognized. An energy-specific channel in the computer 

display is designated to store a digitized signal. The quantity of X-ray counts (Intensity) is finally 

plotted against the X-ray energy to create a characteristic spectrum. An example of an EDS 

spectrum of an Al alloy 7075 thin film and its quantification results (inset) is shown in Figure 3-9, 

which reveals the percentage of different elements present in the specimen [125]. It is important 

to note that some additional smaller X-ray peaks might arise in the spectrum, which may not be 

from the specimen. They might come from either the pole piece or the specimen holder or the other 
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parts of the microscope and have to be taken into account for accurate quantification. For more 

details, please refer to [150,153]. EDS can be done in both TEM (parallel beam) and STEM 

(convergent beam) mode. However, STEM-EDS is more advantageous because a spectrum is 

collected at each pixel of the STEM image in contrast to parallel illumination in TEM, where only 

one spectrum is acquired representing that entire illuminated area. Interestingly, EDS can be used 

for qualitative and quantitative investigation, such as identifying the types of elements present and 

the proportion of each element's concentration. (in the form of maps or line profiles) within the 

specimen. Castaing Raimond [163] in 1951 showed that the relative intensity of an X-ray line is 

approximately proportional to the mass concentration of the element concerned. The ratio of the 

samples measured intensity IA of element A to the measured intensity of element A in a well 

characterized standard reference sample I(Standard) can be related to the concentration ratio of the 

element present in weight percentage according to the following relationship: 

 
𝐶𝐴

𝐶(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
= 𝐾 

𝐼𝐴
𝐼(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

 3.8 

Here K is a sensitivity factor that takes into account the difference between the generated and 

measured X-ray intensities for both the standard and the unknown specimen. The three factors that 

contribute the most to K are: (i) the atomic number (Z) effect, which is connected to the ionization 

cross section of each element, (ii) X-ray absorption (A), and (iii) the fluorescence yield (F) of X-

rays within the specimen. The correction procedure in bulk analysis in the SEM is usually referred 

to as the ZAF correction. It was shortly realized that the A and F factors could be ignored in TEM, 

but only the Z correction would be necessary for a thin electron-transparent specimen. Later in 

1975, Cliff and Lorimer [164] proposed a simpler quantification without incorporating intensity 

from standard specimen but simply the ratio of the intensities gathered from two elements acquired 

simultaneously in the EDS. According to Cliff and Lorimer equation, the weight percent of each 

element CA and CB can be related to IA and IB as: 

 
𝐶𝐴

𝐶𝐵
= 𝐾𝐴𝐵  

𝐼𝐴
𝐼𝐵

 3.9 

The term, KAB is often termed the Cliff-Lorimer factor and depend on the EDS system and the 

operating voltage of the TEM. It is simple to modify equation 3.9 to take into consideration alloys 

having more than two components. Ignoring the effects of absorption and fluorescence, KAB is 

related only to the atomic-number correction factor (Z) in Castaing’s original ratio equation. Once 
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enough counts are accumulated in the characteristic peaks, IA, IB, etc., the peak intensities are 

determined after removing the background counts from the spectrum and then integrating the peak 

counts. After that, the value for the KAB factor is evaluated. 

An unfortunate feature of the simple Cliff-Lorimer ratio equation is relatively large errors 

associated with it. The very nature of the thin specimen minimizes the problems of absorption and 

fluorescence, but also generates relatively less X-ray photons, compared with bulk specimens. This 

can be overcome by using higher-brightness FEG sources, Cs correction, large electron probes, 

and thicker specimens, which is consistent with maintaining the desired spatial resolution and 

current into the sample. With these latest advancements, it is now possible to perform quantitative 

X-ray mapping with a spatial resolution of a less than a nanometer and detection limits of a few 

atoms.  

3.4 Simulation techniques 
 

3.4.1 STEM image simulation: The multi-slice simulation 
 

Figure 3-9: An EDS spectra and quantification results (inset) from a larger area of an Al alloy 7075 thin film 

specimen [125]. The plot here shows the number of elements and their amount present in the specimen. 
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High-resolution S/TEM is a powerful tool used to avail information about crystal structures and 

lattice imperfections such as point defects, and dislocations, etc. in advanced materials on an 

atomic scale. However, a number of parameters, including sample thickness, exact beam alignment 

with respect to the specimen and the optical axis, defocus, and lens imperfections, have a 

significant impact on the contrast of these high-resolution micrographs. Due to the aforementioned 

factors, there is a loss of phase information of the wave function in an experimental intensity map 

acquired, which makes the image quantification and interpretation difficult. Therefore, in the 

pursuit of quantification of image intensity of atomic columns in an atomically resolved S/TEM 

image, image simulations are used. There are two different methods for performing the atomic 

resolution simulation i.e. multi-slice and Bloch waves techniques. In this work, the multi slice 

approach was employed, as it is fast and more efficient for large electron scattering simulation. A 

more detailed description can be found in [165–167].  

In the multi slice method, the specimen is divided into thin 2-D slices along the optical axis, which 

are described by an electrostatic potential V(r). A convergent probe is initiated and transmitted 

through a potential slice. The amplitude and phase of the electron wave function are modulated by 

the interaction with the potential of the atoms in the slices. The transmitted wave function is 

explicitly propagated from one layer to the next by convolution with the propagator function until 

it has passed through all the slices, across the entire crystalline TEM sample. The resulting exit 

wave function (Ψ𝑒𝑥𝑖𝑡 (𝑟 )) is described by the following equation: 

 Ψ𝑒𝑥𝑖𝑡 (𝑟 ) = p (𝑟 ) ⊗ t (𝑟 ) . Ψ (𝑟 ) 3.10 

Here Ψ (𝑟 ), t (𝑟 ), and p (𝑟 ) are called wave function, transmission function and propagation 

function, respectively. The vibration of the atoms from its equilibrium position in a material at 

room temperature results in a thermal diffuse scattering background in the experimental images. 

The frozen phonon approximation approach is utilized to numerically simulate the influence of 

thermal vibrations in the sample. In this approach, the intensity of the simulated image is the 

intensity averaged over various distinct layouts of atoms, with different random offsets from their 

ideal positions in each slice.  

STEM image simulation can be computationally very expensive and much more time consuming 

compared with conventional TEM image simulation, as the simulation has to be performed at each 

probe position. In the current thesis, simulations were carried out using the multi-slice algorithm 
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within abTEM (a Python API) that provides straightforward and intuitive user interface. For a 

detailed description of how the simulation codes actually works, please refer to abTEM 

documentation [168,169]. 

3.4.2 Molecular static simulation 
 

This section is based on the ref. [22,170,171]. In order to establish a structure-property correlation, 

it is essential to determine the excess properties of the GB structures, which are not easily 

accessible. Therefore, in order to establish a structure-property correlation, a computational 

technique such as molecular static is utilized in the thesis to complement the experimentally 

obtained GB structures. Molecular static (MS) simulations are employed to simulate the atomic 

structure of the interfaces for the given boundary conditions at 0 K by minimizing the system’s 

potential energy. Let us consider a simulation cell containing N interacting atoms and 𝑉𝑛 be the 

total potential energy of interaction between the 𝑛𝑡ℎ atom and the rest of the system. The total 

potential energy of the system 𝑉𝑡  is expressed as:  

 𝑉𝑡 = ∑𝑉𝑛
𝑁

 3.11 

This method is based on the determination of a static atomic configuration in the system, that 

minimizes the 𝑉𝑡. The total force applied by the rest of the system on the 𝑛𝑡ℎ atom is given by: 

 𝐹𝑛⃗⃗  ⃗ =  −∇𝑛𝑉𝑡 3.12 

Here, ∇𝑛 indicates the gradient w.r.t the position of the 𝑛𝑡ℎ atom in the 3-D space. The forces 

among the particles are evaluated and then the atoms are artificially displaced in the direction of 

the 𝐹𝑛⃗⃗  ⃗ vectors. An equilibrium stable configuration is reached when the net force in the system is 

zero i.e. all the forces are absent and energy minimization takes place i.e. 𝑉𝑡 is minimized. Since 

the presence of minima is sensitive to the initial starting geometry of the system, the minimization 

usually depicts only local energy minima but not the global minimum. Regardless, it is a very fast 

computational technique and is comprehensively applied in atomistic simulations of GB structure. 

The MS simulation provides information on the interfacial excess properties, such as grain 

boundary energy, the GB stress tensor (τij) and the excess volume [86]. The calculated GB 

structures can then be compared to the experimentally observed STEM images in order to correlate 

the GB structure with the GB properties. 
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Chapter 4  Materials and experimental details 
 

4.1 Deposition and alloying of Al thin films on (0001) α-Al2O3 samples 
 

Firstly, pure Al (99.995%) thin film depositions investigated in the Chapter 5.1 (Paper I) were 

carried out using electron beam (e-beam) evaporation at the BesTec PVD cluster located at the 

Max-Planck-Institut für Eisenforschung GmbH in Düsseldorf*. The films were deposited on two 

inch (0001) oriented α-Al2O3 (sapphire) wafers (miscut of <0.25°, one side polished, CrysTec 

Kristalltechnologie, Berlin, Germany). The deposition conditions are described in Table 1. These 

substrates weren't given any additional surface treatments; they were used just in as arrived state. 

The base pressure of the deposition chamber was ~5 × 10−8  mbar for all the depositions. 

Table 1: List of Al films that were deposited using e-beam deposition, along with the deposition parameters for each 

film 

Thin 

film Nr. 

Deposition 

temperature (◦C) 

Deposition 

rate (Å/s) 

Post annealing of the Al film Thickness 

(nm) 
Temperature(T) Time (t) 

S1 35 0.5 - - 145 

S2 200 3 - - 400-465 

S3 300 3 - - 408 

S4 300 3 300ᵒC 3hrs 665 

 

The distance between the substrate and the target was ∼250 mm. The thicknesses of the Al films 

were measured using a quartz microbalance, and constantly monitored during deposition. For all 

high temperature depositions, the samples were slowly cooled down to room temperature in the 

vacuum subsequently after the deposition.   

Furthermore, pure Al thin film, used in the Chapter 5.2 and Chapter 5.3 was grown by magnetron 

sputtering technique on a 2 inch (0001) oriented sapphire wafer as described above. The deposition 

                                                 
* Dr. Hanna Bishara is gratefully acknowledged for the deposition of the Al films at MPIE  
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was carried out at the Central Scientific Facility for Materials of the Max Planck Institute for 

Intelligent Systems (formerly known as MPI für Metallforschung) in Stuttgart under ultra-high 

vacuum conditions, followed by a post deposition annealing for several cycles at 400°C at the rate 

of 6 K/hr in Argon atmosphere†. Firstly, the sapphire substrate was Ar-sputter cleaned at 200eV to 

remove the surface contaminants in the UHV system and then annealed at 800°C for 2 hr to further 

remove structural defects. Subsequently, the substrate was cooled down to 100°C and the Al films 

were sputtered with a deposition rate of 0.11 nm/s.  Finally, the sample was slowly cooled down 

to room temperature in vacuum. The nominal film thickness was chosen to be 800 nm. The film 

was subsequently annealed in three cycles at 400°C in an inert Ar atmosphere. 

For studying segregation effects of Cu and Zr on Al GBs in Chapter 5.4, the same Al films (used 

for Chapter 5.2 and Chapter 5.3) were Ar-sputter cleaned from the top surface to remove the 

strong native oxide layer. After the removal of the native oxide, a very thin (approximately 180 

nm) layer of Zr was deposited separately on the top surface of the two pure Al film parts, at room 

temperature‡. Deposition of Zr was done without taking out the sample from the chamber after Ar-

cleaning. SEM-EDS analysis revealed that Cu is also present with Zr on the top of the Al film, due 

to cross-contamination from the deposition chamber. Therefore, now we have a Zr-Cu reservoir 

on the surface of the Al film. The Al film with the Zr-Cu top layer was first annealed in the vacuum 

furnace at 450ᵒC for 6 hrs and slowly cooled down to room temperature inside the furnace. Since 

no Zr segregation was observed after the first annealing, a second annealing to 520ᵒC for 32 hrs 

was carried out in order to enhance the diffusion kinetics of Zr. 

4.2 Sample preparation 
 

SEM samples used in the Chapter 5 were prepared by cutting out the small rectangular pieces 

from the film, with the help of a diamond pen. All the plan view and cross sectional view site-

specific TEM specimens from the thin film (pre-analyzed by EBSD) were lifted out in a dual-beam 

SEM/focused ion beam instrument (Helios Nanolab G3 CX Dual Beam FIB, Thermo Fisher 

Scientific) having Xe as an ion source. Using Xe-FIB instead of conventional Ga-FIB avoids the 

problem of implanted Ga, which tends to segregate at the Al GBs and thus leads to very prompt, 

                                                 
† Sputter deposition and annealing was done by Dr. Gunther Richter and Dr. Gerhard Dehm 
‡ Dr.Simon Evertz is thanked for Ar-cleaning and subsequent Cu-Zr deposition.  
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substantial loss of Al ductility via liquid metal embrittlement (LME) [147]. An improvised wedge 

milling approach, described by Schaffer et. al [172] was adapted for the thinning of the lamella. 

Exact milling parameters depending on each sample are listed in Table 2, depicting a typical 

thinning procedure. 

In principle, for coarse milling/ thinning the FIB was operated at 30 kV, for gentle thinning at 16 

kV and 8kV from ~1000 nm down to ~200 nm thickness followed by final polishing at 2 kV, 

whereby the beam current was varied from high to low for each kV. 

Table 2: Plasma (Xe) FIB operating parameters applied for the thinning of plan-view TEM lamella § 

Lamella thickness Ion accelerating voltages, relative 

tilt(ᵒ), ion beam current(s) 

Coarse thinning (~ 1200nm) 30 kV, ± 0.5ᵒ, 0.10 nA 

~ 1000 nm 16 kV, ± 1ᵒ, 0.30 nA - 0.10 nA 

~ 800 nm 16 kV, ± 1.5ᵒ, 30 pA - 10pA 

~ 200 nm 8 kV, ± 2ᵒ, 10 pA 

Final polishing 2kV, ± 4ᵒ, 5pA - 4 pA 

 

4.3 Characterization methods and parameters 
 

The local surface morphology of the pure Al thin films deposited at different substrate 

temperatures and deposition rates were investigated by SEM with an acceleration voltage of 10 

kV. The microstructural attributes (grain orientation, texture, grain size, CSL GB type and its 

distribution) of the thin film were characterized by using SEM-EBSD at 20 kV in a JEOL JSM-

6490 SEM. EBSD data analyses were performed with the help of OIM 7.0 software. EBSD 

                                                 
§ Refer to manuscript II by S. Ahmad (Acta Materialia, p.118499 (November 2022)) 
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analysis was performed on the dataset to get rid of the noise by utilizing the following parameters: 

elimination of data points with a confidence index (CI) value below 0.1, grain tolerance angle of 

5ᵒ, and neighbour CI cleanup was performed on data points with CIs below 0.3–0.4. 

In the thesis, all conventional TEM characterization (BF, DF and SAD) was primarily carried out 

at the Thermo Fisher Scientific Titan Themis 80-300 X-FEG TEM. BF-TEM imaging was used to 

investigate the cross-sections of the Al thin films. The obtained TEM  images were then analyzed 

in Image-J [173] in order to measure the microstructural features such as lateral grain size and 

thickness of the Al thin films. Selected area diffraction (SAD) and high-resolution transmission 

electron microscopy (HRTEM) were used to determine the orientation relationship (OR) between 

the Al grains and the sapphire substrate.  

All images in HAADF-STEM were acquired using a Cs-probe corrected Titan Themis 60-300 

(Thermo Fisher Scientific), equipped with a gun monochromator and operated at 300 kV and a 

probe current of about 70 to 90 pA. The semi-collection angles of the annular detector for HAADF 

imaging were set to 40 mrad/78 mrad – 200 mrad using a semi-convergence angle of 17 mrad. In 

order to reduce the effect of instrumental instabilities such as drift and noise in the images, image 

series comprising of 10–40 images with a dwell time of 2–20 μs were recorded and superimposed 

on each other. Furthermore, image processing was performed in the velox software, involving 

mainly radial wiener filtering. The misorientation angle of a GB is estimated from the atomically 

resolved HAADF image by drawing lines along the planes on both the adjoining grains forming 

the GB. Thereafter, the angles between the drawn lines are measured and averaged. The Strain++ 

software [174] was used to perform FFT analysis on the LAGBs (in Chapter 5.1), which uses 

geometric phase analysis (GPA) algorithm as described in the Ref [175].  

4.4 Atomic-scale simulations 
 

4.4.1 Multi-slice simulation 

 

STEM image simulations were carried out using the multi-slice algorithm within abTEM 

[168,169] with simulation cells (at ε ≈ 0 % and ε ≈ 0.5%) from Figure 5-15. A 300 keV electron 

probe with a focal spread of 100 Å, a semi-angle of 17.8 mrad and defocus of 0 was generated in 

order to have the identical settings as utilized in the experiment. The step size used was 0.178 Å 
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and 0.008 Å, for the E and E’ units respectively. The HAADF collection angles were set to 40.5 

mrad/77.9 mrad – 200 mrad. A slice thickness of 2.5 Å was used as the atomic column separation 

along the z direction. The simulated cells used were of the different thickness (t) ranging from t = 

14 nm to 56 nm to understand the influence of thickness on the projected atomic structure. 

4.4.2 Molecular static simulation 

 

In order to analyze the thermodynamic properties of the grain boundary structures in more detail, 

we also simulated them using an embedded atom method (EAM) potential for Al [176] using the 

LAMMPS software** [177]. We calculated the 0 K cohesive energy and lattice constant for the fcc 

structure. To prepare the GB structure search for Σ3 boundary, we constructed a bicrystal: with the 

following crystal directions along the Cartesian directions: [111], [11̅0], and [112̅] for the first 

crystallite and [111], [01̅1], and [21̅1̅] for the second one. The tilt axis was therefore aligned in x 

direction and the GB normal in z direction. The crystallites were joined at their {112} surfaces and 

the system had periodic boundaries in x and y direction and open boundaries in z. The final boxes 

had a size of around 14×17×120 Å³ with 1440 atoms. Similarly, bicrystals for other Σ GBs are 

created. The 0 K structures were found by displacing one crystallite with regard to the other with 

constant simulation box size and optimizing the atomic positions with regard to the potential 

energy (γ-surface method). Thermodynamic excess properties were calculated as described in 

Refs. [85,86] and excess shears as described in Ref. [42]. 

 

 

 

 

 

 

 

 

 

 

                                                 
** The MS simulations were performed by Dr. Tobias Brink. 
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Chapter 5  Results and discussion 
 

5.1 Influence of substrate temperature on the distribution of edge-on 

[111] tilt grain boundaries (GBs) in Al thin films deposited via e-beam 

evaporation 
 

In this chapter, an outline of deposition parameters is presented in order to fabricate the strongly 

[111] textured Al thin film with a wide distribution of [111] type columnar tilt GBs. In addition, 

the atomic structures of low-angle GBs are investigated and analysed. The work presented here is 

based on the unpublished manuscript I.†† 

5.1.1 Introduction 
 

In the last few decades, pure aluminum (Al) films are in great industrial and scientific demand 

because of its numerous applications in the field of construction, optics, telecommunications and 

microelectronics, etc. [178–180]. They have outstanding coating properties such as low resistivity, 

high conductance, corrosion and oxidation resistant and good adhesion [181–183]. Al is known to 

be among the major materials in the microelectronics for the fabrication of interconnects 

[184,185]. A variety of Al thin films were successfully deposited using a wide range of substrates 

including glass, silicon (100), steels, NaCl, silver, polycarbonates, and sapphire etc. [186–189]. 

Nowadays, Al thin films are also utilized for experimental investigation of the atomic structures 

of tilt GBs in Al [125] to advance the fundamental understanding of GBs. The textured Al thin 

films having a flat, smooth surface and perfectly columnar GBs fulfill the strict requirements such 

as "edge on" GB and alignment of adjacent grains to a common low-index zone axis in order to 

investigate the GB structures on an atomic scale [34]. Furthermore, the ability to obtain a large 

distribution of different GB types in a thin film with the same tilt axis but varying GB plane and 

misorientation makes it one of the emerging methods for studying GBs.  

It is well known that microstructural evolution and therefore the electrical and optical properties 

of metallic thin films are highly influenced by a variety of deposition parameters, such as the type 

of substrate, the thickness of the film, the deposition rate, the temperature of the substrate, the 

                                                 
†† Based on manuscript I by S. Ahmad, H. Bishara, C. H. Liebscher, and G. Dehm 
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annealing conditions, and the background gas composition [130]. Among these parameters, the 

substrate temperature is extremely important for controlling the microstructure of the films as it 

directly influences the nucleation, coalescence, and film growth according to the structure zone 

models [130,190,191]. Several studies [192–197] have reported the influence of substrate 

temperature on the evolution of the microstructure and the physical properties of thin films of 

different materials such as Al, Ti, ZnO, CdS, and AlN, etc. However, the way that [111] tilt GB 

type and its fraction vary with substrate temperature has barely been reported [198,199]. Thus, it 

is of great interest to monitor the evolution of the GBs in the Al films deposited at different 

substrate temperature and investigate whether a template of processing parameters can be 

developed that will lead to the desired distribution of GBs, film morphology and thickness.  

In this study, Al thin films were grown on (0001) sapphire substrate at the temperature range 

between room temperature and 300ᵒC via e-beam evaporation technique In addition, SEM, EBSD, 

and S/TEM is used to study the microstructural characteristics of the deposited Al thin. The results 

acquired in this work provide insights of suitable deposition parameters to procure a variety of 

[111] tilt GBs (starting from low to high misorientation angle) in a textured Al thin film on sapphire 

substrate. Furthermore, the dislocation configurations at the [111] tilt low angle GBs in Al are 

examined by employing STEM-HAADF imaging.  

5.1.2 Results 
 

Surface topography/morphology of Al thin films 

The morphology of the surface of the Al thin films deposited on sapphire substrates investigated 

by SEM are shown in Figure 5-1. The surface of the Al film deposited at room temperature (film 

S1) appears uneven, rough and porous with indifferentiable grains. Pores are present all over the 

surface of the film, where some large ones are indicated by the white squares in the Figure 5-1 a). 

At 200°C deposition temperature (film S2), a non-homogeneous but denser surface is obtained, 

compared to the film S1.  

Furthermore, the surface of the film is also irregular and rough as some of the grains are protruded 

(in a direction normal to the surface), which indicates the formation of hillocks [200,201], as 

indicated by white arrows in Figure 5-1 b). However, the films deposited at 300°C (films S3 and 

S4), shown in Figure 5-1 c) and d) revealed that both films have a rather homogeneous, dense and 
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smooth surface in comparison to the films S1 and S2 deposited at lower temperatures. Note that 

the surface of the film S4, which has a thickness of 665 nm appears smoother than the film S3 with 

a thickness of 408 nm.  

Microstructural characterization of Al thin films deposited at 300ᵒC 

The surface roughness and porosity of the films S1 and S2 preclude further analysis of their grains 

and GBs by EBSD. Hence, we proceeded with the investigation of only S3 and S4 films by EBSD. 

Figure 5-2, Figure 5-3 and Figure 5-4 summarize the microstructural characterization of the Al thin 

Figure 5-1: SEM Images showing the morphology of the Al thin film deposited at a) 35ᵒC with thickness of 145 

nm (film S1), b) 200ᵒC with varying thickness from 400 up to 465 nm (film S2), c) 300ᵒC with thickness of 408 nm 

(film S3), and d) 300ᵒC with thickness of 665 nm (film S4). 
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films deposited at 300ᵒC focusing on texture, grain orientation, GB types and their distribution 

obtained by EBSD in the SEM.  

Figure 5-2: EBSD results for the S3 and S4 Al thin film. a) and b) represent the grain orientation map (in the film 

normal direction) and the grain boundary map, respectively. The grain orientation map is also called inverse pole 

figure (IPF) map, where blue color indicates {111} planes that are parallel to the surface of the film. The colored lines 

indicate different [111] tilt GB types in the film. Σ3 twin boundaries are illustrated in red, Σ7 GBs in blue, Σ13b GBs 

in yellow and Σ19b GBs in green. The green and blue color lines in the grain boundary map in b) indicate the LAGBs 

and HAGBs present in the films. A criterion of 15ᵒ was taken to discriminate between LAGB and HAGB. 
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The EBSD IPF maps in Figure 5-2 a) ([111] direction) and the {111} Al pole figure in Figure 5-4 

clearly revealed a strong <111> fiber texture in the Al film. The central peak of the {111} Al 

EBSD pole figure refers to (111) Al planes that are parallel to the film surface. The presence of 

the strong {111} fiber texture is due to the favored orientation of the Al grains towards the lower 

surface energy planes in Al i.e. (111) planes [188,189,202]. Furthermore, the {111} fiber texture 

in both the films confirms the presence of both the ORs in the films, and are described as follows:  

 ORI a/b {111} ± <011> Al ǀ ǀ (0001) <1010> α-Al2O3 5.1 

 ORII a/b {111} ± <011> Al ǀ ǀ (0001) <2110> α-Al2O3 5.2 

The corresponding GB characters and their distribution in S3 and S4 films are outlined in Figure 

5-4. The microstructure of the S3 film is partially dominated by high angle boundaries such as 

Σ13b, Σ7, Σ19b, Σ21a, Σ31a and other higher Σ CSLs. Among the 44% of all the high-angle CSL 

boundaries, approximately 9% are Σ3 twin boundaries followed by 7% Σ13b, 7% Σ7, 4% Σ19b, 

6% Σ21a, 5% Σ31a and a small percentage of other higher Σ CSLs. The remaining 56% percentage 

of the GBs in the film are the LAGBs, which are indicated by green colored lines in the grain 

Figure 5-3: Unique grain color map showing the distribution of grains in the films S3 and S4.The different colors 

in the maps correspond to each unique grain for better visualization. Note that the different colors of the grain are not 

related to the orientation of the grains. 



Results and discussion 

56 

 

boundary map in Figure 5-2 b). The grain size of the film S4 is much larger than the film S3. 

Furthermore, the fraction of the high angle CSL GBs reduces to 28%, with Σ3 twin boundaries 

making the largest fraction with ~20%, followed by a small fraction of other higher Σ CSLs. The 

amount of LAGBs in the S4 film is 72%, which is 1.3 times higher than in the film S3. 

TEM investigation of Al thin film 

Thin film growth and epitaxy 

The cross-sectional bright-field (BF)-TEM images of the Al films deposited at high temperatures 

clearly reveal that the GBs are columnar, as shown in Figure 5-5 a) to c). The thickness of the Al 

film S2 deposited at 200ᵒC is non-uniform, ranging from 400-465 nm due to the protruding regions 

at the top surface. These protruding regions correspond to the hillocks, which are observed from 

the top surface of the film (see Figure 5-1 b)). In contrast, the thicknesses of the films S3 and S4 

Figure 5-4: CSL distribution plot illustrating the fraction of each CSL boundaries present in the Al film. The 

{111} Al pole figure of the deposited film generated from EBSD data with OR I and OR II marked. 
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deposited at 300ᵒC are uniform and 408 nm and 665 nm thick, respectively. The respective lateral 

grain size of S2, S3 and S4 films are <1 micron. This value is smaller than the grain size identified 

by EBSD (see Figure 5-2). This can be explained on one hand by the local measurement with poor 

statistics in cross-sectional TEM and on the other hand depends on the resolution limit and step 

size used in EBSD. For example: in the case of the S3 film, since the step size used in EBSD 

measurement is 600 nm, it is very likely that there are even sub-grain boundaries present within 

the grains (< 600 nm), which cannot be resolved with such a EBSD setting.  

Figure 5-5: TEM investigation of the thin film growth and epitaxy. Cross-sectional view in a), b), and c) shows 

the thickness and film growth of the films S2, S3 and S4, respectively. The diffraction pattern and high-resolution 

image from the interface of the S4 film in d) and e) confirms the orientation relationship ORI between Al film and the 

sapphire substrate. The yellow color lines in all the Al film indicate the columnar grain boundaries, perpendicular to 

the sapphire substrate. The dark contrast region on the top of the Al film in a), b) and c) refers to the platinum 

deposition during sample preparation in FIB. 
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The corresponding selected area (electron) diffraction pattern (SADP) and high resolution-TEM 

of the interface between the Al film (S4) and the substrate is illustrated in Figure 5-5 d) and confirms 

the orientation relationship between the Al films and the sapphire obtained by EBSD pole figures. 

The film S4 is found to have an orientation relationship ORI i.e. {111} ± <112̅> Al  ǀ ǀ (0001) 

<21̅1̅0> α-Al2O3 (0002), in  agreement with the Ref [189,202]. However, it is worth noting that 

this is only a local analysis of ORI in the cross section lamella of the film S4. Whereas ORII must 

be present according to the EBSD-resolved pole figure in (Error! Reference source not found.). It is not 

captured in the TEM lamella. Energy-dispersive X-ray spectroscopy (EDS) performed in the 

STEM of the interface reveals that no reaction or segregation between the Al and the substrate 

occurred during deposition and subsequent annealing (not shown here).  

 

Atomic structure of low angle GBs 

So far, we have succeeded to obtain suitable Al thin films with various types of [111] tilt GBs, for 

studying their atomic structures. LAGBs in metals have been rarely observed experimentally at 

atomic resolution although they make up the largest fraction of the GBs in the Al thin film [125]. 

Hence, in order to understand the atomic structure of the [111] tilt LAGB for a high SFE material 

like Al, we investigated the atomic structure of three distinct LAGBs from the film S4 by HAADF-

STEM. The GBs have a misorientation angle (𝜃) of nominally 13ᵒ, 10ᵒ, 6ᵒ, respectively, as 

illustrated in Figure 5-6. It is well known that a high density of edge dislocations along the LAGB 

is responsible for the accommodation of misorientation across the boundary. The relationship 

between the separation distance of a perfect dislocation D, the Burgers vector b, and the 

misorientation angle of a low-angle grain boundary θ is given by Frank’s equation [19]:  

 𝐷 ≅
ǀ b ǀ

𝜃
. 5.3 

The orange Burgers circuit mapping in the STEM-HAADF images of the LAGBs (in Figure 5-6 a), 

c) and e)) reveals that the edge dislocations along the GBs exhibit a Burgers vector of 1/2[1̅01] and 

are aligned along the grain boundary with a dislocation spacing (D) of 1.3 ± 0.04  nm, 1.6 ± 0.04 

nm and 2.8 ± 0.14 nm, respectively. We found that the dislocation spacing along the GBs decreases 

as expected with increasing misorientation angle. The measured D values match well with the 

theoretical values estimated following Frank’s equation, as shown in the plot in Figure 5-7.  
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Figure 5-6: STEM investigation of three different LAGBs from S4 film. a), c) and e) show STEM-HAADF image 

of LAGBs with the misorientation angles (θ) of 13°, 10°and 6°, respectively. All the three LAGBs depict an array of 

dislocation at the GB with a total Burgers vector of 1/2[1̅01], marked by orange colored Burger circuit map. Where, 

Cs and CF represent the start and finish of the Burgers circuit mapping. b), d) and f) indicate Fourier-filtered image 

of a), c) and e) using the (200) lattice reflections of both grains, respectively as indicated by dashed black circles in 

the fast Fourier transform (FFT). The yellow colored arrows in b), d) and f) indicate the distances between the two 

partials. The pink lines in a), c) and e) represent two partials perpendicular to the GB plane.  



Results and discussion 

60 

 

We found that the dislocation spacing along the GBs decreases as expected with increasing 

misorientation angle. The measured D values match well with the theoretical values estimated 

following Frank’s equation, as shown in the plot in Figure 5-7.  

Already in the STEM images, it can be seen that the GB dislocations are dissociated. This becomes 

easily visible in the FFT constructed image visualizing the arrangement of the partial dislocations, 

as shown in Figure 5-6 b). The (220) lattice reflections in the FFT are used to construct the IFFT 

image in Figure 5-6 b), in order to quantify the dislocation dissociation spacing. A closer inspection 

reveals that each 1/2<1̅01> dislocation is dissociated into two partials, described as follows:  

 
1

2
[1̅01] =  

1

6
[1̅1̅2] + 

1

6
[2̅11] 5.4 

Figure 5-7: Dislocation spacing vs. misorientation angle plot for three different misorientation angle of 6ᵒ, 10ᵒ, 

and 13ᵒ. The measured spacing between the two partials along the GBs and perpendicular to the GBs decreases with 

the increase in the misorientation angle. The spacing between the partials along the GB matches well with the 

theoretical dislocation spacing following Frank’s equation. 
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Note that 1/6<112> corresponds to the projected Burgers vector in the plane. The average 

measured distance between the two partials (perpendicular to the GB) is approximately 1.1 ± 0.06 

nm, 1.5 ± 0.10 nm and 1.8 ± 0.06 nm, respectively. These spacing values follow a similar trend of 

decreasing with an increase in the misorientation angle (see Figure 5-7). A similar type of 

dislocation dissociation was also observed for a Cu GB, as reported in Ref [60,203]. This 

dissociation corresponds to the lower energy configuration at the GB in comparison to the full 

dislocation. 

5.1.3 Discussion 
 

The aim of the current study is to grow smooth and epitaxial Al films with an average grain size 

of > 10 µm, a wide distribution of [111] tilt GBs and columnar grains by varying the substrate 

temperature (Ts) during deposition. One of the crucial challenges in the growth of Al films with 

smooth dense surface, large grain size, optimum thickness and columnar GBs is controlling both 

the crystalline texture and surface structures of the material to be deposited. Such characteristics 

are highly influenced by the deposition temperature. High deposition temperatures govern 3D 

island growth and epitaxy of the film with respect to the substrate, while lower temperatures lead 

to roughness on the surface of the film and randomly oriented grains in the film [204]. We found 

that the growth behavior of Al thin films deposited at different temperatures here, can be 

categorized into different regimes, following the structure zone model (SZM) [190,205,206] as 

represented in Figure 5-8. The SZM provides a fundamental basis to interpret the microstructure 

evolution of metallic thin films as a function of deposition temperatures [205]. The presence of a 

high density of pores with indistinctive grains and non-columnar GBs in the Al film S1 occur as 

the deposition temperature lies in the very low temperature regime (0 < Ts / Tm < 0.3, up to 35ᵒC), 

where adatom mobility is very low and surface diffusion is strongly constrained. However, at 

higher deposition temperatures (0.3 < Ts / Tm < 0.5, up to 200ᵒC) i.e. for the film S2, the surface 

diffusion becomes substantial; however GB migration is quite constrained. As a result, the film S2 

develops an inhomogeneous structure with V-shaped grains formed by the competitive growth 

[207,208] of nearby crystals with various orientations. On further increasing the deposition 

temperature to 300ᵒC (in the temperature interval Ts / Tm > 0.6) for the film S3 and S4, not only 

surface and GB diffusion, but also the bulk diffusion become active, which results in the lateral 

growth of the grains near the film-substrate interface. Furthermore, GB migration plays a vital role 
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in deciding the structure of the films, which is controlled by the minimization of the surface energy 

and the interfacial energy. This results in a homogeneous structure along the film thickness, 

consisting of columnar GBs from the substrate up to the surface of the Al film. The variation in 

grain size and the fraction of CSL GBs in S3 and S4 arises due to the post annealing of the S4 film 

that leads to higher grain growth in S4 and thus resulting in lower amount of CSL boundaries. 

Regardless, on closely inspecting the microstructure evolution, it is evident that growth of the Al 

thin films is following the structure zone model. Furthermore, we found that Ts / Tm for Al must 

be in the range of Ts / Tm ≈ 0.6 (i.e. > 290ᵒC) in order to get the film with flat smooth surface and 

a wide distribution of various [111] tilt columnar GBs. 

Furthermore, STEM-HAADF studies on the atomic structure of LAGBs (from S4 film) having a 

misorientation angle of typically 6ᵒ, 10ᵒ and 13ᵒ, respectively, demonstrate that the dislocations 

having a total Burgers vector of 1/2<1̅01> are dissociated at the GB. Each full edge dislocation is 

Figure 5-8: Experimentally observed structures of the deposited Al films superimposed on basic structure zone 

models at various film thicknesses redrawn in modified form from Ref [205]. a) to d) represent the increase in the 

thickness of the Al film. The thicknesses of the Al film S1, S2, S3 and S4 are 145 nm, from 400 up to 465 nm, 408 

nm and 665 nm, respectively. 
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dissociated into periodic array of two partials dislocations with projected Burgers vectors i.e. 1/6 

[1̅1̅2] and 1/6 [2̅11]. Note that any Burgers vector component along the <111> beam direction 

remains unresolved. SFE plays a major role in determining whether emergent partials can exist as 

part of some GB structures or not. However, from the theoretical studies in the literature, it is found 

that there has been mixed reviews about the effect of SFE on the dissociation of the GB dislocation.  

Rittner et al. [209] explored the structures of < 110 > tilt GBs by atomistic simulation for 

three metals (Au, Ni and Al) having different SFEs and reported such dissociation of GBs into 

stacking faults occurred only in Au and Ni but not in Al. This is due to the high SFE in Al that 

makes the dissociation of a full dislocation into two partials energetically unfavorable. Other 

studies also reported such dislocation dissociations at the GB is favorable only in low SFE 

materials like Cu, Au, etc. [74,210]. Recently, Zhang et al. [203] and Bishara et al. [60] also 

experimentally depicted [111] tilt GBs but in Cu with the help of high-resolution STEM studies 

and found dissociation of the LAGB dislocations into partials. Conversely, simulation studies 

[38,211–213] revealed that such GB dissociation is also possible in high SFE material like Al. 

Richard et al. [212] and  Lu et al. [213] proposed that such dissociations in Al should also be 

possible, driven by vacancies in the vicinity of the dislocations and their corresponding energy. 

Here, we found that the measured separation distances between the partials for 13ᵒ, 10ᵒ and  6ᵒ are 

typically 1.1 nm, 1.5 nm and 1.8 nm, a smaller distance than the equilibrium spacing between 

partials for Al, which typically amounts to 3-4 nm (inside the Al crystal) [214].  

Furthermore, this distance decreases with in an increase in the misorientation angle in our 

observations. However, the observed partials' spacing cannot be compared to the classical SFE 

model [215] because of the following reasons: partials usually form in the grain interior and are 

separated by a stacking fault along a specific atomic plane (this is the origin of the correlation 

between SFE and partials). Nevertheless, in the case that we report here, partials are not separated 

by a well-defined atomic plane due to the presence of the GB and the crystal tilt. Therefore, the 

GB energy plays a vital role in setting the configuration of the partials along the boundary. This 

additional interfacial energy and possible GB stresses and strains couple with the partials’ energy 

and make the classical approach to set the distance between partials with a SFE, incomplete. 

Nevertheless, the measured configuration with the two partials should have a minimum energy 

when accumulated at the GB. 
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5.1.4 Summary and Conclusion 
 

In this study, the microstructural evolution and misorientation distribution of [111] tilt GBs in Al 

thin films was systematically analyzed by using electron microscopy techniques as a function of 

substrate temperature. The epitaxial Al thin films were grown by e-beam evaporation technique on 

(0001) α-Al2O3 substrates achieving a {111} texture with preferred in-plane orientation 

relationships to the substrate. The deposition at room temperature (35ᵒC) revealed a highly porous 

film with not perfectly columnar GBs. It is found that on increasing the substrate temperature to 

200ᵒC, the film becomes dense. However, the 200ᵒC film has often inclined GBs, revealing the 

columnar grains, which indicates that grain growth has not yet saturated. Therefore, it is imperative 

to further increase the deposition temperature to 300ᵒC in order to obtain large grain size and 

perfectly columnar GBs, suitable for STEM analysis in <111> zone axis from plan-view samples. 

Furthermore, the grain boundary structure of different LAGBs revealed the dissociation of ½ 

<110> perfect edge dislocations into two partials at the GB, despite the high SFE of Al. The 

spacing of the dislocation in the LAGB follows Frank’s rule. However, the spacing of the partials 

is much larger as expected for Al and seems to depend on the misorientation angle.  
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5.2 Microstates and defects of incoherent Σ3 [111] twin boundaries in 

aluminium 
 

In this chapter, the atomic structures of Σ3 [111] GBs from two different ORs are investigated 

experimentally. In addition, their excess properties are presented, which explain the emergence of 

two different atomic structures in the two ORs.  

Furthermore, the interfacial defects at Σ3 [111] are investigated in detail. The work presented here 

is based on the manuscript II, which is already published‡‡. 

5.2.1 Introduction 
 

In the last few decades, it has been recognized that a single GB may exist in several different stable 

and metastable states, which differ in their atomic structure. However, experimental insights at the 

atomic structure level are rarely reported. In this study, efforts have been made to establish a direct 

correlation between the atomic structure of different structural states of Σ3 [111] tilt GBs and their 

effect on excess properties by using aberration corrected STEM techniques in combination with 

molecular statics and density functional theory simulations.  

Two Σ3 [111] {112} GBs from two different ORs in an Al thin film grown on sapphire ((0001) 

oriented) were examined experimentally, and the differences in their structural motifs are 

discussed. Please note that the Al film that is employed to extract the Σ3 GBs (from PFIB) is 

different from the Al films in Chapter 5.1.  

In addition, the atomic structure of the two ORs along the <110> zone axis are also investigated 

and compared. Furthermore, molecular statics simulations are utilised to investigate the different 

structural motifs that have emerged at the GB along the <111> and <110> directions as well as the 

variations in the excess properties of the Σ3 GBs.  

Moreover, the asymmetric variants of the same GBs, as well as the type and number of interfacial 

defects (such as dislocations, steps or disconnections) present in them, are thoroughly investigated. 

Furthermore, their implications on GB mobility ares discussed. 

                                                 
‡‡ Based on manuscript II by S. Ahmad, T. Brink, C.H. Liebscher and G. Dehm (Acta Materialia, p.118499 (November 2022)) 
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5.2.2 Results 
 

Microstructural characterization of thin films 

Figure 5-9 shows a schematic of the geometry of the Al thin film on the sapphire substrate including 

the corresponding crystallographic directions. The microstructural attributes of the epitaxial Al 

thin film, especially texture, grain size, GB character and their distributions obtained by EBSD in 

the SEM are summarized in Figure 5-10. EBSD studies revealed a strong <111> texture in the Al 

film as shown by the {111} Al pole figure and IPF map (in the normal direction).  

 

The central peak of the {111} Al EBSD pole figure corresponds to (111) Al planes that are parallel 

to the film surface. In accordance with the literature [189,216] on vacuum deposited fcc metallic 

thin films, the {111} texture can be associated with the tendency towards minimum energy 

configuration, i.e. corresponding to the lower surface energy planes. The existence of two 

orientation relationships (OR I and OR II) between Al and Al2O3 – containing two twin-related 

growth variants rotated by 180° for each OR – is designated by the six other (111) peaks in pole 

figure. ORII corresponds to a 30° rotation of Al crystallite around the <111> direction with respect 

to the underlying (0001) oriented sapphire [188]. A 30° misorientation between OR I and OR II 

Figure 5-9: Schematic of the Al thin film grown on the sapphire substrate including corresponding 

crystallographic directions (for both ORI and ORII). The z-axis represents the out of the plane direction, i.e. [111], 

while x-axis and y-axis represent the in-plane directions. The in-plane directions for ORI and ORII are [11̅0] and 

[112̅], respectively, in the Al film. 
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grains is anticipated from the angle between <1010> α-Al2O3 (ORI) and <2110> α-Al2O3 (ORII). 

Both the ORs are described as follows: 

 ORI a/b {111} ± <011> Al  ǀ ǀ (0001) <1010> α-Al2O3 5.5 

 ORII a/b {111} ± <011> Al  ǀ ǀ (0001) <2110> α-Al2O3 5.6 

 

It is important to note that in the (111) pole figure, sharp diffraction peaks are observed for both 

OR I twin variants. Conversely, less sharp peaks are observed for OR II with an angular deviation 

of ±8° (see the pole figure in Figure 5-10 b) and supplemental Figure 5-26). The corresponding CSL 

Figure 5-10: EBSD results for the Al thin film on a sapphire substrate. a) The inverse pole figure map in  [111] 

direction. Blue color indicates {111} planes that are parallel to the surface. The colored lines indicate different [111] 

tilt GB types in the film. b) Relative occurrence of CSL boundaries. The inset shows a {111} Al pole figure of the 

deposited film generated from EBSD data with OR I a/b and OR II a/b marked. c) The inverse pole figure map in 

transverse direction represents the grain orientation, shown by superimposed cubes. The ORI and ORII are depicted 

in purple and green color, respectively. Σ3 twin boundaries are shown in white, Σ13b GBs in yellow, Σ 19b in red, 

Σ21a in green and further CSL boundaries of higher order in blue. d) Distribution of grain sizes in the film 
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boundaries and their distribution are shown in Figure 5-10 b). The microstructure of the film is 

mainly dominated by high angle boundaries. Among 62% of all CSL boundaries, approximately 

38% are Σ3 twin boundaries followed by 11% Σ13b, 6% Σ7, 2% Σ19b, 2% Σ21a, 1.5% Σ37c and 

a very small percentage of other higher-order CSLs. The remaining percentage of the GBs in the 

film are low angle boundaries. 

Atomic structure of Σ3 grain boundaries with ORI and ORII 

Representative atomic resolution images of symmetrical Σ3 twin boundaries from the two different 

ORs are presented in Figure 5-11. The two adjacent grains are oriented along the [111] axis with a 

grain misorientation of 60° for ORI and 59° for ORII, with a GB habit plane of (211). Due to the 

larger change in GB curvature locally in ORII, frequent changes in GB plane inclination lead to 

steps or facets in the GB. This is also demonstrated microscopically in Figure 5-24 and Figure 5-25 

by using plane trace analysis in EBSD and in Figure 5-16 (to be discussed in the upcoming section) 

by using BF-TEM imaging.  

Figure 5-11: STEM-HAADF images showing the atomic-resolution details of incoherent symmetric Σ3 grain 

boundaries viewed along the [111] zone axis. a) Atomic structure of symmetric Σ3 (2̅11) from ORI.  b) Atomic 

structure of symmetric Σ3 (2̅11) from ORII. The red coloring of the atomic columns serves to highlight the structural 

units. The blue colored atoms highlight the motifs in the cross-sectional view of the GB (see Figure 5-13 and Figure 

5-14). Both the images were filtered using Wiener filter with the following parameters: Highest frequency = 80 and 

edge smoothing = 5% 
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Figure 5-11 shows straight, symmetric segments, which occur in between the steps. The structural 

unit (SU) model is utilized to describe the complete structure of Σ3 (211) GB. On closer inspection, 

it is found that despite having the similar macroscopic degrees of freedom, the characteristic 

structural units of Σ3 for both the ORs are slightly different from one another. The Σ3 (211) 

structure from ORI, is comprised of sub-units as highlighted by red circles in Figure 5-11 a). In the 

projection, the red sub-unit possesses a distorted hexagon shape with no mirror symmetry across 

the GB. In accordance with the terminology of the SU model, the GB structure can be written as 

ǀEǀ for the Σ3 (211) from ORI, where E represents the distorted hexagon unit. The vertical lines ǀ 

represent one GB period (unit cell at the GB) along the direction of the GB plane. 

In contrast, the Σ3 structure from ORII consists of red sub units that appear moderately different 

from the ǀEǀ units. It exhibits a perfectly hexagonal shape, which appears mirror symmetrical in 

the projection, and can be written as ǀE’ǀ, where E’ represents the perfect hexagon unit. The SUs 

from two different ORs are also compared quantitatively by measuring geometrical features 

Figure 5-12: Schematic illustration of the projection of two different structural units of incoherent symmetric 

Σ3 grain boundaries from two ORs. a) Distorted hexagon units (ǀEǀ units) from ORI. b) Perfect hexagon units (ǀE’ǀ 

units) from ORII. Images at the bottom show the experimental images of the structural units. The different values of 

angle α depicted in c) and d), indicate a slight shift in the atomic position of the light red atomic column in the structural 

units. 
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(atomic distances and angles subtended by the sides of the hexagon) of the units. The 

methodological error in measuring these angles and the atomic distances between the atoms is far 

smaller than the difference in the actual values from the two structures. 

It is evident from the measurements that the angle α (as defined in Figure 5-12) in the distorted 

hexagon (ǀEǀ units) is around 29° larger than in the perfect hexagon (ǀE’ǀ units). A large change in 

the α angle also results in slight shifts in the atomic positions of the surrounding atoms at the GB 

as can be seen in the supplemental Figure 5-23. 

Cross-sectional view of the Σ3 GBs 

 

A conventional BF-TEM image of the cross sectional view of the Σ3 GB from OR I in Figure 5-13 

a) illustrates that the boundary is straight from the substrate to the surface of the film and does not 

contain any facets. The Al film thickness is determined to be 805 nm, approximately.  

Figure 5-13: Cross-sectional view of the Σ3 (𝟐11) GB from ORI along <110> zone axis. a) Conventional BF-

TEM image of the cross-section of Σ3 GB from ORI. STEM-HAADF images in b)-e) represent the atomic structure 

of the boundary marked by green, light blue, black and dark blue rectangles in a). Translation of {111} planes across 

the GB is increasing gradually from the bottom near the substrate to the surface of the Al film 
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STEM-HAADF images in Figure 5-13 b)-e) represent the atomic structure of the boundary from the 

regions marked by the green, light blue, black and dark blue rectangles in Figure 5-13 a). An 

interesting feature is the shift between the {111} planes at the GB: There is no such translation 

present at position A, which is very close to the sapphire substrate. As we move farther away from 

the substrate, it increases gradually up to approximately 0.69 Å near the surface of the Al film. 

A conventional BF-TEM image of the cross-section specimen of the Al film containing a Σ3 GB 

with ORII is shown in Figure 5-14 a). The boundary appears to be mostly straight but with the 

incorporation of two asymmetric facets with GB plane {122} / {100} inclined towards the right 

grain, marked by a pink rectangle in the image. These facets are named asymmetric facet 1 and 

asymmetric facet 2. It seems that the boundary moves to the right during annealing at elevated 

Figure 5-14: Cross-sectional view of the Σ3 (𝟐11) GB from ORII along <011> zone axis. a) Conventional BF-

TEM Image of the cross-sectional of Σ3 GB from ORII. STEM-HAADF images in b) and c) represent the atomic 

structure of the boundary marked by the green and black rectangle in a). d) Magnified view of the pink rectangle 

highlights the atomic structure of the asymmetric twin facet (122)/(100) with no rigid body translation of {111} planes 

but includes other structural units. For Σ3 (211), different microscopic rigid body translations are found along the 

boundary as shown in b) and c). 
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temperatures. The atomic structures at position A and B consist of the same triangular units along 

the GB as observed in ORI. Furthermore, the facets also consist of triangular units from the {211} 

symmetric twin with the incorporation of some additional units (Figure 5-14 d)), having either one 

or two atomic planes to accommodate the deviation in GB plane from the symmetric inclination.  

Atomistic simulation 

 

At this point, it is still unclear if the |E’| unit is simply an elastically distorted version of the |E| 

unit, or a more clearly delineated microstate. We could find the |E| motif at 0 K and without 

externally applied stress or strain using the γ-surface method as described in the section describing 

experimental details. The |E’| variant could not be found. 

In the experiment, the film is grown on a sapphire substrate, which can lead to residual strains (the 

possible sources of these strains are discussed later). Here, we assume that this corresponds to an 

Figure 5-15:  Simulation of the two different motifs |E| and |E’| observed in the experiment. a) In the stress and 

strain-free state, the |E| unit can be found. b) The |E’| unit appears when applying a strain of 0.5%. The coloring in the 

images highlights the structural units. The atom indicated in light red color shifts its position when transforming from 

|E| to |E’| units, leading to a change in the angle α when viewed in the projection from the [111̅] direction. c)–f) The 

GB excess energy [U], excess free energy γ, excess volume [V], excess shear [B1] along the tilt axis are shown together 

with the angle α. A clear jump in these properties marks the transformation between the two motifs at ε ≈ 0.5%. In c), 

the dashed lines are extrapolations of the excess free energy. 
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isotropic strain in the yz plane (ε = ε22 = ε33), i.e., the plane that is parallel to the substrate in the 

experiment, and open boundaries in the direction normal to the substrate (plane stress condition 

with 𝜎11 = 0). Unfortunately, the plane stress condition leads to significant size effects, yielding 

different results for different ratios of GB volume vs. bulk volume [86].  

We therefore utilized plane strain conditions (ε11 = 0) and verified that the results are unaffected 

by varying ε11 (Supplemental Figure 5-27). Due to the boundary conditions, we can furthermore 

only apply a stress normal to the GB (𝜎33) and a strain (ε22) in y direction without introducing size 

effects in a bicrystal setup [86]. In order to be able to apply a plane strain, we therefore computed 

the stress–strain relation of a similarly sized and oriented defect-free fcc slab and used this to 

estimate the stress needed to obtain a given ε33.At a strain of around 0.5%, we observe a transition 

from the |E| to the |E’| structure (Figure 5-15 b)). Additionally, at each applied strain value, we could 

only observe one of these two structures, while the other one was always unstable and transformed 

immediately. That means that neither structure can exist in a metastable state. 

To gain deeper insights, we also tracked several excess properties as a function of ε: The excess 

energy [U], the excess volume [V], and the excess shear [B1]. At ε = 0, the latter corresponds to 

the shift between the {111} planes in tilt axis direction across the GB (as indicated in Figure 5-15 

a)). Positive and negative values of [B1] are equivalent in the case of Σ3 <111> {112} tilt GBs in 

fcc: These lead to equivalent, if differently oriented, GB structures due to the bicrystal symmetry. 

The values of [B1] are of the same order of magnitude as in the experiment (Figure 5-13 and  Figure 

5-14), but due to the small magnitude of the shift and the unknown stress state as well as 

measurement uncertainty in the experiment, a quantitative comparison is not possible.  

We also calculated the GB free energy, which is 𝛾 = [𝑈] − 𝜎33[𝑉] in this case [85,86], and the 

angle α as defined in Figure 5-12. All values are shown in Figure 5-15 c)–f). We can see that there is 

a jump in the excess values and a discontinuity in the excess free energy at ε ≈ 0.5%. This indicates 

that |E| and |E’| are indeed distinct microstates. The reason for the transformation between the two 

states is that the atomic arrangement in |E’| leads to a larger excess volume, which becomes 

favorable under tension. 

Asymmetric variants of Σ3 grain boundaries of ORI and ORII 

 

The BF-TEM image in Figure 5-16 shows the asymmetric variants of the Σ3 in two ORs. Both the 
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ORs incorporate facets regularly interrupted by steps with varying heights in order to 

accommodate the overall deviation in grain boundary plane deflection from the symmetric 

orientation. We found that the GB from ORII has a greater number of facets and steps in 

comparison to ORI, also demonstrated in Figure 5-24 and Figure 5-25. 

The atomic structures of asymmetric variants of Σ3 are depicted in Figure 5-17 and Figure 5-18. In 

the case of ORI, the GB consists of long facets of 40 nm up to 60 nm in length separated by small 

steps with a step height of 0.3 nm, but no facet with larger step heights are found. Unlike ORII, 

the absence of larger steps in ORI is due to a small deviation (because of the change in GB 

curvature locally) of approximately 1.2° in GB plane inclination from the exact habit plane in 

comparison to a large deviation of 5.5° deviation for ORII. We experimentally observed that the 

symmetric facets are disrupted by isolated defects in order to compensate for the deviation in GB 

inclination. Thus, it is unlikely that they are responsible for the differently reconstructed GB 

structural unit, especially considering that the deviation angles are quite small. In the case of Σ3 

(2̅11) GB from ORII, it consists of long facets of around 20 nm in length separated by steps with 

heights from 5 nm down to 1 nm. The longer facets are comprised of smaller facets of around 4 

nm in length interrupted by steps with varying small step heights. 

Figure 5-16: BF-TEM images of asymmetric variants of Σ3 (𝟐11) GB from a) ORI and b) ORII, showing facets 

of varying length separated by steps. Small circle marked in b) shows the smaller facets incorporated by small steps 

within longer facets. 
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The magnified view in the light blue and blue boxes in Figure 5-17 c) and d) indicates a GB step and 

shows that the core structure of the step is quite ordered. Also, no incorporation of additional 

subunits has been observed in any of the cases. 

Dislocation characterization of GB steps 

 

To analyze whether the steps present at the interface are associated with any secondary grain 

boundary dislocations or not, the Burgers circuit mapping method is adopted from Medlin et al. 

[217]. The Burgers vector b, of the interfacial steps can be determined as 

 

 𝐛 =  −(𝐂γ + 𝑅𝐂β).  5.7 

Here, Cγ and Cβ are the path of the Burgers circuit corresponding to the lattice translation vectors 

in the two grains (Grain γ and β) as shown in Figure 5-18 a) and b). R is a rotation matrix that 

Figure 5-17:  STEM-HAADF images showing asymmetric variants of the GBs in plan-view along [111] zone 

axis orientation.  a) Atomic structure of asymmetric variant of Σ3 (211) from ORI.  b) Atomic structure of asymmetric 

variant of Σ3 (211) from ORII. The images depicted in c) and d), as marked by blue and light blue boxes, show a 

close-up view of the GB step highlighted in a) and b). 
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converts a crystal reference system from grain γ to β, here representing a 60ᵒ rotation around the 

tilt axis: 

 
RΣ3 =  

1

3
  [ 

2 1 2

2 2 1

1 2 2

 ] 

 

5.8 

Circuit Cγ starts from A, follows B and ends at C while Cβ path starts from D, follows E and ends 

at F in clockwise direction as shown in Figure 5-18. The circuits are constructed in such a way that 

they converge at crystallographically equivalent sites on both sides of the facet, so that AF̅̅̅̅ = −CD̅̅ ̅̅ , 

cancelling out the unknown parts of the Burgers circuit. 

We found that the steps present in both the ORs are associated with Burgers vectors as listed in 

Table 3 and the interfacial structure is identical on either side of the steps. Hence, it is clear that 

these steps shown in Figure 5-17 and Figure 5-18 are disconnections with varying heights (h), where 

both b and h are the translation vectors of the displacement shift complete (DSC) lattice. In the 

case of Σ3 from ORI, only one kind of disconnection with Burgers vector b1 = 1/6[112] and a step 

height of 2adsc (0.3 nm) is observed, where adsc is the lattice parameter of the DSC lattice.  

Figure 5-18: STEM-HAADF images showing two different types of steps along [111] zone axis at the Σ3 (𝟐11) 

GB from ORII.  a) Atomic structure of GB step type A with 0.8 nm length. b) Atomic structure of GB step type B 

with 3 nm length. Burgers circuits depicted in a) & b) start from position A in a clockwise direction and end at position 

F. The red lines (ABC) in grain γ and blue lines (DEF) in grain β represent the upper and lower part of the Burgers 

circuit. As summarized in Table 2, the Burgers circuits in a) and b) give b1 = 1/6[112] and b2 = 1/2[101], respectively. 
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Table 3: Burgers vectors b determined using equation (1) for the circuit maps constructed around pairs of facet 

junctions in ORII as shown in Figure 10. The values of the two half-circuit Cγ and Cβ are also provided, alongside the 

step height h. 

Type of 

steps 

Cγ:ABC (Grain γ) Cβ:DEF (Grain 

β) 

b (Burgers 

vector) 

h (Step height) 

Type A 1/6 [46  55 8] 1/6 [56 10 46] 1/6 [112] 0.8 nm 

Type B 1/6 [69  93 24] 1/6 [93 27 66] 1/2 [101̅] 3.0 nm 

 

In ORII, disconnections with the same Burger vector, i.e. b1 = 1/6[112], with different step heights 

of 2adsc  (0.3 nm) and 5adsc (0.8 nm) are observed across the GB. The atomic structure of both types 

of disconnections look similar and quite ordered. We also found another type of disconnection 

with a different Burgers vector b2 = 1/2[101] and a step height of approximately 3 nm as shown 

in Figure 5-18 b).  

 

The distribution of two distinct types of GB dislocations associated with different steps, recognized 

in the [111] Σ3 from both ORs is illustrated in Figure 5-19. It is important to take into account that 

in addition to the deviation in GB plane inclination, deviation in the misorientation is also 

Figure 5-19: Schematic illustration of the distribution of two different types of grain boundary dislocations (b1 

= 1/6[112] and b2 = 1/2[101]) associated with different steps observed along the incoherent Σ3 (211) GBs from ORI 

and ORII. 
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responsible for accommodating the disconnection kind of defects at the GB. In the case of ORI 

(for a longer segment including the disconnection with a Burgers vector b1 = 1/6[112]), we have 

approximately 1ᵒ of deviation from the ideal 60ᵒ misorientation. This average value of 1ᵒ deviation 

is estimated by using the lines along the planes on both the grains forming the GB and then 

measuring the angles between the drawn lines. However, when we zoom in locally, we have ideal 

60ᵒ misorientation for the perfect Σ3 symmetric segment without any disconnection (see Figure 

5-11). This clearly indicates that the deviation in the misorientation of the GB is compensated by 

the introduction of defects like disconnections. Likewise, in ORII (for a longer facets with 

disconnections corresponding to a Burgers vector of b1 = 1/6[112]), we have a deviation of ~2.3ᵒ 

in the misorientation for the longer facets, associated with an average spacing of 4.1 nm 

approximately. While locally, we have a deviation of 1ᵒ from the ideal misorientation for the 

perfect symmetric segment (see Figure 5-11 b)). Therefore, globally, both the deviation in GB 

misorientation and the GB plane inclination are responsible for incorporating the b1 = 1/6[112]) 

and/or b2 = 1/2[101] disconnections at the GB. Moreover, it is very likely that the facets between 

the disconnections are the remainders of GB migration that occurred at high temperatures during 

the annealing of the film. Although, no pure steps (without any dislocation character) are found in 

the GBs examined, yet, there is also a possibility that pure steps may have been incorporated into 

the GBs instead of disconnections in order to compensate a deviation in GB plane inclination. 

The aforementioned two different disconnections having the same Burgers vector b1 = 1/6[112] 

and different heights can be explained with the help of a schematic illustration of disconnection 

formation in Figure 5-20. A dichromatic pattern is formed by overlaying the two [111] lattices A 

and B, which are rotated by 60ᵒ w.r.t to each other as demonstrated in Figure 5-20 a). The pristine 

GB structure of Σ3 [111] (211) can be obtained by eliminating the lattice points from the respective 

lattices on each side of the GB plane (see Figure 5-20 b)). The CSL and DSC lattices emerging from 

the dichromatic pattern for the Σ3 [111] boundary are displayed in Figure 5-20 c)). Furthermore, 

translation of the lattice B relative to lattice A by a DSC vector relocates the CSL origin and the 

boundary plane to a new site (Figure 5-20 d) –f)). This results in the incorporation of a disconnection 

at the GB with a Burgers vector of b = 1/6[112] and a step height h. As equivalent locations of the 

GB plane in the shaded region exist, multiple disconnections with the same Burgers vector but 

different step height are possible, each with a different energy [66]. The two disconnections 
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observed experimentally are shown schematically in Figure 5-20 e)-f)). Both disconnections have 

the same Burgers vector but different step heights 2adsc and 5adsc. 
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5.2.3 Discussion 
 

Atomic structure and excess properties 

While the symmetric Σ3 [111] (2̅11) GBs with OR I and OR II have the same macroscopic DOFs, 

the GBs exhibit two different microstates with subunits |E| (distorted hexagonal units) and |E’| 

(perfect hexagonal units). The |E’| structural unit was already predicted using atomistic simulations 

by Sutton et al. [37], however, that work does not contain the experimentally observed |E| motifs. 

In copper, Wang et al. [36] simulated two different structures with |F| (stable) and |F’| (metastable) 

units. The |F| motif bears some resemblance to the experimentally observed structure in Al, 

although the angles and interatomic distances do not match. It is important to note that these 

simulations used simple pair potentials, which are not capable of fully describing the physics of 

metals. Later, Hetherington et al. [99] combined both the atomistic simulation and the atomic 

resolution TEM to investigate the atomic structure of Σ3 [111] (211) facets of the incoherent twin 

GBs in gold (Au). It was identified that there was no one-to-one correlation between the simulated 

and the experimental images due to the lower resolution limit of the microscope. On closer 

comparison of the atomic structure of the GBs in Au with Al, we found that both the experimental 

and the simulated motifs in Au does not match with any of the motifs present in Al. We therefore 

investigated the structures with aberration corrected STEM and performed the simulations with a 

more realistic EAM potential in this work. Furthermore, we also verified the results using DFT 

simulations. We found that the |E| structure transforms into the |E’| structure when applying a stress 

Figure 5-20: Schematic illustration of the disconnection defects in an incoherent Σ3 [111] symmetric tilt GB. a) 

Dichromatic pattern obtained by overlaying two lattices oriented along [111] direction: lattice A and lattice B (rotated 

by 60ᵒ relative to lattice A) containing filled and unfilled lattice points, respectively. The green, blue and red layers in 

both lattices indicate the typical (111) ABCABCABC… fcc stacking sequence. A new super lattice structure emerges 

due to concurrent lattice points (light red lattice points), called coincidence sites lattice (CSL). b) The pristine GB 

structure of Σ3 [111] with a GB plane of (211) is indicated by the black line. The pink and yellow lines in c) represent 

CSL and DSC lattice vectors, respectively. d) A shift of the lattice B relative to the lattice A by a DSC vector b= 

1/6[112] indicated by blue arrows in the yellow region, relocates the origin of the CSL lattice and the boundary plane 

(black line). This leads to the formation of a disconnection with a Burgers vector b = 1/6[112] along the GB. e) and 

f) show the two kinds of disconnections associated with step heights h = 2adsc and h = 5adsc for the same Burgers vector 

b. Yellow lines depict the Burgers circuit around the disconnections. Pink circles in e) and f) represent structural units 

corresponding to the pristine GB structure. 
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or strain in the plane parallel to the substrate. The reason for this is that the GB excess volume 

couples to stresses applied normal to the GB plane (𝜎33), resulting in a GB free energy of 𝛾 =

[𝑈] − 𝜎33[𝑉]. The |E’| motif has a higher excess volume and thus occurs under tension. Because 

neither variant is mechanically (meta-)stable concurrently with the other variant, both motifs can 

only be observed by applying stress or strain, which explains why these microstates were not found 

in earlier simulations. 

High-resolution STEM imaging of the cross-sectional view along the <110> zone axis reveals that 

there is a slight shift of the {111} planes across the GBs in both ORs. The farther the boundary 

gets away from the substrate, the higher is the magnitude of the shifts between the {111} planes. 

These rigid body translations during grain boundary relaxation usually occur in order to reduce the 

grain boundary energy [53,189] and were also predicted by our simulations. No such shifts are 

observed for the segments close to the substrate for both ORs. Various studies reported that the 

magnitude of these translations at the GB is very sensitive to the surroundings of the boundary 

(such as presence of triple junction, phase interface or defects near the GB) [96,218]. The presence 

of sapphire near this segment of the symmetric twin imposes a rigid frame on the GB that prevents 

the occurrence of any rigid body translations of {111} planes near the substrate. In addition, 

asymmetric twin facets are present along the [110] zone axis in ORII as compared to the perfectly 

planar GB observed in ORI. It is important to note that there is no dislocation character associated 

with these steps, unlike the disconnections observed from the [111] zone axis direction. 

Nevertheless, these facets indicate that the boundary might have migrated from left to right at 

elevated temperature during the annealing treatment. 

Regarding the transition from |E| to |E’| motifs, the simulations predict that a planar strain of at 

least 0.5% is required. One possible origin for such a strain could be the difference in the thermal 

expansion coefficients [219,220] between the substrate (8.18 × 10−6 K−1 in the basal plane) 

and the film (23.1 × 10−6 K−1): ε = Δα × 400 K = 0.6%. However, this does not explain the 

difference between the ORI and ORII motifs. Another possibility could be the different lattice 

mismatch between Al film and the sapphire substrate for ORI and ORII. Medlin et al. [216] 

considered the lattice parameter of sapphire for the lattice coincidence relationships analysis 

method [221] to calculate the lattice mismatch between Al and sapphire substrate in ORII and 

estimated it to be −4.3% for ORI and +0.4% for ORII. On the other hand, Hieke et al. [202] used 
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the lattice plane spacing values directly to calculate the lattice mismatch and found it to be −4.3% 

for ORI and −20 % for ORII. These results contradict with each other and only the approach by 

Medlin et al. fits qualitatively to the simulations, which predict |E| units occur under 

compression/slight tension and |E’| units under larger tension (ε > 0.5%). According to the 

literature [216,222], the value of the lattice misfit parameter can be estimated by using different 

approaches, depending on the elastic properties of the materials. However, it should be noted that 

all the above-mentioned approaches for the lattice strain calculations are relatively simple and 

imprecise. For instance, delocalized coherency, i.e. a local rearrangement of the atoms at the 

interface, may result in a reconstructed interface structure [223] that reduces the interface energy. 

The possibility of interface reconstruction makes these purely geometrical models questionable.  

Nevertheless, the observed atomic structures of the Σ3 [111] GBs from both simulation and 

experiments are in excellent agreement with each other and paved a useful insight into 

understanding the influence of grain boundary structure multiplicity on the properties of the 

delimiting Σ3 [111] tilt boundaries in Al.  

Disconnections in Σ3 [111] GBs 

 

The occurrence of different types of Σ3 [111] disconnections with Burgers vector b1 = 1/6[112] 

and b2 = 1/2[101] with varying heights in both ORs is attributed to the substantial deviation in the 

misorientation and the GB plane inclination from the symmetric orientation. To the authors’ 

knowledge, this is the first time that the atomic-scale experimental observations of GB 

disconnections in incoherent Σ3 [111] tilt GBs in pure Al are being reported. Numerous studies 

[76,78,82] show that the GB kinetics are highly controlled by the dynamics of disconnections, 

such as the nucleation and the propagation of disconnections along with the GB in a polycrystalline 

material. The experimentally observed large number of disconnections at the Σ3 [111] GBs could 

indicate the nucleation and propagation of these disconnections and steps at the GB from the triple 

junctions during annealing. The motion and annihilation of these disconnections may have 

contributed differently to the GB migration at high temperatures. However, it is difficult to 

elaborate globally whether all these facets or disconnections already existed due to a deviation 

from exact CSL misorientation/habit plane or nucleated from the triple junctions at elevated 

temperatures. Nevertheless, the existence of only one type of disconnection in ORI may suggests 
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the possibility of a lower migration rate for ORI in comparison to ORII, where more than one type 

of disconnections are observed. However, for quantitative study of the energies of these 

disconnections and their effect on the mechanism of GB migration, more studies such as in-situ 

annealing experiments in combination with in-depth simulations are needed which is beyond the 

scope of the current article. 

5.2.4 Summary and Conclusion 
 

In the present work, a detailed systematic study is conducted to investigate the structure 

multiplicity and structural defects in incoherent Σ3 [111̅] (211) tilt GBs using aberration corrected 

high-resolution transmission electron microscopy technique. Furthermore, MD and DFT 

simulations are utilized to understand the impact of the two different microstructural states of two 

ORs on GB properties. We found two different microstates, |E| and |E’|, of the GB structure. 

Simulations predict that these states transform into each other with applied stress or strain by 

coupling to the different excess volume of the microstates. |E| motifs were associated with GBs 

with ORI and |E’| motifs with ORII. This suggests that these microstates are the result of different 

strain states due to different local stress states present at the interfaces. Also, the atomic structure 

of both the GBs along <110> zone axis is investigated in detail with HAADF-STEM. Different 

magnitudes of translation of {111} planes are observed across the whole GB from the bottom near 

the substrate up to the surface of the Al film, for both ORs. The asymmetric variants of the GBs at 

the two ORs incorporate different types and density of facets into the structure of Σ3 GB. In case 

of Σ3 from ORI, GB consists of long facets separated by small steps with a single step height of 

typically 0.3 nm. However, Σ3 from ORII comprises of a large number of facets incorporating 

different kind of disconnections with varying step height. The ORII GB exhibits two different 

types of disconnections with Burgers vector 1/6[11̅̅̅̅ 2] and step height h = 2adsc and 5adsc, while for 

ORI, only a single disconnection type with step height h = 2adsc is observed. Furthermore, in ORII, 

another type of disconnection with Burgers vector 1/2[1̅01] and varying step heights were found 

in contrast to absence of such disconnections in ORI. This suggests the possibility of a lower 

migration rate in ORI in comparison to ORII, where more than one type of disconnections are 

observed. 
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5.2.5 Supplementary information to Chapter 5.2 
 

STEM Simulation 

 

STEM image simulations were carried out using the multi-slice algorithm within abTEM 

[168,169] with simulation cells (at ε ≈ 0 % and ε ≈ 0.5%) from Figure 5-15 used were of the different 

thickness (t) ranging from t = 14 nm to 56 nm to understand the influence of thickness on the 

projected atomic structure. The simulated images clearly show that there is no influence of the 

Figure 5-21: STEM simulated images of E and E’ units along [111] direction at different thicknesses starting from 

t=14nm to 56nm under the same initialized convergent beam as in the experiments to match the settings used in the 

experiment. 
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thickness or beam convergence on the atomic positions at the GB other than the brighter atomic 

contrast on increasing the thickness of the simulation cell (See Figure 5-21 and Figure 5-22).  

 

Comparison of the experimental and the simulated structure 

 

On closely inspecting the regions surrounding the units, it is found that the atoms near the structural 

units of ORII are also translated more in comparison to ORI (shown in Figure 5-23). It is well known 

that the instrument and the sample instabilities may create substantial image distortions.  In order 

to rule out the effect of STEM distortions on the images, the atomic distances and angles within 

the grains from the two ORs are also evaluated. The measured distances and angles within the 

grains were same in both the images. 

Figure 5-22: STEM simulated images of E units along [111] direction at an inner HAADF angle of (a 40.5 mrad 

and b) 77.8 mrad. It shows that there is no change in the atomic positions at the GB due to the beam convergence 
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GB plane trace analysis via SEM imaging and EBSD: 

 

Figure 5-23: Comparison of translations in the regions surrounding the structural units in both ORs (a) 

Experimental structures and (b) STEM simulated structure. 

Figure 5-24: Plane trace analysis for GB curvature in ORI by using SEM imaging and EBSD for three different 

Σ3 boundaries as shown in (a), (b) and (c). Blue color inset shows the (111) surface orientation of the Al film from 

the IPF map. Green and yellow dotted lines in SEM images represent the local GB plane traces. Red lines in the inset 

show the {211} plane traces from the adjoining grains in EBSD. On superimposing the plane traces from the image 

onto the inset it is found that the majority of the GB planes in ORI are lying exactly on {211} traces. 
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Figure 5-25: Plane trace analysis for GB curvature in ORII by using SEM Imaging and EBSD for three different 

Σ3 boundaries as shown in (a), (b) and (c). Blue color inset shows the (111) surface orientation of the Al film from 

the IPF map. Green and yellow dotted lines in SEM images represent the local GB plane traces. Red lines in the inset 

show the {211} plane traces from the adjoining grains in EBSD. On superimposing the plane traces from the image 

onto the inset, it is found that only some of the GB planes are lying exactly on {211} traces which clearly indicate 

that the GB plane is deviated more in ORII from the exact {211} plane compared with ORI. 
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Distribution of misorientation deviation in ORI and ORII 

 

 

 

 

 

 

 

Figure 5-26: Misorientation deviation in ORI and ORII in Al thin film from EBSD (a) and (c) represent isolated 

IPF maps of ORI and ORII, (b) and (d) depict the number fraction of Σ3 at different misorientation. These plots 

indicate that the Σ3 misorientation in ORII is deviated more from the exact CSL misorientation in comparison to ORI. 
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Verification of plane strain conditions at different values of ε11 

 

 

 

 

 

 

 

 

 

Figure 5-27: Influence of a strain in tilt axis direction (equivalent to the normal of the film surface in the 

experiment) on the simulation results. Due to the boundary conditions, it is not possible to model plane-stress 

conditions without introducing size effects (note that these size effects are the result of the ratio of GB volume over 

bulk volume and are also necessarily present in the experiment). To obtain reproducible data we thus chose plane-

strain conditions, but verify here that the results are qualitatively the same if the film expands or contracts in the 

direction normal to the substrate. This plot is a repetition of Figure 5-15 d) with additional values of ε11 (which was 

zero in the Figure in the main text) and shows that the jump in excess volume is only shifted by a small amount due 

to the additional strain component. We verified that the same |E| and |E’| motifs occur in all cases. The conclusions 

are therefore unaffected by the choice of plane strain over plane stress. 
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5.3 Deciphering the atomic structures of [111] tilt GBs as a function 

of 5 macroscopic parameters in Al by correlating STEM with 

atomistic simulations 
 

This chapter investigates the detailed atomic structures (in terms of SUs) of different [111] tilt GBs 

for different misorientation angles and the GB planes, by using STEM together with the atomistic 

simulations. The excess properties and the atomic structure along the z direction were calculated 

for different atomic structures. This study bridges the gap between the structure and the properties 

of the GBs. The work in this section is based on the manuscript III.§§ 

5.3.1 Introduction 
 

It is well known that a deeper understanding of the correlation between the atomic structure 

and the properties of a GB needs atomic resolution imaging of the GB. In the last few decades, 

numerous studies [21,36–38,72] explored the atomic structures of several coincidence-site lattice 

(CSL) GBs and their properties in a variety of fcc materials, but usually by employing atomistic 

simulations. It has been found that the modeled structures from several simulations [36,37,39] for 

the same GB type are inconsistent with one another. This makes it difficult to identify which GB 

structure truly exists in reality. By combining the results of the calculated boundary structures with 

relevant experimental observation has resulted in new discoveries [24,96–98,172]. However, very 

few of these investigations have been conducted for [111] tilt GBs [40,42]. Meiners et al. [40] 

conducted one such study at Σ19b [111] {1 7 8} GB, where he employed atomic-resolution 

imaging and molecular dynamics modeling to investigate the coexistence of two unique GB 

structures/phases (i.e. pearl and domino) and their transformation kinetics. Similar coexistence of 

two different structures was found at Σ37c [111] {1 10 11} GB [42]. It's interesting to note that 

the majority of experimental research on [111] tilt GBs is done for Cu. Therefore, it is essential to 

look into the structures to see whether similar phase coexistence takes place at the GBs in other 

metals, like Al. 

Furthermore, it's also important to recognize that just one or two distinct types of [111] tilt 

GBs have been the subject of experimental research. Even a small misorientation variation has an 

                                                 
§§ Based on manuscript III by S. Ahmad, T. Brink, C. H. Liebscher and G. Dehm 
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impact on GB attributes due to the incorporation of steps, defects, or additional structural units 

into the GB. Hence, it is required to empirically investigate the structures of several different GBs 

with different misorientation in order to establish the structure-property correlation. To the 

author’s knowledge, no experimental studies have been conducted to determine how the change 

in the misorientation angle alters the atomic structure of [111] tilt GBs in pure fcc metals. 

According to the literature [23,25,224], altering the GB plane may potentially result in altering an 

entirely new atomic structure with different properties. Thus, we also need to investigate the 

structure of GBs with fixed misorientation but a different GB plane. 

The current study examines the relationship between the structures of various GBs throughout 

a misorientation (𝜃) range for a particular tilt axis i.e. [111] and inclination of the boundary plane 

by using aberration corrected scanning transmission electron microscopy (STEM). STEM 

investigations of the symmetric variant I of Σ21a, Σ13b, Σ7, Σ19b, Σ37c and Σ3 GBs revealed two 

different misorientation groups consisting of two distinct type of structural units (SUs), 

respectively. The Σ21a, Σ13b and Σ7 CSL GBs belong to group 1 with misorientation range (21° 

< 𝜃 < 34°) and have “bow and arrow” type structure. While Σ19b, Σ37c and Σ3 GBs are associated 

to group 2 with misorientation range (46° < 𝜃 < 60°) and have “zipper” type structure. 

Additionally, how the structural units vary at the GBs with a slight deviation from the ideal 

misorientation and influence the excess properties of the GBs are explored. Further investigation 

of the symmetric variants II of the GBs of group 2 reveals significantly different atomic structures, 

even though only the GB plane inclination changes by 30ᵒ. Furthermore, it is determined by 

simulation how the excess properties of the two different atomic structures of the two symmetric 

variants of a CSL GB are affected. 

5.3.2 Results 
 

Atomic structures of pure [111] tilt GBs as a function of misorientation 

As illustrated in Figure 5-28, along the [111] tilt axis in fcc, two symmetric GBs exist, corresponding 

to each symmetric variant. Figure 5-29 and Figure 5-30 show the evolution of the atomic structures 

of variant I of six symmetric [111] tilt GBs (Σ21a, Σ13b, Σ7, Σ19b, Σ37c and Σ3) as a function of 

misorientation angle (Ѳ’ (Our experiments)), as described in Table 4. The characteristic structural 

units (SUs) are used to describe the complete atomic structure of all the Σ GBs [28,72].  
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Table 4: Type of [111] CSL boundaries, examined experimentally in S/TEM. The Ѳ (Theoretical) and Ѳ’’ 

(Brandon Criterion) represents the CSL misorientation angle between the two grains and deviation from the exact 

CSL misorientation according to Brandon criteria, respectively. The Brandon criteria represents the allowable angular 

deviation (∆θ ≤ 15 Σ -1/2 degrees) from the exact coincidence [225]. The Ѳ’ (Our experiments) represents the 

measured experimental value of misorientation angle for various CSL boundaries investigated and shows that it 

slightly deviates from the exact Ѳ (Theoretical) but follows the Brandon criteria. It should be noted that the 

measurement error for computing Ѳ’ is within ± 1ᵒ. 

 

[111] CSLs(Σ)    Σ21a Σ13b Σ7 Σ19b  Σ37c  Σ3  

Ѳ 

(Ideal) 

21.8ᵒ 27.8ᵒ 38.2ᵒ 46.6ᵒ   50.5ᵒ     60ᵒ 

Ѳ” 

(Brandon Criterion) 

±3.28ᵒ ±4.16ᵒ ±5.67ᵒ      ±3.44ᵒ   ±2.47ᵒ  ±8.67ᵒ 

Ѳ’  

(Our experiments) 

24.8ᵒ 26.8ᵒ 34.0ᵒ      46.0ᵒ   48.5ᵒ     60.0ᵒ 

 

Figure 5-28: Fast Fourier Transform (FFT) of a Σ19 [111] GB. Two adjacent grains are oriented along [111] zone 

axis and rotated w.r.t each other. Each GB has two symmetric variants, as represented by dashed red and blue lines, 

respectively, for a Σ19 GB. With respect to the symmetric variation I, the GB plane for the symmetric variant II is 

rotated by 30ᵒ. 
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According to the SU model specification [72], the GB structure for Σ21a, Σ13b and Σ7 can be 

written as ǀAAB . AABǀ, ǀAAB’. AAB’ǀ and ǀB . Bǀ, where B and B’ represent the similar types of 

Figure 5-29: STEM-HAADF images showing the atomic-resolution details of symmetric Σ21a, Σ13b and Σ7 

GBs viewed along the [111] zone axis. Atomic structure of symmetric a) Σ21a {134} b) Σ13b {134} and c) Σ7 

{123}. }. The different color of the atomic columns assists to emphasize the structural units. The red and green color 

circles together form the fundamental SUs (i.e. A and B) for each GB. Note that the GB planes reported here are 

approximate. 
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bow and arrow shaped red sub-units. With respect to the resemblance of structural units, the GB 

structure for all the three GBs is called bow and arrow structure. In the projection, the atomic 

structure of Σ21a {134} and Σ13b {134} is mainly comprised of two type of the preliminary sub-

units (i.e. A and (B/B’)), as highlighted by red circles and green circles, in Figure 5-29 a)-c), 

respectively. The red sub-unit of the symmetric Σ21a {134} GB with a misorientation of 25ᵒ, 

exhibits a bow and arrow shape formed by 11 atomic columns while the green sub-unit are formed 

by 3 atomic columns. 

In case of Σ13b {134} with a misorientation of 27ᵒ, the red sub-unit appears slightly different to 

the Σ21a structure and possesses a distorted bow and arrow shape with an extra atomic column in 

the center of the GB (highlighted in yellow with total 12 atomic columns). The presence of this 

extra atomic column in the SUs of Σ13b makes it denser as compared to the SUs of Σ21a. This 

depicts that a misorientation increase of 2ᵒ from Σ21a (25ᵒ) introduces only a minor change in the 

inner structure of the primary structural units in the Σ13b (27ᵒ) GB. The outer shape of the 

structural unit remains the same. Hence, the bow and arrow structural units are designated as B’.  

Additionally, the atomic structure of the Σ7 (34ᵒ) GB reveals that it consists mainly of the same 

bow and arrow shaped unit B from Σ21a (25ᵒ) GB, incorporated by the additional green A units 

(consisting of three atomic columns). It is crucial to remember that there is not a fixed repeating 

distance for the emergence of green A units into the GB w.r.t the misorientation.  

Furthermore, the atomic resolution images of Σ19b (46ᵒ), Σ37c (49ᵒ), Σ3 (60ᵒ) are presented in 

Figure 5-30 and can be written as ǀEF . EFǀ, ǀEEF . EEFǀ and ǀEǀ. The full atomic structure of the 

Σ19b is divided into two sub-units E and F, as highlighted by red and green circles in Figure 5-30 

a). The red sub-unit E exhibits a distorted square shape formed by 8 atomic columns, followed by 

the green sub-unit F, a trapezoid consisting of 4 atomic columns. No other disruptions of this 

sequence at the symmetric segments are observed. The fundamental SU of Σ37c in Figure 5-30 b) 

consists of a contiguous double distorted square (13 atomic columns) E sub-unit, followed by a 

similar trapezoidal F sub-unit as in Σ19b.  

In addition, it is important to note that the misorientation angle of the Σ37c GB in Figure 5-30 b) is 

approximately 49ᵒ, which lies in between the nominal Σ19b (48.6ᵒ) and Σ37c (50.5ᵒ) 

misorientation. This may lead to the presence of a mixture of both of the preliminary structural 

units from the ideal Σ19b and Σ37c, according to the SU model. The red sub-unit E present in Σ3 
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exhibits a perfect square shape consisting of eight atomic columns as also explained in [226]. Here, 

the GB structures are termed as zipper structures by virtue of the analogy to the Σ19b {2 5 3} GB 

structure in Cu [25].  

Atomistic simulation of symmetric variant I of Σ21a, Σ13b and Σ7 GBs 

 

So far, the experimentally observed structures are from the GBs, which deviate slightly (within the 

Brandon criterion) from the nominal CSL misorientation and the GB habit plane (see Table 4). The 

Figure 5-30: STEM-HAADF images showing the atomic-resolution details of symmetric Σ19b, Σ37c and Σ3 

GBs viewed along the [111] zone axis. Atomic structure of symmetric a) Σ19b {352} b) Σ37c {347} and c) Σ3 

{112}. The red color circles represent the square shaped SU (i.e. E). Note that the GB planes reported here are 

approximate. 
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atomic structures and the properties of the exact CSL GBs are experimentally not accessible here. 

Furthermore, how slight deviations in misorientation from the exact CSL affect the atomic 

structure and properties of GB is not well understood in pure Al along [111] axis.  

Figure 5-31: Simulation atomic structures of the GBs a) Σ21a (21.79ᵒ), b) Σ163 (23.48ᵒ) and c) Σ67 (24.43ᵒ) GBs. 

The figure shows the atomic structures of the three GBs along the [111] tilt axis and z-axis. 
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Moreover, it is not known whether the experimentally observed green A units (see Figure 5-29) in 

the lower misorientation range are some additional minority units or belong to the equilibrium 

structural unit from any of the Σ GBs. Therefore, to answer the aforementioned questions, the 

Figure 5-32: Excess properties of the GB structures as predicted by the computer simulation. a), b) and c) 

represent the change in GB excess energy, excess volume [V] and excess shear [B1] along the [111] tilt axis as a 

function of increasing misorientation angle. The symmetric variants I and II of the GBs are shown by the blue and 

orange data points, respectively. 
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progression of GB structural units as a function of GB macroscopic parameters (misorientation 

and GB plane) and their influence on thermodynamic excess properties are explored using 

atomistic simulations. Figure 5-31 a)-d) depicts the change in the atomic structures of the GBs 

(symmetric variant I) as a function of misorientation angle, starting from the exact Σ21a 

misorientation (i.e. from 21.8ᵒ up to 38.2ᵒ), at 0K without externally applied stress. Furthermore, 

Figure 5-32 a)-c) illustrates their interfacial excess properties. 

In the case of Σ21a (21.8ᵒ) the atomic structure comprises of the bow and arrow red SUs, identical 

to the observed experimental structural units (i.e. B units). In addition, the GB structure also 

embodies two A units consisting of three atomic columns (see Figure 5-29 a)). Hence, the complete 

simulated atomic structure of the ideal ∑21a GB is described as ǀAAB . AABǀ. Furthermore, in the 

case of Σ163 (23.5ᵒ) GB, which has a slight deviation of typically 1.69ᵒ from the ideal Σ21a 

misorientation, it is found that the number of A units are reduced at the GB. Moreover, on further 

increasing the deviation to 2.64ᵒ, i.e. Σ67 (24.4°), a similar trend like for the Σ163 (23.5°) GB is 

observed i.e. the number of A units is decreased.  

For the Σ7 GB with a misorientation of 38.2°, it is found that the A units completely 

disappear and the atomic structure comprises of only B type units. This suggests that as the 

misorientation angle of the GB increases up to the 38.2°, the GB increases building blocks of B 

type units and wants to reduce the A type units due to geometric reasons.  

This introduces a change in the GB excess properties, as depicted in Figure 5-32. Since the 

Σ21a GB consists of two type of contiguous units as repeating units for the GB, it cannot be 

considered as the delimiting or favored GB. Conversely, Σ7 GB consists of only one type of SU, 

it is seen as a delimiting boundary as a result. Furthermore, the atomic structure of the GBs along 

the cross-section revealed that no translation of {111} planes across the GB is observed up to the 

Σ67 GB. However, a visible translation of {111} planes of ~0.3 Å is observed for the Σ7 GB.  

Atomic structures of symmetric variants II of Σ19b, Σ37c and Σ3 GBs 

The atomic structure of symmetric variants II of Σ19b {178} and Σ37c {189} shows a very distinct 

atomic structure with a change in GB inclination by 30ᵒ. The total GB structure of both the GBs is 

composed of a combination of the two inclined characteristic sub-units, as indicated by red circles 

(see Figure 5-33 a) and b)).  
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In Σ19b, the SU notation is | K . K’|, where K represents the low inclined domino shaped unit (w.r.t 

the normal of the GB plane) while K’ is the mirror image of the inclined sub-units (i.e. K) along 

the GB plane. Here, the structural units appear different to that of the zipper structure and referred 

to as domino structures due to their resemblance to the structures in Σ19b {178} GB in Cu [25,40]. 

A certain distinct arrangement of two of these sub-units builds up the repetitive unit of the GB. 

The full domino structure is composed of two sub-units alternating between one low inclined K 

and one-mirrored K’ unit. Similarly, the domino structure in Σ37c is |L . L’|, where L represent the 

high inclined domino unit and L’ are the mirrored L domino with respect to the GB plane. 

Furthermore, the atomic structure of a Σ3 {110} comprises indeed of {112} inclined facets of 

Figure 5-33: STEM-HAADF images showing the atomic-resolution details of the symmetric variant II of Σ19b, 

Σ37c and Σ3 GBs viewed along the [111] zone axis. Here, the GB plane inclination is 30ᵒ w.r.t the GBs observed in 

Figure 5-30. Atomic structure of symmetric a) Σ19b {178} and b) Σ37c {189}. The red color circles represent the 

inclined square shaped and trapezoidal shaped SUs while dark red color circles represent the mirrored structural units 

of the inclined units 
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approximately 3.4 nm in length (see Figure 5-34). Here, the atomic structure of these {112} facets 

consists of E square units as described above for the Σ3 {112} structure. In addition, on performing 

Burgers circuit analysis around the facet junctions using method from Medlin et al [217], it is 

found that these facets are separated by a dislocation defects at the junctions that are associated 

with the Burgers vector b = 1/2 [110] (see Figure 5-34 b)). 

Atomistic simulations of symmetric variants II of Σ37c GB 

Figure 5-34: STEM-HAADF images showing the atomic-resolution details of a symmetric Σ3 {110} grain 

boundary viewed along the [111] zone axis. Note that globally the GB plane is {110} but locally it is facetted into 

{112} planes. The red color circles represent the inclined square shaped SUs while dark red color circles represent 

the mirrored structural units of the inclined squared units. A to E show the Burgers circuit in grain γ while F to I 

indicate the Burgers circuit in grain β. The calculation using Medlin et al. [217] method show that these facet 

junctions are associated to Burgers vector of b = 
1

2
[1̅10]. 
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We have so far discovered from the experimental observation that the symmetric variant II of the 

same type of boundaries (Σ19b, Σ37c and Σ3) exhibits different atomic arrangement as a result of 

different atomic planes. To determine whether or not these different structures belonging the same 

boundary have different GB properties, we have simulated the atomic structures and the excess 

properties of two symmetric variants of Σ37c GB (with the habit plane of {3 4 7} and {1 10 11}, 

respectively) as illustrated in Figure 5-35.  

The simulated atomic structure of Σ37c {3 4 7} GB exhibit a zipper kind of structure having two 

distorted square units, followed by a trapezoidal unit, also observed experimentally above (see 

Figure 5-30 b)). In contrast, the Σ37c {1 10 11} structure possesses a domino kind of structure. As 

indicated in Figure 5-32, two distinct types of structures are found with differing thermodynamic 

excess features (indicated by orange color data points), in agreement with the experimental result. 

In addition, analyzing the cross-sectional view reveals different magnitudes of translation of {111} 

planes across the GB with 0.55 Å and 0.37 Å for the zipper and domino structures, respectively. 

Figure 5-35: Simulation of two symmetric variants of Σ37c GB. a) Σ37c {347} and b) Σ37c {1 10 11} GBs along 

the <111> tilt axis and the cross section. The simulation depicted two different atomic structures corresponding to two 

different GB planes. 
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5.3.3 Discussion 
 

Atomic structures of symmetric variant I of the GBs as a function of 

misorientation 

The variation of the atomic structure of [111] tilt GBs with the misorientation angle and the GB 

plane is discussed here with respect to the structural unit model. To the author’s knowledge, so far 

there are no experimental studies on the variation of the atomic structure of [111] tilt GBs as a 

function of the misorientation in pure fcc metals. However, there are three theoretical studies from 

Frost [39] , Sutton [37] and Wang [36], and three experimental studies [25,40,42] reporting the 

structure of several [111] tilt GBs in pure Al and Cu. None of the SUs proposed by Frost using the 

hard sphere model [39] matches with the observed experimental ones in our study. The true 

structure of the [111] tilt GBs cannot be predicted by this hard sphere model since it is too simple.  

Interestingly, Sutton and co-workers [37] simulated the atomic structures of [111] tilt GBs and 

found a discontinuous change in the boundary structure between two favored (delimiting) GBs in 

Al. According to Sutton [37], near the discontinuity, each GB had two possible structures, differing 

in their translation states parallel and perpendicular to the tilt axis. He proposed that two groups of 

boundary structures existed, characterized by the translation of {111} planes (denoted by Tz) along 

<110> zone axis i.e. Tz ~ 0 and 0.235 < Tz < 0.283, for each group respectively (see  

Table 5). The fundamental SUs at the GBs of the two groups were A and B* units and C, D, E and 

F units, respectively. No SUs of one group (0° < 𝜃 < 17.90°) were found to be mechanically stable 

in the misorientation range of another group (38.21° < 𝜃 < 60°).  

However, in the range (17.90°< 𝜃 <38.21°), mechanically stable structures from both groups were 

found near the discontinuity such as in the case of Σ21a and Σ13b GBs (see  

Table 5). A closer look reveals that none of the SUs (For example: the atomic structures of Σ7 and 

Σ3 GBs) from Sutton’s theoretical study (in Figure 5-36 a)) matches with our experimental SUs for 

any of the boundaries (see Figure 5-29 and Figure 5-30). 

Table 5: Simulation results from Sutton [37], which shows there are two groups of boundary structure depending on 

the type of structural units existing at the GB. The boundaries in the two respective groups are marked by grey and 
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black color, respectively. The fundamental structural units of the boundaries in first and second group are A and B* 

and C, D, E and F units, respectively. For the GB structures, please refer to Sutton [37]. 

GB type 𝜽 Tz Structure 

Σ 57 13.17° -0.017 |AAAAAB*| 

Σ 43 15.18° -0.014 |AAAAB*. AAAAB*. AAAAB*| 

Σ 31a 17.90° -0.015 |AAAB*. AAAB*. AAAB*| 

Σ 21a 21.79° -0.021 |AAB*| 

Σ 21a 21.79° +0.264 |C| 

Σ 13b 27.80° -0.020 |AB*. AB*. AB*| 

Σ 13b 27.80° +0.274 |D. D. D| 

Σ 7 38.21° +0.283 |E. E. E| 

Σ 19b 46.83° +0.277 |EF. EF. EF| 

Σ 37c 50.57° +0.277 |EFF. EFF. EFF| 

Σ 3 60° +0.235 |F| 

 

Later, Wang [36] used the extended structural unit model, taking into account how the delimiting 

(consisting of just one SU) GBs might have metastable structures that could affect the intervening 

GBs in Cu. The structures of all the intervening GBs were described in terms of units of boundaries 

delimiting the misorientation range (0ᵒ to 60ᵒ) i.e. Σ1 (110) and Σ3 (211). The units of these 

delimiting boundaries were called E for the Σ1 GB, F (stable) and F’ (metastable) for the two 

structures of the Σ3 GB. The boundary structure changed continuously with the misorientation 

between two adjacent delimiting GBs.  

On comparing their predicted structure in Cu (see Figure 5-36 c) and d)) to the experimentally 

observed ones in Al (see Figure 5-29, Figure 5-30, and Figure 5-33), some resemblance is found in the 

appearance of the SUs from the boundaries such as Σ3 and Σ7, but their atomic distances and 

angles are not identical to each other because of the different material. However, no other similarity 

is found in our experiment. This might have occurred because these simulations by Sutton and 

Wang used straightforward pair potentials with poor transferability that do not take into account 

the impact of nearby atoms on a pair's interaction [227]. Furthermore, the GBs in different 
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materials can have different microstates, as was also observed in the case of Σ3[111] in Al [226]. 

This may lead to the differing structure of the same boundary in different materials. 

Since, there has been no experimental observation of the real structure of the boundaries in 

Al, we examined the atomic structures of several GBs directly by aberration corrected S/TEM. 

The evolution of atomic structures of symmetric variant I of six [111] tilt GBs (i.e. Σ21a, Σ13b, 

Σ7, Σ19b, Σ37c and Σ3) with increasing misorientation angle has been the subject of our initial 

investigation. At least from the projected experimental structures, it seems that there are two 

distinct groups of GBs (i.e. group 1 and 2) consisting of different SUs belonging to a specific 

misorientation range. For the GBs (i.e. Σ21a, Σ13b and Σ7 GBs) in group 1 with low misorientation 

range (21° < 𝜃 < 34°), similar structures were found for all three GBs (see Figure 5-37 a)). The 

structure of three GBs in group 1 are termed as “bow and arrow” structure. For high misorientation 

angles 𝜃 of (46° < 𝜃 < 60°), another three structures (for Σ19b, Σ37c and Σ3 GBs) of the same type 

Figure 5-36: Theoretical structures of Σ7 and Σ3 GBs along [111] tilt axis from literature [36] [37]. At the GBs, 

the red circles form repeating SUs. a) and b) show the SUs of Σ7 and Σ3 in Al from Sutton et al. [37]. c) and d) show 

the SUs of the same GBs in Cu from Wang et al. [36]. The figure clearly depicts that the structures look different in 

both theoretical studies.  
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are observed (see Figure 5-37 b)), which are different from the low misorientation range of 21° < 𝜃 

< 34°. All the GB structures in this misorientation range are called “zipper” structure. However, it 

is yet difficult to explain whether the bow and arrow and square shaped units are fundamentally 

different to each other or not. Nevertheless, in the projection, they look moderately different. 

According to our experimental investigations, we found two delimiting boundaries in total i.e. Σ7 

(38°), and Σ3 (60°), GBs. On following the experimental motifs as per the SU model in the full 

misorientation range, it suggests that there has to be two more delimiting GBs, each consisting of 

only A or F units at some misorientation angle in the range of (𝜃 < 21°) and (38ᵒ < 𝜃 < 46°), 

respectively, despite not being observed in the experiment. Therefore, the intervening boundaries 

in the low misorientation range (21° < 𝜃 < 34°) consists of combinations of two delimiting SUs 

i.e. A and B/B’ units. Similarly, the intervening boundaries in the high misorientation range (46° 

< 𝜃 < 60°) consists of combinations of two delimiting SUs i.e. trapezoidal units F and square units 

E.  

In order to gain further insights into the influence of these different structural motifs on the 

GB behavior, the atomic structures of the GBs along the <111> tilt direction and the z direction 

together with their interfacial properties have been calculated by atomistic simulations for the Σ21a 

Figure 5-37: Schematics illustration of the atomic structures for different GBs as a function of misorientation 

angle and GB planes as found by STEM studies in this work. a) and b) represent the SUs of Σ21a, Σ13b and Σ7 

GBs (from left to right) as a function of misorientation (symmetric variant I) c) shows structures for the Σ19b, Σ37c 

and Σ3 GBs (from left to right) with the same misorientation as in b) but with different GB plane (symmetric variant 

II). 
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(21.79ᵒ), Σ163 (23.48ᵒ), Σ67 (24.43ᵒ) and Σ7 (38.20ᵒ) GBs. On comparing the simulated and the 

experimental SUs of the GBs, it is found that our simulations predict the same trend as in the 

experiment i.e. the reduction in the A motifs as the misorientation deviates from the exact CSL 

parameters, thus changing the excess properties. Furthermore, on performing the Burgers circuit 

analysis around the different parts of the GB, it is found that the absence or presence of the 

structural motifs is not related to the occurrence of DSC dislocations at the near Σ21a GB.  

Although, the atomic structures along the cross section shows that the magnitude of the shifts in 

the {111} planes across the GB is increasing with misorientation, yet no obvious trend in the excess 

properties of the GBs w.r.t the misorientation is observed. Nevertheless, it is depicted that even a 

slight change in the misorientation can substantially influence the GB excess properties. For 

example: the experimentally observed structure of Σ21a (25ᵒ) (Figure 5-29 a)) resembles the 

simulated structure of Σ67 (24.43ᵒ), which has distinct excess properties than the ideal Σ21a (21.8ᵒ) 

GB (see Figure 5-32). Though this small deviation in misorientation may not sound big and can be 

easily overlooked in EBSD measurements, it can play a significant role in influencing GB related 

phenomena like microstructural evolution, GB migration and thermodynamic driving force for the 

segregation of solute elements at the GBs in a polycrystalline Al. For example: GBs with a higher 

grain boundary energy are more prone to segregation of solute elements than those with a lower 

energy [228]. In addition, GB energy also plays an important role in controlling other properties 

such as diffusion and mobility. Furthermore, it is often found that higher energy GBs are more 

prone to structural transitions, that eventually impact the mobility of the GBs and control the grain 

growth in the material [94,229]. Therefore, the GBs like Σ21a (21.8ᵒ) and Σ67 (24.4ᵒ) GBs (please 

see Figure 5-29 a) and Figure 5-31 a)-c)) in the current study may respond differently towards 

segregation and grain growth phenomena in reality. 

Atomic structures of symmetric variant II of the GBs  

It has been discovered that in addition to the misorientation, GBs with differing plane also possess 

different properties and behavior such as segregation tendency [25,38]. Hence, we have also 

investigated the atomic structure of the symmetric variant II of Σ19b, Σ37c and Σ3 GBs, exhibiting 

the same grain misorientation but different GB planes (30ᵒ rotated). 
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To the authors’ knowledge, so far there are no theoretical or experimental studies done in order to 

understand the atomic structures of symmetric variants of the [111] tilt GBs except in Cu for the 

Σ19b GB by Meiners et al. [25]. He reported two different atomic structures of Σ19b GB with two 

different GB planes in Cu, called zipper and pearl structure for {253} and {187} planes, 

respectively. Furthermore, in the stable pearl phase for Σ19b {187}, Meiners et al. [40] also 

observed the presence of another metastable GB structure, termed the domino phase. Each of these 

phases has distinct excess qualities and can be transformed into the other. 

Our investigation revealed that there are two different structures present for the two symmetric 

variants of Σ19b and Σ37c GBs. For Σ19b {352}, a similar zipper structure is observed as in Cu 

while for Σ19b {187} instead of pearl, domino structure is found as the most stable structure. 

Furthermore, no pearl phase is ever observed, despite investigating ample number of lamellas 

having Σ19b {187} GB. However, it still does not rule out the possibility of the presence of the 

pearl phase in Σ19b {187}. One of the reasons for the complete absence of pearl phases in Σ19b 

{187} experimentally in Al can be that the pearl phase is the high-energy phase (metastable) 

compared to the domino phase [230].This would be opposite to Cu. 

Additionally, on investigating the two symmetric variants of Σ37c i.e. with {437} and 

{189} GB planes, we observed the zipper and domino structure at the Σ37c {437} and Σ37c {189} 

GBs, respectively. We observed that similar SUs exist in Al as for the stable domino phase of Cu 

at Σ37c {189} GB [231]. However, similar to Σ19b {187}, we always identify domino type 

structure as the stable one and never observed any pearl phase, also at Σ37c {189}, in contrast to 

results on Cu [42]. The study revealed that some SUs between Al and Cu coincide despite the 

different lattice parameter, atomic bonding and stacking fault energies of Al and Cu. Furthermore, 

the additional properties of the domino and zipper structures of Σ37c GB in Al have also been 

evaluated. It is discovered that not only the two structures of the same boundary look different in 

terms of their atomic arrangement, they also possess significantly different excess properties. The 

calculated grain boundary energy for the zipper structure is found to be 6% lower than the one for 

the domino structure, which will ultimately lead to a change in how the Σ37c GB behaves.  

5.3.4 Summary and Conclusion 
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This paper focuses on a detailed systematic study of the atomic structure of [111] high angle tilt 

GBs in Al in relation to its crystallographic parameters and establishes a link between the structure 

and GB properties. In the first part, to comprehend the evolution of the atomic structures of the 

symmetric variant I of the GBs with an increase in misorientation angle (from 21ᵒ up to 60ᵒ), 

aberration corrected high-resolution electron microscopy is used. Secondly, whether a change in 

inclination results in different SU for GB of the same misorientation (symmetric variant II) is 

examined. Finally, MS simulations are used to assess how the various structures affect the GB 

properties. 

 For the symmetric variant I, we identified two different groups of GBs in terms of their 

misorientation range consisting of two noticeably different structures. For group 1 with a low 

misorientation range of 21° < 𝜃 < 34°, we found three similar type of atomic structures 

consisting of bow and arrow shaped SUs named B/B’ units with additional A units. The GB 

structures for all the three GBs in this range are called “bow and arrow” structures. As the 

misorientation increases, fewer A type units are observed at the GBs. While the GBs in the 

high misorientation range of 46° < 𝜃 < 60° consists of three additional structures collectively 

referred to as the "zipper structure". They are either square shape units (E, E’ and E’’) or a 

combination of square units and trapezoidal (F) shape units.  

 Additionally, atomistic simulation performed on Σ21a, Σ163, Σ67 and Σ7 GBs (21° < 𝜃 < 34°) 

predicted the same atomic structures as those shown in the experiments, i.e. “bow and arrow” 

structure. It is found that as the misorientation increases steadily from the exact Σ21a, the 

number A units is found to decrease at the GB and eventually vanishes at a misorientation 

angle of 38ᵒ (i.e. Σ7). This leads to different GB excess properties. 

 The experimentally resolved atomic structures of the symmetric variant II of all the three GBs 

(Σ19b, Σ37c and Σ3) in the high misorientation range of 46° < 𝜃 < 60° revealed that they 

feature a unique arrangement of SUs called domino structure. Additionally, atomistic 

simulation demonstrated that symmetric Σ37c {1 10 11} has a higher GB energy than the 

Σ37c {3 4 7}. This demonstrates how differing habit planes can cause distinct symmetric 

segments of the same GB type to exhibit variation in their behaviors. 
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5.4: Interaction of Cu and Zr with the atomic structures of pure [111] tilt 

boundaries in Aluminum 

 

In this section, the interaction of Cu and Zr with the pure Σ21a and Σ13b [111] tilt Al GBs is 

investigated in detail. Furthermore, the atomic structure of the pure and alloyed Al GBs are directly 

compared. The aim of this study is to understand the segregation induced transformation of the 

atomic structure for two different GBs. The work in this section is based on the manuscript IV.*** 

5.4.1 Introduction 
 

As described in the Chapter 2, Cu is routinely utilized for strengthening the Al alloys via 

precipitation hardening. It has a strong segregation tendency towards Al GBs and can enhance the 

cohesive strength of the Al GBs that leads to an increase in the resistance to inter-granular fracture 

at Al GBs. Yet, in many cases, Al-Cu alloys are prone to failure due to several GB related 

phenomena such as intergranular corrosion, electro-migration and abnormal grain growth 

[15,232,233]. To overcome such problems, Zr is frequently added to the Al-Cu alloys to improve 

GB related properties. Generally, Al-Cu-Zr alloys are heat treated to form second phase 

precipitates like CuAl2, Al3Zr, etc. at the GBs, which enhances the strength of these alloys but at 

the same time also influences the GB behaviour like abnormal grain growth. For example: the 

Zener pining of the GBs by these secondary phase precipitates like CuAl2 ceases the grain growth 

that plays an important role in controlling the behaviour and properties of GBs [14,15]. It is often 

found that the amount of secondary phase present at the normal GB are higher than the abnormal 

ones, which suggests that precipitation behaviour is different for different GB type. However, the 

effect of segregation of Cu and Zr solute prior to the precipitation on the local atomic structure and 

the properties of Al GBs is still not clearly understood. Therefore, in order to have a better 

understanding and control on such phenomena and for designing advanced Al alloys, it is of great 

interest to understand the influence of solute elements like Cu and Zr on the local atomic structure 

of the GBs. In the current study, we have examined the interaction of segregating elements like Cu 

and Zr with the atomic structures of pure Σ21a and Σ13b GBs with the help of conventional TEM, 

                                                 
*** Based on manuscript IV by S. Ahmad, S. Evertz, J. Schneider, C. H. Liebscher and G. Dehm 
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aberration corrected STEM and EDS techniques. Furthermore, how these solute elements induce 

structural transformation at the GB is explored and their implications on the GB properties are 

discussed comprehensively. 

5.4.2 Results and Interpretation 
 

GB segregation behaviour: Al (Zr-Cu) film annealed at 450ᵒC for 6 hrs 

The overview plan view image along [111] direction reflecting a change in the Σ13b GB curvature 

is shown in Figure 5-38, which indicates that the GB consists of symmetric and asymmetric facets 

of varying length.  

Figure 5-38: Overview STEM-HAADF images of Σ13b GB along [111] tilt direction from the Al film annealed 

at 450ᵒC for 6 hr. a) Low magnification stacked BF-TEM images showing the overall curvature of the GB. b) c) and 

d) STEM-HAADF images represent that the Σ13b GB is facetted. The white dashed arrows represent the facets 

separated by large and small steps, marked by the orange and the red rectangles respectively. d) depicts the magnified 

view of symmetric facets, which are separated by a large step. Note that the symmetric facets are connected by 

asymmetric facets. These asymmetric facets are not clearly visible due to their high inclination w.r.t the electron beam. 

in STEM. 
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Along the GB, a high number of steps of different size such as large and small steps, marked by 

red and orange rectangle in Figure 5-38 b) and c) separates these facets. Furthermore, it is found that 

in the straight symmetric segment, even though the Σ13b GB looks perfectly straight and edge-on 

at lower magnification, the GB plane is still slightly inclined. This prevents atomic resolved 

imaging of the GB structure. As discussed in the Chapter 3 above, the intensity of a HAADF 

image is directly proportional to the atomic number (Z2) of the elements in the specimen [152]. 

Therefore, the repeating bright intensity atomic columns at the GB in Figure 5-38 c) corresponds to 

a Cu segregation at the Al GB, which is further discussed in detail in the upcoming sections. Since 

the Al film was annealed at a high temperature of up to 450ᵒC, it has been observed that the 

boundary inclination is changing and incorporating facets and steps along the GB. This is also 

reflected in the cross sectional STEM HAADF images of the GBs along <110> direction, as shown 

in Figure 5-39 a) and b). The sapphire (Al2O3) substrate is present at the bottom, the Al film with a 

GB is positioned in the centre and the remaining Zr-Cu reservoir (~120 nm thin) after 450ᵒC_6hrs 

annealing is located on the top of the surface of the Al film. The thickness of the film is now 

reduced to ~700 nm after Ar plasma cleaning as compared to the initial 805 nm thick film.  

Figure 5-39: STEM-HAADF images of the cross-sectional view of the two Σ13b GBs along [110] direction. a) 

GB_1 b) GB_2. The orange rectangles indicate the presence of the facets at both the GBs. The blue inset marked in 

b) represents the HAADF image of the top region of the Al GB including the top layer of Zr-Cu. 
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The results clearly depict a very large change in GB inclination as the GB is not straight from the 

Figure 5-40: STEM-EDS measurements from the topmost region of the GB along the cross-section (<110> axis).  

a)-d) show the STEM HAADF image and the elemental maps of Al, Cu, and Zr, respectively, from the blue rectangular 

region marked in Figure 5-39 b). e) STEM-EDS measurements showing two X-ray spectra that are plotted together 

belonging to the red and blue regions respectively, marked in a). The blue region consists of both the film and a part 

of the Zr-Cu reservoir while the red region consist of only the Al film. Elemental maps of Al, Cu, and Zr and the 

intensity plot (from the blue and red rectangles) after 450ᵒC_6hrs annealing clearly reveal that brighter contrast regions 

within the blue rectangle correspond to the Zr-Cu reservoir, which is formed after inter-diffusion. f) shows the line 

intensity profile across the Zr-Cu reservoir into the film revealing the composition of Cu, Zr and Al. The top layer 

contains ~3 at% Cu and ~26 at% Zr after annealing at 450ᵒC for 6hrs. 
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bottom near the sapphire substrate to the top of the Al film. A similar kind of behaviour is also 

observed for the Σ21a GB, which is not shown here (see Appendix A.3). EDS map analysis of the 

top region (near the Zr-Cu/Al interface) of the cross section leads to intensity vs energy profile as 

shown in Figure 5-40 e). It is found that although, both Zr and Cu are existing as a reservoir at the 

top of the Al film, only Cu segregation occurred at the Al GB. This is further confirmed by the 

EDS from the Al film region within 100 nm next to the sapphire substrate with a straight GB 

segment, as depicted in Figure 5-41. While Cu was detected, no Zr was found at all along the GBs.  

Figure 5-41: STEM-EDS measurements from the bottom of cross-section of the GB along <110> direction. a) 

STEM HAADF image of the Al film. b) STEM-EDS elemental maps, corresponding to the light blue rectangle marked 

at the bottom of the GB in a), reveal Cu segregation at the Al GB. c) shows the X-ray spectra belonging to the red and 

blue regions shown in b) in STEM-HAADF image of the GB. The magnified view of the spectra c) reveals that there 

is no Zr detected, neither in the bulk nor in the GB. 
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Atomic resolution imaging and chemical analysis of Cu segregated Al GBs: 

The transformation in the atomic structure of Σ21a and Σ13b GBs upon segregation is reflected in 

its corresponding STEM-HAADF images in Figure 5-42 a)-c). The results indicated that all three 

GBs are atomically straight consisting of bright spots with varying image contrasts at the GB. The 

low contrast spots at the GB and within the grain interior indicate pure Al atomic columns while 

the brighter spots depict the Al atomic columns containing the segregating elements. According to 

the Brandon criteria, both the GBs in the Figure 5-42 b) and c), despite exhibiting the same GB type 

(Σ13b), have different segregation induced structural transformation termed as monolayer and 

Figure 5-42:  STEM-HAADF images revealing the atomic structures.  a) Σ21a (20ᵒ) GB b) Σ13b (26ᵒ) and c) 

Σ13b (31ᵒ) GBs along [111] direction. d) Line intensity profile along all the three GBs. The red, green and blue region 

marked in a)-c) correspond to the length of the GB from which the line profile has been taken. 
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bilayer type segregation, respectively. However, it is important to take into account that both the 

GBs have still a quite significant difference in the misorientation angle (5ᵒ) and the GB plane (5ᵒ), 

which might influence the segregation behaviour.  

Figure 5-43: STEM-EDS measurements at 120 keV results from a) Σ13b (26ᵒ) and b) Σ13b (31ᵒ) GBs along [111] 

direction. Each diagram contains two X-ray spectra that are plotted together belonging to the red (matrix) and green 

(GB) regions respectively, marked in the inset. EDS spectra from the GB containing area clearly show that the bright 

spots in the HAADF image correspond to the Cu segregation at the GB. No Zr peak is present in any of the spectra. 

The EDS CuKα map shows highest Cu concentration at specific GB positions. 
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The line profiles extracted along the GBs are summarized in Figure 5-42 d), which shows that the 

corresponding average distance between the bright segregated spots is decreasing with the 

increasing misorientation angle. This suggests a tendency of increased segregation with an increase 

in misorientation angle. Furthermore, we have also performed atomic resolution EDS of the Σ13b 

GBs in order to analyse the chemical identity of the brighter atoms at the GB. A comparison of the 

HAADF image with EDS map as shown in Figure 5-43, determine the bright spots as Cu rich atomic 

columns. The absence of Zr peaks in the X-ray spectra shows that none of the GBs exhibit Zr 

segregation, in agreement with the cross-sectional studies of the GB (Figure 5-41). 

 

Comparison of pure and Cu segregated Σ21a and Σ13b Al GBs 

Figure 5-44: Comparison of pure and alloyed Σ21a [111] Al GBs. a) overview of the Cu segregated Σ21a (~20ᵒ) 

[111] Al GB. There is a 1 nm scale bar in a). b) and d) depict the structural unit of the pure Σ21a GB. The structural 

unit of the alloyed Σ21a GB is displayed in c) and e). Blue and red circles with numbers 1 to 7 marked in c) indicate 

the positions of the Cu-segregated atomic columns, while empty green colored circles represent the pure Al atomic 

columns. No atomic column was present in positions 3 and 7 in the pure Σ21a SU, but in the alloyed SUs, they may 

be entirely pure Al or contain some Cu. 
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In order to have a deeper understanding of the pure and alloyed Σ21a Al GBs, their structural units 

are compared along [111] direction, as depicted in Figure 5-44. The pure Al GB structure in Figure 

5-44 b) consists of bow and arrow shaped structural units reported earlier in Chapter 5.2.  

On closely inspecting the structural units of the alloyed Al GB, it is found that the outer atomic 

arrangement of the alloyed and pure Al SU remain the same. However, some of the atomic columns 

in the alloyed one are segregated with Cu from position 1 to 7, as highlighted by red and blue 

circles in Figure 5-44 c).  

Furthermore, the alloyed SUs become denser as two more atomic columns are incorporated at the 

position 3 and 7 (see Figure 5-44 c)), in contrast to pure Al SU. The two different colored red and 

blue circle in Figure 5-44 c) signify a high and low content of Cu segregation of the atomic columns. 

It is important to note that although the position 3 and 7 possess the highest volume in the pure 

SUs, yet the most intense bright Cu spot in the alloyed SU is on the central position 1. This reveals 

that the extra volume does not solely decide the segregation tendency. Furthermore, it is important 

to consider that the low contrast corresponding to blue colored sites could also occur due to the 

effect of probe de-channeling, which depends on the orientation and thickness of the specimen 

[234]. The dynamic scattering in the thicker sample may lead to an extension of the probe intensity 

from one atomic column to the neighboring atomic columns and hence the contrast can go back 

and forth among the columns.  

Similarly, the structural units of pure and alloyed Σ13b (~26ᵒ) Al GBs are compared along the 

[111] direction, as shown in Figure 5-45. Even though both the GBs belong to Σ13b (~26ᵒ) 

(according to the Brandon criteria), yet two completely different kind of segregated units are found 

in the Cu segregated GBs (see Figure 5-45 a) and b)). A detailed investigation of the SUs of the Σ13b 

(~26ᵒ) GB with Cu revealed that it has a similar bow and arrow shape as in the pure Al GB, 

however few of the atomic columns are segregated with Cu like for the Σ21a GB. Position 1 to 8 

represents the Cu segregated units, as highlighted by red and blue circles in Figure 5-45 d). However, 

the most intense bright Cu atomic column belongs to position 1, similar to alloyed Σ21a GB. 

Hence, the segregation behaviour in the case of Σ21a and Σ13b (~26ᵒ) is referred to as monolayer 

type segregation, supported by the fact that the average spacing between the Cu segregated units 

is the same as that of the CSL spacing, based on the assumption that only the CSL sites lie exactly 

at the GB. Conversely, the atomic structure of alloyed Σ13b (~31ᵒ) in Figure 5-45 e) shows that the 
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SUs is completely different from the bow and arrow structures and consists of a total of 8 atomic 

columns. Here, instead of one, there are two most intense (bright) Cu atomic columns present at 

the GB, indicated by positions 1 and 2 (in the red coloured circle), parallel to each other. Hence, 

the segregation behaviour here is termed as parallel line segregation.  

 

Figure 5-45: Comparison of pure and alloyed Σ13b [111] Al GBs. a) and b) represent the overview images of the 

Cu segregated Σ13b (~26ᵒ) and Σ13b (~31ᵒ) Al GBs, respectively. The scale bar corresponds to 1 nm in a) and b).  c) 

Structural unit of pure Σ13b GB while d) and e) represents the structural unit of alloyed segregated Σ13b (~26ᵒ) and 

Σ13b (~31ᵒ) GBs, respectively. Blue and red circles with numbers 1 to 8 marked in d) and e) indicate the positions of 

the Cu-segregated atomic columns while empty green colored circles represent the pure Al atomic columns. d) and e) 

represent monolayer and bilayer segregation. 
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GB segregation behaviour: Al (Zr-Cu) film annealed at 520ᵒC for 32 hrs 

So far, we have seen that on annealing the film to 450ᵒC for 6 hrs, we have only Cu segregation at 

the GBs, which is leading to a change in the atomic structure of a GB i.e. a chemically induced 

phase transitions of the GBs. Furthermore, in order to diffuse Zr into the Al GBs, the alloyed Al 

film is annealed to 520ᵒC for 32 hrs.   

Figure 5-46: STEM HAADF and EDS measurements from the GBs annealed at 520ᵒC for 32 hrs. a) STEM-

HAADF image showing a triple junction comprising of one low angle GBs and two Σ21a GBs. b)  STEM EDS 

elemental maps from the region consisting of needle shaped precipitates at the Σ21a GB, marked by a blue rectangle 

in a). c) Line intensity profile across the precipitate, indicated by black arrow in b) shows that it consists of Al, Zr and 

Cu with atom percent of ~79, ~19, and ~2, respectively.  
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The results of the S/TEM investigation of a plane-view lamella consisting of a LAGBs and two 

Σ21a GBs are summarized in Figure 5-46 and Figure 5-47. The STEM-HAADF image in Figure 5-46 

a) reveals the presence of bright needle shaped precipitates, only at the Σ21a GBs. However, no 

such precipitates are found in LAGBs. In order to find out the composition of the secondary phase 

Figure 5-47: TEM investigation of Σ21a GB annealed at 520ᵒC for 32 hrs. a) represents a BF-TEM micrograph 

of the Σ21a GB decorated with needle shaped precipitates. Unlike in STEM, the precipitates here appear dark in the 

BF-TEM image due to the diffraction contrast. b) displays the diffraction pattern from the red region marked by a red 

rectangle in a) showing diffraction spots corresponding to [111] Al zone axis with some extra diffraction spots. These 

extra spots correspond to the Al3Zr  phase having L12 structure.  c) shows the dark-field images along {111}, {200} 

and {210} planes. The bright region in these dark field images confirms that these precipitates belong to the Al3Zr 

phase. 
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precipitates, STEM EDS was performed on the Σ21a GB (see Figure 5-46 b) and c)). The STEM-

EDS elemental maps of Al, Cu and Zr taken from the blue region of Figure 5-46 a) are illustrated in 

Figure 5-46 b). The EDS maps clearly depict that the GB is decorated with the secondary phase 

precipitates, consisting mostly of Al and Zr. The line intensity profile across the precipitate 

corresponding to a black arrow in Figure 5-46 b) is shown in Figure 5-46 c), which reveals that the 

precipitate comprises of ~79 at% Al, followed by ~19 at% Zr and ~2 at% Cu, which is close to the 

composition of Al3Zr phase.  

The quantified values of the concentration from EDS are highly sensitive to the thickness of the 

precipitates w.r.t the thickness of the TEM specimen. Thus, in order to identify the phase 

unambiguously, we have performed diffraction analysis via conventional TEM as depicted in 

Figure 5-47.  

The BF-TEM image of the needle shaped precipitates at Σ21a GB is shown in Figure 5-47 a), which 

looks darker than the Al matrix due to the diffraction contrast. The diffraction pattern 

corresponding to the red region in Figure 5-47 a) is illustrated in Figure 5-47 b), which shows that 

apart from the diffraction spots associated with [111] Al zone axis, there are also some extra 

diffraction spots present. Indexing of these extra spots (marked by green circles) reveals that they 

correspond to the L12 Al3Zr phase (metastable), having a cubic structure [235]. Additionally, the 

dark field images taken from these extra spots of Al3Zr confirm that these needle shaped 

precipitates belong to the Al3Zr cubic phase. 

5.4.3 Discussion 
 

Segregation behaviour: Al (Zr-Cu) film annealed at 450ᵒC for 6 hrs 

In the current study, the effect of segregating elements like Cu and Zr on the pure Al GBs is 

discussed. On annealing the Al (Zr-Cu) film to 450ᵒC for 6 hrs, the STEM investigations revealed 

that there was no native oxide present on the top of the Ar-sputtered clean film, which was present 

in the Al film without plasma cleaning. Hence, the absence of the native oxide on Al surface 

allowed diffusion of Cu into the GB during annealing. This is because the native Al2O3 in the 

uncleaned surface (with oxide) was acting as a barrier to the surface diffusion of the solute 

elements [236,237]. The effect of segregation is seen as a change in GB curvature and inclination, 

observed along <111> and <110> directions. It is important to note that despite annealing to such 
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a high temperature of 450ᵒC for Al, no precipitates of Al-Cu are formed, as the solubility of Cu is 

quite high. This happened due to a lower concentration (~3 at.%) of Cu in the Zr-Cu reservoir 

present on the top of the Al film. On closely investigating the GBs via STEM-EDS along both 

<111> and <110>, it is evident that only Cu is segregating to the GBs. This is because of the high 

solid solubility for Cu of 2.5 at.% at 550°C compared to only 0.083 at.% Zr at 660°C [238,239]. 

Furthermore, the diffusivity (D) of Cu (𝐷Cu at 500ᵒC) = 4.0 × 10−14 𝑚2𝑠−1) into the Al is also 

very high as compared to that of Zr (𝐷Zr at 500ᵒC) = 3.2 × 10−18 𝑚2𝑠−1) [240]. It is important to 

take into account that the diffusivity values reported here correspond to bulk diffusion. Hence, the 

diffusion at the GB will be higher but a similar ratio for 
𝐷𝐶𝑢

𝐷𝑍𝑟
 should be present as well for GB 

diffusion.  

The findings suggest that as the temperature reaches to 450°C, Cu solubility and the rate of 

diffusion increases, hence, Cu starts diffusing into both the GBs and the grain interior. However, 

as the film is cooled down slowly, Cu solubility decreases, which led to the segregation of Cu at 

the GBs. It is often found that the low solubility of an element leads to a pronounced segregation 

of the solute at the GB [241], which reduces the overall energy of the system. Furthermore, it is 

reported in the literature that Zr can easily diffuse into the Cu GBs on annealing at 400°C for 5 hr 

[25]. Since, Zr has very similar diffusivity into the Cu and Al, similar behavior can be expected in 

the case of Al. Hence, the findings clearly indicate that Cu prevents the diffusion and segregation 

of Zr into the GBs. 

Atomic-scale investigation of Σ21a and Σ13b GBs annealed at 450ᵒC for 6 hrs 

Furthermore, a comprehensive investigation of the influence of the solutes (Cu and Zr) on the local 

atomic arrangement at the Σ21a and Σ13b GBs in STEM revealed that there exist two different 

kinds of segregation behaviour at the GBs called monolayer and bilayer type segregation, having 

single and two parallel intense bright Cu segregated atomic columns, respectively. A similar kind 

of Cu segregation behaviour depending on the misorientation was found in an interesting study 

done by Prakash and coworkers in 7075 Al Alloy (with Al 96.77%, Zn 0.15%, Mg 1.47%, Cu 

1.13%, Si 0.5%) [125]. It is interesting to note that even though both Mg (𝐷Mg at 500ᵒC) = 9.9 ×

 10−14 𝑚2𝑠−1)  and Zn (𝐷Zn at 500ᵒC) = 1.8 ×  10−13 𝑚2𝑠−1) have even much higher diffusivity 

than Cu in Al, yet only Cu segregation was found at the GBs [125,240]. Therefore, in a multi-
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component system like 7075 Alloy, the influence of other alloying elements having high 

diffusivities and the different GB misorientations and planes on the occurrence of such segregation 

behaviour cannot be disregarded.  

We, therefore, compared the structural units of Cu alloyed Σ21a (~20ᵒ) {145}, Σ13b (~26ᵒ) {134} 

and Σ13b (~31ᵒ) {157} GBs with the pure atomic structure of Σ21a and Σ13b. We found that for 

Σ21a (~20ᵒ) {145}, Σ13b (~26ᵒ) {134}, the overall shape of the SUs remain the same as in the pure 

Al case, yet some specific atomic columns are now enriched with Cu. This depicts that most 

amount of the Cu is segregating at the substitutional positions followed by the lower amount of 

Cu at the interstitial positions. Some uncertainties in interpretation arises due to the de-channeling 

of the probe in STEM. To rule out de-channeling, image simulations would be required. 

Nevertheless, it seems that segregation energy for these substitutional sites is lower than the other 

sites. However, to confirm this, atomistic simulation studies are needed to evaluate the segregation 

energy for the specific sites of the GBs. Furthermore, in the case of Σ13b (~31ᵒ) {157}, a 

completely new structural unit with eight atomic columns emerged at the GB, with the two most 

intensely bright atomic columns enriched with Cu, indicating bilayer type segregation.  

Furthermore, on extracting an intensity line profile along the GB, it is found that the distance 

between the Cu-enriched regions follows the same trend as in Ref. [125] i.e. decreases with an 

increase in the misorientation, which suggests that the segregation tendency is also increasing. 

This is further supported by the EDS, which shows that the ratio of Cu concentration at the GB to 

the grain 
𝐶𝑢(𝐺𝐵)

𝐶𝑢(𝐺𝑟𝑎𝑖𝑛)
 is roughly twice as high for the Σ13b (~31ᵒ) GB as compared to the Σ13b (~26ᵒ) 

GB (see Appendix A.2). 

Furthermore, it is also important to take into account that apart from the misorientation angle, the 

GB planes are also different for both Σ13b GBs. One of the reasons for differences in segregation 

patterns could be the different atomic densities in the two different symmetric planes. At 31ᵒ 

misorientation, since all the CSL sites are completely saturated with Cu, Cu started segregating to 

the sites at the nearest neighbouring atomic planes, inducing a structural transformation of the GB.  

Segregation behaviour: Al (Zr-Cu) film annealed at 520ᵒC for 32 hrs 

As discussed above, no Zr is found anywhere at any of the GBs at 450ᵒC, the same Al film is 

further annealed to 520ᵒC for 32 hrs in order to increase the diffusion rate of Zr into the GBs. 
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During the TEM investigation, it is found that the 95% of the GBs (including LAGBs) were not 

edge on anymore. This is due to the strong faceting that happened during high-temperature 

annealing, which leads to the higher inclination of the GB plane. Furthermore, a detailed 

conventional TEM and STEM-EDS analysis revealed that certain needle shaped precipitates 

formed at some regions of the high angle Σ21a GB and have composition of ~79 at.% of Al, ~19 

at.% of Zr and ~2 at.% of Cu. This is quite close to the intermetallic Al3Zr phase composition i.e. 

75 at.% of Al, 25 at.% of Zr. While at very few symmetric edge-on regions of the Σ21a GB, we 

found only monolayer kind of segregation of Cu similarly to the GBs annealed at 450ᵒC. 

Furthermore, diffraction pattern analysis of the needle shaped precipitates confirmed that Al3Zr 

phase have the cubic L12 (metastable) structure, which is often found in the form of fine and stable 

precipitates in Al (Zr-Cu) alloys and enhances their properties [242]. These cubic L12 phase 

precipitates have very high resistance to coarsening, even at very high temperatures. Generally, 

the Al3Zr intermetallic phase has tetragonal DO23 equilibrium structure, however it is also found 

as a cubic L12 metastable structure, formed via rapid cooling [243,244]. Moreover, this metastable 

phase can also be stabilized at lower temperatures by minor additions of certain elements like Cu, 

Li, Ni and Fe, etc. in the Al alloys [245,246]. For example: small amount of Cu additions in the 

Al-Zr system can accelerates the precipitation of cubic L12 (metastable) Al3Zr phase during 

annealing [49,247]. The major reason for the occurrence of this cubic Al3Zr phase is associated 

with the similarity in its structure to the fcc Al and the lower lattice mismatch between the Al3Zr 

intermetallic phase and Al [248]. The lattice parameter of the Al3Zr phase is 4.08 Å [244], which 

is very similar to that of Al in 4.05 Å [249]. The results at 520ᵒC annealing indicate that Cu 

diffusion is accelerating into both GBs and the bulk in comparison to 450ᵒC. Therefore, some of 

the pre-segregated Cu present at the GB may have also started diffusing from the GB to the grain 

interior, thus, providing a pathway for Zr diffusion into the GBs. This together with the accelerated 

diffusion of Cu from the top reservoir to the GBs and inter-diffusion of Cu and Zr led to the 

nucleation of Al3(CuxZr(1-x)) precipitates. 

5.4.4 Summary and Conclusion 
 

In this research, interaction of the alloying elements i.e. Cu and Zr with the pure [111] tilt GBs in 

Al is investigated with the help of CTEM and aberration corrected STEM techniques in 

combination with STEM EDS. The main findings of the study are as follows:  
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On annealing an Al film at 450ᵒC for 6 hrs with a Zr-Cu reservoir on the Al film surface, it is 

observed that the inclination of the GBs is changed as compared to the pure GBs. Additionally, we 

found Cu as the primary segregating element, which is being enriched on all type of GBs up to 

Σ13b (having a misorientation of 31ᵒ, experimentally) with two discrete segregation pattern called 

monolayer and bilayer segregation. Furthermore, the segregation tendency increases with 

misorientation, as observed for GB misorientation angles ranging from 20ᵒ to 31ᵒ. However, no Zr 

segregation was discerned at the GBs after annealing at 450ᵒC. On further annealing the GBs to 

520ᵒC for 32 hrs, it is observed that Zr does not like to segregate onto the pre Cu-segregated GBs. 

Instead of that, needle shaped precipitates are formed at high angle GBs like Σ21a. The precipitates 

belong to the Al3(CuxZr(1-x)) (metastable) phase with L12 cubic structure. It’s nucleation is highly 

influenced by the pre-segregation of Cu at the GBs. We believe that this study improves our 

understanding on the competition of segregation behavior of Cu and Zr at pure Al GBs on an 

atomic scale, which may be helpful in future to design novel Al alloys via GB segregation 

engineering. Additionally, it advances our knowledge of how to trigger specific precipitates at the 

GBs in order to prevent grain growth in the material. 
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Chapter 6  Summary and Conclusion 
 

The focus of the present thesis is a comprehensive study of atomic structures of several types of 

[111] tilt GBs in pure Al and Zr/Cu alloyed Al by using mainly aberration-corrected S/TEM and 

its analytical technique EDS. Furthermore, the current studies attempts to bridge the gap in 

understanding the atomic structures and properties of the GBs, with the help of atomistic 

simulations. 

Firstly, in order to get a wide distribution of [111] tilt columnar Al GBs, pure Al thin films were 

grown on sapphire oriented along (0001) direction that results in strongly [111] textured film 

having desired features that includes smooth and dense surface, large grain size (>10 𝜇𝑚) and film 

thickness of greater than 600 nm. A closer investigation of the structure evolution of the Al films 

via scanning and transmission electron microscopy techniques revealed that for a deposition rate 

of 3 Å/s, the optimum deposition temperature to obtain such [111] tilt GBs should be close or 

greater than 300ᵒC. At this temperature of ~0.6 Tm, all diffusion mechanisms in the films are active, 

including bulk diffusion. Furthermore, the experimentally observed atomic structure of three 

different low angle tilt GBs in Al revealed that in contrast to the bulk, the dissociation of ½ [110] 

perfect edge dislocations into two partials of <211> type occurs at GBs, irrespective of the high 

SFE in Al. Additionally, it is found that the distances between the two partials along the GB and 

perpendicular to GB are different to each other. Both of them decreases in distance with an increase 

in the misorientation angle. Along the GB, the spacing follows Frank’s rules relating 

misorientation angle and Burgers vector with dislocation spacing. The formation of these partial 

dislocations at the low angle GBs could play a vital role in the mechanical and physical properties 

of the material such as GB phase transformation and during plastic deformation via dislocation 

motion of dissociated dislocations. Additionally, grain growth in a material will also be impacted 

because GB migration frequently involves dislocations and occurs via steps or disconnections. 

Hence, the influence of these partial dislocations on all these phenomena needs to be further 

understood in detail in order to control and improve the mechanical properties of the material. 

Furthermore, since the GBs with the fixed macroscopic parameters may also behave differently in 

reality due to the microscopic translations at the atomic level, hence, we have further examined 

how these infinitesimal translations of the atoms influence the atomic structure and properties of 
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the GB. For the investigation of the structure multiplicity and structural defects in incoherent Σ3 

[111] (112) tilt GBs, aberration corrected STEM techniques were utilized. Two distinct 

microstates, |E| and |E’|, of the GB structure were found for two different ORs, present in an Al 

film. Simulation studies predicted that these states transform into each other with applied stress or 

strain of 0.5% and possess different excess volume of the microstates. |E| motifs were associated 

with GBs with ORI and |E’| motifs with ORII. This suggests that these microstates are the result 

of different strain states due to different local stress states present at the interfaces. In addition, the 

atomic structures of both the GBs along <110> zone axis were investigated in detail, which reveals 

the different magnitudes of translation of {111} planes across the whole GB from the bottom near 

the substrate up to the surface of the Al film, for both ORs. Furthermore, the asymmetric variants 

of the GBs at the two ORs was found to introduce different types and density of facets. In case of 

Σ3 from ORI, GB consists of long facets separated by small steps with a single step height of 

typically 0.3 nm (i.e. h = 2adsc). However, Σ3 from ORII comprises of a large number of facets 

incorporating different kind of disconnections with varying step height. The ORII GB possesses 

two different types of disconnections with Burgers vector 1/6[11̅̅̅̅ 2] and step height h = 2adsc and 

5adsc. Furthermore, in ORII, another distinct type of disconnection with Burgers vector 1/2[1̅01] 

and varying step heights were found in contrast to the absence of such disconnections in ORI. 

These findings suggests the possibility of a lower migration rate in ORI in comparison to ORII 

(where more than one type of disconnections are observed). This is often observed in general 

during the annealing experiments of Al thin films with two ORs. Hence, the local stresses in the 

film even after global relaxation of the Al film may give rise to a different atomic structure to the 

same GB, which in turn affect the behaviour of GBs during microstructural evolution. 

Thereafter, a detailed systematic study of the atomic structure of [111] tilt high angle GBs in Al 

was done in order to establish the relationship between the structures of various high angle GBs 

throughout a misorientation (𝜃) range (21ᵒ to 60ᵒ) for a particular tilt axis i.e. [111] and the 

boundary plane were inspected. Detailed STEM investigations revealed two different 

misorientation groups (group 1 and 2), consisting of two distinct types of structural units (SUs), 

respectively. The Σ21a, Σ13b and Σ7 CSL GBs belong to group 1 with the misorientation range 

21° < 𝜃 < 34° and have either bow and arrow shaped SUs designated as B/B’ or a mix of  B/B’ 

and A units. All the structures in group 1 are called ‘‘bow and arrow’’ type structure. While Σ19b, 
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Σ37c and Σ3 GBs are associated with group 2 with a misorientation range of 46° < 𝜃 < 60°. They 

comprise either square shaped units (E, E’’) or a combination of E units and trapezoidal F shape 

unit.  The atomic structure of GBs in group 2 have ‘‘zipper’’ type structure. Furthermore, it was 

also found that as the misorientation is increased, the number of A type units consisting of three 

atomic columns (in the projection view) are reduced at the GBs. A similar trend was found in the 

atomistic simulations, where the frequency of A type units were decreasing with misorientation 

and eventually diminishing at ideal Σ7 misorientation. This led to a change in the excess properties 

of the GBs, which eventually controls the overall behaviour of the boundaries such as GB mobility, 

GB diffusion and GB sliding. For example: the GB sliding is highly dependent on the atomic 

shuffling at the GB, which in turn is controlled by the atomic structure of the GB. 

In addition, the atomic structures of the symmetric variants of all the three GBs in higher 

misorientation range revealed that they have a different combination of SUs i.e. domino type of 

structures and hence exhibit different interfacial properties, as indicated by the atomistic 

simulation. From these results, it was possible to establish a correlation between the structure and 

the properties of several [111] tilt high angle GBs in Al, as the GB misorientation and the habit 

plane changes. Although, we are little far from tailoring these structures yet, but one could work 

out by closely analyzing the response of these experimentally observed GBs towards stress and 

different temperature i.e. normal GB motion and shear couples GB migration, which will further 

enhance our understanding of how they behave in reality. 

As we know that, the introduction of alloying elements into the material influences the cohesive 

strength of the GBs in the material, which eventually affect its creep and fatigue resistance. 

Moreover, solute segregated GBs are more prone to have suppressed GB migration due to the 

pinning of the GBs via solute element. Thus, in the last part of the thesis, how the alloying elements 

like Cu and Zr interacted with the pure Al GBs and influence their atomic structures were explored. 

For that, firstly, the native oxide on the top of a pure Al film was removed via Ar-cleaning in the 

sputtering chamber. Furthermore, a (Zr-Cu) reservoir was deposited on the top of the Al film via 

sputtering and then annealed together in two different steps. After first annealing to 450ᵒC for 6 

hrs, it is discovered that GBs start to curve and facet across the film thickness and become 

decorated with Cu. Interestingly, Cu was determined to be the only element segregating to the Al 

GBs (up to Σ13b) with no Zr observed. Two distinct types of segregation patterns, called 



Summary and Conclusion 

129 

 

monolayer and bilayer type segregation, were found, which are influenced by the misorientation 

angle. Cu segregation was observed with monolayer segregation at misorientation angle of ≤ 26ᵒ 

and bilayer segregation at a misorientation of 31ᵒ. As the measured distance between the Cu 

segregated column positions was found to be decreasing with increase in the misorientation, it 

suggests that the segregation tendency increases with the increasing in misorientation from 20ᵒ up 

to 31ᵒ. The absence of Zr suggests that its segregation is affected by the preferred segregation of 

Cu at the GB, which limits the diffusion of Zr. Furthermore, the results obtained after second time 

annealing the film to 520ᵒC for 32 hrs revealed that that both Zr and Cu diffusion were taking 

place. However, instead of segregation, needle shaped precipitates formed at the high angle GBs. 

The precipitates correspond to the Al3 (CuxZr(1-x)) (metastable) phase possessing a cubic L12 

structure.  These findings indicate that the inter-diffusion of Zr and Cu together with the diffusion 

of pre segregated Cu at the GBs increases the probability of nucleation of Al3Zr precipitates at 

520ᵒC. Hence, in the future, it would be interesting to look into the segregation of pure Zr (without 

any Cu) into the GBs and understand its implications on the atomic structure and properties of the 

GBs, which would further advance our knowledge on the atomistic mechanism of segregation. 
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Chapter 7  Appendix 
 

Appendix A.1 Validation and comparison of EAM potentials††† 
 

The validity of the predictions of the atomistic computer simulations depends on the interatomic 

potential. We compared three different embedded atom method (EAM) potentials for Al 

[176,250,251]: Mishin et al. (1999), Liu et al. (2004), and Mendelev et al. (2008). For each 

potential, the lattice constant and cohesive energy at 0 K were calculated. Then, we performed the 

γ-surface search as described in the methods section.  

Table 6:  The theoretical values of different excess properties at 𝑇 = 0, 𝜎 = 0, and 𝜀 = 0  for different potentials and 

DFT calculations are listed. Here, a and Ecoh are the fcc lattice constant and cohesive energy; γ
0
, [V], [τji] represent the 

GB energy, excess volume and GB stress tensor values, where (i, j = 1,2). The angle α is defined in Figure 5-12. [B1] 

and [B2] are the components of the microscopic translation vector between the two crystallites in the GB plane. 

 
DFT Mishin et al. 

(1999) 

Liu et al. 

(2004) 

Mendelev et al. 

(2008) 

 

a 4.040 4.050 4.032 4.045 Å 

Ecoh - −3.36 −3.36 −3.41 eV/atom 

motif |E| |E| |E’| |E|  

γ
o
 0.390 0.355 0.322 0.418 J/m² 

[V] 0.258 0.288 0.480 0.414 Å 

α 151° 151° 126° 143°  

[B
1
] ±0.350 ±0.351 ±0.780 ±0.266 Å 

[B
1
]·√3 /a ±0.150 ±0.150 ±0.335 ±0.114 

 

[B
2
] ±1.428 ±1.432 ±1.426 ±1.430 Å 

[B
2
]·√2 /a ±0.5 ±0.5 ±0.5 ±0.5 

 

[τ
11

] - 0.94 1.85 0.78 J/m² 

[τ
22

] - 0.50 0.50 0.95 J/m² 

                                                 
††† Dr. Tobias Brink is highly thanked for performing DFT calculations 
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[τ
12

] - 0.00 0.00 0.00 J/m² 

We also tested this with two other potentials [252,253], but found that numerical problems lead to 

wildly fluctuating or even very large negative GB energies. We thus did not further investigate 

these potentials. In the remaining simulations, we always found structures that resembled either 

the |E| or |E’| motifs. The excess properties at 𝑇 = 0, 𝜎 = 0, and 𝜀 = 0 are listed in Table 6. The 

excess properties at 𝑇 = 0, 𝜎 = 0, and 𝜀 = 0 are listed in Table 2. Since we found that the 

potentials differ significantly in the expected ground-state motif, as well as in the excess properties, 

we additionally performed density functional theory (DFT) calculations using VASP 5.4.4 [254–

257]. Since we found that the potentials differ significantly in the expected ground-state motif, as 

well as in the excess properties, we additionally performed density functional theory (DFT) 

calculations using VASP 5.4.4 [254–257]. For this, we prepared a smaller simulation cell with 72 

atoms, dimensions of around 7×2×60 Å³, and full periodic boundary conditions, resulting in two 

identical grain boundaries in the cell. We also set up an equivalent reference structure containing 

no grain boundaries. The simulations were set up and analyzed using pyiron [258]. We employed 

the projector-augmented wave (PAW) method [259] within the generalized gradient approximation 

(GGA) with the Perdew–Burke–Ernzerhof (PBE) parametrization [260]. The PAW potentials [261] 

used three valence electrons (3s23p1) for Al. 

Due to the sensitivity of GB excess properties to numerical errors, we used high-accuracy 

parameters for the DFT simulations. First, the Al lattice constant was determined using a cubical 

fcc unit cell to be 4.040(5) Å using a plane-wave energy cutoff of 450 eV and a 19×19×19 k-point 

mesh on a Γ-centered Monkhorst–Pack grid [262]. The GB simulations used the same parameters, 

except for a 27×27×2 k-point mesh. The equilibrium excess energy and volume at 0 K was found 

by scaling the box normal to the grain boundary planes, fitting a third order polynomial to the total 

energy as a function of the box length, and finding the minimum of that function. Stresses obtained 

by DFT and by the derivative of the energy agreed quite well due to the high accuracy of the 

simulations (very small Pulay stress). We therefore used the stresses calculated by VASP directly. 

Then, excess energy, volume, [B1], and α as a function of σ33 (the external stress normal to the GB 

plane) were computed as described in Ref. [86] using the defect-free reference system at 

corresponding σ33 values (Figure 13). The GB excess stresses [τij] were strongly affected by even 

very small residual stresses of the reference system and we regard them therefore as unreliable. 

We find that all potentials deviate qualitatively from the DFT results, especially at finite stresses. 
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This is expected, since such empirical potentials are often only fitted to undeformed structures. 

Nevertheless, the potential by Mishin et al. (1999) [176] reproduces the ground state values quite 

well and is the only potential that captures the fact that the transformation from |E| to |E’| units 

occurs at tensile stresses on the order of 1 GPa. We therefore used this potential for the work 

described in the main text. 

A 1: Comparison of different excess properties calculated with DFT simulations and EAM potentials. Data 

points represent either |E| units (OR I, circles) or |E’| units (OR II, triangles). The changes are less pronounced 

in the DFT simulations than in the EAM potentials, but the potential by Mishin et al. [176] matches quite well in the 

stress-free state and most closely reproduces the stress required for the transformation from |E| to |E’|. 
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Appendix A.2 STEM HAADF and STEM EDS results related to Chapter 5. 4 

 

 

 

A 3: Overview STEM-HAADF images of Σ21a GB along [111] tilt direction from the Al film annealed at 450ᵒC 

for 6 hr. Low magnification stacked BF-TEM images showing the overall curvature of the GB. The green arrows 

depict the symmetric facets, which are separated by a large step. Note that the symmetric facets are connected by 

asymmetric facets. These asymmetric facets are not clearly visible due to their high inclination w.r.t the electron beam. 

A 2: STEM-EDS quantification at 120 keV a) Monolayer segregation for the Σ13b (26ᵒ) and b) Bilayer segregation 

for the Σ13b (31ᵒ) GBs. a) and b) show the line profiles extracted across the GB, indicated by the yellow arrow 

(integrated over the whole area, marked by the yellow rectangle). The quantification from the plots reveals that the 

ratio of Cu concentration (in at %) at the GB to the grain 
𝐶𝑢(𝐺𝐵)

𝐶𝑢(𝐺𝑟𝑎𝑖𝑛)
 in the Σ13b (31ᵒ) GB is nearly twice that of the Σ13b 

(26ᵒ) GB. Note that the EDS measurements for both the GBs are taken from the same specimen under identical 

conditions such as the same orientation (along the [111] direction) and duration of the measurement. 
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