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Abstract

The improvement of engineering materials as well as the development of new mate-
rials has been always a strong objective of research. The effect of grain boundaries
in materials has drawn special attention, since they have an enormous impact on
the properties. Especially the mechanical properties can vary strongly with respect
to grain boundary density (grain size) and structure. Since many decades the field
of grain boundary engineering deals with manipulating these crystal defects in or-
der to tailor the material’s properties with respect to certain applications. The atomic
structure and local chemistry of the grain boundary mainly determine its properties
(such as mobility, cohesive strength, energy, etc.) and how they relate to the materi-
als performance. The observation of the local atomic structure and chemistry, how-
ever, brings extreme difficult experimental conditions with it and limits this field up
to date. The enormous development of transmission electron microscopy in com-
bination with increasing computational power for atomistic simulations has led to a
huge progress in this field. But, due to the high complexity of grain boundaries, the
observation of the local atomic structure is limited to special tilt grain boundaries,

where both grains share a common low index zone axis parallel to the electron beam.

In this thesis, grain boundary structures and phenomena in pure copper and different
copper alloys have been investigated in detail by high resolution scanning transmis-
sion electron microscopy in combination with atomistic simulations. The work com-
prises the observation of congruent grain boundary phase transitions in pure copper,
chemically triggered structural transitions in copper-zirconium and copper-tantalum
alloys and the investigation of sulfur-induced embrittlement in high purity, polycrys-

talline copper alloys.
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Copper thin films were grown on Sapphire which leads to a strong [111] texture and
mostly 23, 27, 219b and X 37c tilt grain boundaries are formed. These tilt bound-
aries are perfectly suited for high resolution imaging. The main focus was on a spe-
cial high angle tilt grain boundaries, the X 19b. Two different symmetric variants, with
strongly differing atomic structures were found, which were named the zipper struc-
ture with (253) and the pearl structure with (187) grain boundary planes. Addition-
ally, asymmetric variants are frequently found in the specimen. In the £19b, (187)
(and its asymmetric variants), congruent grain boundary phase transitions were ob-
served, where two grain boundary phases coexist at the same time. With correspond-
ing atomistic simulations, the transition was determined to be of first order and the
two grain boundary phases are characterized by different excess volumes and stresses.
The different £ 19b grain boundaries were also alloyed with zirconium and tantalum
and the atomic structure was compared to the clean grain boundaries. It was found
that tantalum particles form along the grain boundaries and pin them via the Zener
effect. Locally, this introduces a curvature of the grain boundary plane. Zirconium,
however, was found to segregate to grain boundary steps of the zipper structure and
induces structural transitions at the facets between the steps. If no steps are present
as such in the pearl structure, zirconium segregates homogeneously and induces a

strong atomic disorder.

Sulfur-induced embrittlement is a problem since more than 100 years and was ex-
plained by sulfur segregating to grain boundaries. But a direct proof of the exact loca-
tion and structure / distribution of sulfur at the grain boundaries was still missing. In
this study, random high angle and low angle grain boundaries of polycrystalline cop-
per were investigated by high resolution transmission electron microscopy and atom
probe tomography. It is shown that sulfur is not decorating the grain boundaries ho-
mogeneously, but forms copper sulphides at the grain boundaries. These sulfides are

possible sites for crack nucleation and favor intergranular fracture.
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1. Introduction and Motivation

1.1. Introduction

Most engineering materials are composed of a polycrystalline microstructure. The
regions separating individual grains are specified as grain boundaries (GBs) and they
are one of the most prominent planar defects in materials. Hence, GBs play a crucial
role in dictating material’s properties and novel concepts even predict that they can
be used as material design elements [1, 2]. The structure of GBs is determined by the
alignment of two abutting grains and atoms adopt an arrangement that best resem-
bles the two crystal lattices [3]. The deviating atomic order at the GB core strongly
determines their energy, cohesive strength, mobility, diffusivity or sliding resistance
[4-7]. Segregation of impurity elements can complicate the situation even more by
changing the GB structure and properties. While this is probably the most promising
way towards GB engineering to tailor the materials properties [8], it can also lead to

dramatic failure of the material [9].

In addition, GBs themselves can exist in multiple phase states and undergo phase
transitions, which has been already predicted by thermodynamic considerations more
than 50 years ago [10, 11]. The underlying assumption was that multiple stable and
metastable states exist for each GB orientation [12, 13]. The terminology complexion
was recently introduced to distinguish between those interfacial states that differ in
any equilibrium feature [14]. All these considerations together reveal the great com-
plexity of these crystal defects. The main challenge to establish a generalized picture
in this field results from the huge variety of GB types [15], the difficulty to experimen-

tally access their atomic structure and to correlate it directly to the GB properties.
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A lot of effort has been made over many decades in order to understand the effect
of the atomic GB structure on the GB properties [15-19]. Even though many experi-
mental and theoretical studies have been employed to unravel the structure, energy,
mobility and diffusion behavior of special GBs, a detailed understanding of the atom-
istic mechanisms of GBs, segregation effects, phase transitions and their impact on

materials properties is lacking [16, 18, 20-25].

The development of aberration-corrected transmission electron microscopes (TEM)
made it possible to experimentally access the atomic structure and chemistry of GBs.
In recent years, several studies explored the atomic arrangements of tilt GBs in ce-
ramic, metallic and semiconductor systems [23, 26-31]. However, from the experi-
mental data alone, it is difficult to extract the underlying thermodynamic and kinetic
properties of the GBs. But in combination with complementary atomistic simula-
tions it is possible to unravel the atomic structure and intrinsic GB properties, such

as segregation behavior, structural GB transitions and cohesive properties *.

1.2. Aim and outline of this thesis

The main topic of this work is based on the atomic scale observation of random and
special tilt GBs. The goal is to correlate the GB structure to specific GB properties and
conclude from these findings the effect on the macroscopic properties of the material
itself. To understand these atomistic mechanisms and the effect on the properties
is crucial for GB engineering. To achieve this goal, perfect tilt GBs are obtained by
defined thin film growth via molecular beam epitaxy (MBE). Additional thin films of
different elements and subsequent annealing can be used to alloy the primary mate-
rial. The combination of electron backscatter diffraction and the focused ion beam
allows the defined and repeatable extraction of specific GBs from the thin film to be
able to compare the same GB in different conditions (as grown, annealed, alloyed with
different elements, etc.). Aberration-corrected (scanning) TEM techniques (imag-

ing, energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy) are

The text in this chapter contains parts of the three manuscripts presented in the chapters 6, 7 and
8[18][32].
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coupled with atom probe tomography and atomistic simulations to investigate the
atomic structure and local chemistry. Of special interest are structural transitions of
GBs in pure metallic systems (but also alloys are of interest in this thesis). Such tran-
sitions may result in changing GB properties, such as its energy, mobility and cohe-
sive strength. Therefore, also the macroscopic properties may change strongly. How-
ever, experimental studies in this field are still missing and are therefore interesting
and important to address, since many phenomena still have to be explained, such as
abnormal grain growth (GB mobility changes) or activated sintering (GB diffusivity
changes). The chosen main material in this thesis is copper (Cu), since it is a well
investigated material and many physical and chemical properties are well known. In
addition, it is strongly used in industry and it is always of interest to improve Cu and

its alloys. This work comprises the following main investigations:

1. Investigations of special tilt GBs (mainly 219b and its asymmetric variations)
from Cu thin films grown on (0001) oriented Sapphire, with respect to its atomic
structure and GB phase transitions. The combination of high resolution imag-
ing and computer simulations reveal the existence of a first order GB phase

transition of a symmetric £ 19b and vicinal GBs and is discussed in chapter 6.

2. The Cu thin film is alloyed with zirconium (Zr) and tantalum (Ta). The struc-
tures of the pure GBs are then directly compared with respect to structural/chemical
transitions induced by Zr or Ta. In addition, the effect of these alloys to the GBs
is related to the stabilization mechanism in nanocrystalline copper (see chapter

7).

3. The investigation of engineering, ultra pure Cu and Cu- sulfur (S) alloys in order
to identify with atomic precision the origin of the embrittlement effect of S. The
samples contain mostly random grain boundaries and represent a real material.
The characterization of random GBs in these alloys cover a large range from the
millimeter scale down to atomic distances by using optical microscopy, scan-
ning electron microscopy, transmission electron microscopy and atom probe
tomography and is presented in chapter 8. The investigated microstructural
features will be then discussed with respect to the embrittlement phenomena.

Macro-size tensile testing was performed at different temperatures (room tem-
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perature, 200° C and 400° C) with different S concentrations showing the em-

brittlement effect of S.



2. Grain boundaries

In this chapter the basic theoretical models of GBs, GB phase transitions, segregation
as well as precipitation are described. It starts with a general introduction of GBs (sec-
tion 2.1) followed by the description and categorization of GB structures (section 2.2).
The thermodynamics behind GBs and GB phase transitions are described in section
2.3. Afterwards, the most common used models for GB segregation are introduced,
which were developed by Gibbs and Langmuir and McLean (section 2.4). Instead of
solute segregation, the impurity atoms can accumulate and form precipitates at the

GBs if it is energetically more favorable (see section 2.5).

2.1. Introduction to grain boundaries

The interface between two abutting crystals with the same crystal structure, which
are misoriented to each other, is called a GB. Even though the two crystals exhibit
the same crystal structure and composition, these interfaces are very complex, two
dimensional defects in a material. Nowadays, there are still many open questions
considering e.g. the GB structure, the interplay between GBs and other defects or how
GBs behave under certain thermodynamic conditions (e.g. stress, temperature and
chemistry). In the early twentieth century, it was believed that a GB is an amorphous
layer between two grains [17]. But soon it was found that this model does not fit to
observed phenomena, such as the anisotropy of intergranular penetration of other
elements [17]. One of the first theoretical models to describe the structure of GBs was
developed by Read and Shockeley [33], called the intrinsic dislocation model, which

describes the GB by a set of dislocations with Burgers vector b and spacing h and
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links it to the misorientation of the two grains as © = %. According to this model, the
GB energy o is proportional to the sum of all elastic contributions of the dislocations

contained in a GB unit area as follows:

=i (") (7)) 2
0_4-Jr-h(1—v) 4 27 1o "\ n '

where G is the shear modulus, v the Poisson ratio, and ry the radius of the dislocation

core. An experimental example of such a GB is shown in Fig. 2.1 (a). This model
works well for low angle GBs (LAGBs) (© < 15°), but for higher misorientations, the
dislocation spacing i becomes too small and the model fails. However, modifications
/ extensions of this model have been proposed for high angle GBs (HAGBs) and a
good summary can be found in [17]. Furthermore, the dislocation model does not
account for the distinct GB structure and it does not consider the microscopic degrees
of freedom (explanation in the next subsection), nor the bonding type (e.g. covalent,

metallic, etc.) or any atomic interaction at the GB core.

(a)

pem é

90°

Fig. 2.1.: Dislocation and structural unit model: (a) high angle annular dark field
scanning TEM image of a low angle GB showing dislocations with spacing
h. (b) Principle of structural unit model. The two delimiting boundaries are
at 0° and 90° and have the units A and B. All other GBs between 0—90° should
be able to be built by these two units, as is shown for 36.87° and 53.13°. This
figure is taken from ref [34].

With the advent of atomistic simulations these topis became a central aspect in pre-
dicting and explaining GB structures. Computer simulations of many high angle GBs
(especially highly symmetric GBs in fcc crystals) were carried out, which take these
considerations into account and describe the GBs on an atomic level. One simulation

tool was the hard sphere model, proposed from Hornestra in 1959, which described
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the atomic structure of GBs. It says that the GB core is an arrangement of polyhedral
atomic units, which are built up with balls and sticks [35]. The number of local coor-
dinations has to be optimized in order to get the best arrangement of atoms. Thus,
it is a pure geometrical approach and was used more than 20 years, e.g by Frost et
al. [20, 36]. Nevertheless, it was shown that this model has limits, especially with re-
spect to metallic GBs [17]. Other simulation techniques focused more on the energy
minimization with respect to the GB structure [16, 37]. Based on the simulated GB
structures, the structural unit model was introduced for special coincident site lattice
(CSL) GBs, which describes the atomic GB structure by repeating 2D building blocks
(structural unit (SU)) [16, 37, 38]. In this model, a GB that consists of only one single
SU type (e.g. | A ]) is called a delimiting boundary. Such a boundary is shown in Fig.
2.1 (b) for 0° and 90° and the units A and B. The SU model predicts that each GB with a
certain misorientation ®gpg can be constructed using a combination of the units from
two delimiting GBs (with SUs | A|and | B |) with misorientations ©¢p. s (one GB with
smaller and one with higher misorientation). This is schematically demonstrated in
Fig. 2.1 (b). Many theoretical studies focused on the description of the SUs of different
symmetric and asymmetric GBs [16, 20, 21, 37]. Frost et al. [20] presented a catalogue
of predicted structures for [001], [011] and [111] symmetric tilt GB in face-centered
cubic (fcc) hard sphere crystals. Wang et al. [21] followed the approach and presented
structures of [001] and [111] tilt GBs and their energies. However, more recent stud-
ies have shown that the SU model does not work in general for all kinds of GB, e.g in
low stacking fault materials and for long period GBs [39, 40]. Therefore, the SU model
was revisited and extended by Han et al. [34] including stable and metastable GB
structures as delimiting boundaries in order to extend the complexity of GBs. In this
thesis, it will be shown, that [111] tilt GBs in pure Cu do even not serve the extended

SU model, but seem to have a much higher complexity (see chapter 7).

2.2. Description of grain boundaries

A full, geometrical description of a general GB needs in total 5 macroscopic degrees of

freedom [15]. Three are used to describe the misorientation between the two abutting
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crystals and is commonly displayed by a rotation axis [hpkolp] and an angle 6. The
remaining 2 degrees of freedom describe the normal vector 7i of the shared plane be-
tween the two grains, the GB plane. This is illustrated schematically in Fig. 2.2 (a) for
a pure tilt GB (i.e [hpokolplL 7). In theory, "infinite" different GBs for only one mis-
orientation exist if one considers a continuous change of the GB plane inclination.
In reality, however, only a few GB plane inclination will be favored due to energetic
reasons. In general, the GB inclination can be visualized by a Wulff plot, where each
inclination is represented by a vector in normal 72 direction and a magnitude, which is
proportional to the GB energy [41]. There are a few conditions, where a GB becomes
a special boundary. If the rotation axis O is parallel or perpendicular to the GB plane
7, then the GB is called a pure twist or tilt GB. Furthermore, if the normal vector of
the GB plane 7 is identical in the two grains, (hg1kgi1lg1) = (hg2kg2lg2), then the GB

is called symmetric. Based on these definitions, each GB can be described as follows:

0 [hokolol, (hcrkc1lc1)/ (hg2kezlco) (2.2)
(a) GB plane (b) (©)
Grain 2 R -

Grain 1 S
Z) ‘ELV 2 B
/‘_‘x 2 § \
Yi I A

i}

Rotation axis rigid body translation 1 n rigid body translation i n
Q} (volume expansion)

Fig. 2.2.: Tilt grain boundary geometry: (a) shows the orientation between two single
crystals with their corresponding coordinate system. The misorientation is
defined by the rotation axis O and the angle 6. The shared interface is the
GB plane. Its orientation is defined by the two normal vectors 7i;. (b) and (c)
schematically show rigid bod translations between both crystals perpendic-
ular and parallel to the GB plane normal.

In addition to the macroscopic (geometrical) degrees of freedom, three microscopic
degrees have to be added in order to fully describe the atomic structure of a GB. Rigid
body translations describe small translations between the two grains in each direction
[15]. If the translation is perpendicular to 7, it can be seen as a shear between both
grains (see one possibility in Fig. 2.2 (b)), and if it is parallel to 7, the GB width widens

(see Fig. 2.2 (c)), which is known as GB volume expansion [42].
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The last feature of GB descriptions to mention here is the coincidence site lattice
(CSL) model, which can be applied to GBs with special orientations of the two grains
only [43]. Under specific misorientation conditions, a certain number of atom posi-
tions match by overlapping the two grains and form a superstructure. These positions
are called coincidence sites and how many of them exist in a special configuration is

typically given by a Z value. The X value is determined by this ratio [15]:

#of coincidence sites in an elementary cell

; : z (2.3)
# total lattice sites in an elementary cell
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Fig. 2.3.: GB energy as a function of misorientation and GB plane inclination: (a) GB
energy versus misorientation plot of [001] (in black) and [011] (in red) STGBs
in Cu. (b) GB energy versus GB plane inclination angle for three different
[011] ATGBs, the 23, 29 and 211 in Cu. The data point at 0° belongs to the
STGB of 23(111), 29(114) and Z£11(113), as indicated by the green circle
examplarily for the £3(111). The plot is taken from [44].

In the easiest case, where two grains are joined without any / very small misorien-
tation (like in a single crystal or in a LAGB), the X value is equal 1. The GB with the

lowest X value is the twin boundary, which has a value of 3.

One important property of a GB is the GB energy, which depends strongly on the mis-
orientation and GB plane inclination. The effect of misorientation is typically demon-
strated by cusp plots, where the GB energy versus the misorientation is plotted. An
example is shown in Fig. 2.3 (a) for [001] and [011] symmetrical tilt GBs (STGBs) in

Cu and was taken from [44]. It demonstrates that LAGBs have smaller energies than
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HAGBs. Furthermore, some CSL boundaries are local energy minima, e.g the £3(111)
and 211 (113), while other low Z boundaries, such as the 9, have a rather high energy
compared to the other two. Also the GB plane inclination can have a strong effect on
the GB energy, which is shown in Fig. 2.3 (b), where the GB energy is plotted against
the inclination for three different low ~ GBs. The plot starts at a STGB (at 0°) and with
an increasing inclination angle the GBs become asymmetric tilt GBs (ATGB). The GB
energy behaves differently for different GBs. For the £3 and Z9 GB the energy in-
creases strongly already for small inclination angles, while it stays rather constant for
the 211 GB. Thus, each GB type behaves quite different by changing certain geomet-
ric parameter. In this thesis the focus will be on symmetric and asymmetric £19[111]

tilt GBs in chapters 6 and 7 and on general GBs in chapter 8.

2.3. Grain boundary thermodynamics and

transitions

General thermodynamics can be used to describe GBs as was done already for other
interfaces, such as free surfaces [41]. Even though GBs are non-equilibrium defects,
a polycrystalline material with a GB network is an object with a local energy mini-
mum and thus the GBs in the samples can be treated thermodynamically [45]. Gibbs
popular description of dividing surfaces was the first thermodynamic description of
interfaces [46]. This idea was further developed by John Cahn and is nowadays more
commonly used [47]. Here the thermodynamic state variables are obtained from the
internal energy of an open system with two identical grains. According to Gibbs, the

internal energy is defined as [46]:

dU=TdS-PdV+)_ pidn;+odA (2.4)
i=1

with U being the internal energy, T the temperature, S the entropy, P the pressure,
V the volume, n; the amount of components with their chemical potential i; and A

is the GB area. Cahn defined o as the GB energy per unit area at constant V and n;,
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which changes the internal energy of the system with respect to the GB area [47]:

[6U
o=

—_— (2.5)
0A ]S, vin;

Equation 2.5 can also be rewritten with the help of the fundamental state function

G =U+ PV - TS so that the GB energy becomes:

(66
o=

e 2.6
aA]T,P,H" ( )

with T, P and n being constant. This equation says that the Gibbs energy of the sys-
tem is increased, when GBs are present in the bulk. It is stated that this is the most
important representation of the GB energy per unit area. How much the GBs increase
the Gibbs energy depends strongly on the GB energy, which is usually determined by
the geometry and atomic structure (as seen before by the cusp plots), but also the

composition, temperature and pressure play a role [15].

For now, the models describing the GB’s structure minimize the energy in a low tem-
perature regime (e.g. dislocation model, SU model, CSL model). At higher tempera-
tures, however, the situation is more complicated and much less is known about the
GB behavior [11]. Long time ago it was already stated that GBs can exist in different
states, where each state has its own free energy. Therefore, the GBs can undergo phase
transitions as bulk phases do, which can induce discontinuities of the GB properties
[10]. Hart suggested that a GB can be seen as a 2D phase described by Gibbs thermo-
dynamics. Also the term complexion has been introduced for the different GB phases
and is seen as the 2D analogon to bulk phases [14]. In this thesis, however, the term
GB phase will be used. The thermodynamics of GB phase transitions were intensively
studied by Hart [10, 11], Cahn [12] and Rottman [13]. A GB phase transition can oc-
cur, if the two respective Gibbs free energy curves o; and o, (Equ. 2.6) cross, which is
defined as a non-congruent transition, or only touch in one point, which is referred
to as a congruent transition. This situation requires a change in at least one thermo-
dynamic parameters change, e.g. the temperature T, the chemical potential u or the
composition (chemistry) n;. During a congruent transition, the composition of the

GB as well as the shape must remain unchanged [12]. In a non-congruent transition,

11
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however, the GB composition, as well as the shape (involving faceting and dissocia-
tion) can be varied. The transition is a first-order transition, if the slopes of the free
energy curves are discontinuous at the transition point [10, 11]. It comes along with
changes in thermodynamic properties of the GBs and it was recently shown that also
the excess volume and the GB stress tensor can be used to define a first-order transi-

tion [25].

congruent GB phase transition

Misorientation 6 and
GB plane n stay constant

Misorientation 0 stays constant
GB plane: n facets into n, and n,

non-congruent GB dissotiation transition

GB plane n stays constant
Misorientation 6 changes due to new
formed bulk phase into 0, and 0,

Fig. 2.4.: GB phase transitions: This figure demonstrates the categorization of GB
phase transitions. (a) defines a congruent phase transition, (b) a non-
congruent faceting transition and (c) a non-congruent dissociation transi-
tion. This figure was taken from [6].

In a pure (metallic) system, a congruent GB phase transition can be described on the
atomic scale as a structural transition of the GB core structure. This may be, for exam-
ple, the formation of new structural units or a melting transition. The misorientation
and GB plane inclination remain constant (see Fig. 2.4 (a)). In multi-component sys-
tems, the composition must also remain constant during a congruent transition. In
a non-congruent transition, all geometric parameter and also the composition can
change. A typical non-congruent transition is the faceting transition (see Fig. 2.4 (b)).
The GB splits up into facets, which have different GB planes r; and ny, where the for-
mer GB plane is then defined as n = n; + ny. If the misorientation between grain 1
and grain 2 changes, usually the transition is called a dissociation transition. Here the

interface splits up and a new phase is formed. This builds up two new GBs between
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grain 1 and 2 and the new phase. The planes of the new GBs are the same as before,
but the misorientation changed (Fig. 2.4 (c)). Both types of non-congruent transi-
tions can occur in pure and multi-component systems [41]. In multi-component sys-
tems, segregation can also be described as another non-congruent transition. Cahn
proposed that congruent transitions in pure systems occur only at specific thermo-
dynamic conditions according to the phase rule [12] and are very difficult to observe
experimentally. Furthermore, he assumed that they occur mostly in non-equilibrium
conditions, while they are highly unlikely in equilibrium conditions. In addition,
these transition occur most likely at high symmetric GB orientations. However, it was
recently predicted that these transitions may occur more frequently than thought [24,

25, 48, 49].

2.4. Grain boundary segregation

As GBs increase the Gibbs energy, the system always tends to reduce the energy gain
in order to minimize the total Gibbs energy. This can be achieved in many ways,
for example by interacting with other defects or by alloying / impurity elements. In
this section, the interaction between GBs and foreign atoms will be briefly discussed.
In many cases, it is thermodynamically favorable for solutes to accumulate at the
GBs, thereby reducing the GB energy. Solute segregation describes all concentration
changes of an element at the GB, if there is no formation of a new phase [50]. If a
secondary particle/phase is formed, it is called GB precipitation. The difference be-
tween these two phenomena can be related to solubility. In general, the solubility of
a solute in a bulk material can be very different to the one at a GB [51]. In general,
segregation is divided into equilibrium and non-equilibrium segregation. Equilib-
rium segregation is a local redistribution of solutes at the GB caused by Gibbs energy
minimization and depends strongly on the GB structure. The process is analogous
to adsorption in surface science and the chemical potential of all species involved is
constant. Non-equilibrium segregation appears when concentration gradients play
a role, e.g during rapid cooling of an alloy (quenching). Thus, it deals with more ki-

netic events and is much more difficult to describe theoretically. Since in this thesis
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all alloys/materials have been annealed and slowly cooled down, it is approximated
that only equilibrium segregation needs to be considered here. That solute segrega-
tion reduces the Gibbs energy can be explained by different interaction mechanisms,
which consider elastic and electronic effects. Elastic effects consider the difference of
strain energy caused by solutes in the bulk and in the grain. One contribution is a size
effect between solute and solvent atoms, which creates a strain field. The segregation
energy is defined as the strain energy difference between the solute being in the GB
or in the bulk [17]:

. _ppGB  _ pbulk
‘&ES*’-’S-"@gme”_Esrram Esrram (2.7)

A second contribution is the difference in elastic moduli of solutes and solvents. Since
the GB is considered to be softer than the bulk, the strain energy of the solute is most
likely smaller inside the GB [17]. Electronic effects on segregation are seen as differ-
ence in electronegativity between solutes and solvents and are well explained by the

second and third Hume-Rothery rule (for more information see [52]).

GB segregation can be treated thermodynamically in many different approaches. The
two most popular theorems are the Gibbs adsorption theorem [46] and the Langmuir-
McLean types of segregation isotherm [53] and are coming from classical thermody-
namics and will be described here briefly. For the variety of other approaches, the
books of Lejcek [15] and Priester [17] provide good overviews and in detail biblio-

graphical references.

The Gibbs adsorption theorem for a binary system (solute i and matrix M) is defined
as [15, 46]:

- oo
GB -1,
I8 =-RT (ai [ i)]m (2.8)

where Fﬁfq. is the adsorption of solutes i at the GB and X; is the atom fraction of the
solutes i in bulk. The equation relates the adsorption to the change in GB energy with
respect to the solute concentration X; in the bulk M. It has been frequently used for
experimental purposes, to quantify for example the GB segregation of sulfur in iron
[50]. However, it is very difficult to measure the solute bulk concentration X; and
the GB energy o for many temperatures at the same time. Thus, it is easier and more

popular to use the theorem of Langmuir and McLean. While the model of Gibbs is cal-
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culated using pure thermodynamics and considers general liquid-liquid interfaces,
the model of Langmuir and McLean is the first theory especially designed for GBs.
It describes the pure thermodynamic approach of Gibbs with statistical mechanics.
By distributing the solutes randomly at the GB, this model finds the minimum en-
ergy for a specific segregation configuration, with the assumption that the chemical
potentials of all components stays constant. The classical segregation isotherm of

Langmuir-McLean in a binary system is then defined as [15, 53]:

GB GB

XCBO_xGb - 1-X; exp( RT
I L

(2.9

where XEB'O is the saturation concentration of solute i at the GB, X!.GB the actual/measured

solute concentration at the GB and AG?B is the change in Gibbs free energy due
to segregation. If the saturation concentration is assumed to be 1 (that means one

monolayer) the equation can be approximated to:

XOB
B=——=exp
Xi

GB
~AG!
RT

(2.10)

where f is named the enrichment factor. This relation says, if A GEB < 0, then segre-
gation increases with decreasing solubility of element i in the bulk. But at the same
time, segregation decreases with increasing temperature. Since it is fairly easy to ex-
perimentally measure the excess concentration XFB of the solutes i at the GB and the
solute concentration X; in the bulk, the Langmuir-McLean model is more easy to use

and the GB enrichment ratio is used to quantify GB segregation [8, 15].

2.5. Grain boundary precipitation

Precipitation can occur at GBs as well as within the grains. However, GB precipita-
tion is favored, if nucleation is energetically less costly as within the grain, or if the
diffusion at GBs is much higher and new nuclei can be formed faster due to faster
migration. Furthermore, a strong segregation tendency of the solutes can favor GB
precipitation as well [17]. Second phase precipitates can have a tremendous effect

on the properties of the materials, e.g. the plastic deformation and recrystallization
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behavior. This can be explained by the Zener drag effect [54, 55]. It is well known that
precipitates can hinder the GB to migrate within the crystal. Since plastic deforma-
tion and recrystallization come along with GB migration, both are strongly affected if
precipitates are present at the GBs. GB precipitation is a heterogeneous process and

occurs if the total free enthalpy A Gt decreases with the formation of the particle [17]:

&GT: VAGV"'ZAaIbTalb_AaJ'aYam 2.11)

A Gy is the free enthalpy per unit volume, A,/ is the area of the interface of the pre-
cipitate and the matrix with its corresponding surface energy y,/p» and Agjq4 is the
deleted GB area with its energy y,/,. Thus, the summation is the difference between
the energy to create the new particle/matrix interface (with area A) and the energy

gain from the destruction of the GB area A. If A Gy < 0, than precipitation will occur.

The shape of the precipitates as well as the form of the interfaces a/b can be very
different and depends on the GB properties (energy, atomic structure, extrinsic dislo-
cations, GB plane inclination, etc.). The interface a/b can be coherent, semi-coherent
and incoherent. Coherent interfaces are a perfect match of the two lattices, indepen-
dent on the chemistry of the two phases. These special interfaces come along with a
preferential orientation between matrix and precipitate. This relationship can lead to
different shapes of the precipitates (i.e the particles form low energy facets), such as
cubes, rectangles, etc. The form of precipitates (also the semi-coherent and incoher-
ent ones) can be described by the Wulff construction. A detailed description of the
different precipitates and the Wulff construction can be found in [17]. Semi-coherent
interfaces are formed when there is a too large misfit between the lattice parameter
so that misfit-dislocations are inserted into the boundary (similar to intrinsic dislo-
cations in GBs). The energy of the phase boundary is then the sum of the coherent
interface (pure chemical contribution) and the strain energies of the dislocations. In-
coherent precipitates contain only interfaces with the matrix where the two lattices
do not show any periodicity of planes across the interface, respectively. If there is a
mixture of coherent and incoherent interfaces, it is called partly coherent. In this the-
sis, incoherent precipitates are of interest, as will be shown later in chapter 7 and 8.

These precipitates have no orientation relation to the matrix and can be seen similar
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as random GBs. Their shape is usually "elliptical" and is called allotriomorph.
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3. Characterization Techniques

This chapter summarizes the basic principles of all employed experimental and sim-
ulation techniques in this thesis. Each technique will be briefly introduced, while
detailed explanations are restricted to the important and most used techniques. The

knowledge for section 3.3 was taken from [56-59] if not cited otherwise.

3.1. Scanning electron microscopy

In scanning electron microscopy (SEM) an image is formed by a small electron beam
which is scanned across a specimen surface, as in STEM. The electrons interact with
the sample and produce different signals, which can be detect with various detec-
tors to collect information about the chemistry and topography. The electron source
can be a tungsten filament, a LaBg crystal or a FEG. Each source generates electrons
which are then accelerated typically to an energy of 1-30 keV. A Wehnelt cylinder col-
lects the electrons and forms a beam crossover. An optical system consisting of elec-
trostatic lenses then focuses the electron probe onto the specimen surface and scan
coils are used to raster the specimen surface. The electrons interact with the surface
in form of elastic and inelastic scattering generating secondary electrons (SE), back
scattered electrons (BSE), Auger electrons and characteristic x-rays. These signals are
detected individually and simultaneously with different detectors to gather informa-
tion about the specimen. Secondary electrons have usually an energy up to 50eV
and are usually generated close to the specimen surface. Back scattered electrons can
exhibit an energy up to the initial electron energy and are sensitive to the Z num-

ber of the elements due to elastic scattering at the nucleus of the specimen atoms.
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In the following the principle SEM image formation, electron back scatter diffraction
and wavelength-dispersive spectroscopy will be introduced briefly. Literature for this

whole section is [60].
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Fig. 3.1.: SEM chamber Setup: This figure depicts schematically the SEM chamber.
The different detectors are colored and the primary electron beam is drawn
in green/gray. The image was redrawn after [60].

3.1.1. Imaging

A SEM image is formed by collecting a specific signal for each beam position (each
pixel in the image) for a specific time (the dwell time). A modern and well equipped
SEM usually contains multiple detectors which can be used simultaneously. The most
common detector is the Everhart-Thornley-Detector (ETD). It consists of a scintillator
in a Faraday cage and is located inside the chamber close to the specimen, as shown
in Fig. 3.1 in green. The scintillator converts the electrons into photons which are
collected and amplified by a photomultiplier to generate a signal. Usually a small
positive voltage is applied to the Faraday cage to attract the SE. However, some of
the BSE also reach the ETD so that the final image under these conditions is always
a mixture between the SE and BSE contrast. If the Faraday cage is negatively biased,

the SE signal can be suppressed and a BSE image is formed. To suppress the BSE
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component of the image, the detector can be placed inside the objective lens, a so-
called in-lens detector (the red detector in Fig. 3.1). This detector works with the same
principles as the ETD, but the detector is hidden inside the lens behind a small edge,
so that BSE cannot reach the detector because of their high velocity. Thus an almost
pure SE image can be formed. BSE images can be optimized by special BSE detectors
which are placed directly between the specimen and the pole shoe, as shown in dark
blue in Fig. 3.1. Usually they are round and have a whole in the middle where the
primary electron beam and SEs passes the detector. Since most BSE have a direction
back to the electron column, in this way the intensity can be increased compared to a
negatively charged ETD detector which is located inside the chamber and not as close

to the column as the BSE detector. Literature for this subsection is [60].

3.1.2. Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is a characterization technique for crystalline
materials. It can determine crystal structures, different phases, grain orientations and
dislocation densities with SEM resolution. The incoming electrons undergo inelastic
scattering events with the specimen atoms and can be seen as a divergent electron
source in all direction. These scattered electrons undergo afterwards elastic scatter-
ing events and if the Bragg condition is fulfilled, the scattered electrons will interfere
constructively and form an EBSD pattern, also called Kikuchi pattern. These pattern
are recorded for each pixel in a SEM image and a full EBSD map is formed. The EBSD
pattern are recorded with a special detector which can be inserted into the chamber
with an angle of 90° with respect to the electron beam (see Fig. 3.1). The detector
contains a phosphor screen, which converts the electrons into photons, and a CCD,
CMOS or TV camera, which films the diffraction pattern in each pixel. In order to align
the back scattered electrons better to the detector, the sample is tilted to 70° towards
the detector. A mathematical transformation, called Hough transformations, deter-
mines all the positions and angles of the Kikuchi lines and poles, which are represen-
tative for the angles between the lattice planes. By comparing the obtained pattern
with a database the crystal phase and orientation can be determined. This is done for

each electron beam position of the SEM image so that an phase/orientation map can
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be created. For more details see [61]

3.1.3. Wavelength-dispersive X-ray spectroscopy

Wavelength-dispersive X-ray spectroscopy (WDXS) is a famous technique in SEM to
accurately determine the composition of the investigated material with um lateral
resolution. The generated X-rays from the SEM are characteristic for the elements of
the investigated specimen. In contrast to EDXS, WDXS does not collect the energies of
the incoming X-rays, but separates the X-rays by diffracting them through single crys-
tals and collecting only one wavelength at a time. While EDXS provides a good qual-
itative overview of the chemistry, WDXS is used as a quantitative analysis due to its
much better sensitivity and resolution. Usually WDXS measurements are performed
in dedicated instruments, called electron micro probe analyzer (EPMA), because it
requires a powerful beam to penetrate deep into the samples in order to create many
X-rays. Therefore, a large beam diameter and high beam current is necessary. Since
this influences the imaging resolution badly, a WDXS system is found rarely in ded-
icated SEM. A detailed overview on the working principle of WDXS, the used single

crystals as diffractors and the quantitative chemical sensitivity can be found in [60].

3.2. Focused ion beam microscope

A focused ion beam (FIB) workstation is in principle similar to an SEM, but uses ions
instead of electrons. The main application of FIB in this thesis is the defined removal
of material with nanometer precision for TEM lamella preparation. An ion beam is
created using a liquid metal ion source (LMIS), a tungsten needle with a tip diameter
of ~ 2—-5um and an extractor electrode. The LMIS should have ideally a low melt-
ing point and vapor pressure and a good wetting behavior to tungsten. In many FIB
systems Gallium (Ga) is used as an ion source. The Ga reservoir is connected to a
tungsten tip. When the Ga reservoir is heated, the Ga wets the tungsten tip and forms
a uniform Ga film on the needle. By applying a voltage to the extraction electrode,

the high electric field at the tip forms a small (~ 2 —5nm) Ga point source with a

22



3. CHARACTERIZATION TECHNIQUES 3.3. TRANSMISSION ELECTRON MICROSCOPY

Taylor cone shape. If the surface tension and the electric field are in equilibrium, Ga
ions are extracted from the tip and accelerated by a high voltage (typically between
3-30keV). A condenser lens is used to form the ion probe, an objective lens fo-
cuses the ion probe onto the specimen surface and scan coils raster the beam across
defined patterns. The current and size of the ion probe can be controlled with dif-
ferent apertures of varying diameter. Typical beam currents are in the range between
a few pA to several nA. The Ga ions interact with the specimen via elastic and in-
elastic scattering processes, like the electrons in the SEM do. Due to the higher mass
of the ions and depending on the beam current, the material can be removed either
in large volumes (high current) or the material can be gently polished (low current)
by sputtering processes. The sputter rate depends strongly on the beam current, the
accelerating voltage, the dose and the material itself. Also the ion beam generates SE
and secondary ions (SI), which can be used for imaging. In this thesis, however, a dual
beam SEM-FIB was used, where ion and electron beams are coupled on one spot. So
imaging with the electron beam is possible during milling with the ion beam. More

detailed descriptions of FIB can be found in [62]

3.3. Transmission electron microscopy

In TEM, thin, electron transparent specimens (usually = 100 nm) are illuminated by
an high energetic electron beam. The beam is generated by an electron source, which
is in modern machines often a field emission gun (FEG), but also LaBg crystals and
tungsten filaments are common in older instruments. After the electrons are gen-
erated they are accelerated with a high electric potential, which is commonly in the
range of 80—300 kV. As a condenser system, electro magnetic lenses are used to focus
either a parallel electron beam (TEM) or a small electron probe (STEM) onto the spec-
imen. The electrons pass through the specimen either without interaction or they
undergo elastic or inelastic scattering events. The electrons are then focused by an
objective lens and projected onto a viewing screen or an electron detector (usually a
charge coupled device (CCD)) by an intermediate and projector lens. Due to the vari-

able (weak and very strong) objective lens and its very small focal length, small and
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high magnifications, such as ~ 10® — 108, can be achieved. The strength of the inter-
mediate lens, also known as diffraction lens, can be tuned in order to view the image
in different magnifications or to project a diffraction pattern on the viewing screen /
CCD. In contrast to optical light microscopes, the resolution of a TEM is not limited
by the wave length (Abbe diffraction limit [63]), but by the aberrations of the (elec-
tron) optics. While first order astigmatism and coma can be compensated fairly easy
by stigmators (usually quadrupoles or hexapoles), higher order aberrations and other
aberrations like spherical aberration are corrected using a special, complex aberra-
tion corrector, which was developed recently and improved the image resolution and
the analytical methods enormously [64, 65]. The position of this corrector determines
if the microscope is dedicated for HRTEM or STEM. In HRTEM, the corrector com-
pensates the aberrations of the objective lens and is placed after the specimen and
the objective lens. In STEM, however, the corrector compensates the aberrations of
the condenser system in order to minimize the electron probe and is located in front
of the specimen. In the next subsections, a quick description on conventional TEM
(CTEM) and HRTEM is given, followed by a more detailed treatment on aberration
correction and STEM, since this is the main technique in this thesis. The literature for

this section can be found in [56, 58, 59, 66-68]

3.3.1. Conventional transmission electron microscopy

Independent on the materials structure and composition, it is always helpful to first
look at the diffraction pattern of a specimen, since it reveals how the material interacts
with the electrons. When the primary electrons pass through the specimen they can
either undergo elastic and inelastic scattering processes or they pass through with-
out any scattering. Inelastic scattering is the interaction of primary electrons with
shell electrons of the specimen and causes almost no deviation from the original path
(strong forward scattering). So these electrons form together with the unscattered
electrons the so called direct beam. This beam, which is illustrated as a gray ray in
Fig. 3.2, travels along the optical axis and is not affected by the lens system. Elastic
scattering is defined as the interaction of the primary electrons with the Coulomb po-

tential of a nucleus and leads to a larger scattering angle from its original path ( up
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to 200 mrad and even higher) and is illustrated by the colored rays in Fig. 3.2. Ina
crystalline material the elastic scattering occurs at well ordered specimen atoms with
a specific periodicity. If a single crystalline specimen is oriented with a zone axis par-
allel to the electron beam, the electrons fulfill the Bragg condition for many lattice
planes and constructive interference occurs, which is described by the Bragg equa-
tion:

2- dhk{ o sin(@Bragg) =n- /1 (3.1]

where dj, is the lattice spacing between the planes hkl, ©p;qg¢ is the Bragg angle
and A is the wave length of the electrons. Thus, a diffraction pattern is formed in
the TEM as follows (also illustrated in Fig. 3.2 (a)): The initial beams are colored in
red and yellow for the off axis beams (gray for the beam along the optical axis). The
beams interact with the specimen and diffracted and un-diffracted electrons pass the
objective lens and are focused to the back focal plane, where the first diffraction pat-
tern is formed (these are marked by colored circles in Fig. 3.2 (a)). With the selected
area diffraction (SAD) aperture , which is located in the first image plane, a confined
area can be selected to create the diffraction pattern. The intermediate / diffraction
lens must be switched in diffraction mode in order to view the diffraction pattern on
the screen/CCD. The pattern contains information about the crystal structure and
orientation and can be used to determine lattice parameters. In the case of GBs, the
misorientation and GB plane normal 7i can be determined by taking a diffraction pat-
tern of both grains at the same time, provided that the GB plane is parallel aligned

along the electron beam direction.

For imaging, an objective aperture, located in the back focal plane of the objective
lens, is used to select only specific electrons from the diffraction pattern to form an
image in the image plane of the lens. The resulting images are called bright field (BF)
or dark field (DF) images. A BF image is formed when only the direct beam is col-
lected with the objective aperture and all elastically scattered electrons are blocked.
Regions that occur bright in the image can be interpreted as low scattering regions,
whereas dark regions scatter the electrons strongly due to Z-contrast, different speci-
men thickness, higher atomic density or these regions fulfill a certain diffraction con-

dition. Thus, a BF image can be a mixture between mass-thickness and diffraction
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Fig. 3.2.: Electron path inside the TEM: (a) illustrates the electron path for building
a diffraction pattern. (b) By changing the strength of the diffraction lens,
instead of the diffraction pattern, the first intermediate image is transferred
to the camera. The image was redrawn after [57]

contrast. In DF images, the objective is centered around a specific diffraction spot
hkl and the image is formed only by electrons scattered at the corresponding lattice
planes djy; in a specific direction. All other electrons are blocked by the aperture.
The image typically appears dark and features corresponding to the selected scatter-
ing centers, such as small grains or dislocations appear bright. Thus, a DF image is

dominated by diffraction contrast.

3.3.2. High-resolution transmission electron microscopy

In high resolution TEM no objective aperture or large apertures capturing many diffracted
spots are used and the image contrast is formed by interference of all/many diffracted
electron waves passing the specimen. To understand the contrast formation in this
technique, it is advantageous to see electrons as coherent waves instead of particles.

During interaction of the electron wave with the specimen, the amplitude and phase
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of the electron wave is modulated. The phase modulation contains information of the
atomic structure of the specimen. However, the phase modulation cannot be mea-
sured directly so that the microscope aberrations are used to transform the arising
phase contrast into amplitude contrast, which then can be measured. How this con-
trast is transferred inside the microscope by its lenses is described by the contrast
transfer function:

CTF(§) = A@B(@E@) (3.2)

where g is the spatial frequency and A(g) is the aperture function, which is 1 for all
spatial frequencies inside and 0 for all spatial frequencies outside the objective aper-
ture. B(g) is the aberration function and depends mainly on the defocus A f of the
objective lens and the spherical aberration coefficient C; of the microscope and is
defined as:

B(@):sin(g(cs-f- g'-2-af1- ) (3.3)

The CTF is only valid in the weak phase object approximation (see literate for more
details), which is the case for only very thin specimen thicknesses (for lighter ele-
ments a few nanometers). This aberration function describes an oscillation of the
contrast transfer as a function of the spacial frequencies g(7). Especially at high spa-
cial frequencies the contrast transfer oscillates, which means that the contrast trans-
fer inverts and the image becomes more difficult to interpret. Two examples are
shown in Fig. 3.3 (a) and (b) for an uncorrected and a corrected microscope, respec-
tively. The point where the function crosses the first time the x-axis is called the point
resolution, because to this point the contrast is directly interpretable since no inver-
sion took place so far. As is shown in Fig. 3.3 (a) and (b), the correction of the spher-
ical aberration gives a great improvement. The last term in the PSF E(qg) is called the
envelope function and depends on the initial electron energy, the energy resolution,
the wavelength and on the chromatic aberration coefficient C.. It describes an expo-
nentially decrease of the intensity mainly due to chromatic aberration of the optical

system and is defined as:

E(§) = ¢ 2 () 224 (3.4)

with E being the electrons energy and A E the energy resolution.
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(a) uncorrected (Cs = 1mm, Af=354.6nm) (b) corrected (Cs = 15um, Af=6.6nm)
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Fig. 3.3.: Contrast Transfer Functions: (a) Aberration function representing an un-
corrected TEM with a spherical aberration coefficient of C; = 1 mm under
Scherzer defocus A f = 54.6nm conditions. (b) shows the aberration func-
tion for a corrected TEM using C; = 15um and A f = 6.6nm). The total CTF
is depicted in (c) and (d) for an uncorrected and a corrected TEM including
the envelope function.

Insertion of all parts in CTF(q) yields:
CTE@) = A@sin(3(Cy 23 g =2-Af- 2. 7)) " EE I 35

It describes how the contrast is transferred by the microscope and its aberrations to
the image with respect to the spatial frequencies. Fig. 3.3 (c¢) and (d) shows the final
CTF (using both B(g) and E(q)). E(g) leads to a dampening of the aberration function
B(g). The point, where the function goes to zero is called the information limit. In an
uncorrected microscope the contrast still oscillates so that usually the final images
need to be compared with image simulations in order to understand the contrast in

the image. In a corrected microscope, however, the CTF is fully damped before the
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contrast inverses, which means that the point resolution is identical to the informa-
tion limit. Therefore, the interpretation of HRTEM images is usually straight forward

by carefully adjusting the microscope aberrations with a corrector.

3.3.3. Scanning transmission electron microscopy

In STEM a small electron probe is focused onto the specimen and then scanned across
it, similar to the SEM. This is achieved by the TEM condenser lens system, which acts
in STEM therefore as a probe-forming objective lens. In each pixel the electrons inter-
act with the specimen by elastic and inelastic scattering events and the image can be
formed by detecting only specific electrons using annular detectors. The most used
image in STEM is the high angle annular dark field (HAADF) image, which is also
known as Z-contrast images. The image is formed by an annular detector, which col-
lects only electrons, which have scattered to high angles. The detector has therefore
a similar function as the objective aperture in CTEM. Under HAADF conditions, each
atom in the specimen can be seen as an independent scattering center, which means
that there is no phase relationship anymore between the scattering event of an elec-
tron with different atoms. Thus, the atoms are incoherent sources. If the electron
probe is scanned across the atoms, the image intensity in each pixel will correspond
to a fraction of the electron probe intensity, which was scattered by the scattering
sources (the atoms). In a mathematical sense this is described by the following con-

volutions, which represents the definition of incoherent imaging:

IH=0Fe | PP (3.6)

where O(7) is the object function, which is mainly defined by the scattering cross
section, and | P(¥) |? is the intensity of the electron probe. Therefore, the HAADF
images represent the atoms, which are blurred out be the shape and size of the elec-
tron probe. If the probe is much bigger than the atomic distances however, atomic
resolution cannot be reached respectively. This is one main feature of STEM: Spatial
resolution is determined by the size and shape of the probe only and not by an image-

forming lens. Since different atoms have different scattering cross sections, they can
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(a) converged electron beam

8L
z

Fig. 3.4.: Detector setup in STEM: (a) working principle of STEM image formation
with a multiple detector setup, where 6, means the semi-convergence angle,
AB; the collection angles ranges and L the camera length. (b) -(d) show an
example of a ABE ADF and HAADF image at an identical specimen position
to compare the contrast

be easily distinguished in HAADF images. For incoherent scattering the differential

cross section is defined as:
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€ is the dielectric constant, Z the atomic number of the scattering nucleus, E; the
electron energy, Q) the solid angle and © the scattering angle. The differential cross
section, and thus, the angular distribution of the scattered electrons depends on the
initial beam energy and is proportional to the square of the atomic number Z of
the specimen elements. Therefore, the contrast in HAADF images is also called Z-
contrast. The angular distribution covers a wide range from 0 mrad up to several

100 mrad. Since the specimen contains more than one atom, the scattering depends
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also strongly on the thickness and density of the specimen. HAADF images are typ-
ically recorded with electrons scattered to angles between 73 mrad and 200 mrad
(this are the values used in this thesis). These angles are called collection angles. At
lower collection angles, other contrast mechanism come into play, such as diffraction,
strain and phase contrast. Using multiple detectors, different images with different
contrast mechanism can be formed, as is shown in Fig. 3.4 (a). The other detectors
are called BE annular BF (ABF) and annular DF detector. Each detector forms an im-
age by collecting the electrons only in a certain angular range A6;. One example for
ABE ADF and HAADF images is shown in Fig. 3.4 (b) - (d). It nicely shows that lower
magnification ABF and ADF images contain much diffraction contrast by showing the
dislocation network and the three GBs and have a lower sensitivity to the specimen
thickness,. In the HAADF image, however, the dislocations are barely visible since the
collection angle is too high. Mainly vertical bright and dark lines can be seen, which
arise from a thickness difference due to curtaining in the focused ion beam machin-
ing process. These thickness variation are invisible in the ABF and ADF signal. The
collection angles can be easily varied by the camera length L (see Fig. 3.4 (a)) so that

the contrast mechanism can be controlled carefully.

As already mentioned, the magnification in STEM does not depend on lenses, but on
the scan region dimensions (as in SEM). The resolution, however, is determined by
the size and shape of the electron probe, which is controlled by the objective aperture
and its aberrations. Therefore, it is desirable to create the smallest probe size possible
with a Gaussian intensity shape. The probe size depends mainly on the electron gun
source size, the diffraction limit from the probe-forming aperture and the aberrations
of the probe-forming lens. The diffraction limit can be decreased by increasing the
aperture size, which directly scales with the convergence angle (semi convergence
angle 0. is depicted in Fig. 3.4 (a)). Therefore, the higher the convergence angle,
the better the resolution. However, the higher the electrons deviate from the optical
axis, the stronger are the aberrations of the lenses, namely astigmatism, coma and

spherical aberration. The aberration function y is defined as (up to beginning of 4th
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where ;) are the angles in x and y direction and C;; are the aberration coefficients.
In particular defocus Cjg, twofold astigmatism C;,, coma C,;, third order spherical
aberration Czp, third order astigmatism C»3 and so on. All these aberrations scale
with the angle so that in the end an optimum convergence angle must be found for
the best balance between diffraction limit and aberration to get the best resolution.
The effect of aberrations on the beam shape have been nicely visualized in the book

of Kirkland et al. and are shown in Fig. 3.5 [68].

Fortunate, aberration correctors have been developed recently, which can control and
minimize the given aberration. Different types of correctors exist, but all of them
consist of complex lens combinations (such as quadrupole, hexapole and octopole
lenses) in order to correct the different aberrations. This enables to use large semi-
convergence angles such as 23.8 mrad (as used in this thesis) or even larger (com-
pared to angles well below 10 mrad in uncorrected STEM machines). This pushes
the resolution of STEM at 300 kV in the sub-angstrom regime and atomic resolution
is easily reached in HAADF imaging nowadays [65]. Furthermore, as we will see in
the next section, the aberration correction results also in large improvements in the

analytical techniques concerning spatial resolution and chemical sensitivity.
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Fig. 3.5.: Effect of aberrations on the electron probe: (a-f) show the effects on the
electron probe shape of different aberrations. For more details see the origi-
nal images in [68].

3.4. Spectroscopy in the TEM

So far, only elastic scattering was discussed in order to understand the image forma-

tion in TEM and STEM. But also inelastic scattering processes, which are defined as
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electron-electron interactions, play an important role in TEM. During an inelastic col-
lision, the incident electron transfers energy to a shell electron of an atom, which will
leave the atom and ionizes the atom into an higher energy state. The atom can stay in
this unstable state only for short times (typically some picoseconds) and fills then the
inner electron hole with an electron from an outer shell. During this transition, the
electron has to emit the energy difference between the two energy levels in form of a
photon (more precise X-rays). These generated X-rays are characteristic for each ele-
ment and can be used for a qualitative and quantitative chemical analysis of the TEM
specimen. In Fig. 3.6 a sketch of possible interactions between an incident electron
and an atom is depicted. The initial electron is scattered forward (very low angles)
and contributes to image formation (a diffuse background) or is used in an energy

filter for further analysis.

el. scattering
inel. scattering inel. scattering

Mug

SDD

Auger electron

® shell electrons 1 _

@ excited electrons ; excited electron
o empty electron states excited electron

e clastic scattering event Bremsstrahlung

@ inelastic scattering event

Fig. 3.6.: Principle of EDXS: (a) Sketch of the interaction of incident beam electrons
with the nucleus and electrons of one atom. The blue path shows elastic
scattering at the nucleus, resulting in Bremsstrahlung. The green and purple
electrons show two inelastic scattering events with two different results. The
purple event shows the ionization of an electron followed by an emission
of an X-Ray photon. In the green inelastic event the resulting X-Ray excites
another electron, which leaves the atom and is called Auger electron. The
image was drawn due to inspiration from ref.[60].

However, inelastic scattering also has a mayor drawback, since it damages the speci-
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men. A detailed analysis of beam damage induced by inelastic scattering can be found
in [69]. In TEM there are two common ways to use inelastic scattering for elemental
analysis. One technique is to directly detect the generated X-rays with a detector,
referred to as energy dispersive X-ray spectroscopy (EDXS). This will be part of the
next subsection. The second common technique is called electron energy loss spec-
troscopy (EELS). As the name already indicates, the electrons, which lost energy in
an inelastic collision, are analyzed using a post column energy spectrometer and/or

filter.

3.4.1. Energy dispersive X-ray spectroscopy

The characteristic X-rays generated by inelastic scattering processes are detected com-
monly by semiconductor detectors such as a Lithium doped Silicon detector, or more
recently by silicon drift detectors. Even though inelastically scattered electrons are
strongly forward scattered, the generated X-rays are emitted in all directions inside
the microscope and it is impossible to detect them all. Therefore, large detector areas
are needed to collect as many X-rays as possible to get a good efficiency and signal
to noise ratio. However, the specimen is located between the two pole pieces of the
objective lens, and therefore the space for large area detectors is very limited. One
ways to improve the efficiency in modern microscopes, is to used several small de-
tectors (but as big as the pole piece allows) to increase the total solid angle and thus
the X-ray counts. With the use of an aberration corrector, the pole piece gap is bigger
and allows for larger collection angles using larger detector areas. Nevertheless, the
efficiency of EDXS is still low, since still many X-rays do not reach the detector, but hit
the specimen holder (which also have strongly improved lately), or the microscope

interior.

Each collected X-ray can be assigned to a specific electron transition of a specific el-
ement. A K, or Kg X-ray is generated, if an electron from the K shell is excited and
then filled by an electron from the L or the M shell (see sketch in Fig. 3.6). In the same
way L, and Lg X-rays are generated, except that an L shell electron is excited from

the initial electron and is then filled by the M or N shell. The Z number of the ele-
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Fig. 3.7.: Typical EDXS spectrum: (a) Typical EDXS spectrum (red) showing some
characteristic peaks (here Cu and S) overlaid with the Bremsstrahlung spec-
trum (gray). (b) shows the same spectrum in a logarithmic scale, which bet-
ter visualizes the Bremsstrahlung. Additional small peaks arise (Fe and Co)
resulting from the microscope’s interior.

ment defines how many different transitions exist. For example, the oxygen atom has
only occupied states in the K and L shell so that only K, X-rays can be created. The
higher the atomic number Z, the more transition can occur. The X-rays are detected
nowadays mostly by silicon drift detectors. In the sensor region (fabricated from pure
silicon), the X-rays create electron hole pairs due to ionization processes. The result-
ing charge of the generated electrons is proportional to the energy of the individual
incoming X-ray. The electrons then drift along rings with special field gradients to the
anode, while to holes drift to the cathode. The charge at the anode is then converted
to a voltage using a field effect transistor and is preamplified. The charge of an X-ray
is seen as a voltage step on a linear increasing ramp. The pulse processor converts
these voltage steps into a signal pulse, where its height corresponds to the energy of
each X-ray and assigns it to the corresponding channel in a spectrum. For more de-
tail see ref [58]. After the collection of all X-rays, a spectrum can be formed where
the characteristic X-ray energy is displayed versus the intensity (or X-ray counts), as

is depicted in Fig. 3.7 (a) and in (b) with a logarithmic intensity scale. However, due to
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stray or backscattered electrons, also X-rays from the pole piece, the specimen holder
or the support grid can cause a signal to the detector and have to be taken carefully
into account. An example of that can be seen in Fig. 3.7 (b), where Fe and Co peaks
(from the pole piece) can be seen in the X-ray spectrum. Another important feature is
a continuous background which overlays the characteristic signals from the elements
and can be identified as the gray area in Fig. 3.7 (a) and (b). This background arises
from an electromagnetic radiation called Bremsstrahlung. When charged particles
are decelerated by an external field, they lose energy and irradiate photons. This pro-
cess is exactly what happens during elastic scattering of the incident electrons at the
nucleus, which is schematically illustrated in Fig. 3.6 (a) with the blue electron path.
So a continuous background is always detected by the X-ray detector. Luckily, this

background can be subtracted easily after the measurement.

EDXS can be used in TEM- and STEM-mode (STEM-EDXS). However, it is more com-
mon to use it in STEM because then an EDXS spectrum is collected in each pixel of
the STEM image and a whole EDXS elemental maps of the specimen can be collected.
With the improvement of the TEM and the development of aberration correctors, el-

emental maps with atomic resolution can be obtained nowadays.

After the measurement, the direct result is a qualitative EDXS spectrum or, in case
of STEM-EDXS, a qualitative STEM-EDXS map of the scanned region, containing a
EDXS spectrum in each pixel of the map. But there are also possibilities to obtain
a quantitative estimation of the concentration ratio of the present elements, which
means to convert the number of X-rays of element A (IV4) to a concentration of ele-
ment A (n,4). Many decades ago, Raimond Castaing proposed an approximation for
this conversion:
na Ny

=K-
NAstandard Na standard

(3.9

where na standara 15 the concentration and Nj srandara the number of X-rays from
a well known, characterized standard sample. It takes into account the ionization
cross section of an element (depends on the atomic number and the type of the in-
ner shell) and the fluorescence yield (gives the probability of X-ray generation versus
Auger electron emission). The fluorescence yield increases usually with increasing

atomic number so that heavier atoms tend to generate X-rays while in lighter atoms
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the Auger process becomes more probable. Furthermore, absorption of X-rays inside
the specimen usually contributes to the K factor. The K-factor for each element is
recorded from standard samples with well known concentrations. In thin TEM spec-
imen, however, the absorption and fluorescence contribution can be neglected (for
very thin specimen) and Cliff and Lorimer showed that EDXS quantification inside
the TEM can be done without any standards, since the K-factor depends (approxi-
mately) only on the atomic number of the elements [70]. The Cliff-Lorimer equation
takes into account only the intensity ratios of the measured elements and a corre-
sponding K5 factor:

— =Kpp— (3.10)

This equation can be easily extended to more than two elements, by taking into ac-
count the different intensity I; ; (or counts N; ;) ratios of each element and the corre-

sponding K; j-factors (with i, j being the different elements in the specimen.).

As mentioned in the STEM section, aberration correction gives a huge improvement
in spatial resolution and increases the detection limit. The spatial resolution in X-ray
analysis is limit by beam broadening due to the specimen. Therefore, it strongly de-
pends on the specimen thickness. This was investigated by Watanabe et. al in [65]
and is shown in Fig. 3.8(a) for Cu. The best spatial STEM-EDXS resolution in an
uncorrected microscope is larger than 1 nm even for specimen thicknesses of only
a few nm. Due to aberration correction, this spatial resolution is already reached for
thicknesses of 40 nm. If the thickness is lower than 20 nm, they found that the spatial
resolution reached atomic distances. The detection limit also improves strongly with
aberration correction and is shown in Fig. 3.8(b). The horizontal, dashed line repre-
sents the detection limit. everything below that line cannot be resolved. It shows that
for thin specimen thicknesses, single Mn atom detection is possible in a Cu-0.12wt.%
Mn alloy. Therefore, the specimen thickness and the probe size are the crucial param-

eter for atomically resolved STEM-EDXS.
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Fig. 3.8.: Improvement of EDXS by aberration correction: (a) Simulation of the spa-
tial resolution of X-ray analysis as a function of the specimen thickness of
an uncorrected and corrected microscope. (b) Detection limit of Mn atoms
in a Cu-0.12wt.% Mn alloy as a function of the specimen thickness for an
uncorrected and corrected microscope. The plots are taken from [65].

3.4.2. Electron energy loss spectroscopy

In EELS, forward scattered electrons with different energies are transferred to a spec-
trometer after interacting inelastically with the TEM specimen, as is schematically
shown in Fig. 3.9 (a). The blue ray represents electrons without energy loss, the green
with loss and the red with high energy loss. How many electrons enter the spectrom-
eter, which is defined as the collection angle, can be selected by an entrance aperture.
The spectrometer is a magnetic prism, which deflects the electron beam by 90°. The
electrons are dispersed with respect to their energy due to the Lorenz force of the
prism, so that electrons, which lost a characteristic amount of energy, are deflected
more than electrons without any energy loss, as indicated by the colored rays in Fig.
3.9 (a). The dispersed electron energy spectrum is projected to a CCD camera. The
spectrum itself is an electron intensity I distribution versus the energy loss AE (see
Fig. 3.9 (b)). The spectrum is usually divided into two parts, the low loss (0 —50eV)
and high loss > 50 eV region. The low loss part contains in the beginning the elastic
peak, also called zero-loss peak (ZLP), displaying the electrons without any energy
loss, elastically scattered electrons and phonon losses. This peak is very strong com-
pared to the rest of the spectrum, since the inelastic mean free path A;yrp of the
electrons in most materials is much larger than the specimen thickness. Therefore,

most of the electrons do not loose energy (or only very small amounts, e.g such as a
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dew meV due to phonons). The full width half maximum of this peak determines the
energy resolution of the TEM / EELS system and is around 1eV in the used machine
in this thesis (not monochromated). Using modern monochromators, the resolution
can be pushed to 4.2meV [71]. The rest of the low loss spectrum contains information
about plasmon excitations (seen as green peak in Fig. 3.9 (b)) and outer shell electron
transitions (valence electrons). The low loss spectrum can also be used to estimate
the thickness of the TEM specimen. The specimen thickness is proportional to the
inelastic mean free path of the corresponding material and the logarithmic intensity

ratio of the zero loss peak and the total intensity of the spectrum:

I.lowioss) (3.11)

t=AmFp- 111(
zeroloss
The high loss spectrum contains information of the inner shell electron transitions,
which are seen in the spectra as characteristic ionization edges and are commonly
called core losses. Typically, signals from the K-edge (that means an electron from
the K shell was excited) are measured for light elements (such as O) and from the L
edge for transition metals, such as Cu. One example is shown in Fig. 3.9 (b) by the red
curve. The presence and position of such edges can give very precise qualitative and
quantitative information of the chemistry of the specimen. The edge onset is used to
assign an energy value to a characteristic electron transition of an element. The exact
edge position can shift to lower and higher energies, depending on the valency of
the investigated element, which is called a chemical shift. This chemical shift results
for example from different oxidation states, which have different binding energies or
from a different crystallographic environment. After the edge onset, a characteristic
structure can be observed corresponding to the local density of states above the Fermi
level. The ionization edges exhibit a more complex structure than a Gaussian peak
and are called fine structure. The fine structure itself can be again divided into two
parts, the energy loss near edge structure (ELNES) up to 50 eV after the edge onset and
the extended electron energy loss fine structure (EXELFS) > 50eV. These signals give
information about atom bonding and oxidation states of the characteristic element.
E.g. as shown later, the Cu — L, 3 Edge is very different for pure Cu and CuyS due

to differences in the d-band. The spectrum contains also a background, which has
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Fig. 3.9.: Working principle of EELS: (a) electrons with different energies (indicated
by different colors) enter the spectrometer via an entrance aperture. The
magnetic prism disperses the electrons with respect to their energy, which
are then projected to a CCD camera. (b) shows sketch of a typical EEL spec-
trum showing the ZLP in black, the plasmon peak in green and a Cu ioniza-
tion edge in red.

to be subtracted from the spectra for further analysis. Considering a thin specimen
(i.e. t < A;mrp), the background intensity can be described by a simple power law

function.

I=A-AE™T (3.12)

This function can be fitted to the background and is then subtracted from the spec-

trum, where A and r are the fitting parameter.

3.5. Atom probe tomography

Atom probe tomography (APT) is an analytic and destructive technique to identify the
three dimensional elemental distribution of a small, needle shape specimen, using
field evaporation. In principle an atom probe is a field ion microscope in combina-
tion with a mass spectrometer and is capable for single atom detection. The specimen
is prepared mostly via FIB and should exhibit a tip radius in the range of ~ 10—50 nm.
The specimen is placed in an ultra high vacuum system and is cooled down to cryo-
genic temperatures, such as 50 K. The tip is aligned towards an ion detector with a
distance of typically ~ 10 — 100 cm. By applying a high voltage to the small tip a very

high electric field is generated, which is slightly below the necessary ionization field.

41



3.6. ATOMISTIC SIMULATIONS 3. CHARACTERIZATION TECHNIQUES

The value of the high voltage strongly depends on the material itself in is typically in
arange fo 2—-12 kV. Ionization of single atoms from the tip surface is then triggered
by voltage or laser pulses with typical frequencies of a few kilohertz. The ions are at-
tracted to a position sensitive detector and the mass-to-charge ratio can be identified
by the time of flight. With each pulse ideally a single atom is ionized and its position
and species is measured until the whole tip is evaporated. Afterwards the measure-
ments can be used with computational aid to reconstruct a three dimensional model
of the elemental distribution with a high accuracy and at near-atomic resolution. A

detailed description of APT can be found in [72].

3.6. Atomistic simulations

In this thesis, several simulation methods have been used to complement and sup-
port the experimental results in great detail. With molecular dynamic simulations,
GB structures can be calculated using appropriate atomic potentials, which then can
be compared to the STEM measurements. Evolutionary algorithm are used to predict
many different GB structures for a specific system. Using STEM multi-slice simula-
tions, STEM images can be simulated from the predicted and calculated GB struc-

tures.

3.6.1. Molecular dynamic simulations

MD simulations the movement of atoms and/or molecules can be simulated by solv-
ing Newton's equation of motion numerically [73]. During a short time frame (usually
in the pico- to nanosecond range), the trajectories of atoms is calculated according to
a potential function. In material science these are called interatomic potentials and
are mathematical functions describing the potential energy of a system of atoms with
a given structure (or atom positions). Compared to other atomistic simulation tech-
niques, such as density functional theory, in MD systems with number of atoms of
up to millions can be numerically simulated, which makes it a perfect technique to

simulate GBs, since they usually have a larger cell size and many atoms are needed
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a trustfully simulated a real structure (compared to a single unit cell of a single crys-
tal for example). The simulation creates a configuration in a certain thermodynamic
ensemble. For the GB simulations in this thesis, a canonical ensemble is used, which
describes a closed system, with constant number of particle N, volume V and energy
E and a specific constant temperature T. To realize a constant temperature, a thermo-
stat algorithm is used, which basically adds or removes energy from the MD simula-
tions. Lastly, the simulation needs some input of the geometry of the simulation cell.
For the GB here, two Cu single crystals are rotated against each other, corresponding
to the misorientation angle and axis of the GB. Then the two crystals are joined to-
gether along a certain GB plane. To generate the GB structure the y-surface approach
is used to sample basic translations of the two crystals, remove atoms and static re-
laxations to find the equilibrium structure [16, 41]. For that it calculates the trajectory
for each atom, considering the interaction with its neighbors in small time steps. The
code, which is most commonly used is the LAMMPS code [74, 75]. The final output of

the simulations is visualized and processed with the program Ovito [76]

3.6.2. Evolutionary algorithms for GB structure prediction

In conventional MD simulation, the atomic density in the GB in the y-surface ap-
proach is kept constant. However, in more recent studies it was pointed out that
these simulation do not always predict the true ground state of the GB [25]. Zhu et
al. presented a new algorithm, based on evolutionary search and machine learning to
efficiently predict GB structures in a certain geometry with the additional parameter
of the GB density in the GB core. Their tool generates populations of GB structures
and searches for low energy structures [25]. In this way, data sets of several thou-
sands of GB structures are predicted, including their energy (determined by empirical
force fields) and atomic density at the GB core. By plotting all structures in a diagram
as atomic density versus energy, local minimum GB structures can be found. The
structures could belong to only one GB phase with different variation, or different GB
phases may be found in the specific system. From the simulation, excess properties,
such as excess volume or the GB stress tensor 7;; can be extracted. All the structures

can then by clustered according to their excess properties, by plotting for example
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their GB stress 7; against the excess volume. If there are multiple phases present,
which describe a first order transition, this will be visible due to a change in excess
properties. Le. in the diagram the distinct phases are separated (for an example see

[25] or chapter 6).

3.6.3. STEM image simulation - The multi-slice method

Multi-slice simulation are the most used algorithm to simulate TEM images, because
it is very fast and efficient in large electron scattering simulations [77]. The sample is
divided into very thin slices along the electron beam direction. Each slice can be de-
scribed by an atomic potential V;(x, y), where i is the number of the slice and x and y
are the coordinates in the slice plane. The simulation is based on two operations, the
transmission operation and the Fresnel propagation. In the transmission operation,
the electron wave function interacts with the potential of a slice and is modulated
in its amplitude and phase. The Fresnel propagation then translates the modulated
electron wave function to the next slice. These steps are repeated until each slice has
interacted with the electron wave and the exit wave function can be extracted and
used for image formation. Simulating TEM images and diffraction patterns with the
multi-slice algorithms are very fast and efficient. STEM images, however, are much
more time consuming, since the simulation has to be performed in each probe posi-
tion. E.g. for a STEM image of the size 256x256 pixel, 65536 probe positions have to
be calculated. To perform these simulations, the program of Ophus et al. is used [77].

For a very detailed description on image simulations, the reader is referred to [68].
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4. Experimental details

This chapter summarizes the experimental conditions, which were used in the chap-
ters 6, 7 and 8. It explains in detail how the materials were processed, how the samples
for the different measurement techniques were prepared and what machines and pa-
rameters were used for each measurement. The text is taken directly from the corre-

sponding publications / manuscripts [18][32].

4.1. Samples

Cu thin films, used in chapters 6 and 7, were grown by MBE at room temperature
on (0001) oriented Sapphire substrates followed by a post deposition annealing for
4 hours at 400°C. For the segregation experiments, the Cu film surface was sputter-
cleaned prior to deposition of Ta and Zr thin films. Subsequently, 50 nm Ta and 100 nm
Zr films were deposited each separately at room temperature on a small piece of the
Cu film. To enable GB segregation the Ta/Cu film system was annealed for ~ 24 hours
at ~ 600°C and the Zr/Cu film system for ~ 5 hours at ~ 400°C under high vacuum

conditions.

Three copper alloys S14, S27 and §7920, used in chapter 8, were produced by Montan-
werke Brixlegg. Scrap metals recycled following a route involving pyrometallurgy and
hydrometallurgy, resulting in ultra-pure copper. The chemical composition was de-
termined in the MPIE by wet chemistry and is shown in Table 4.1. The S concentration
of S14, S27 and §7920 are 14, 27 and 7920 at. ppm, respectively. In order to investigate
the influence of temperature during the tensile test on microstructural changes and

GB chemistry, the sample with 27 ppm S was annealed for 4 i at 500° C under vac-
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uum. The microstructure and composition were analyzed in the annealed state using

WDXS and APT.

Table 4.1.: Impurity concentration in at. ppm from the alloys S14, S27 and S7920 ob-
tained by wet chemistry

S Fe Ag K P Al
Alloy S14 14 13 7 29 18 9
Alloy S27 27 17 8 29 59 6
Alloy §7920 7920 10 9 29 89 2

4.2. Sample Preparation

For chapters 6 and 7, TEM specimens containing GBs (pre-characterized by EBSD)
were prepared either by a site-specific plan-view FIB lift-out as described in ref. [78,
79] or as conventional cross-section lift-outs using a dual beam SEM / FIB instrument

Helios Nanolab 600i (Thermo Fischer Scientific).

In chapter 8, the samples were prepared as follows: Flat tensile specimens were pre-
pared by spark erosion from the bulk material with individual dimensions of about
2-3-10mm?. Tensile tests were performed on a Schenck - Trebel universal testing
machine at three temperatures of 20 +2° C, 200 +5° C and 400 + 10° C. For macros-/
and microscopic investigations cube shaped samples were eroded from the bulk ma-
terial using spark erosion. Optical light microscopy (OLM), SEM, WDXS and EBSD
were performed on ground and electro-polished surfaces using phosphoric acid (D2
Struers). TEM specimens were prepared from pre-characterized GBs investigated by
EBSD. Cylinders of 3 mm in diameter were spark eroded from selected regions and
cut into thin discs of 5004 m with a diamond saw. These discs were ground down to
100 m by using silicon carbide paper with a grit size decreasing from 8 — 51 m. Elec-
tron transparency was achieved by twin-jet polishing at 6.5V with an electrolyte of
70% ethanol and 30% HNO; at —30.4° C and Ar™-ion milling in a Gatan Precision Ion

milling system II.

APT specimen were prepared from the pre-characterized GBs with a dual beam SEM

/ FIB (FEI Helios Nanolab 600i) using a site-specific, in-situ lift-out method [80]. Final
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low energy cleaning at 5 kV and 40 p A was performed to minimize the Ga content in
the sample, which was found to be at the background level in the regions of interest.
To properly place the target GB inside the sharp, needle shaped specimen, TKD was

carried out to monitor the position of the GB during milling [81].

4.3. Characterization techniques

The texture and global grain structure of the thin film as well as the bulk samples
was determined by EBSD in a JSM-6490 (JEOL) operated at an acceleration voltage of
30 kV. EBSD has not been performed on the Ta/Zr covered Cu films, since no diffrac-

tion pattern could be recorded through the remaining Ta and Zr.

STEM imaging was performed in a probe-corrected FEI Titan Themis 60—300 (Thermo
Fischer Scientific) S/TEM equipped with a high-brightness field emission gun and
gun monochromator operated at an acceleration voltage of 300 keV using an HAADF
detector (Model 3000, Fischione Instruments). The semi-convergence angle was cho-
sen to 17 mrad (in chapter 7) or 23.8 mrad (in chapter 6 and 8) and HAADF images
were recorded with a collection angle range of 73 — 200 mrad and a probe current of
~ 80 pA. Raising the camera length to 195 mm changes the semi-collection angles to
38— 189 mrad and is referred here to low angle annular dark field (LAADF) imaging.
BE DF and HRTEM imaging was done in an image-corrected FEI Titan Themis 80—-300
(Thermo Fischer Scientific) TEM under negative Cs (—10 pm) conditions using an ac-
celerating voltage of 300 keV [82]. Typically, STEM image series with 20 — 40 images
and a dwell time of 1 — 2 u s were acquire. Afterwards the images were superimposed
using a cross correlation to counteract displacements between single images due to
specimen drift. Image processing, involving mainly Gauss and Fourier filtering as well

as thresholding, was done in MATLAB.

For EDXS and EELS the probe current was raised to ~ 150 — 200 p A and X-rays were
collected with the ChemiSTEM system (Thermo Fisher Scientific). EELS with a Gatan
high-resolution Quantum ERS energy filter was done in STEM mode using a semi-

collection angle of 5.4 mrad. In all measurements a zero loss and a core loss spectrum
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were taken simultaneously [83] with a dispersion of 0.1 eV /channel and a full width
half maximum of the zero loss peak of 1.1eV. For all spectra, the core loss region was
aligned with respect to the zero loss peak and for background subtraction, a power

law was fitted to the data [59].

APT measurements in chapter 7 was conducted on a LEAP 5000 XR local electrode
APT from CAMECA instruments in laser-pulsingThe specimen temperature was set
to 50 K, while the laser pulse energy of 85 pJ at a frequency of 125 k Hz were used to
evaporate the sample at a detection rate of 0.7%. The presence of oxides and other
impurity elements was detected only close to the top surface indicating possible con-
tamination during sample preparation and transfer between instruments. This initial
sections, corresponding also to the Zr film, were discarded to focus in the Cu grains

and their GBs and no further oxides were found.

APT measurements in chapter 8 were conducted using a LEAP 3000X HR (CAMECA
Instruments, Madison, W1, USA) in the laser-pulsing mode with 30 pJ pulse energy
and 250 k Hz pulse repetition rate. The specimen base temperature was set at 60 K

and the target detection rate was 1 ion per 100 pulses.

4.4. Atomistic simulations

STEM multi-slice image simulations. STEM multi-slice simulations have been done
using the Prismatic software developed by Colin Ophus [77, 84]. MD simulations
serve as input files (xyz files) for the simulations in order to compare the calculated
structures with the experimental data. The thickness of all simulated cells was set to
20 nm and a slice thickness of 2A was used. In total, 8 different phonon configura-
tion were simulated which where incoherently summed up. The pixel size was set
to 10 pm. The microscope parameter (collection angle, convergence angle, electron

energy) where identical to the experiment.

Structure prediction by evolutionary search and clustering at OK. The 0K evolu-
tionary search was evolved over 50 generations. The search sampled different atomic

densities given as the number of atoms inserted into the boundary in fraction of the
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(178) bulk plane ranging from 0 to 1. Four independent evolutionary searches were
performed, exploring structures with number of atoms ranging from 1000 to 4500 and
100 to 600 atoms. The GB cross-section was varied during the search between the
smallest possible value and a factor of 4 times. The LAMMPS code [75] was used to
evaluate the energies of the generated structures. The GB structures were inspected

and visualized with OVITO [76].

Finite temperature molecular dynamics simulations. Molecular dynamics simula-
tions were performed using the LAMMPS code [75] in the NVT ensemble with Nose-
Hoover thermostat. Periodic boundary conditions were applied only along the [111]
tilt axis. The simulation block was terminated by two GB regions in the direction nor-
mal to the GB plane and their atomic positions were fixed during the simulation. In
the direction perpendicular to the tilt axis within the GB plane, the boundaries are
terminated by two open surfaces. The simulation cell was up to 6.3 nm thick along
the tilt axis, had an extension in direction normal to the GB plane of 14.1 nm and was
up to 4 nm long in the direction perpendicular to the tilt axis within the GB plane.
Isothermal simulations between 300 K and 900 K were performed for up to 200 ns.

The simulated GB transitions were visualized with OVITO [76].

49






5. Literature Overview

This chapter gives a brief literature overview on the investigated topics in this thesis
and where the results can be placed in the overall frame of the corresponding research
field. This Chapter is based on the publications [18, 32] and from the manuscript in

chapter 7 which is accepted by Acta Materialia.

5.1. Grain boundary phase transitions

Intensive research activities have been focusing on characterizing and describing dif-
ferent types of Gb phases and transitions between them, mostly in binary or mul-
ticomponent systems [5, 6, 23, 31, 85-88]. High resolution transmission electron
microscopy (HRTEM) offers good opportunities to study the segregation behavior at
GBs. Several examples exist in literature and show different GBs segregation phenom-
ena in ceramic and metallic materials, such as a clean GB, monolayer, bilayer and
trilayer segregation up to the wetting transition [89]. A TEM study on such results is
shown in Fig. 5.1. Such studies provide deep insights in unusual segregation pattern
formation or layering transitions at GBs and they were correlated to strongly impact
interface mobility or cohesion [23, 30, 31, 87, 90-92]. Duscher et al. observed the for-
mation of a bismuth monolayer at a Cu £5 GB by scanning TEM (STEM) and electron
energy loss spectroscopy (see Fig. 5.1 (h)) [23]. In a later study by Schweinfest et al.,
conducting first principle quantum mechanical calculations, the bismuth-induced
embrittlement behavior was related to an atomic size effect between Bi and Cu atoms
[93]. Another study, by Sigle et al., presented a HRTEM of the penetration of Ga ions

to a Z11 GB in aluminum (see Fig. 5.1 (j)), which is known to promote liquid embrit-
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tlement of Al [94]. Recently, Peter et al. reported on a different structural transition.
They observed a silver (Ag) segregation-induced nano-faceting transition of an asym-
metric Cu GB [30]. While the formed symmetric facets show a Ag enrichment, the
remaining asymmetric facets remain Ag free. Accompanying Monte Carlo and molec-
ular dynamics simulation support their experimental observation and show that Ag
induces these facets and lowers the overall energy of the GB. Only the combination
of atomic resolution STEM and corresponding computer simulations were able to re-
veal the underlying atomistic and thermodynamic origins in both studies and is the

key method to study in detail GB phase transitions.

Such deep and experimentally investigations do not exist up to now for GB phase
transitions in single component systems. These have been mainly studied by atom-
istic simulations, although these are limited by the accessibility of reliable semi-empirical
atomic potentials [25, 34, 48, 49, 96, 97]. So experimental atomic scale observations
still remain elusive. The direct observation of grain boundary transitions is often lim-
ited by experimental constraints due to their strongly confined nature [98, 99]. Indi-
rect detection of these transition can be achieved by measuring the diffusion behav-
ior or mobility of GBs and are often employed to interpret unexpected effects, such as
abnormal grain growth, non-Arrhenius type diffusion or liquid metal embrittlement,
which can be triggered by interfacial transitions [5, 86, 95]. Divinski et al. measured
the diffusivity of Ag in a pure Cu bicrystal containing a 25 (310) GB. They found a non-
Arrhenius behavior at temperatures above 800 K, as shown in Fig. 5.2 (a). They argued
that a structural transition at the GB must be responsible for this non-Arrhenius be-
havior [95]. With special molecular dynamic simulation, Frolov et al. [24] could show
that a congruent transition of the 5 (310) GB takes place at an temperature of 800 K,
see Fig. 5.2 (b). A Monte Carlo study on the Ag segregation behavior at the two dif-
ferent GB phases, they show that one GB forms monolayer and the other bilayer Ag
segregation (see Fig. 5.2 (c)). But up to now, direct experimental proof of this transi-
tion or another congruent transition were not shown. In this thesis, such a congruent
phase transition in 219b[111] tilt GBs will be presented by high resolution STEM in
chapter 6. With the help of advanced computer simulations it is shown that this is a

first order transition.
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Fig. 5.1.: Segregation phenomena in multi-component alloys: (a-f) shows examples
of segregation phenomena in ceramic materials, which are: clean GB (a),
monolayer segregation (b), bilayer segregation (c), trilayer segregation (d),
nanolayer segregation (e) and a wetting transition (f). The same phenomena
also have been found in different metallic systems as shown in (g-1). This
figure is taken from [6].
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Fig. 5.2.: Indirect observation of a congruent GB transition: (a) shows the Arrhenius
plot of silver segregation in a Z5(310) GB in Cu. (b) and (c) show molecular
dynamics simulations at 800 K of that GB, revealing a congruent transition
from a kite to a split kite structure. (d) Monte Carlo simulations of the Ag
segregation result in a monolayer and bilayer segregation for the kite and

split kite structure. This figure is composed out of figures from (24, 95]
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5.2. The Cu-Ta and Cu-Zr system

As mentioned in the chapter 1, introducing impurity elements at GBs is a promising
way to modify the GB properties. The reason for such property deviations can be

related to impurity induced structural and chemical transitions [6, 24, 100, 101].

An emerging field where GBs and their transitions play an important role are nanocrys-
talline (nc) and nano-structured materials [102-107]. They have recently received
broad attention because of their unique properties. Especially the mechanical be-
havior of such materials is to mention here since the yield and flow stress as well as
the hardness can increase quite significantly [108-111]. Nc Cu is a particularly inter-
esting candidate. While polycrystalline Cu has excellent electrical and thermal con-
ductivity, it shows a poor mechanical strength [19]. This situation changes in nc Cu,
which shows a remarkably high strength [108, 111, 112]. An example is shown in Fig.
5.3 (a) and was taken from [111]. However, rapid grain growth and the resulting in-
stability of the microstructure at elevated temperatures strongly limit its commercial
application. The instability is examplarily demonstrated in Fig. 5.3 (b) (filled square
symbols) [113]. It shows that grain growth starts already at intermediate tempera-
tures (~ 300°C). A way to stabilize the grain structure up to the melting point has
been achieved by alloying with immiscible elements. It has been proposed that these
elements tend to segregate to GBs and either kinetically or thermodynamically pre-
vent grain growth. The kinetic approach utilizes either second phase precipitation
to pin migrating GBs, a process know as Zener pinning [54, 114], or uses solute drag
effects [115, 116]. In the thermodynamic approach, the GB free energy is reduced by
solute segregation and thus the driving force for grain growth is decreased [115, 117,
118]. Two prominent candidates for stabilizing the nc grain structure are Zr and Ta.

the corresponding phase diagrams are shown in Fig. 5.4.

Zr is seen as an excellent candidate to stabilize nc Cu due to its poor solubility in Cu
(0.12at.% at972° C [119]), which is negligible at room temperature. The binary phase
diagram is shown in Fig. 5.4 (a) and reveals that several intermetallic phases exist in
this system [119]. In solution however, Zr induces a large elastic strain in the matrix,

which is why the tendency to segregate to GBs in Cu is very high [113, 120]. That Zr
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Fig. 5.3.: Mechanics and stability of nanocrystalline Cu: (a) shows the mechani-
cal strength of ball milled nanocrystalline Cu compared to a conventional
coarse grained Cu. The improvement in strength is of the order of 10. This
figure belongs to [111]. (b) shows the temperature stability of pure Cu com-
pared to three different Cu-Zr alloys. Each alloy was annealed for 1/ at
each temperature and the corresponding grain size was determined by X-
ray diffraction. The plot belong to Ref. [113]
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stabilizes nc Cu was already shown by Atwater et al. [113] by adding 1 -5at.% Zr to
the nc Cu. The corresponding stability measurement is shown in 5.3 (b), where the
grain size is stable up to temperatures of ~ 800° C. They related the stabilization to
the formation of small scale intermetallic phases and Zirconia (ZrO,) at GBs for the
alloy containing 1 at.% Zr. However, a detailed high resolution study of the interfaces
is missing. This was addressed a few years later experimentally by the study of Khala-
jhedayati et al. [120] and theoretically by Pan, Rupert et al. [121]. They focused on the
Zr segregation induced structural transition and reported on the formation of amor-
phous intergranular films (AIFs) or on Zr rich GBs depending on the cooling rate of
the alloys. Their TEM study is shown in Fig. 5.5 (b) and (c) for the AIFs and the seg-
regated GBs. They state that the AIFs reduce the GB energy and therefore the driving

force for GB migration.

The binary phase diagram of Ta and Cu shows that the solubility of Ta at temperatures
below 1000° C is negligible and that also no intermetallic phases exist (see Fig. 5.4
(b)) [122]. Furthermore, it was reported that also the diffusion of Ta at temperatures
well below 1000° C is basically zero [123]. Therefore, the production of these alloys
is already challenging and the most common techniques found in literature is ball
milling [123, 124]. The formation of nano-scale Ta clusters and precipitates in nc Cu
has been shown to increase the strength and stability of the microstructure, referred
to as kinetic approach [124]. The hardness was found to increase by more than a
factor of 2 compared to pure Cu with comparable grain size [123, 124]. TEM studies
have already proofed the existence of Ta precipitates in theses alloys [123, 124] and is
presented in Fig 5.6 (a) and belongs to the study of Darling et al. [124]. The Ta particles
have a size distribution from 100 nm down to a few nm. Their location is within the
grains as well as at the GBs. Corresponding molecular dynamic (MD) simulations
showed that the alloys suffered less from grain growth due to Ta cluster located at the
GBs [123]. The results from Frolov et al. are presented in Fig. 5.6 (c-f). It shows that
the grain size remains stable close to the melting temperature and it was found in a
different study, that the Cu matrix still maintains its excellent electrical and thermal
properties [125, 126]. However, a detailed experimental image on the microstructure

evolution during the Zener pinning effect is still not resolved yet.
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Fig. 5.4.: Binary phase diagrams of Cu-Zr and Cu-Ta: (a) Binary phase diagram of
the Cu-Zr system taken from [119]. (b) binary phase diagram of Cu-Ta taken

from [122]
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(a) Cu-Zr annealed, then quenched

2nm

Fig. 5.5.: High resolution TEM study Cu-Zr GBs: High resolution TEM study, showing

58

the formation of AIF (a) due to quenching of the alloy and the formation of
Zr enriched GBs (b) due to slow cooling of the alloy. The insets show fast
Fourier transformations of the regions indicated by the arrows and reveal
the crystallographic orientation of the grains and the amorphous nature of
the interface in (a). The images are taken from [120]
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TEM investigation of the alloy MD simulations at different temperatures
R el

-y

Fig. 5.6.: High resolution TEM and MD study of a Cu-Ta system: (A) shows a bright
filed image of a nc Cu alloy with 10at.% Ta. (B) and (C) show HRTEM im-
age of the Ta particle distribution. The arrows indicate positions of small
size Ta particles. The blue dots indicate Ta cluster at the GBs. (D-G) show
MD simulations at different temperatures, showing that grain growth can be
prevented by Ta clusters. The TEM image was taken from [124] and the MD
simulations from [123]

5.3. The Cu-S system

Cu has a wide field of application, especially in microelectronic devices, due to its
outstanding electrical and thermal properties, and is of special interest in many in-
dustrial application. However, Cu in its pure form always contains very small con-
centrations of impurities. Even though these concentrations can be lowered to orders
of several atomic parts per million (ppm), one specific element can still cause dra-
matic failure of pure Cu, namely S. S induces intergranular embrittlement of Cu and
is a longstanding problem since more than 100 years with an enormous impact on
its mechanical durability and functionality [19]. The fundamental, atomistic mecha-
nisms of embrittlement still remain elusive up to date and are commonly related to
the segregation of S to GBs [9, 15, 19, 127, 128]. The detrimental effect of S on the
mechanical properties was observed in high and ultra-high purity Cu [129, 130]. The
reduction in fracture elongation occurs from room to intermediate temperatures and
isinfluenced by the fracture mode, as well as the S content of the alloys. In these alloys

it is proposed that S has a strong tendency to segregate to the GBs or to form stable
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Cu-S compounds specifically at GBs [129, 130]. Since the equilibrium solubility of S in
Cu is only 9 wt. ppm at 600° C [131], the mechanical properties of Cu reduce already
at a S concentration as low as a few at. ppm. Fujiwara and Abiko showed a loss in
ductility in high-purity Cu with 7.25 at. ppm at room temperature compared to alloys
with lower S contents, such as 0.025 at. ppm and is shown in Fig. 5.7 (a) (the figure be-
longs to [129]). They proposed that the drop in ductility is related to the nucleation of
cavities at the GBs, but also to the recrystallization behavior at elevated temperatures,
which strongly depends on the purity of the Cu alloy and especially on the S content.
However, the microstructural origins and the effect of S were not resolved and hence

no direct proof of the embrittlement mechanism was ever provided.

The redistribution of S in high-purity Cu needs to be considered, since S is one of the
elements with the highest diffusion rates in bulk Cu and at GBs [132]. The diffusion
of S in Cu is described to be anomalous and at high temperatures it was found that
the S diffusion coefficient is even higher than the self-diffusion coefficient of Cu [133,
134]. Another important aspect to consider is the formation of Cu-sulfides. From
the Cu-rich side of the equilibrium phase diagram of Cu-S the formation of Cu,S-
type compounds can be established. These Cu(I)-sulfides can exist in three different
crystal structures, known as low chalcocite (monoclinic), high chalcocite (hexagonal)
and high digenite (cubic), as a function of temperature [135]. It was experimentally
shown that CuyS easily forms an off-stoichiometric phase Cu,_, S with a lower coor-
dination number compared to the Cu matrix and, therefore, leads to a faster diffusion
of Cu in Cuy S [132]. Furthermore, Surholt and Herzig [136] reported that S reduces
the self-diffusion of Cu at the GB, which is explained by a strong interaction of S im-
purities with excess vacancies. This favors the formation of S vacancy pairs, which
then segregate to GBs and dislocations. The high mobility of S at defects [137] leads
to an accumulation of these S-vacancies pairs and the formation of copper sulfides
by incorporating Cu atoms [132]. The formation of Cu,S-type compounds, with its
polymorphic temperature dependent structural transformations and its own brittle
behavior, are a possible explanation for the intergranular embrittlement of Cu [131].
In addition, segregation of solutes to GBs can also favor embrittlement as was sug-
gested by Briant and Messmer [138]. Their quantum mechanical cluster calculations

in the Ni-S system showed that segregating impurities with higher electronegativity as
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Fig. 5.7.: Effect of S in ultra pure Cu alloys: (a) stress-strain curve of three ultra pure
Cu alloys at room temperature with a strain rate of 4.2- 10~°. The alloys have
different S concentration: 3N contains 7.25 at. ppm S, 6N contains 0.027 at.
ppm S and 8N contains 0.025 at. ppm S. Also other impurity elements are
present in similar concentrations. The measurement is taken from [129]. (b)
Typical time of flight SIMS measurement of fractured GB surfaces taken from
(19].

the host metal draw charges of the metal and weaken the metallic bonds. They pro-
posed from these results that this weakening is responsible for embrittlement. Since
the electronegativity of Cu, Fe and Ni are very similar, this assumption should be valid

for Cu as well.

Prominent techniques, which have been used for investigating the GB composition,
are Auger electron spectroscopy (AES) and secondary ion mass spectroscopy (SIMS).
At the fractured GB surfaces in Cu alloys an enrichment of S was detected [19, 131, 139,
140]. However, the main drawback of these techniques is the poor lateral resolution
and the fact that the GB region has to be fractured. The fracturing of GB, can introduce
structural and chemical defects that obstruct the detection of impurities. The lateral
resolution is in the 100nm range, making it impossible to draw conclusion on the
atomic arrangement of solutes at the interface [15, 19]. An example of such a map is
demonstrated in Fig. 5.7 (b), which shows a time of flight (ToF) secondary ion mass
spectroscopy (SIMS) map of S and is taken from [19]. It becomes clear that these
kind of measurements cannot provide chemical and structural information down to
the atomic scale and atomic resolved TEM studies on unfractured GBs needs to be

employed.
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6. Experimental observations of grain
boundary phase transitions unveiled

by atomistic simulations

In this chapter, congruent phase transitions in pure, symmetric and asymmetric Cu
GBs are presented. The combination of high resolution STEM and atomistic simu-
lations revealed that the GBs undergo first order transitions. Due to the presence of
a line defect, both GBs structures can coexist in the experiment and be observed si-
multaneously. The work presented here is based on the publication by T. Meiners, T.
Frolov, G. Dehm and C.H. Liebscher [32] Note that the atomistic simulations and the
machine learning algorithm were performed by T. Frolov. He also wrote parts of the

publication with equal contributions.

6.1. Introduction

Novel predictive capabilities and simulation techniques have provided a completely
new sight on the phase behavior of interfaces and multiple computational studies
have shown that GB transitions can occur in a multitude of material systems [25, 48,
49, 98, 141]. First-order GB transitions are of special interest, since they are charac-
terized by a discontinuous change in interfacial properties, such as segregation, dif-
fusion behavior or mobility, and thus affect materials properties significantly. The ex-
ploration of their atomic scale origins becomes essential to distill fundamental ther-

modynamic properties and to establish strategies in utilizing these transitions for ma-
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terial design. GB transitions have been further categorized into transitions involving
faceting or dissociation into different orientations or congruent transitions, where
two planar boundary phases of same composition transform into each other without
a change of plane orientation [6, 12, 13]. Faceting transitions and their effect on in-
terface properties have been investigated intensively in the past experimentally and
by atomistic simulations [30, 92, 142-145]. Congruent transitions, where two pla-
nar boundary phases of the same composition transform into each other without a
change of plane orientation [6, 12, 13], were thought to occur less frequently and only
at high symmetry boundaries, but prevailing atomistic predictions indicate that they
are a common feature of GBs influencing their segregation behavior, irradiation tol-

erance or self-healing capabilities [24, 25, 48, 49, 96, 141, 146-148].

In this work, we develop strategies to correlate atomic resolution STEM with GB struc-
ture prediction and atomistic simulations to discover the underlying nature of GB
phase transitions at symmetric and asymmetric tilt GBs in pure copper (Cu). We make
use of aberration-corrected HAADF-STEM (Z-contrast) [67] imaging to directly deter-
mine the atom positions at £19b[111] tilt GBs with different GB plane inclinations.
The experimental observations are complemented by GB structure prediction using
evolutionary search and clustering [25, 149, 150]. The predictive power of this algo-
rithm allows to search for stable and metastable GB structures of the experimentally
studied [111] tilt GBs. Unsupervised machine learning is applied to discover novel
ground state structures and to identify the intrinsic properties of the experimentally
observed GB structures. The predicted GB phases are used as input for STEM image
simulations to intimately link experiment and simulation. The GB phase coexistence

and transitions are further explored by finite temperature MD simulations.
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6.2. Results

6.2.1. Atomic resolution observations of GB phase

transitions

The [111] tilt GBs have been obtained by thin film deposition of Cu on (0001) oriented
Sapphire substrate. Under these conditions a film with a strong [111] texture develops
with an average grain size of ~ 100 u m. Hence, this template based approach exclu-
sively obtains defined [111] tilt GBs ideally suited for atomic structure observations.
The majority of GBs in the film are twin and low angle GBs (up to 70%), but also e.g.

27,219b, £37c and corresponding asymmetric boundaries.

In this study, we focus on £19b,[111] tilt boundaries. Fig. 6.1 shows two variants
of congruent GB phase transitions imaged at atomic resolution. The phase transi-
tion illustrated in Fig. 6.1 (a) and (b) occurs at a near symmetric GB, the one shown
in Fig. 6.1 (c) in a vicinal boundary. In both cases, two sets of characteristic struc-
tural units, referred to as pearl (blue) and domino (red) structures, are coexisting.
The near symmetric boundary (6.1 (a)) has a measured misorientation angle of ~ 48°
and the GB plane inclination deviates ~ 1° from the perfect symmetric orientation. A
~ 11 nm long domino structure (red) segment is embedded between two pearl seg-
ments (pearl) and it is seen that the GB follows a slight curvature leading to local devi-
ations of the GB plane orientation of ~ 5°. However, facet formation is not observed.
The magnified view of the right transition is shown in Fig. 6.1 (b). The domino struc-
ture is composed of double-square units changing successively in inclination, as also
shown in Fig. 6.1 (d). The structural unit of the pearl segment is characterized by
an alternation of a curved and square-type segments (see also 6.1 (e)). Both struc-
tures are separated by a line defect whose line direction is perpendicular to the image

plane.

The same GB phase transition is observed for a vicinal [111] tilt GB with an inclina-
tional deviation of ~ 5° as shown in Fig. 6.1 (c). The structural units of the domino

and pearl structures are nearly identical to the symmetric boundary of Fig. 6.1 (a) and
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Fig. 6.1.: HAADF-STEM images of two congruent GB phase transitions: (a) Overview
image of the transition at a near symmetric £ 195 [111] GB with (178) bound-
ary plane. The domino and pearl structures (or GB phases) are highlighted in
red and blue, respectively. The overall misorientation of the GB is ~ 48° with
a deviation in inclination from the symmetric orientation of ~ 1°. (b) Mag-
nified view of the right GB transition highlighting the differences in struc-
tural units of both boundary segments. (¢) Congruent GB phase transition
at a vicinal £19b[111] GB with ~ 47° misorientation and boundary planes
of (011) lower grain and (279) upper grain. (d) and (e) illustrate close-up im-
ages of the domino and pearl structure of the vicinal boundary, respectively.
The scale bar is 1 nm in all images.
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their detailed atomic arrangement is highlighted in Fig. 6.1 (d) and (e). A closer in-
spection of the domino structure of Fig. 6.1 (d) reveals that the double-square units
show a similar alignment and sequence as compared to the symmetric boundary of
Fig. 6.1 (a) and (b). In both cases, the regular order of the domino units is interrupted
by irregular or disordered regions. The sequence of base structural units of the pearl
structure, curved and square segments, is interrupted by curvy or linear subunits as
shown in Fig. 6.1 (b) and (e). A deeper investigation of the GB inclination on the
atomic structure is presented in the appendix A.2. The observations reveal that two
GB phases coexist at a symmetric and asymmetric GB without change in GB plane ori-
entation and composition, carrying all the ingredients of a congruent GB phase tran-
sition. Although the atomic structure is resolvable with unprecedented precision in
an aberration-corrected STEM, the underlying thermodynamic origins and 3D struc-

ture of the GB phases remain unseizable.

6.2.2. Grain boundary structure prediction with evolutionary

search and clustering

To investigate the structure and properties of the domino and pearl GB phases and
model the structural transformations revealed by the experiment we perform GB struc-
ture search using atomistic calculations. The 0 K GB structure search was performed
using the evolutionary algorithm based on the USPEX code [25, 149, 150]. Follow-
ing the evolutionary approach, the algorithm samples a diverse population of differ-
ent GB structures, while improving them over many generations based on the energy
minimization criterion. During the search, the structures change due to heredity and
mutations, atoms are inserted and removed from the GB core to identify structures
with different atomic densities. The search also changes the GB periodic dimensions
to also sample large area reconstructions of the GB. The details of the method are

described in Ref.[25].

The results of evolutionary search and clustering analysis for £19b[111](178) GBs is
illustrated in Fig. 6.2.The GB energy of hundreds of generated structures is plotted as a

function of the number of inserted atoms [72] measured as a fraction of the bulk (178)
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Fig. 6.2.: Evolutionary search and k-means clustering predict GB phases for
£19b[111](178) GBs: (a) GB energy plotted versus the number of atoms in
fraction of the (178) GB plane of all predicted GB structures. The solid line
connects the lowest energy structures. (b) Unsupervised k-means clustering
analysis of two GB phases according to similarities in their excess GB volume
and stress 71;. The lowest energy structures of domino and pearl are given
as insets. (c) Plot of GB energy versus the number of atoms in fraction of the
(178) plane after clustering analysis. (e) GB excess stress 72 plotted against
711. The blue data points represent pearl, the red domino phases.

plane parallel to the GB as shown in Fig. 6.2 (a). The lowest energy configuration
predicted by our search is identified as the pearl structure, similar to that observed
in the experiment. Its structure is shown in 6.3 (a) and (b). This ground state is lo-
cated at [n] = 0, which means that the insertion or removal of atoms is not necessary.
No other minima with different [n] are present, suggesting the absence of compet-
ing GB phases with higher atomic density. To identify possible metastable states, we
performed clustering analysis following the methodology proposed in Ref. [25]. In
this approach, the excess thermodynamic properties are used as descriptors to clus-
ter similar GB structures and separate distinct GB phases that are expected to have

different properties. Fig. 6.2 (b) shows the excess GB volume [V],, plotted against one
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of the components of the excess GB stress 11;. The plot reveals two clusters that we
automatically labeled using the K-means clustering algorithms. These two clusters
can also be identified in 6.2 (d), showing two components of the GB stress 7;; and
722. The blue cluster contains the ground state, as seen in the inset of 6.2 (b), and
corresponds to pearl-like structures, while the red cluster represents metastable GB
phases relative to pearl. The examination of structures in the red cluster established
that they belong to the domino phase family and the inset of 6.2 (b) shows their lowest
energy configuration. By re-plotting the GB energy of the clustered data as a function
of inserted atoms, it becomes apparent that the lowest energy configuration within
the domino-like structures has the same number of atoms [#n] = 0 as the pearl phase
ground state, which is indicated by arrows in 6.2(c). This analysis gives a strong in-
dication that the structural transformation between pearl and domino GB phases is
expected to be diffusionless, since it is not limited by the supply of vacancies or inter-

stitials.

Although the two GB phases have the same number of atoms with energies differing
only by ~ 4% (Y peart = 0.835J/m?, Yaomino = 0.871 J/m?), they can be clearly distin-
guished by other thermodynamic properties. The excess volumes per unit area of the
lowest energy pearl and domino GB structures differ by ~ 36 % with [V], peqrs = 0.14A
and [V1,,40mino = 0.22A! This difference suggests that an imposed tensile stress is
capable of stabilizing the metastable domino phase. The GB stress of the two phases
is not only different, but even has an opposite sign with 713 ;eqr 0f —1.66 J /m? and
T22,pearl = —0.46 J/ m?, with respect to T11,4omino 0£0.25 J/ m? and 7oz, peari = 0.29 J/ m?.
The different structures and the corresponding excess properties suggest that the ex-

perimentally observed transition is of first order.

The structural units of the lowest energy pearl and domino phases projected along
the [111] tilt axis are illustrated in Fig. 6.3(a) and (c). Similar to the experimental
observations, the structural unit of the pearl phase is characterized by an alternation
of a curved and rectangular subunits. A full structural unit is then composed of a
mirror symmetric arrangement of two subunits, as highlighted in Fig. 6.3(a). The
domino phase motif shown in Fig. 6.3 (c) shows a unique arrangement of inclined

double rectangular subunits separated by irregular segments, which are also observed
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in experiment (see Fig. 6.1 (b) and (d)). Viewing perpendicular to the tilt axis along
[532] reveals that the lattice planes in the upper crystal appear shifted for the pearl
phase (6.3 (b)), but remain continuous without shift for the domino phase (6.3 (d)).
The shift translation vector is 1/6 [920], which is inclined with respect to the image

plane.
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Fig. 6.3.: Lowest energy GB structures predicted by evolutionary search at 0K: (a)
and (c) show projections along the [111] tilt axis of the pearl and domino
phases, respectively. (b) and (d) visualize the GB structures perpendicular
to the tilt axis viewed along [532]. Repeat units of both structures are high-
lighted by green lines. (e) emphasizes the two different viewing directions
more clearly.

70



6. GB PHASE TRANSITIONS 6.2. RESULTS

6.2.3. Linking structure prediction and experimental

observations

Intimately linking atomistic predictions and atomic resolution observations enables
to uniquely quantify the discrete nature of the boundary types present in experiment.
Multi-slice STEM image simulations [30, 77, 84] directly provide interpretable con-
trast from the predicted GB structures under similar conditions used in the exper-

iment. An atomic resolution STEM image of the symmetric pearl structure and its

experiment image simulation

Normalized intensity [a.u.]
0 02 04 06 08 1

b Normalized intensity [a.u.]
0 02 04 06 038

Fig. 6.4.: Linking atomic resolution observations and structure prediction: (a)
Aberration corrected HAADF-STEM image of the symmetric £19b[111](178)
pearl phase. Its structural unit is highlighted in the inset. (b) Color coding of
the experimental GB structure based on atomic column peak intensities. (c-
e) Simulated STEM images of predicted GB structures for sample thickness
of 22 nm. The same color coding as in (b) was applied. (c) Lowest energy
structure as shown in 6.3 (a) with GB energy of 835m/J/ m?, (d) medium en-
ergy GB with 932 mJ/m? and (e) high energy GB with 1023 mJ/m?. The scale
bar is 1 nm in all images.

structural unit are illustrated in Fig. 6.4 (a). The plain visual inspection reveals an ex-

cellent agreement with the predicted lowest energy state of the pearl phase presented
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in Fig. 6.3 (a). Metastable GB structures are typically characterized by a high degree
of atomic disorder of the GB core or an increased number of GB defects. The result-
ing atomic displacements have a direct consequence on the atomic column intensity
and can hence be used to quantify the GB character. In Fig. 6.4 (b), only the peak

intensities at the GB core are colored based on normalized intensities.

The comparison with simulated STEM images of different grain structures shown in
Fig. 6.4 (c) reveals the best agreement with the lowest energy pearl structure (Fig. 6.4
(c)). An inhomogeneous intensity distribution in a square type subunit is observed
for the medium energy structure shown in Fig. 6.4 (d), which is not seen in the ex-
periment (Fig. 6.4 (b)). A high energy structure shown in Fig. 6.4 (e) is characterized
by strongly distorted structural subunits resulting in large scatter of atomic column
peak intensities. The corresponding projected GB structures are illustrated in the Ap-
pendix A.1. The atomic scale quantitative interlinking of experiment and simulations
shows excellent agreement and clearly reveals that the experimentally observed GB

structures resemble low energy states.

6.2.4. Grain boundary phase transition at finite temperatures

The evolutionary search produces zero-temperature structures and we now turn to
finite-temperature MD simulations to investigate the high-temperature GB behavior
and GB phase transitions. Our goal here was to reproduce the experimentally ob-
served transition between the pearl and domino GB phases and to gain new insights
into the kinetics of the transformation to explain the room-temperature stability of
the two-phase states found experimentally in both the symmetric and asymmetric
boundaries. We simulated pearl and domino GB structures separately at temper-
atures ranging from 300K to 900K using simulation blocks with periodic boundary
conditions along the GB as well as blocks with boundaries terminated at an open
surface (see in Appendix A.1). The open-surface simulation methodology was intro-
duced in Ref. [48] to allow for supply or outflow of atoms to the GB in case it is nec-
essary for achieving the ground state. Our simulations demonstrated that at ambient

pressure the pearl structure remained the ground state at all temperatures studied.
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The domino structure was metastable and transformed into pearl by nucleation and
growth, characteristic of first-order transitions. In agreement with the predictions of
the 0 K search, these simulations confirmed that the number of atoms at the GB does
not change upon the transformation, i.e. the transformation is diffusionless. Fig. 6.5
(a) shows the simulation block after an initially uniform domino GB phase was an-
nealed for several nanoseconds. The pearl GB phase nucleated at both open surfaces
and grew inwards transforming the parent domino GB phase. The two structures are
separated by a GB phase junction: a line defect that separates the two structures as
highlighted in Fig. 6.5 (b). The two-phase structure shown in Fig. 6.5 (c) closely re-

sembles the experimentally observed GB transition illustrated in Fig. 6.5 (d).

~
&
—
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(b)

Fig. 6.5.: GB phase transition at finite temperatures: (a) MD simulation cell with
open surfaces of a £19b[111](178) tilt GB viewed along the tilt axis. The
domino phase is highlighted in red, the pearl phase in blue. (b) Close up
of the right phase transition with indication of the line defect (green), sep-
arating the two GB phases. (c) Magnified view of the line defect and phase
coexistence of domino and pearl phase. (d) Experimental HAADF-STEM im-
age of the symmetric GB phase transition. The scale bar is 1 nm.
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In these simulations the pearl phase continued to grow until the entire GB is trans-
formed. However, we also found that the velocity of the GB phase junction, which
determines the rate of the transformation, strongly depends on the temperature and
the defect length along the periodic dimension y, the [111] tilt axis. At relatively high
temperatures, such as 650 K, a complete transformation of the GB structure (Fig. 6.5)
can occur within few tens of nanoseconds. Further simulations (see in Appendix A.1)
with different sizes of the simulation block indicate that the motion of the GB phase
junction is length dependent, suggesting that it migrates by a kink nucleation mech-
anism, similar to dislocations. The nucleation barrier of this thermally activated pro-
cess is apparently high enough to kinetically trap the two-phase coexisting state on
the MD time scale. When the length of the GB phase junction exceeds a few nanome-
ters, we observe no migration of the junction at temperatures of 500 K and below. It is
expected that this trapping effect is even more pronounced at lower annealing tem-

peratures.

Our atomic scale experimental discovery of phase transitions at symmetric and asym-
metric tilt GBs in a pure metallic system remained so far unexplored. Atomic reso-
lution imaging uniquely reveals the abrupt transition of [111] tilt GBs with complex
atomic arrangements. The two coexisting phases are clearly distinct by their differing
structural repeat units. In contrast to assumptions based on thermodynamic con-
cepts [12], the transition also occurs at an asymmetric GB. This indicates that GB
phase transitions in pure systems can also emerge at more general boundaries and
with this largely influence materials properties. The underlying nature of the ob-
served coexisting GB phases was uniquely explored by novel GB structure prediction
based on evolutionary algorithm and clustering analysis. Only the intimate link of
atomic scale observations and structure prediction discovers that the GB phases differ
in excess volume and stress. This transition is therefore of first order and will largely
influence their segregation, diffusion and migration behavior, which in turn impacts

the microstructural evolution [24, 25, 48, 148].

Our GB structure search predicts both experimentally observed pearl and domino GB
phases. In the model, the domino phase is metastable with respect to the ground state

pearl structure. Interestingly, both GB phases have the same number of atoms, sug-
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gesting that they transition without the need to supply atoms by diffusion. The trans-
formation is of first order, since the thermodynamic excess properties of the pearl and
domino phases differ. This implies that they transform rapidly and their experimen-

tally observed coexistence at room temperature is a surprise.

Another aspect to consider affecting the GB phase coexistence is the GB phase junc-
tion separating the pearl and domino GB phases. Our high temperature MD simula-
tions of the GB phase transition at 650 K, similar to the annealing temperature of the
thin film, perfectly reproduce the experimentally observed transformations (see 6.1
and 6.5). The strong dependence of the transformation rate on temperature and the
GB phase junction length observed in our simulations suggests that the motion of GB
phase junctions may require the nucleation of kink pairs. Their nucleation barriers
at low temperatures may become too high impeding the transformation. As a result,
the two phase GB states can be kinetically trapped on the experimental time-scale by

cooling to room temperature.

The experimental observation of the GB phase transformation at room temperature
can thus be rationalized in terms of GB phase coexistence at the annealing tempera-
ture and retarded transformation kinetics of the domino to the pearl GB phase. Both
pearl and domino GB phases coexist during the annealing treatment and the stabi-
lization of the domino phase is favored by internal stresses in the material. Subse-
quently, the domino GB phase starts transforming into the pearl phase while cooling
from 673 K to room temperature. The steadily decreasing mobility of the GB phase
junction eventually freezes isolated domino GB phase regions down to room temper-

ature, making their observation possible in the experiment.

Conventional phase transitions in the bulk control many materials properties. Much
of materials science involves the delicate interweaving of thermodynamics and kinet-
ics, using phase transitions to sculpt advantageous microstructures. While GB kinet-
ics have long been understood to be key to attaining favorable grain structures, the
possible role of GB phase transitions has been neglected. They have not been stud-
ied in metals since none had been observed. The recent suggestions of modeling (25,
48, 49] and now the discovery of GB phase transitions in a relatively simple elemen-

tal metal opens the door to new strategies for materials design. The combination of
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STEM imaging and atomistic simulation enabled by evolutionary search provides a
path to understanding GB phase transition in great detail. It has revealed GB transi-

tions at an asymmetric boundary, something not considered possible.

6.3. Conclusion

Our experimental discovery of GB phase transitions in a pure Cu unveiled by evolu-
tionary search and atomistic simulations greatly expands our understanding of the
phase behavior of interfaces. The importance of segregation induced GB transitions
impacting interfacial and defect properties has recently been evidenced in a broad
number of material systems [31, 120, 151, 152]. Our intimate link of atomic resolu-
tion imaging and structure prediction enabled us to decipher the atomistic and ther-
modynamic nature of GB phase coexistence and transformation at a clean interface.
Moreover, the transition at an asymmetric boundary was not even considered possi-
ble. This signifies that interfacial transitions can emerge even at general GBs and with

this affect the microstructure evolution and properties in numerous material systems.
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7. Impurity-induced structural transi-
tions at complex [111] tilt grain bound-

aries in copper

In this chapter, the influence of Ta and Zr to defined £ 19 b [111] tilt GBs is investigated.
The atomic structure of the pure GBs is directly compared to the GBs containing the
alloying elements. The aim of the study is to get an understanding of the microstruc-
ture stabilization mechanisms in nanocrystalline Cu alloys by adding Zr and Ta. It is
based on the manuscript T.Meiners, ].M Duarte, G. Richter, G. Dehm and C.H. Lieb-

scher and is accepted by Acta Materialia.

7.1. Introduction

In chapter 1 it was outlined that nc Cu has gained an enormous interest in the past
because of excellent mechanical properties. But since nc Cu suffers from strong grain
growth at elevated temperatures, it is frequently alloyed with Ta and Zr in order to
stabilize the microstructure. The atomistic mechanism of the stabilization, however,
is still an open question. The effect of Ta and Zr on the atomic structure is investi-
gated at defined [111] tilt GBs in Cu thin films, which are produced by MBE. Thus, a
systematic study of pure and alloyed/segregated GB structures is performed. The rep-
resentative GBs in this work are two symmetric Z 19 b and corresponding asymmetric
variants, with deviations of maximum ~ 6° from the symmetric orientation. The GBs

exhibit long period structural units, which further decompose into sub-units. Even
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though only the GB inclination changed by 30°, the two GBs show strongly differing
atomic structures, which do not agree with the SU model as will be shown in the fol-
lowing. The Cu films are alloyed by sputter depositing Ta and Zr thin films at room
temperature followed by a subsequent post-deposition annealing treatment and it is
shown that GB diffusion is fast enough to introduce large amounts of Ta and Zr into
the GBs. The effect of both impurity elements on the atomic structure is investigated
by aberration-correct (S)TEM. It is shown that nano-scale Ta precipitates at GBs form,
which act as local GB pinning points by bending the GB plane locally. The segregation
behavior of Zr is observed to occur in two different ways. At a planar asymmetric GB,
Zr homogeneously decorates the GB and causes a strong disordering of its atomic
structure. Confined Zr segregation to GB steps is observed for a nano-faceted GB,
where the steps are more disordered compared to GB steps in pure Cu GB. At the sym-
metric GB facets structural transitions are observed and compared to the structural

units of GB facets in the clean GB.

7.2. Results

7.2.1. Global thin film grain boundary structure

EBSD reveals that the Cu films grow with a [111] fiber texture, as shown by the inverse
pole figure map in Fig. 7.1. The film’s grain structure is shown in the image qual-
ity map. The grain size can be determined to ~ 100 um + 50 m. The large error in
average grain size results from a strong scatter in the grain size distribution, which
includes grains with diameters of ~ 300 . m down to ~ 10 u m. The grain size distribu-
tion is shown in Fig. 7.1 (c). Most grains exhibit a cylindrical shape, which translates
to continuous changes in GB inclination along each grain boundary. Up to 80% of
the GBs are low angle and twin boundaries (£3). The remaining ones are different
low Z boundaries, such as 27 (~ 1%), 29 (~ 0.3%), Z19b (~ 7%), 231a (~ 2.5%),
237c¢ (~ 8%). The most frequent GBs are highlighted by colored lines in Fig. 7.1.
The white/black regions in the center of the two EBSD maps illustrate positions from

where TEM specimens were extracted by FIB. This procedure ensures that each TEM
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specimen only contains specific, pre-selected types of CSL boundaries; in the present

casea ~219b GB.

(a) Inverse Pole Figure Map (b) Image Quality Map (c) Grain Size Distributions
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Fig. 7.1.: EBSD results of the Cu thin film grown on Sapphire: (a) The inverse pole
figure map shows a [111] texture of the Cu film. The colored lines indicate
the different GBs species in the film. The two white dices show the orien-
tation of the cubic unit cell, further supporting the [111] orientation with
different rotations around [111]. (b) The image quality map shows the mi-
crostructure of the film and also the color coded GBs. The most prominent
GBs are low angle GBs (white lines), 3 twin boundaries (black lines), 27 GB
(vellow lines), Z19b GBs (red lines) and X37c¢ GBs (green lines). (c) These
two graphs present two different visualizations of the grain size distribution.

7.2.2. Atomic structure of pure X19b grain boundaries

The atomic structure of four different GBs is depicted in Fig. 7.2, Fig. 7.3 and Fig.
7.4. Two are symmetric £19 b with a misorientation of ~ 47° and GB habit planes
(253) (Fig. 7.2) and (187) (Fig. 7.3), which corresponds to a change in boundary plane
inclination of 30° . The other two GBs are asymmetric variants of the two symmetric
GBs with different GB plane orientation resulting in small angular deviation between

~2—6° (Fig. 7.4 (a) and (d)).

The £19 b(253) in Fig. 7.2 (a) is a straight and flat GB, which remains in the symmetric

orientation for a length of ~ 100 nm. It is difficult to observe longer segments of these
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GB orientations, since the grains have mostly a cylindrical shape and therefore the
GBs are often stepped or faceted. In between these segments, the same symmetric
structural units can be consistently observed. The common description of CSL GB
structures is obtained by characteristic SU [34, 38]. The full SU of the £19 b(253) can
be divided into two sub-units as highlighted by red and green circles in the magnified
view of the yellow rectangle of Fig. 7.2 (b). The filled red circle marks the CSL positions
at this GB. The red sub-unit exhibits a square shape formed by 8 atomic columns
followed by the green sub-unit, a trapezoid consisting of 4 columns. According to
the nomenclature of the SU model, the GB structure can be writtenas | ST-ST |,
where S represents the red, squared and T the green, trapezoidal sub-unit. According
to [34], the vertical lines " | " represent one GB period along the GB plane and the
dot "-" means that the sub-units are shifted along the GB by a half period. In the
whole GB segment these two sub-units alternate and form the GB and disruptions
of this sequence at the symmetric segments were not observed. With respect to its

appearance, this GB structure is termed zipper structure in the following.

The 219 b, (187) shows a very different atomic structure (see Fig. 7.3 (a)). This bound-
ary also remains straight over a length of ~ 100 nm, but its SU appear completely dif-
ferent to that of the zipper structure. The red box highlights the region of the GB
from where the SU are displayed in magnified view in Fig. 7.3 (b). Also here, two
characteristic sub-units, marked by green and red circles, are observed. A particular
arrangement of four of these sub-units builds up the repetitive unit of the GB. The
green sub-unit consists of one "pearl chain" type arrangement (5 atomic columns)
and one distorted rectangle (red), similar to the red sub-unit of the zipper structure.
The total SU is composed of a combination of these two sub-units, which are mir-
rored with respect to the grain boundary plane, as is indicated in Fig. 7.3 (b) by the
SU model notation. Here the SU notationis | RP - 19- RP - 19|, where R represent
the distorted rectangle (red), P the pearl chain (green) and the fI and 9 the mirror op-
eration of the two sub-units with respect to the GB plane. It is obvious that this GB
exhibits a longer period structure, since 4 sub-units build up a full SU. Also here, no
deviation from this arrangement was observed for the symmetric boundaries. The
filled red circles show CSL positions switching periodically from the left to right side

of the GB due to the mirror operation of the sub-units. This GB structure is termed
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(a)

(b)  magnified view
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Fig. 7.2.: HAADF STEM micrograph of the symmetric [111] £19b, (253): (a) shows the
structure of the symmetric X£19b,(253). The white lines indicate the (002)
planes and the colored boxes indicate the magnified view on the GB struc-
ture, depicted in (b). The green and red dots represent the structural sub-
units and the filled dots represent the coincide site lattice positions. On the
bottom of (b) the respective SU model notation is visualized.

pearl structure in the following.

Asymmetric GBs with a small deviation of ~ 2 —6° from the symmetric orientation
are frequently observed for both 19 b boundaries when tracing the GBs. For each
GB one example is illustrated in Fig. 7.4 (a) and (c). Interestingly, both GBs show a

different way of compensating for the asymmetric inclination of the GB habit plane.
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(@)  Y19b(47°)[111],(187) (b)  magnified view

SU model description
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Fig. 7.3.: [HAADF STEM micrograph of the symmetric X 19b, (187): (a) demonstrates
the structure of the symmetric £19b,(187) GB. The white lines represent
again the (002) planes and the colored boxes the magnified view on the GB
structure in(b). The green and red dots represent the structural sub-units
and the filled dots the coincide side lattice positions. On the bottom of (b)
the respective SU model notation is visualized.

In case of the zipper structure, the GB dissociates into ~ 4 nm long symmetric (253)
facets that are regularly interrupted by steps as illustrated in Fig. 7.4 (a)). The mag-
nified view, indicated by the purple rectangle in Fig. 7.4 (b), highlights a GB step and
shows an extended, disordered core structure. The CSL lattices of the single symmet-
ric facets still fit nicely together (not shown here) so that the step seems to be a shift
along the CSL lattice. The facet length, and hence the number of steps, as well as the

step height of ~ 0.5 nm adjusts in such a way as to compensate for the overall devia-
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(a) 47° [111],(132)(121) (b) magnified view

«® 4% . e ™

(c) 48°[111],(16 1 17)(615)

Fig. 7.4.: HAADF STEM micrographs of two asymmetric variants of the X 19b, GBs:
(a) and (c) show asymmetric variations of the GBs shown in Fig. 7.2 and 7.3.
The image depicted in (b), as indicated by a purple box, shows a magnified
view on the GB step of (a). In (d), the magnified view in the blue box shows
additional structural sub-units of (c), which are also indicated by the blue
arrows.

tion in grain boundary plane inclination from the symmetric orientation of ~ 5°. For
the pearl structure, a different scenario is observed, as demonstrated in Fig. 7.4 (d).
Instead of decomposing into facets and steps, here, the asymmetric GB plane remains
straight and incorporates additional sub-units to compensate for the asymmetric in-
clination, as indicated by blue arrows (Fig. 7.4 (c)). The blue box (see Fig. 7.4 (c))
shows a magnified view of the area highlighted, as depicted in Fig. 7.4 (d). These sub-
units appear similar to the "pearl chain" (green sub-unit) of the symmetric case and
their repeat distance depends on the magnitude of angular deviation. In the present

GB, this deviation is ~ 3° and the repeat distance of the extra units is ~ 2 nm.

7.2.3. Tantalum segregation and grain boundary pinning

Fig. 7.5 shows CTEM and HRTEM images of a cross-sectional specimen of the Cu film

alloyed with Ta. The Sapphire substrate is located at the bottom, the Cu thin film con-
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taining a GB in the central region and the 50 nm Ta film is located in the top part of the
BF TEM image of Fig. 7.5 (a). The length of the GB was measured to ~ 975 nm and its
overall appearance is straight. However, the region highlighted by a blue box, reveals
a step towards the right grain, as shown in the HRTEM image in Fig. 7.5 (b). The step
size is measured to ~ 6.4 nm. Along the GB three of these steps can be observed, as
illustrated by the blue arrows in Fig. 7.5 (a) so that the total step height between the
top and bottom part of the GB adds to ~ 18 nm. Therefore, it can be assumed that
the GB migrated towards the right during heat treatment. Furthermore, a spherical
Ta precipitate with ~ 14.4 nm in diameter is observed roughly in the middle part of
the GB, directly in front of the step (see Fig. 7.5 (b)). A particle found in the upper GB
region (red box) is illustrated in the BF image of Fig. 7.5 (c). It shows a more elliptical
shape with a size of ~ 12.4 nm and 9.1 nm and is directly located besides the GB, while
the image contrast reveals that it is still connected to the GB. The high resolution TEM
image of Fig. 7.5 (d) shows that the right grain is in [011] zone axis orientation, while
the left grain is off zone axis and only the (200) lattice planes can be resolved. We ob-
serve that the grain boundary still adheres to the particle and that the right grain in
front of the particle is extended into the region of the left grain, twisting the GB plane.
It appears that the GB moved across the precipitate, but was not able to detach from
its backside. A STEM-EDXS measurement in the same region and magnification as
Fig. 7.5 (d) identifies the particle as a Ta precipitate. An elemental map of the Cu-Ka
and Ta-La map is shown in Fig. 7.6 (a) and the corresponding X-ray spectra, one from
the Cu matrix (red) and one from the particle (blue), in Fig. 7.6 (b). Additionally, a
pronounced oxygen peak is observed in the region of the Ta-particle indicating that
the particle could be oxidized. However, it should be mentioned that this might also
be a result of the FIB sample preparation process and more likely, exposure of the
specimen to air during sample handling. From the high resolution image in Fig. 7.5
(d), the particle appears amorphous. Investigating the fast Fourier transform (FFT)
of HRTEM images in other orientations and different particles did also not reveal any
indication that the particles are crystalline. An example of an FFT obtained only from

the Ta-particle is shown in the inset of Fig. 7.5 (d).
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(a) bright field TEM imag (b) HR TEM image
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Fig. 7.5.: TEM investigation of the Cu-Ta film system: (a) Conventional bright field
(BF) image of a cross-section specimen showing the Alumina substrate, the
Cu thin film with the GB being perpendicular to the substrate and the Ta thin
film. The blue inset (b) shows a spherical particle (HRTEM image) sitting
directly on the GB and right in front of a step. The red inset in (c) shows a BF
image of another particle sitting next to the GB, which is pinned to the GB.
(d) illustrates the atomic structure at that position in a HRTEM micrograph.

7.2.4. Zirconium segregation and grain boundary disordering

Adding Zr to the thin film reveals a different segregation behavior than for Ta. The
results for an asymmetric ~ 49°[111],(165)\(11615) GB with the pearl structure is

shown in Fig. 7.7 (a). The planes deviate from the symmetric (187) plane by ~ 2.3°
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(a) STEM-EDS Maps of Ta particle (b) X-ray spectrum from 0-10keV
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Fig. 7.6.: STEM-EDXS analysis of a Ta particle at the Cu GB: (a) depicts a STEM-EDXS
maps of the particle using the Cu-K, (red) and Ta-L, (blue) edges at the ex-
act position from Fig. 7.5. In (b) two X-ray spectra are plotted together be-
longing to the pure Cu grain (red) and to the particle (blue).

and ~ 3.4°. In the STEM micrograph, the GB appears dark under HAADF conditions
and the identification of structural motifs is barely possible. This contrast is observed
almost entirely along the GB. A magnified view of the atomic structure is illustrated
in the insets of regions highlighted by purple and red rectangles in Fig. 7.7 (a). A
strong high pass Fourier filter was applied in order to emphasize the structure. De-
spite the weak atomic column contrast, similar structural units, indicated by green
and red dots, as in the pure Cu GB of Fig. 7.4 (d) can be identified in the purple re-
gion. But as shown in the area marked by a red box in Fig. 7.7 (a), distorted or even
disordered variants of the structural motifs are observed. The blue colored atomic
columns show additional sub-units resulting from the asymmetry of the GB. In the
upper region only one line of extra atomic columns is visible, while two extra lines are
found in the lower part. The STEM-EDXS maps of the Cu-L, and Zr-L, X-ray lines
taken in the purple region of Fig. 7.7 (a) are illustrated in Fig. 7.7 (b) and clearly re-
veal that the GB is strongly decorated with Zr. The corresponding X-ray spectra, taken
from the grain interior (red) and at the GB (green) are shown in Fig. 7.7 (c). The inset
in the spectrum, indicated by a dashed box, illustrates the intensity modulation of Cu,
Zr and O by taking a line scan across the GB. No clear sign of O enrichment at the GB
is observed in the line scan, although a slight oxygen (O) peak is present in the GB

spectrum of Fig. 7.7 (c)). All together, Zr leads to a strong disordering of the GB struc-
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ture, which leads to displacements of atomic column positions perpendicular to the
viewing direction. This in turn, leads to de-channeling of the electrons, which leads

to an effective reduction of the atomic column intensity in the HAADF images.
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Fig. 7.7.: STEM and EDXS characterization of the Zr segregated pearl structure: (a)
HAADF STEM image of an asymmetric ~ 49°[111],(165)\(11615) alloyed
with Zr. The insets show two different magnified views of the atomic struc-
ture using a strong high pass Fourier filter to highlight the atomic columns.
The purple inset shows a region with the original GB structure and the red re-
gion with some deviations, as indicated by the colored dots. (b) STEM-EDXS
measurements, containing a map with the Cu-K, (red) and Zr-L, (green).
The graph in (b) shows the spectra (in log scale of the y-axis) taken from the
grain and the GB, showing an increased Zr concentration at the GB. A con-
centration profile is depicted in the dashed inset of (c), showing the Cu, Zr
and O intensity across the GB.

In the case of an asymmetric ~ 49°[111],(123)\(211) GB, adapting the zipper struc-
ture, we observe an inhomogeneous segregation of Zr, which appears as dark contrast
regions at the GB steps as seen in the HAADF image of Fig. 7.8 (a) (marked by the white

arrows). The corresponding STEM-EDXS measurements reveal that these regions are
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Fig. 7.8.: STEM and EDXS characterization of the Zr segregated zipper structure: (a)
HAADEF-STEM micrograph and STEM-EDXS map (Cu-K, (red) and Zr-L,
(green)) of an asymmetric variant of the zipper structure showing Zr seg-
regation to the GB steps. The colored boxes in the EDXS map indicate the
positions where the spectra in (b) were taken from. The plot in (b) compares
the X-ray spectra from the GB step, the GB between the steps and the grain.
The arrows represent the concentration profiles in (c) and (d).

Zr and O rich, as can be seen from the corresponding X-ray spectrum extracted from
the orange rectangle in Fig. 7.8 (b). The Zr signal disappears almost entirely at the
symmetric GB facets (blue rectangle) and within the Cu matrix (magenta rectangle).
This observation is further supported by two intensity profiles extracted across the GB
and the GB step, as indicated by arrows. A drop in Cu signal at the GB step is observed,
while both Zr and O intensities increase (Fig. refpic:fig5 (c)). The O intensity increase
may be a result of oxidation of Zr in the GB step, but in view of the APT measurements

on a fully Zr decorated GB shown in Fig. 7.10, a complete Zr-oxide formation is un-
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likely. The detection of O in each location of the specimen indicates that the surface
of the TEM specimen was oxidized. The large Zr rich regions are mainly located at
the steps between symmetric segments, but also smaller Zr rich regions in the clean
symmetric segments are observed rarely (seen also as black contrast), as illustrated in
Fig. 7.9 (a) in the green rectangle. A 0.5 nm wide dark spot can be seen in the middle
of the clean symmetric facet, indicating that also here small amounts of Zr could be
located in such confined regions. While the facets of the clean GB show a homoge-
neous length distribution, the facet length in the Zr segregated case varies between
1 nm (first facet in Fig. 7.9 (a)) and 6 nm (facet in the image center in the green box).
This can either be induced by the Zr segregation or could also be due to the local
GB curvature. Such a behavior was not observed for a clean GB, but the statistics on
these observations are low. Furthermore, the steps differ in contrast with respect to

each other, suggesting that the amount of Zr differs for each step.

Since the quantification of STEM-EDS data obtained under strong channeling con-
ditions used here is limited, more precise information on the GB composition was
obtained by APT shown in Fig. 7.10. As EBSD measurements were not successful,
because of the remaining Zr film on top of the Cu, it is not known what kind of GB
was investigated here. But it still gives very good and detailed information about the
elemental distribution and the amount of Zr segregated to the GBs. To directly re-
late the GB structure and the chemistry, one need to do correlative TEM and APT
measurements. The reconstruction in Fig. 7.10 (a) shows all Cu atoms as red and Zr
atoms as green dots. Zr is segregated homogeneously along this GB and its accumu-
lation can be better approximated in the concentration profile (see Fig. 7.10 (b)). In
the corresponding mass spectrum, no significant amount of oxygen was found within
the detection limit. It is concluded that pure Zr is located at the GB core and no in-
termetallic Cu-Zr phases or a Zr,0;-, were formed, as intended by the annealing
treatment. The solute atomic excess of Zr at the GB was calculated following ref [153,
154] with an average of 2.76 + 0.24 n“—niz The absence of oxygen signal in the APT data
supports that variations in the oxygen signal of the STEM-EDS data are mainly related

to surface oxidation.

Looking deeper into the atomic structure of the symmetric, Zr free appearing facets,
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(a) 49° [1111,(123)(211) wih Z

(b)
clean ¥19b (253) clean 47° [111],(132)(121) 49° [111],(123)(211) wih Zr

Green sub-unit
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Fig. 7.9.: Zr-induced structural transitions at symmetric GB facets: (a) HAADF-

90

STEM image of an asymmetric 49.2° [111], (123)\(211) alloyed with Zr, show-
ing dark contrast at all GB steps. The green and orange rectangle show two
regions in higher magnification. The green box shows a symmetric facet of
the GB. The red and green dots represent the structural sub-unit configu-
ration. In the orange box the disordered structure of a step is shown. (b)
HAADF-STEM image of the clean GBs (symmetric and asymmetric) (see also
fig. 7.1). The blue windows marks one structural unit of the GB. Below, the
structural units in the yellow, red and blue boxes are compared.
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an influence of Zr on the structural sub-units can be observed. Such regions are
marked by a green and orange rectangle (facet and step region) and its magnified
views are illustrated as an inset in Fig. 7.9 (a)). The atomic structure of the Zr dec-
orated steps (orange box) is strongly disordered (compared to the clean step from
Fig. 7.4 (b)), which also explains the decrease in contrast despite the segregation of
an atomic species with higher atomic number than Cu. In certain locations, the SU
observed at clean symmetric and asymmetric GBs (Fig. 7.2 (a) and Fig. 7.4 (a)) ap-
pear to undergo slight structural transitions upon Zr segregation. Locations of these
structural modifications are indicated by yellow rectangles in the insets of Fig. 7.9 (a).
In contrast to the original SUs, the modified units are only composed of rectangular
building blocks (red sub-units) leading to a disruption of the periodicity of GB struc-
tural units. In Fig. 7.9 (b), the structure of the clean symmetric and asymmetric GB are
compared with the Zr influenced symmetric facet. The blue and yellow boxes show
the SU of the clean and Zr induced GBs. On the bottom of Fig. 7.9 (b) the structural
transition is visualized. The transformation can be described by adding one atomic
column to the green, trapezoidal SU, which transforms it into the red, rectangular SU.
This seems to occur without any periodicity/ordering along the GB facets so that the

overall periodicity and order is decreased.

7.3. Discussion

In the first part of this discussion the complexity of the two X19b GBs, investigated
here, will be discussed with respect to the SU model. To the authors knowledge, there
are no other experimental studies on the atomic structure of [111] tilt GBs in fcc met-
als, but only theoretical calculations, for example from Frost et al. and Wang et al. [20,
21] . Afterwards, the influence of Ta and Zr on the atomic SU of the GBs is discussed in
detail. Furthermore, the results are compared with recent studies on similar material
systems and conclusions on how this is related to the microstructure stabilization of

nanocrystalline Cu are drawn.
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(a) Reconstruction of APT tip
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Fig. 7.10.: APT characterization of a Zr enriched GB: (a) Reconstructed specimen
showing Cu atoms in red and Zr atoms in green. A concentration profile
of across the GB, showing the concentration of Cu in red and Zr in green, is
presented in (b).

7.3.1. Pure X19b [111] tilt GB structures

Both experimentally observed X 19b GBs exhibit the same grain misorientation and
only differ in habit orientation leading to a significant change in their structural sub-
units. In total, 4 different structural sub-units, S,T,R and P, could be assigned to fully
describe the structure of the GBs. Originally it was proposed that each GB with a
specific misorientation can be constructed by the structural units of two delimiting
boundaries (with respect to misorientation) [38]. This model is not applicable to the
present GBs even though we do not know the SU from the delimiting GBs. Since a

delimiting boundary is supposed to consist of only one SU [34], according to the SU
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model there exist only two SU, e.g. one from the 0° and on from the 90° GB, in or-
der to build up other GBs (as it is done for the Z5[001]) [34]. But the two Z19b GBs
here already revealed 4 different SUs so that two delimiting boundaries would be not
enough to describe both Z 19b simultaneously. Therefore, the extended model by Han
et al. [34] could be considered, since it also takes meta stable GB structures as pos-
sible delimiting GBs into account and thus the number of available SUs is increased.
This is not investigated in great detail nowadays so that it cannot be discussed fur-
ther. Deviations from the SU model have been also found by other theoretical studies

in different symmetric tilt GBs [34, 39, 40].

[111] tilt GBs in fcc metals are much less studied than [001] or [011] tilt boundaries,
except the X3 twin boundary. To our knowledge, only two theoretical studies exit re-
porting on the structure of several of the [111] tilt GBs (20, 21]. Frost et al. estimated
the structure and properties of different low Z GBs by a simple hard sphere model [36].
Comparing their predicted structures to the ones observed in experiment here reveals
a fundamental difference in the structural units of both X 19b boundaries. This indi-
cates that the hard sphere model is not capable of predicting the structure of [111] tilt
GB. A similar conclusion is found by comparing the experimentally obtained struc-
tures here with the calculated ones of Wang et al. [21]. They describe the structure of
the £19b (253) with the SU model notation | EFF- EFF- EF F | by using the £1(110)
and 23(121) as delimiting GBs. E represents a special unit of the Z1 and F of the 3
boundary. It is obvious that their notation/structure does not fit to the experimental

observations in the presentstudy | ST-ST |and | RP -A9- RP - A9]|.

7.3.2. Cu-Ta system

The formation of spherical, nanometer sized Ta-rich particles is only observed at or
near GBs, leading to the conclusion that GB diffusion is the dominant process, while
diffusion into the grains is not possible at this temperature. This is not surprising
since Ta diffusion tends to zero in bulk Cu below 1000°C and the annealing treat-
ment here was performed at 600°C [123]. Apparently, diffusion of Ta along the entire

~ 1 um long Cu tilt GBs occurred during the heat treatment for 24 h at 600°C. Ta dis-
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tributes along the GBs during annealing, but does not diffuse into the grains since the
bulk solubility of Ta in Cu is essentially zero below ~ 1038°C [122]. During cooling, the
solubility of Ta at the GB decreases and excess Ta atoms accumulate to form spherical
particles. In total, three steps are observed and the GB moved in total ~ 18 nm, which
would correspond to an average velocity of 2-1074 %’@ to the right side (considering
a constant movement for 24 h). It can be assumed that while Ta homogeneously dis-
tributes along the GB it lowers its mobility at 600°C due to the solute drag effect [155].
During cooling, Ta precipitates out at the GB and the mobility of the Ta lean parts in-
creases. It seems that the GB groove at the film surface acts as a step nucleation site
first promoting the motion of the upper part of the GB. Subsequently, this part of the
boundary starts migrating and sweeps across the Ta precipitates and gets pinned at
its backside. The exerted backstress of the particle impedes GB migration. This pin-
ning of GBs by particles was discussed in theoretical studies before and is known as
Zener pinning [55]. The Zener model describes grain growth of a particle containing
matrix, where the driving force for GB migration is counteracted by a pinning pres-
sure between the surface of the particle and the GB plane [54, 114]. Depending on the
direction of GB migration and the position of the particles, they can either exert an
attractive or repelling force on the GB. It is proposed that the particles induce a local
curvature in the GB, which then leads to a driving force towards the particle. This is
schematically depicted in Fig. 7.11 (a), adapted from [114]. Applying this force bal-
ance to our experimental observations allows to estimate the fraction oflocal pinning
force on the GB for a given particle radius r, even though the local surface tension y

between GB and particle is not known:
F, =2mrysin(0) cos(0) (7.1)

In equation 7.1, 6 defines the contact angle between the average surface of the GB
plane and the point where it crosses the particle [54]. The force on the GB is at its
maximum (attracting or repelling) for an angle of 45°. In the experimental image,
the GB does not follow a smooth curvature but appears discontinuous and deviates
strongly from the exact model (see Fig. 7.11 on the right the white line). This makes it
difficult to precisely determine the correct contact angle. But here, two variants can

be calculated and it can be assumed that the real value lies in between these two. First,
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the angle between the particle center and the kink (marked in red in the figure) can be
measured to an angle of ~ 45°, which means that maximum force is pulling on the GB
in the observed configuration. Secondly, one can measure from the particle center
to the point of contact (marked in green) an angle of ~ 25°, which leads therefore to
~ 77% of the maximum force. Since the GB moved to the right side considering the
GB steps from Fig. 7.5(e), the particle is exerting a repelling pinning force on the GB
at this moment. A single nano-sized particle is in principle not enough to pin a whole

GB, but with a higher particle density the Zener model predicts a limited grain size.

(a)

(b)

Fig. 7.11.: Comparison of the Zener model and experimental TEM image: Sketch
of the Zener pinning adapted from ref. [114] (a) in comparison with an
experimental HRTEM image (b).

The atomic resolution images clearly reveal the Zener effect of Ta particles at Cu GBs.
The observations are in excellent agreement with theoretical studies [55, 123, 156,
157] and the proposed Zener model [54, 114]. Hence, the segregation of Ta to Cu
GBs and the associated GB pinning by Ta particles can be associated to the kinetic

approach for stabilizing microstructure.
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7.3.3. Cu-Zr system

A recent study by Khalajhedayati et al. shows that adding Zr not only leads to a sta-
bilization of the microstructure of nanocrystalline Cu-Zr alloys, but also increases
the strength while conserving partly the ductility of polycrystalline Cu [120]. In their
study, they presented that either AIFs form at the GB or that Zr homogeneously dec-
orates the GB, depending on the processing route of the material. They propose that
the AIFs reduce the GB mobility and ductility is partly retained, while homogeneous
Zr decoration only reduces GB mobility and leads to embrittlement. However, direct
atomic scale correlation of the presence and effects of Zr on the GB structure (with
EDXS for example), also compared to clean GBs in their material, are missing in the
study [120]. In a different publication, however, they presented some EDXS analysis
in lower magnification in similar samples and showed a slightly inhomogeneous Zr
segregation and a Zr concentration as high as ~ 7at.% [158]. Another study of Pan et
al. [121] deals with atomistic calculations of the Zr segregation behavior at different
GBs considering several Zr concentrations and annealing temperatures. They found
that AIF formation depends on the Zr concentration, the GB structure and anneal-
ing temperature. Low Zr concentration and low annealing temperature lead more
to defined segregation and a crystalline GB structure, while increasing both leads to
amorphization. The concentration and temperature for the transition also depends
strongly on the GB structure. In the present study, considering the two different 2 19b

variants observed, three different phenomena can be observed:

1. The £19b(187) reveals a homogeneous decoration of Zr, which induces a high
degree of structural disorder at the GB core, but still remaining partly the crys-
talline structure of the original GB. The observed segregation layer at the GB
was found to be pure Zr with an average solute atomic excess of 2.52 + 0.24 %
by APT. The structural disorder indicates that in addition to Zr segregation, the
grain boundary energy is further reduced by an increase in the GB entropy. This
observation supports the two studies of Khalajhedayati et al. [120] and Pan et al.
[121], since also a strong disordering occurs. Furthermore, such a disordering of
the GB by Zr will also have a strong effect on the plastic behavior, in particular

the dislocation nucleation, as was shown by molecular dynamics simulations
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[159]. The overall picture on the results can be interpreted as a reduction of the
GB free energy by solute segregation and disordering of the atomic structure

[15,17].

2. An asymmetric variant of the = 19b (253) shows high Zr segregation to GB steps.
The steps are incorporated to compensate for the asymmetric inclination of the
GB and it was shown that the steps Burgers vector is [011] with pure edge char-
acter. Zr was observed to preferentially segregate to these GB steps instead of
decorating the planar symmetric GB segments as was found in the pearl struc-
ture. Similar to the planar GB, the core structure of the step appears more dis-
ordered upon Zr segregation. Such an anomalous segregation behavior was re-
vealed at faceted GBs in silicon and was associated to the core structure and
strain of the GB facet junctions [92]. An indication of minor Zr segregation to the
symmetric facets is found indirectly by the occurrence of partially disordered
structural units. These observations indicate that Zr segregation is strongly af-

fected by GB topology.

3. As shown in Fig. 7.9, minor structural transitions at the symmetric facets are
observed. The green sub-unit, or T unit, transforms irregularly to the red, S
sub-unit leading to a disruption of the periodicity of the GB structural unit ar-
rangement. This chemically-induced effect is assumed to be related to Zr in-
corporation in the GB. It implies that different degrees of disordering can be
introduced in a GB depending on Zr concentration, as also suggested by atom-
istic simulations [121]. The SU might transform due to local chemical changes

and rearrange in order to minimize the GB free energy.

These atomic scale observations directly confirm the atomistic origins of Zr segrega-
tion to different [111] tilt GBs in Cu. Overall, Zr induces disordering of the structural
units as well as the core structure of GB steps, strongly affecting the GB properties.
The preferential segregation of Zr to GB steps can have important implications in nc
materials since their nano-scale grain size implies a high density of such GB defects
[120]. The observations for Zr indicate that it contributes to the microstructure stabi-
lization through the above introduced thermodynamic approach, which is described

by a reduced GB energy and thus, a lower driving force for grain growth.
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7.4. Conclusion

In this paper, a systematic study of the atomic scale GB structure and related segregation-
induced effects by Ta and Zr on the same GB are investigated. The chosen GBs are two
symmetric £19b and its slightly asymmetric variants. The employed high resolution

microscopy techniques revealed the following conclusions:

1. The two symmetric Z 19b exhibit very complex structures with different struc-
tural sub-units and periodicity and cannot be described by the structural unit
model. Slightly asymmetric variants of the two GBs reveal a different behavior
in compensating the asymmetry. While the X195, (253) includes steps into the
structure, the X195, (187) includes additional structural sub-units in a periodic

manner.

2. Ta segregation was achieved by GB diffusion during an annealing treatment at
600°C. The formation of nanometer sized Ta precipitates is observed at or close
to the GBs. One specific Ta precipitate was found to pin the GB via Zener Pin-
ning by locally distorting the GB plane, which exerts an attractive force on the

GB.

3. Zr is found to segregate to the GBs in different ways, depending on the local
atomic structure of the GB itself. For an asymmetric variation of the £ 195, (187),
a homogeneous formation of a pure Zr layer was observed. The presence of the
Zr induced a higher disorder in the GB core and transformed some structural
units, by distorting them or removing atomic columns. On an unknown GB
with homogeneous Zr segregation, a Zr concentration of ~ 1.6 at.% was mea-
sured with APT. The asymmetric variation of the £ 19b, (253), revealed inhomo-
geneous Zr segregation to its steps, while the symmetric facets are mainly free
of Zr. The segregated steps show a much higher disorder compared to the clean
steps. Furthermore, small structural transitions of sub-units are observed inho-

mogeneously along the facets and close to the steps.

4. Interpreting the results with respect to the microstructure stabilization of non-

crystalline materials it can be concluded that Ta stabilizes via the kinetic ap-
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proach. This study supports the Zener pinning by Ta particles. The stabilization
mechanism of Zr, however, can be explained by the thermodynamic approach.
Due to the Zr induced disorder and structural transitions, the GB free energy
is lowered. With that the driving force for GB migration is lowered and the mi-

crostructure is more stable.
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8. Sulfur-induced embrittlement of high-

purity, polycristalline Copper

This chapter investigates the atomistic mechanisms of the embrittlement effect of
Sulfur in high purity Cu. The different materials come from different recycling steps
of the company Brixlegg and represent a real life engineering material. The GBs in
this material are random low and high angle GBs instead of being low X symmetrical
tilt GBs (as in the previous chapters), which is usually the case in applied materials in
daily life. Therefore, it is also important to extend the microstructural investigations
to these material classes. In this study, macroscopic investigations are coupled with
high resolution (S)TEM techniques and APT in order to determine the origin of sulfur
in random GBs. Three different alloys are investigated, with different sulfur concen-
trations; S14 (14ppm), S27 (27ppm) and S7920 (7920 ppm). This chapter is based on

the publication in the journal Acta Materialia [18].

8.1. Introduction

In this study, we establish a connection between the mechanical properties, with a
focus on embrittlement tendency, and a detailed microstructural characterization of
two high purity Cu alloys with 14 and 27 at. ppm S and a Cu-S alloy with a 7920 at.
ppm S concentration. Considering the low solubility of S in Cu and results from for-
mer studies, we focus on a high resolution observation of relevant microstructural
features such as random GBs. The aim is to explore the formation of Cu-sulfides and

GB composition to discover the microstructural based origins of S-induced embrittle-
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ment in Cu. The global grain structure of the alloys is characterized by SEM and EBSD.
Specimen for TEM and APT were extracted in the vicinity of GBs by FIB. In the high
purity Cu alloys (14 and 27 ppm S) neither sulphide precipitates nor S enrichment at
GBs was found by TEM techniques and APT. Even in an annealed sample with 27 ppm
S, no Cu-sulfide formation or increased S concentration at GBs was observed. The
formation of nano- and micro scale Cu,S particles is confirmed by electron diffrac-
tion and analytical STEM in the S-rich sample with 7920 ppm S. The impact of S on
the macroscopic mechanical properties and the influence on the grain structure are

discussed in detail.

8.2. Results

8.2.1. Tensile Tests

The mechanical properties of the three alloys are established by macro-sized tensile
tests. The corresponding stress-strain curves of sample S14, S27 and S7920 tested at
20° C, 200° C and 400° C with a strain rate of 1073 57! are presented in Figure 8.1 (a)-
(c). The UTS of S7920 exceeds with 190 M Pa at RT and 150 M Pa at 200° C both S14,
with 130 and 100 MPa, and S27, with 160 and 100 M Pa, respectively. At 400°C all
samples are similar with UTS of 60 — 80 M Pa. The ductility drops significantly with
increasing S content and with increasing temperature. A S increase from 14 ppm to
27 ppm leads to a reduction in ductility of 28% at RT and 66% at 400° C. Between 14
and 7920 ppm S the reduction in strain to failure amounts to 56% at RT and 63% at
400° C. In literature, this temperature effect is referred to intermediate temperature

embrittlement due to intergranular failure [129].

8.2.2. Macro-/Microstructure
OLM studies show no differences of the global surfaces of S14 and S27 (see Fig. 8.2

(a)-(c)). Both appear smooth and show a few etch pits or voids, which are most likely

stemming from sample preparation and casting. In S7920 a dendritic microstructure
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Fig. 8.1.: Tensile testing of the Cu-alloys: Stress-strain curves of the three Cu alloys at
room temperature (blue), at 200° (red) and 400° (yellow) at a strain rate of

1073571,

Alloy S14 Alloy 827

1 2&111

Fig. 8.2.: OLM and SEM characterization: (a) -(c) OLM images of the electro-polished
surfaces of the three copper alloys containing 14 ppm (a), 27 ppm (b) and
7920 ppm (c) sulfur impurities. In (d)-(f) the accompanying SEM micro-
graphs (secondary electron contrast) of the electro-polished surface from

the three alloys are presented.
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is found, where the dendrites are mainly free of precipitates, whereas in the interden-
dritic region large spherical precipitates have formed as demonstrated in the inset of

Fig. 8.2 (c).

A closer look into the microstructure using SEM shows a particle free surface and
slightly curved GBs for S14 and S27 as illustrated in Fig. 8.2 (d) and (e)). From these
observations, no indication for precipitate formation in S14 and S27 is detected. The
strongly increased S concentration of S7920 leads to the formation of 10um large
precipitates (see Fig. 8.2 (f)). The precipitates are located in the interdendritic re-
gions and it seems that they are surrounded by smaller precipitates. The shape of
precipitates at GBs is mostly lenticular while the precipitates within the grains have
a spherical shape. The dendritic regions show particle-free surfaces comparable to
S14 and S27, but also a much rougher surface. This increase in surface roughness
most probably results from electro-polishing with different etching rates for particles
and matrix. The precipitates are frequently disconnected from the GB and appear
fractured at the phase boundaries as indicated by the arrows in Fig. 8.2 (f). Using
EPMA-WDXS the precipitates are identified as copper-sulfides. The same technique
was used in S14 and S27, but the lateral resolution of EPMA is too low to resolve a

sub-micron sulfides.

SEM-EBSD was used to obtain information about the grain structure, size distribution
and the GB character and on the other hand to select GBs for TEM investigations (see
Fig. 8.3). The grain size in all three alloys is 2—4 mm and mostly random low and high
angle GBs are present, without a common zone axis for both grains. Furthermore,
the grain structure appears slightly textured. The EBSD map of $7920 reveals a curvy
nature of the GBs resulting from the dendritic structure, which is apparent in the other

two samples. Thus, it seems that the GBs follow the interdendritic regions.

8.2.3. Nanostructure and chemistry
In order to investigate the segregation and precipitation of S at GBs we prepared sev-

eral TEM specimens containing different GBs of each alloy. We investigated gen-

eral GBs, including HAGBs and LAGBs with different misorientations and random
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| Alysy T

Fig. 8.3.: EBSD characterization: EBSD scans of the three alloys with a step size of
1 pm. Each scan consists out of several single EBSD scans, which were finally
aligned for a single image. The insets show the corresponding inverse pole
figures. Color code: [100] red, [101] green, [111] blue.

GB plane inclinations. Even though segregation to LAGBs is unlikely and rarely ob-
served, there are examples in literature which showed different results for S in Fe and
for boron and carbon in ferrite and martensite [9, 160]. For example, Ainslie et al. [9]
showed that S can induce a formation of dislocation networks in a-iron and postu-
late that S segregation to dislocation cores is possible. Therefore, we investigated the
compositions of LAGBs and HAGBs with different GB character to compensate for a
possible anisotropic segregations [15]. In the following we will only show represen-
tative results of one GB per alloy, a HAGB in alloy S14 and §7920 and a LAGB in alloy
527.

Overview and atomically resolved STEM images of random GBs for each of the three
alloys are illustrated in Fig. 8.4. Due to the random orientation relationship of the two
adjacent grains, the complete structure of the GBs cannot be resolved since only one
grain can be tilted to a zone axis orientation at a time. The GB in S14 is a high angle
GB with one grain in [110] zone axis orientation and the GB plane slightly inclined
with respect to the electron beam (see Fig. 8.4 (a)). We do not observe any structural
changes of the GB or the presence of a second phase induced by S. The TEM specimen
prepared from S27 (Fig. 8.4 (b)) shows a low angle GB with one grain in [112] zone axis
orientation and the second grain with small twist and tilt components with respect to
the other grain. The GB is composed of regularly spaced dislocations at every fifth
lattice plane in order to compensate fora 6° misorientation of both grains. From Fig.
8.4 (a) and (b) it is difficult to draw any structural conclusions about the segregation
of S to the GBs, but it can be established that no nanoscale sulfides are formed at such

GBs.
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With STEM-EELS and EDXS, no S enrichment is found at the GBsin S14 and S27, indi-
cating that there is no clear sign for S segregation within the detection limits of these
techniques. Exemplary, the S — K, STEM-EDXS map at the GB from S27 in Fig. 8.4 (b)
is analyzed by the spatial difference method (see Fig. 8.5). In (a), the S— K,, elemental
map is overlaid with the HAADF image of the GB. The red, black and green rectangles
indicate the area from where the spectra in (b) were taken. The EDXS spectra of the
two grains (green and red) and the GB (black) show no S — K, peak or it is at least
within the noise level. Therefore we plotted a differential spectrum by averaging the
spectra of the two grains and subtracting the spectrum of the GB. But still no S - K,
peak is visible, indicating that no S is present at the GB within the detection limits
for EDXS. We also performed STEM-EELS measurements at the same GB. Again, no S
enrichment could be measured, but only a thickness change between the grains and
the boundary from 55 nm in the grains to 35 nm at the GB. These findings are further
supported by APT, a technique that provides highest chemical sensitivity since it re-
lies on mass spectroscopy [72, 161]. Fig. 8.6 presents an APT measurement obtained
from a GB of S27 (the one shown in Fig. 8.4 (b)). Both, the TKD map (Fig. 8.6 (a)) and
the detector density maps (Fig. 8.6 (c)), confirm the presence of the GB within the
apex of the needle shaped specimen. No distinct S segregation is observed at the GB,

as shown in the 3D atom map of Fig. 8.6 (b).

Here, both O and S atoms are highlighted as black spheres. The time-of-flight of S
and O ions are similar and hence difficult to differentiate. As we can see from the mass
spectrum in Fig. 8.7 (a), the possible ionic species containing S are S+ and S*. Zoom-
in views of the mass spectra sections for these two ions, colored in light blue and light
green respectively (see Fig. 8.7 (b)). According to the natural abundance of the S and
O [161], there is a strong overlap between the mass peaks of $** (marked in red) with
that of O* (marked in cyan). The mass peaks of S* (marked in black) also extensively
overlap with the main mass peaks of O** (marked in green). Comparing the probabil-
ities of different peaks being associated to either of the two elements, listed in Table
8.1, we may distinguish S from O through the peaks at 17 Da and 34 Da, since the vast
majority of the ions in these two peaks should belong to S?* and S* respectively. Con-
sidering these two peaks are minor peaks, we applied here the methodology outlined

in reference [162], whereby additional information from the single-particle detector
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Fig. 8.4.: High resolution STEM investigation of GBs from the alloys]: (a)-(c)
Overview HAADF-STEM images of random GBs from all three alloys. (d)-(f)
High resolution STEM resolving the GB morphology.

is used to discriminate between ions detected individually (single detection events)
and ions detected as part of a burst of ions emitted by the specimen (multiple detec-
tion event). It proved to be an efficient way to observe the minor peaks covered by the
background in the overall mass spectrum. As shown in Fig. 8.7 (a), the mass spectrum
colored in black corresponds to single detection events while the red is for multiple
detection events. As we can see that commonly the background consists of mostly
single detection events [162], therefore, from the mass spectrum for multiple events,
some minor peaks may be observed. Here, there are no clear peaks at 17 Da and 34
Da in both spectra, which means that the S content is very limited and the proportion
of S ions in the peak 16 Da and 32 Da is also limited. The two peaks mostly consist of
O ions. Thus, most black spheres shown in the 3D atom map (Fig. 8.6 (b)) represent
O atoms at the surface of the specimen which may originate from adsorbed O on the

specimen surface during sample transfer in air.

In addition, no precipitates are found at these GBs or within the grains of S14 and

S27 with TEM and APT. In the discussion section below, we will discuss the detection
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Fig. 8.5.: EDXS of a GB from alloy S27: (a) shows the annular dark field image of the
STEM-EDXS area containing a GB and overlaid with the elemental S map.
(b) shows three EDXS spectra belonging to the two grains and one to the
GB as indicated by the rectangles in (a). (c) shows a differential spectrum
governed by subtracting the average spectrum from the grains from the grain
boundary spectrum.

limits of EELS and EDXS with respect to S in more detail.

From S7920, two TEM specimens were cut out of the sample with a focused ion beam.
Conventional sample preparation was not successful since the copper sulfides drop
out of the samples during electro - polishing. The first specimen was taken from a GB
region between two of the large precipitates of Fig. 8.3 (c¢), named S7920, here. The
second specimen was directly extracted from one of the large precipitates located at a

GB and is named S7920,. STEM imaging in $7920; shows precipitates with diameters
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Table 8.1.: Natural abundances (%) of different S and O isotopes [163] and molecular

ions.

DA | 16 16.5 17 18

0 160-1- _ l7o+ 18 O+

% 99.757 - 0.038 0.205

S 3252+ 3352+ 34SZ+ 3652+

% 94.99 0.75 4.25 0.01

DA | 32 33 34 35 36

0 [2160)+ (1501?O)+ [160]80}+ (]?O].BO)+ (2130)+

[2170)+

% 99.515 0.076 0.409 0.0002 0.0004

S 3ZS+ 33S+ 34s+ s 36 S+

% 94.99 0.75 4.25 - 0.01
(a) (b)

TKD e Cu
® 0,8
SEM

100nm

1

101

Fig. 8.6.: APT investigation of a GB from alloy $27: (a) SEM image and corresponding
TKD map of an APT specimen fabricated from the grain boundary of S27
(from Fig. 8.4 (b)). (b) Corresponding APT measurement (LEAP 3000X HR)
with detector hit maps from the two grains. Here, small orange dots mark Cu
atoms and big black dots mark the O and/or S atoms.

ranging from ~5— 50 nm within the grains and at the GB (see Fig. 8.4 (c)). At high

resolution (Fig. 8.4 (f)), the structure of the precipitates cannot be resolved, because

they are not oriented with respect to the matrix. In Fig. 8.8 (a) and (b), STEM-EDXS
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Fig. 8.7.: Mass spectra and natural abundance of the corresponding isotopes of the
APT measurement: (a) Separate mass spectrum for single detection events
and multiple detection events. (b) A zoom-in view of the section from 15
Da to 19 Da and 31 Da to 37 Da. For comparison, the natural abundance of
different O* (cyan), S** (red), O** (green) and S* (black) isotopes are shown
on the right side in (b). As one can see, all possible ions of O and S overlap
strongly.
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maps of the S — K, signal are overlaid on the corresponding images of Fig 8.4 (c). It
clearly confirms that the small precipitates are copper sulfides while no S enrichment
at the GB can be detected between these particles. This is demonstrated with the
help of the two EDXS spectra, taken from the small particle and a part of the GB as
indicated by the blue circle and the red rectangle in Fig. 8.8 (b). In the spectrum, the
S — Ky peak appears only in the particle and not at the GB. This implies that none of
the alloys reveals S GB segregation or that the S concentration is below the detection

limit of STEM-EDXS.

(c) EDXS spectra

Cu-La],Z —— Spectrum from GB Cu-K
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Fig. 8.8.: EDXS of the small Cu, S particles: (a,b) STEM-EDXS maps with the S — K,
signal overlaid in blue with the HAADF images from fig. 8.4 (c) of S7920; and
(c) accompanying spectrum of a small particle compared to the GB region
indicated by the blue circle and red rectangle in (b).
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STEM investigations of S7920,, containing a large, lenticular precipitate located at a
GB are presented in Fig. 8.9. The contrast difference between the Cu matrix and the
sulfide stems from different milling rates in the FIB that translates into a thickness
difference at the phase boundary (see Fig. 8.9 (a) and (b)), while the long stripes in
Fig. 8.9 (b) come from curtaining during FIB milling. One phase boundary was inves-
tigated in different crystallographic orientations (as an example the matrix in [011]
orientation is shown in Fig. 8.9 (¢)), but no evidence for a special orientation rela-
tionship was found indicating an incoherent phase boundary. The crystal structure
of the precipitate was explored using high resolution STEM imaging, shown in Fig.
8.9 (d) and (e), SAD and image simulation with JEMS [164]. The structure was deter-
mined as low chalcocite Cuy S with monoclinic-prismatic structure mP144 P21/c and

is predicted to be a stable compound at RT [135].

(b) %

Fig. 8.9.: High resolution STEM investigation of the large Cu, S particle: (a) HAADF-
STEM image of a large, lenticular CuyS precipitate embedded at grain
boundary. (b) and shows the phase boundary between the precipitate and
the lower grain with the [110] direction parallel to the beam. (c) High-
resolution STEM image of the precipitate imaged along [101] and the cor-
responding FFT match the monoclinic crystal structure of low chalcocite
Cugs.

A STEM-EDXS map of the phase boundary from Fig. 8.9 (b) is illustrated in Fig. 8.10
(a) and the corresponding spectrum in (b). The S— K, peak appears in the precipitate
and not in the matrix. Phosphorous (P), is only detectable in the Cu, S particle and the
broad peak at ~3 keV that may be related to silver. The iron and cobalt signal results
from spurious X-rays from the interior of the microscope. The quantification with
the standardless Cliff-Lorimer method [57] obtained a stoichiometry of 2.7 : 1 (Cu:S)
and is, therefore, overestimated compared to Cu,S. This discrepancy originates from

copper redeposition while thinning the specimen with Ar+ ions and also from the
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TEM grid, which was made out of copper.

The S - L, 3 EEL spectra of the large Cu, S particles are compared with the EEL spec-
tra of the small precipitates from S7920, (see Fig. 8.11 (a) and (b)). The EEL spectrum
was taken from a precipitate located close to the vacuum. The S — L3 edge is well
pronounced in both samples and shows a small shoulder at 165eV in a steep slope of
the edge, followed by a plateau at ~175 eV and a second shoulder at ~182 eV. The sim-
ilarities between both edges indicate a similar electronic structure and hence crystal
structure between the large and small precipitates. The S — Ly 3 edge of the surround-
ing matrix region of the small particle (Fig. 8.11 (a)) is zero in the whole spectrum.
This is different for the surrounding region of the large precipitate. The S — L, 3 edge
shows an increasing signal with a small slope well before 165eV energy loss. This
signal arises from oscillations of the plasmon peak and the Cu — M; edge due to a
thickness of 56 nm. This feature is absent in $7920, with a thickness of 22 nm. In ref-
erence measurements we found that these oscillations become significant at sample

thicknesses of > 30 nm.

The Cu — L3 edges of the Cu matrix and the Cu, S particle exhibit a different shape
(Fig. 8.11). Inside the matrix, the signal shows no white lines due to the filled 3d band
[165]. Instead, there are two small peaks visible, stemming from Van-Hove singulari-
ties in the density of states [107]. In addition, a chemical shift of ~3 eV is revealed due

to the change in Cu oxidation state.

The GB chemistry of sample S27 after annealing at 500° C for 4 h shows no difference
compared to the former results. WDXS reveals no enrichment at different GBs, and no
precipitates were found in a large region surrounding the GB area (not shown here).
We also performed 6 APT measurements at a random GB. TKD was used to confirm
that all 6 APT specimens contained the GB, as detailed in Fig. 8.6. A representative
APT reconstruction and the corresponding concentration profile of S and O across
the GB are illustrated in Fig. 8.12. Once again here, no S enrichment at the GB is

observed.
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Fig. 8.10.: EDXS of the large Cu; S particle: (a) The STEM-EDXS Map with S— K, and
Cu - K, signal of the phase boundary from Fig. 8.8 (b) with corresponding
spectrum of the matrix (red) and the precipitate (blue).

8.3. Discussion

Macroscopic investigations of the alloys revealed a grain size of several mm. In the
alloy S7920, a dendritic structure was found with a large amount of Cu, S precipitates
surrounding mainly the GBs in the interdendritic regions. The in depth microstruc-
tural characterization of the initial alloys S14, S27 and S7920 shows no S enrichment
at GBs within the detection limits of WDXS, STEM-EDXS, STEM-EELS and APT mea-
surements. Annealing the alloy with 27 ppm S at 500° C for 4 h did not reveal S enrich-
ments at the GBs from APT and WDXS. Furthermore, no precipitates were found in
the alloys S14 and S27 within the grains and close to GBs. In the alloy §7920 with 7920
ppm S, monoclinic CuyS precipitates were found mainly at the GBs but also within

the grains with a size ranging from ~5 nm up to ~10u m.

The microstructural observations indicate that the S embrittlement of high-purity
Cu is not related to S enrichments at GBs, but a possible cause is the formation of
nanoscale, monoclinic Cu»S precipitates. These brittle precipitates, considered as
a GB irregularity, can favor void cavitation along sliding boundaries [166]. As dis-
cussed above, S diffusion in copper is anomalous. Moya et al. measured the S the
diffusion coefficient in copper for temperatures between 550 and 1000° C to Ds5pe ¢ =
8-10712 ‘;’_—”12 and Dyggpoc = 7.6- 1078 ‘%ﬁz [133]. These values are up to two orders of

magnitude higher compared to other elements (e.g. Co, Ni). The formation of Cu, S is
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Fig. 8.11.: EELS of the Cu;S precipitates and the Cu matrix: EEL spectra of the S —
L, 3 edge of the small (a) and large (b) precipitate and the EEL spectra of
the adjacent Cu matrix. The #/A value corresponds to the thickness of the
measured region with A being the inelastic mean free path in Cu. The blue
curve represents the measurement of the particle and the red curve of the
accompanying matrix close to the precipitate. Note that the broad peak
measured in Cu (b) is not due to S (see text for details) (c) Cu— L, 3 edge
of the large precipitate and the Cu matrix. Note the chemical shift of ~3 eV
and the differences in the near edge fine structure.

described to be very fast so that during slow solidification and cooling (indicated by

the large grain size) S atoms diffuse to the GBs and form these sulfides.

In the following we discuss shortly the detection limits of the employed methods and
the detection of S in this study. After that we will draw a connection of the microstruc-

ture to the mechanical properties of the Cu alloys.
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Fig. 8.12.: APT investigation of the annealed S27 alloy: (a) TKD map of an APT speci-
men, prepared from the GB of alloy S27 after annealing. (b) Corresponding
APT reconstruction of the specimen, displaying the Cu as orange and the
$*2 | O* atoms as black dots. (c) Concentration profile of $*2 / O* along
the APT specimen (Note that both elements overlap strongly in APT mass
spectra).

8.3.1. Detection Limits

The compositional resolution of the employed techniques plays an important role
since we are dealing with very low impurity concentrations in S14 and S27, with 14
and 27 at. ppm respectively. In ref. [67] the analytical sensitivity of an uncorrected
STEM was determined to ~0.12 wt. % in a Cu-Mn alloy. This study [67] also mentioned
that the limit can be increased by a factor of ~3 by using an aberration-corrected mi-
croscope. Furthermore, M. Watanabe and D.B. Williams reported on the detection of
single atoms in the analysis volume of thin specimen with EDXS [167]. This becomes
possible with the use of corrected electron optics, equipped with a field emission gun
and the highest possible X-ray collection efficiency. They also show that the specimen
thickness plays an important role. They measured single Mn atoms in a 10 nm thick
Cu —0.1% Mn foil, whereas a thickness of 30 nm leads to a detection of only 10 Mn

atoms. Taking this into account, we can assume that our detection limit of S in a Cu
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matrix should be well below 300 ppm and even better in very thin samples. A further

description for the detection limit in EDXS can be found in [57].

In EELS, the minimum detectable concentration is in general lower than for EDXS.
It is reported that down to 10 ppm for transition metals and down to 20 ppm for Ca
in organic specimen are measurable [59]. Therefore, we conclude that the detectable
limit for S in Cu is in a similar range depending on the sample thickness and quality.
The EELS measurements of S, in our study with specimen thicknesses of > 30 nm are
mainly limited by oscillations from the plasmon peak and also the Cu — M; edge that

obstruct a weak S signal.

8.3.2. Sulfur detection in our study

Assuming a homogenous distribution of S within the samples, the S concentration
ranges in S14 and S27 lie below / close to the detection limit of EELS. However, the
local S concentration in nanoscale Cu-sulfides or at decorated GBs is expected to be
higher than the chemical sensitivity of EELS in the electron microscope. Henderson
and Sandstroem reported on the S-induced embrittlement of oxygen-free high con-
ductive copper with a S impurity concentration of ~6 — 10 wt. ppm (similar to the
alloys S14 (7 ppm) and S27 (14 ppm) here) [130]. They calculated that, in a case where
the entire S excess impurities (considering the solubility of S of 5 ppm at 600° C) was
to segregate to GBs, an average coverage of 0.36 — 2.2 monoatomic layers for a grain
size between 60 m and 370 m is obtained. Using AES, they found a S concentration
of ~2 to 8 at. % at fractured GBs. In order to quantify the S segregation in their case
we make use of the GB enrichment factor from the segregation model by McLean,
which is defined as the ratio between the S concentration at the GB and the S bulk
concentration: f = % (15, 50, 168]. Applying this model to the numbers from Hen-
derson and Sandstroem [130] translates to a GB enrichment factor of ~1600 — 4000
for S in Cu for their alloys. A slightly higher value is reported in literature by Pineau
et al., where they found a GB enrichment factor of S in Cu of ~11500 [169]. Further-
more, GB enrichment factors for S in Ni and Fe are reported to be even higher than

for Cu of ~20.000 [15]. Assuming GB enrichment factors between 1600 and 11500 with
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a minimum bulk S concentration of 5 ppm translates to an average S concentration
at the GBs of ~1 to 6 at. % for the alloys S14 and S27. These concentration levels
are detectable with all employed microscopic techniques. However, GB segregation
can be strongly anisotropic depending on the GB character and chemistry [170-172].
This can also explain the large scatter in GB enrichment factors found in literature.
Therefore, we investigated different random high and low angle GBs with different
misorientations and GB plane inclinations. Since we never observed any S enriched

GBs we conclude that S is trapped in nanoscale Cu, S precipitates.

According to the equilibrium phase diagram [135], there is the possibility that Cu-S
precipitates form even in the samples with low S concentrations, which we were not
able to detect in our study. The limitations in measuring trace impurities or extremely
small particle densities arises from the detection limits and sampled specimen vol-
ume of the employed technique. Assuming that all S atoms contribute to the forma-
tion of nanometer sized Cu, S precipitates (e.g. a few nm to ~10 nm), as described in
the introduction, this would translate into a particle density of up to ~20000 particles
per mm? (or 0.00002 particles per um?3). With EPMA, an elemental resolution down
to a few tens of ppm is accessible while the lateral resolution is ~1p m, which corre-
sponds to a sampled volume of ~103um®. However, the lateral resolution of EPMA
is too low for detecting confined S-rich regions at GBs or small precipitate sizes and
densities. TEM and APT have much higher lateral resolution, in the sub-nanometer
range, and the detection limit for light elements is ~100 ppm for TEM and a few tens
of ppm for APT. However, considering the small specimen volumes of TEM and APT
with typically less than ~1 . m? and 0.002u m?, respectively, the probability to observe
one particle is extremely low and would require the measurement of thousands of

samples to maybe detect only one single particle.

8.3.3. Connection to the mechanical data
Nevertheless, a likely scenario is that S forms small Cu,S precipitates, with a higher

probability at GBs, as described in [132] that are then contributing to the embrittle-

ment of Cu. In the tensile test of Fig. 8.1, we also observe a hardening effect with
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increasing S concentration even between S14 and S27. This could be interpreted as
precipitation hardening and therefore supports our hypotheses. In §7920, we found
precipitates ranging from several nm to several u m in size. They were mainly located
in the interdendritic regions at GBs and within the grains. Large precipitates showed
a lenticular shape at GBs and a round shape in the grains. The EELS measurements
of the small and large precipitates show no difference in the S - L, 3 edge indicat-
ing that the precipitates have a similar crystal structure. At the same time, we never
observed any enrichment of S at GBs with EDXS, EELS and APT, even in the sample
with the highest S concentration. These findings are in agreement with the mechan-
ical data, since not only an embrittlement, but also the hardening effect is observed
during loading as mentioned before. Furthermore, it also strengthens our hypoth-
esis that there is no pronounced solute segregation in S14 and S27, but most likely

precipitation.

The Cu, S phase itself exhibits a strongly brittle behavior [173] and such precipitates at
GBs are a place for crack initiation, because Cu, S acts as a nucleation site for cavities,
as reported by Henderson et al. [130]. The large precipitates in $7920 at the GBs pos-
sess incoherent interfaces with Cu. The precipitates at the GB are allotriomorph by
showing two symmetrical spheres separated by the GB which translates into a lentic-
ular shape [17]. We assume that these precipitates are responsible for the failure of
alloy §7920. In S14 and S27, we assume that small incoherent precipitates ~5nm (as
seen in §7920;) lead to a strengthening during loading, as can be seen in the tensile
test in Fig. 8.1, and incoherent precipitates with sizes of = 100 nm serve as crack ini-

tiation sites.

The tensile tests also show that with increasing temperature the embrittlement be-
comes more pronounced (Fig. 8.1). One possible explanation for this behavior is that
Cuy S undergoes a polymorphic transformation by increasing temperature or its stoi-

chiometric varieties (Cu,S) that then affect the crack initiation [174].

It has to be mentioned that hardening and strain to failure can also be slightly affected
by our tensile tests. The grain size, their distribution and orientation to the loading
axis also affects our mechanical experiments, since it is in a comparable size range

as the test specimen itself (several mm grain sizes compared to 10 mm sample size).
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Thus, the arrangement of GBs within the gauge length of the tensile sample can lead
to fluctuations in the measured fracture elongation and with this misinterpretation
of the mechanical behavior. This may be the case for the 400° C measurement in S27
of Fig. 8.1 (b), which seems as brittle as sample C at 400° C but with a much lower S

content.

8.4. Conclusion

The effect of different levels of S in Cu on the mechanical properties, microstructure
and chemistry was investigated. High-resolution STEM and the analytical methods
EDXS and EELS and APT are employed in order to explain the reduction in ductility of
Cuinduced by a variation in S content. Three samples with different S concentrations
(14 ppm, 27 ppm and 7920 ppm) consist of a polycrystalline grain structure with an
average grain size of ~2 —4 mm and mostly random high and low angle GBs. With
STEM imaging, STEM-EDXS and EELS no clear evidence for S enrichments at GBs
was detected in all three alloys considering the detection limit of the latter methods.
These observations are supported by APT studies in the alloy with a S content of 27
at. ppm. In the alloy with 7920 at. ppm S nano- and microsized Cu,S precipitates,
known as low chalcocite, were identified by STEM at GBs as well as within the grains.
It is speculated that the incoherent interfaces of the precipitates at the GBs lead to
crack initiation under load and are therefore responsible for the embrittling effect
in the alloy with 7920 ppm S. The alloys containing 14 and 27 at. ppm show also a
loss in ductility at elevated temperatures. While the mechanism was not resolved, we
propose that nanometer sized Cu, S precipitates have formed along the GBs serving

as crack initiation sites and thus promote early failure.
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In the present thesis, high resolution (S)TEM and its analytical techniques EELS and
EDXS, APT and atomistic simulations were used to study the detailed atomic structure

and local chemistry of random and special GBs in different Cu alloys.

Cu thin films have been grown on (0001) oriented Sapphire, which results in a poly-
crystalline, [111] textured thin film, containing mostly perfect tilt GB. The grain size
is bimodal and in the range of ~ 100 um and the grains adopt a cylindrical shape.
In this thesis detailed investigation on two different symmetric GBs have been per-
formed, the £19b (253) and X 195 (187) GBs. Due to the cylindrical shape of the grains,
asymmetric variations of the GBs are frequently observed. The atomic structure, ob-
served by high resolution STEM, was found to be very complex, with long period
structural units. The structures cannot be described by the conventional structural
unit model, since too many structural sub-units are needed to form the two bound-
aries, which cannot be described by two delimiting GBs. Even though the X 19b(253)
and X 19b (187) differ only in its GB plane inclination by 30°, the structure changes sig-
nificantly from the zipper to the pearl structure. Molecular static simulations at 0 K
produce the exact same GB structures. In asymmetric geometries, the zipper struc-
ture was found to introduce steps in the GB separated by symmetric (253) facets. The
amount of steps seems to scale with the degree of asymmetry. In case of the pearl
structure, no facets and steps are formed, but additional structural sub-units are in-

troduced. The higher the asymmetry, the more sub-units are added.

In GBs adopting the pearl structure, congruent GB phase transitions are observed
in symmetric and asymmetric cases, where the pearl structure transforms into the

domino structure. The experimental observations are complemented by evolution-
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ary search and atomistic simulations, which is a powerful combination to unravel the
thermodynamic nature of phase transitions of clean GBs and can greatly expand the
current knowledge of GB phase transitions. It is found that, due to the line defect sep-
arating the two GB phases, both phases can coexist over a wide range of temperatures
down to room temperature, even though the domino structure is metastable. A con-
gruent phase transition at an asymmetric, clean GB indicates that these interfacial

transitions can also occur at more general GBs, which was not considered up to date.

In addition, the effect of impurity atoms on the atomic structure of the X195 (253) and
£19b(187) GBs is investigated. As impurity elements Ta and Zr have been chosen,
since these are frequently used in nanocrystalline materials to stabilize the nc grain
structure. Ta and Zr thin films (50 — 100 nm thick) were deposited via sputtering onto
the Cu and were annealed in order to activate GB diffusion. With STEM and APT, the

atomic structure, structural transition and the chemistry were investigated.

Even though the diffusion of Ta in copper is negligible below 1000° C, diffusion along
the GB was activated. Nanometer sized Ta particle were found along the GBs. A spe-
cial particle was observed, which locally bent the GB plane due to the surface tension
between particle surface and the GB plane. This is described by the Zener effect and

leads to a pinning of the GB.

Adding Zr to the GBs leads to different results depending on the atomic structure, i.e.
for the zipper and the pearl structure respectively. In the pearl structure, the Zr segre-
gates homogeneously along the GB and induces a higher disorder. The GB appears
black under HAADF conditions. However, the original structure still can be seen,
which shows distortions and missing atomic columns in the sub-units. With APT a
Zr concentration of about ~ 1.6 at.% was measured at a random tilt GB in absence of
oxygen. l.e. pure Zr is segregated at the GBs. At asymmetric GBs with steps and sym-
metric zipper facets, Zr segregates only to the steps and induces a higher disorder.
The symmetric facets seem to be Zr free. However, structural transition are observed
from the trapezoidal to the rectangular sub-unit. This indicates that Zr is present,
which is just below the detection limit of EDS and EELS. It is assumed that due to Zr
segregation the local chemical potential changes and favors structural transitions and

lowers in this way the overall GB free energy.
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Both, Ta and Zr are promising candidates to stabilize the microstructure of nanocrys-
talline Cu. Ta pins the GBs with second phase particles and stops GB migration. Zr
causes GB disordering, which affects the mechanical behavior and most likely re-

duces the GB free energy and by this the driving force for GB migration.

The atomic structure of random GBs is hardly accessible by high resolution TEM due
to the random orientation of both grains. Nevertheless, it is important to pay also
attention to them and investigate their nature deeply. The random GBs were taken
from recycled Cu from the company Brixlegg with different S concentrations. The
effect of different S concentrations on the mechanical performance, the microstruc-
ture and chemistry was investigated. Macro-sized tensile tests showed a reduction
in ductility accompanied with a strengthening for increasing S contents. Even though
literature predicts solute segregation of S to the GBs, it was never detected by high res-
olution (S)TEM techniques nor with APT in all three alloys. In the alloys containing
most S, however, the formation of nano- and micron- sized Cu, S precipitates within
the grains and at GBs was observed. The structure of these precipitates is known as
low chalcocite. Since no other S enrichment could be detected it is assumed that the
particles, which have a brittle nature itself, may be responsible for the reduction in
ductility and the increase in ultimate tensile strength. Under loading conditions, the
incoherent interface at the GBs between the particle and the matrix can lead to crack

initiation and can promote early failure.

In summary;, this thesis investigates in detail the atomistic origins of GB phenomena
in pure Cu as well as alloyed Cu GBs. It becomes clear that GBs are very complex de-
fects which can exist in a large amount of different geometrical and chemical states.
Therefore, a lot of effort has to be made to get a generalized picture and understand
the atomistic mechanism at all kinds of GBs, since already small structural or chem-
ical transitions can have a large impact on the GB properties and therefore on the
macroscopic performance of the material. This thesis shows a ways how this can be
studied in detailed and be connected to the properties. It extends greatly the gen-
eral knowledge of GB segregation and phase transitions and can be effectively used
to make progress towards defined GB engineering. Summarizing, the following main

point have been achieved in this thesis and go beyond state of the art:
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9. SUMMARY AND FINAL CONCLUSION

1. This thesis presents the first experimental, atomic structures of symmetric Z19b

GBs and asymmetric near Z19b GBs (chapter 6 and 7). Furthermore, the first
direct experimental proof of congruent GB phase transitions is presented, by

using a combination of high resolution imaging and computer simulations.

. The effect of Ta and Zr on the atomic structure of a well defined GB is inves-

tigated in detail and directly connected to the mechanical stabilization mech-
anism in nc Cu. This work shows that Ta forms nano sized precipitates and
pins the GB via the Zener effect. Thus it stabilizes nc Cu via the kinetic ap-
proach. Zr induces disorder and structural transitions and depends strongly on
the type and atomic structure of the GBs. This lowers the GB free energy and
with that the driving force for GB migration and belongs to the thermodynamic

approach.

3. The investigation of ultra pure Cu and Cu-S alloys revealed that the embrit-
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tlement mechanism cannot be related to homogenous solute segregation of S
to the GBs. It is more the formation of nano meter sized Cu, S, which favor
crack nucleation and, thus, embrittlement. The detailed and scale bridging mi-
crostructural investigations (from mm to atomic distances) greatly extend the

current knowledge of this longstanding and still not understood phenomena.
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A. Appendix

A.1. Supplementary information to chapter 6

In the following additional information is provided to supplement the results from
the study presented in chapter 6. The first subsection deals with the multi-slice sim-

ulations of selected structures from the USPEX algorithm.

Grain boundary structures of simulated STEM images

The grain boundary energy of pearl structures is plotted against the number of in-
serted atoms [n] as fraction of the (178) GB plane in A.1 (a). The approximate loca-
tions of the input GB structures used for STEM image simulations in the plot are high-
lighted by red, green and yellow circles, respectively. In A.1 (b), (c) and (d), the corre-
sponding projections of the GB structures along the [111] tilt axis and perpendicular
to it are shown in the left and right panels, respectively. The ground state structure
of the pearl phase, as predicted by USPEX at 0K, with a GB energy of 0.835 J/m? is
shown in A.1 (b), highlighted in red. The higher energy structures with GB energies
of 0.932 J/m? (green) and 1.023 J/m? (yellow) are illustrated in A.1 (c) and (d). Loca-
tions where atoms are displaced from there ideal positions with respect to the [111]
viewing direction are marked by arrows in A.1 (b). The atomic displacements in these
regions leads to de-channeling of the electron probe and hence a reduction of the

HAADEF-STEM image intensity.
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Fig. A.1.: Input GB structures for STEM image simulations. (a) GB energy plotted

148

versus the number of inserted atoms [n] as fraction of the (178) GB plane.
The red, green and yellow circles indicate the locations of the GB structures
shown in (b) to (d). (b) to (d) show the three GB structures used for STEM
image simulation. The left panel shows the structure along the tilt axis [111],
the right panel perpendicular to the tilt axis. The colored boxes indicate
where these structures are located in the energy plot.



A.1.1. Grain boundary phase transitions at finite

temperatures

A.1.2. Symmetric tilt grain boundary

To model the transition from the metastable domino phase to the pearl phase, we per-
formed independent isothermal simulations at temperatures of 300 K, 400 K, 500 K,
600K, 650K, 700K, 800K, 850 K and 900 K. We used blocks with periodic boundary
conditions along the boundary as well as blocks with open surfaces. We also used dif-
ferent sizes of the simulation block to investigate the effect of the GB phase junction

length on the kinetics of the transformation.

Simulations with periodic boundary conditions parallel to the GB plane. We used
a simulation block with dimensions 3.6 x 34 x 14 nm® containing 1,339,740 atoms.
The z direction was normal to the GB plane. The simulations were performed for up to
200 ns. We observed a transformation of the domino phase to the pearl phase at 850 K
and 900 K. At temperatures below 850 K, the initial domino phase remained stable
and well ordered throughout the entire simulation. Based on these simulations, we
estimated the limit of pearl phase stability to be around 900 K. The simulations also

confirmed that the supply of atoms was not necessary for the transformation.

Simulations with open surface. When the boundary was terminated at an open sur-
face, we were able to observe the transition from domino to pearl at much lower tem-
peratures. In all of these simulations the pearl phase nucleated at the surface triple
junctions. The simulations showed strong effect of temperature on the kinetics of the
transformation. The initial simulation block had dimensions of 45 x 0.626 x 14 nm?
and contained 33,080 atoms. Here, the y periodic dimension, which also defines the
length of the GB phase junction, was only one periodic unit length along the [111] di-
rection Ly = ap x V3 = 0.626 nm. In this quasi-2d simulations, we were able to observe
the nucleation of the pearl phase at 400K, which was significantly lower compared to

the homogeneous nucleation at 850 K in a block with periodic boundary conditions.
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However, after the pearl phase nucleated, the migration of the junction was too slow
and we were not able to observe a complete transformation at this temperature. At
300K we did not observe pearl phase nucleation at all. More rapid nucleation ki-
netics and complete transformations were observed at higher temperatures of 500K,
600 K and 650 K. Already at 500 K|, the full transformation was completed within only
13 ns of the simulation. During this time, the two GB junctions travel the distance of
Ly = 45nm. In principle, these simulations allow to evaluate the velocity of the GB
junction and, by approximating the driving force as the GB energy difference at 0K,
even the mobility of the GB phase junction at 300 K can be predicted on the exper-
imental time-scale. However, while these simulations with the artificially short di-
mension Ly = 0.626 nm allowed to observe GB phase transitions at low temperatures,

they are likely to overestimate the mobility of the GB phase junction.

To study the effects of the GB phase junction length, we increased the size L, of
the simulation block by replicating the initial block along the periodic direction y 40
times. The final dimensions of the simulation block were 45 x 25 x 14 nm? and it con-
tained 1,323,200 atoms. The initial configurations were taken from the middle of the
500 K simulation and contained both the pearl and the domino phases. We obtained
the large simulation block for 200 s at 500 K and did not observe any substantial mi-
gration of the GB phase junction. This behavior was very different from a complete
transformation at the same temperature in a thinner block, in which the GB phase
junctions traveled the entire length L, of 45 nm. In these simulations, we effectively
froze the transformation at 500 K by making the GB phase junction longer. At higher
temperatures such as 650 K, we observed a complete transformation again even in

the thicker block during 48 ns of the simulation.

A.1.3. Asymmetric tilt grain boundary

The asymmetric boundary is 6° inclined relative to the symmetric orientation. Its
periodic dimensions were substantially larger than that of the symmetric boundary.
As a result, we did not attempt a full grand canonical optimization of the boundary

with USPEX. Instead, we used the common gamma-surface method which neverthe-
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less generated both pearl and domino structures with energies of yg;, = 0.87] I m?
and 0.89 J/ m?, respectively. Due to the different inclination, the energy difference
between the two structures reduces to 1.9%, which is even smaller than that for the
symmetric GB. The structures of both asymmetric pearl and domino ground states

are shown in A.2.
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Fig. A.2.: Asymmetric grain boundary structures. (a) Ground state pearl and (b)
metastable domino structures of the asymmetric boundary at 0K. The two
structures have the same number of atoms and correspond to two different
translations of the bulk grains relative to each other.

Despite the smaller energy difference at 0 K, the pearl phase remains more stable at
finite temperature for the asymmetric GB. MD simulations of a transformation from
domino to pearl structure were performed at 600 K, 700 K, 800 K and 900 K using sim-
ulation blocks with dimensions of 34 x 2.5 x 3.1 nm? containing 43,248 atoms. At
these temperatures, we observed complete transformations to pearl phase as illus-
trated in A.3 and A.4. We intentionally used a relatively small size L, = 3.1 nm to sta-

bilize the asymmetric configuration.
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Fig. A.3.: Early stage of the asymmetric grain boundary transformation at 600 K.
Nucleation of a pearl GB phase at the open surface (left) at the asymmet-
ric GB at 600 K.

Fig. A.4.: Completed asymmetric grain boundary transformation at 600 K. Asym-
metric pearl GB phase after the transformation at 600 K is complete. The
boundary remains asymmetric.

Interestingly, at a temperature of 600 K, the GB in the pearl structure remained asym-
metric, while at all higher temperatures the symmetric configuration appears. The
nucleation of the asymmetric pearl phase from the open surfaces at 700 K is shown in
A.5. The transformation from the initially asymmetric domino structure to the sym-

metric pearl phase is illustrated in A.6.

Fig. A.5.: Early stage of the asymmetric grain boundary transformation at 700 K. (a)
and (b) show the nucleation of the pearl GB phase from the open surface on
the left of the simulation cell. (c) and (d) from the right.

152



sssssss

Fig. A.6.: Asymmetric to symmetric grain boundary transformation at 700 K. The
asymmetric domino structure transformed into a symmetric pearl phase in
MD at 700 K.
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A.2. Influence of grain boundary inclination on

the atomic structure of [111] tilt GBs

The two symmetric GBs (zipper and pearl structure), presented in this thesis, differ
only in GB plane inclination by 30°, but show a very different GB core structure. Since
the grains have a cylindrical shape, the GBs are often not perfectly symmetric, but
show slightly asymmetric variations. While the X 19b(253) forms steps between sym-
metric facets, the 219 b(187) introduces additional structural sub-units into the GB

core structure.

In case of the zipper structure (£ 19 b(253)), the GB incorporates steps between sym-
metric (253) facets. Two examples are shown in Fig. A.7 with different GB plane in-
clination, namely (a) (431)(1265) and (b) (132)(121). The steps shown a much more
disordered structure than the symmetric facets and structural units can not be iden-
tified. The step spacing between the facets in the two GBs is very different. In Fig.
A7 (a)isis ~ 2.5 nm and in Fig. A.7 (b) ~ 5.2 nm. Therefore, it can be concluded that
the amount of steps scales with the degree of asymmetry, which is in (a) ~ 10° and in
(b) ~ 5.5°. Thus, the asymmetry is roughly doubled from ~ 5.5° to ~ 10° and the step
spacing is also reduced by roughly a factor of two. To visualize the different GB planes,
the two asymmetric planes from Fig. A.7 (a) and (b) are translated into the symmetric
> 19b(253) from chapter 7 in Fig. 7.2 (a). This is shown in Fig. A.7 (c), where the or-
ange line corresponds to the inclination in Fig. A.7 (a) (431)(1265) and the red line to

Fig. A.7 (b) (132)(121). The purple line belongs to the symmetric (253) plane.

In the pearl structure, a different behavior is observed and is demonstrated in Fig.
A.8 (a) and (b), also for two different asymmetric GB inclinations. The inclination
can be described by the planes (21011)(156) in (a) and (16117)(615) in (b). Instead of
forming symmetric facets separated by GB steps, additional structural sub-units are
incorporated into the GB core, which is indicated by the colored arrows in Fig. A.8
(a) and (b). A corresponding magnified view is given by the yellow and red box. The
extra sub-unit appears similar to the pearl unit in a slightly modified/distorted way. In

(a) the spacing between those sub-units is ~ 7 nm and in (b) ~ 2.5 nm, which results
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(a) 45.5°[111],431)(1265) (b) 47°[111],(132)(121) ()  Y19b[111],(253)

10° off from symmetric 5.5° off from symmetric 431)(12 65) ,(132)(121) ,(253)

Fig. A.7.: Influence on the GB inclination on the zipper structure:(a) and (b) show
HAADF STEM images on two different, asymmetric zipper structures. In (c),
their GB planes are transferred to a symmetric £19 b (253) to visualize the
GB plane differences.

in a ratio of roughly 1 : 3. In addition, the GB in (b) appears not straight anymore
but reveals a wavy character, which locally changes the plane inclination back and
forth. MD simulations at 0K at an asymmetric (011)(927) (which is very close the
the GB in (b)) results in the same behavior, as shown in Fig. A.8 (c). Also here the
GB shows a wavy character and introduces additional sub-units, indicated by orange
arrows. The inclination in Fig. A.8 (a) differs from the symmetric (187) plane by ~ 1.5°
and in (b) by ~ 3.2°, which is a ratio of roughly 2 : 1. Thus, with higher degree of
misorientation, more sub-units are introduced. The wavy character is not seen for
the less asymmetric GB (as in Fig. A.8 (a)), but only at higher degrees as in Fig. A.8 (b).
In Fig. A.9, the GB planes of the symmetric and two asymmetric GBs are compared.
For that each image was aligned with respect to the (022)-planes and then a line was
drawn along the GB (see (a) for the symmetric (187) GB, (b) and (c) for asymmetric
(21011)(156) and (16117)(615)). In Fig. A.9 (d) all planes have been translated to the

symmetric GB to visualize the different inclinations. Higher inclinations, as in the
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zipper structure with ~ 10° have not been observed in the pearl structure.

(a) 47°[111],(2 10 11)(156) (b) 48°[111],(16 1 17)(615) (C) 46.83° [111](011)(927)

Fig. A.8.: Influence on the GB inclination on the pearl structure: (a) and (b) demon-
strate two HAADF STEM images different, asymmetric pearl structures. In
(c), a corresponding MD simulation was carried out on a similar asymmetric
boundary showing very similar characteristic compared to the experiment.
The arrows indicate in each case the positions of additional sub-units. Be-
low each images a magnified view on these additional sub-units is shown.
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(a) symimetric (b) 1.5° off symmetric (¢) 3.2° off symmetric (d) comparism GB planes

=

Fig. A.9.: Comparison of the GB inclination of the symmetric and asymmetric pearl
GBs: (a-c) show HAADF STEM images of the different pearl GBs and the col-
ored line indicates the GB plane inclination. In (d) all GB planes are trans-
ferred to the symmetric X 19 b (187) to visualize the inclination differences.
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