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Abstract

The macroscopic strength of metals is determined by the dislocation arrangements that are formed
when dislocations slip in the crystal lattice in response to the applied stress. Despite the extensive research
carried out, the transition from uniform to non-uniform dislocation structures is not yet fully understood. This
information is however essential to support the development of computational models that aim to predict
dislocation patterning. Lattice rotation caused by the presence of dislocations is, for instance, a parameter that is
often not taken into account in computational models although it plays a role in the development of dislocation
ensembles. Experimentally following in-situ dislocation patterning including involved lattice rotations at
lengthscales comparable to those in simulations is not straightforward. In fact, the current available techniques
that have the necessary spatial and angular resolution are either destructive (3D-EBSD) or very time consuming
(3D X-ray Laue diffraction).

In this dissertation we present a new experimental approach that allows following lattice rotation and
dislocation ensembles time-resolved during deformation. The technique is based on X-ray Laue diffraction
scanning in transmission mode, which provides a sub-micron spatial resolution in 2D and statistical information
on orientation spread in the third dimension. The in-situ mechanical tests are performed at the microXAS
beamline of the Swiss Light Source Synchrotron. The method has been applied to understand dislocation
patterning of copper single crystals occurring in the earlier phases of low cycle fatigue. Samples with different
crystal orientations (single crystal, coplanar and collinear) have been cyclically deformed up to a maximum of
120 cycles. A dedicated miniaturized shear-fatigue device compatible with Laue diffraction has been constructed
for that purpose and a sample preparation based on picosecond laser ablation has been developed.

The developed procedure analyzes the evolving dislocation microstructures in terms of lattice rotation, lattice
curvature and geometrically necessary dislocation densities at lengthscales similar to those addressable in
computational models. It sacrifices on the fully 3D aspect but it brings the time resolution required to validate
ongoing simulations. It has been shown that the error made by integration depends on the dislocation network
expected. For instance, the technique can be used to validate 3DDD models or density based dislocation
dynamics models when applied in deformation geometries where the formation of 2D dislocation patterns are
expected (e.g. vein-channel structure in single slip oriented fatigued samples).

The greatest advantage of this technique is that the evolving regions are easy to follow due to the high rotational
sensitivity and time resolution of the method. What is more, the influence of the initial microstructure can be
evaluated and quantitative values can be provided. On the other hand, the principal drawbacks are related to the
gauge thickness of the samples. Even if the technique can estimate the orientation spread along the third
direction, the approach cannot physically resolve the integrated signal along the thickness. This is source of
uncertainty when providing actual values of lattice curvatures and geometrically necessary dislocation densities.
Another shortcoming is the sensitivity of the method to the energy distribution of the X-ray beam provided in the
beamline, which determines the collected signal - the principal basis of the subsequent analysis and
interpretation.

Keywords

Crystal rotation, dislocations, fatigue, in-situ mechanical testing, pattern formation, X-ray Laue micro-diffraction
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Zusammenfassung

Die makroskopische Stiarke der Metalle wird durch die Versetzungsanordnungen bestimmt, die
gebildet werden, wenn Versetzungen in dem Kristallgitter in Reaktion auf die aufgebrachte Spannung gleiten.
Trotz der umfangreichen durchgefithrten Forschung ist der Ubergang von der gleichférmigen zu
ungleichférmigen Versetzungsstrukturen noch nicht vollstdndig verstanden. Diese Information ist jedoch
wichtig, um die Entwicklung von Computermodellen zu unterstiitzen, die die Vorhersage der
Versetzungsstruktur zum Ziel haben. Gitterrotation, die durch das Vorhandensein von Versetzungen verursacht
wird, ist zum Beispiel ein Parameter, der haufig nicht in Rechenmodellen berticksichtigt wird, obwohl er eine
Rolle bei der Entwicklung der Versetzungsstrukturen spielt. In-situ Experiment, die Versetzungsstrukturen
einschliefilich der beteiligten Gitter Rotationen in Langenbereichen vergleichbar mit denen in den Simulationen
verwendeten messen, sind nicht einfach. In der Tat sind die derzeit verfiigbaren Techniken, die die notwendige
Raum- und Winkelauflésung liefern, entweder destruktiv (3D-EBSD) oder sehr zeitaufwendig (3D-Rontgen Laue-
Beugung).

In dieser Arbeit prasentieren wir eine neue experimentelle Methode, welche eine zeitaufgeloste Messung der
Gitter Rotation und der Versetzungsstruktur wahrend der Deformation ermdglicht. Die Methode basiert auf der
Rontgenbeugungsabtastung im Laue-Transmissionsmodus, die eine sub-mikrometer Auflésung in 2D und
statistische Informationen tiber die Orientierungsverbreiterung in der dritten Dimension bereitstellt. Die In-situ-
mechanische Priifungen wurden an der microXAS-Strahllinie des Swiss Light Source Synchrotron durchgefiihrt.
Das Verfahren wurde angewendet, um Versetzungsstrukturen von Kupfer-Einkristallen zu verstehen, welche in
den frithen Phasen eines  zyklischen Ermiidungstests auftreten. Die Proben mit unterschiedlichen
Kristallorientierungen wurden zyklisch mit maximal 120 Zyklen verformt. Zu diesem Zweck wurde eine
optimierte, miniaturisierte Scherung-Ermiidungs-Vorrichtung konstruiert, die kompatibel mit einem Laue-
Beugung Aufbau ist. Fiir die Probenvorbereitung wurde eine Technik auf Basis von Pikosekunden-Laser-
Ablation entwickelt.

Die entwickelte Methode analysiert die Evolution von Versetzungen in den Mikrostrukturen in Bezug auf die
Gitter Rotation, Gitterkrimmung und geometrisch notwendige Versetzungsdichten in Langenbereichen dhnlich
denen, die in den Rechenmodellen zugédnglich sind. Es opfert den vollen 3D-Aspekt, bringt aber die notwendige
Zeitauflosung, die zur Validierung der laufenden Simulationen erforderlich ist. Es hat sich gezeigt, dass der durch
die Integration verursachte Fehler stark von der erwarteten Versetzungsstruktur abhiangt. Zum Beispiel kann
die Technik verwendet werden, um 3DDD Modelle oder Dichte basierend Versetzungsdynamikmodelle zu
validieren, wenn Verformungsgeometrien angewendet werden, bei denen die Bildung von 2D
Versetzungsstrukturen zu erwarten sind (z.B. Venen-Kanal Struktur in Ein-Gleitebenen orientierten
Ermuidungsproben).

Der grofdite Vorteil dieser Methode ist, dass sich die entwickelnden Regionen aufgrund der hohen
Rotationsempfindlichkeit und Zeitauflosung des Verfahrens einfach zu verfolgen sind. Aufderdem konnen der
Einfluss der anfanglichen Mikrostruktur untersucht und quantitative Werte bereitgestellt werden. Auf der
anderen Seite hdngen die prinzipiellen Nachteile der Methode mit der Probendicke zusammen. Selbst wenn die
Technik die Orientierungsverbreiterung entlang der dritten Richtung abschitzen kann, kann die Methode das
integrierte Signal entlang der Dicke physikalisch nicht aufldsen. Dies ist die Fehlerquelle, wenn Istwerte fiir die
Gitterkriimmungen und die geometrisch erforderlichen Versetzungsdichten bereitstellt werden. Ein weiterer
Nachteil ist die Empfindlichkeit der Methode auf die Energieverteilung des Rontgenstrahls in der Strahllinie, die
das gemessene Signal bestimmt - die wesentliche Grundlage fiir die nachfolgende Analyse und Interpretation.
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Kristallrotation, Versetzungen, Ermiidung, in-situ mechanische Priifung, Musterbildung, Rontgen mikro-Laue-
Beugung

vi



Contents

Acknowledgements i
Abstract iii
Keywords iii
Zusammenfassung v
Stichwoérter vi
Contents vii
List of Figures xi
List of Tables xvi
List of symbols and abbreviations xvii
Chapter 1 Introduction 19
1.1  Overview of experimental techniques to follow dislocation dynamics 20

1.2 Overview of computational techniques to predict dislocation patterning .........eenneees 25

1.3  Motivation and objectives 30

1.4  Thesis structure 31
Chapter 2 Development of Experimental and Technical Aspects 33
2.1  Reversed shear system 33

2.1.1 Geometry of the sample 33

2.1.2 Sample preparation 37

2.1.3 Machine 44

2.1.4 Mechanical test 44

2.2 In-situ fatigue during Laue micro-diffraction at MicroXAS beamline 46

2.3 X-ray data analysis 49

2.3.1 Misorientation 50

2.3.2 Rotations 51

2.3.3 Curvature tensor 51

2.3.4 Dislocation density tensor 52

2.3.5 Shape of Laue reflections 53

2.3.6 Orientation scattering 54

2.4  Sample overview 55
Chapter 3 Single slip results 57
3.1  Single slip orientation 57

vii



Contents

3.2
3.3

3.4

3.5
Chapter 4
41

4.2

4.3
Chapter 5
5.1

Mechanical data 57
Sample S1-L 58
3.3.1 Evolution of misorientation angle 58
3.3.2 Evolution of rotations about X-Y-Z- aXeS.....msmmsssssssssssssssssssssssssssssessss 59
3.3.3 Lattice curvatures and dislocation density tensor components 61
3.3.4 Evolution of apparent GND density 65
3.3.5 Analysis of Laue reflections and orientation spread 67
3.3.6 Indexation error 73
Sample S1-R 74
3.4.1 Evolution of misorientation angle 74
3.4.2 Evolution of rotations about X-Y-Z- @XES....rmresmmssssssssssssssssssssssssssssssssssssenns 75
3.4.3 Lattice curvatures and dislocation density tensor components 77
3.4.4 Evolution of apparent GND density 80
3.4.5 Analysis of Laue reflections and orientation spread 81
3.4.6 Indexation error 86
Summary 86
Double slip results 87
Coplanar double slip 87
4.1.1 Mechanical data 87
4.1.2 Evolution of misorientation angle 89
4.1.3 Evolution of rotations about X-Y-Z- @XeS.....cmmsisssssssssssssssss 90
4.1.4 Lattice curvatures and dislocation density tensor components 91
4.1.5 Evolution of apparent GND density 95
4.1.6 Analysis of Laue reflections and orientation spread 96
4.1.7 Indexation error 100
Collinear double slip 102
4.2.1 Mechanical data 102
4.2.2 Evolution of misorientation angle 103
4.2.3 Evolution of rotations about X-Y-Z- axes ..104
4.2.4 Lattice curvatures and dislocation density tensor components 106
4.2.5 Evolution of apparent GND density 109
4.2.6 Analysis of Laue reflections and orientation spread 110
4.2.7 Indexation error 112
Summary 113
Discussion 115

[s picosecond laser ablation suitable for preparing small scale samples? .......coemeersneennes 115

viii



Contents

5.2 Mechanical response of the system and effect of the crystal orientation.....iisnnnn. 116

5.2.1 Consequences of an asymmetric mechanical loading system 116

5.2.2 Mechanical data 117

5.2.3 Different response depending on crystal orientation 118

5.3  Dynamics of dislocations 118

5.3.1 Stress-force relationship 119

5.3.2 Evolution of total strain and its distribution 119

5.3.3 Summary 122

5.4  Early formation of dislocation patterning: single slip orientation 123

5.4.1 Are initial GNDs dominating the formation of rotated regions? 123

5.4.2 Understanding dislocation microstructure in region F 123

5.5  Assessment of the transmission Laue micro-diffraction methodology 134
Chapter 6 Conclusion 139
6.1  Achieved results 139

6.2  Future development 140
References 143
Appendix 157
A. Drawings of the geometry of the sample 157

B Simulation model and materials parameters 157

C Drawings of the machine 159

D. Statistical representation of data 160

E Evolution of the slip resistance parameter in single slip sample 161

F Relationship between computed and experimental strains 162

G Lattice curvatures of infinite edge dislocation with its line along Z-axis 162

H. Average and sectional rotation fields of long Y&X-inclined long bundle 164

Curriculum Vitae 165







List of Figures

Figure 1.1 CSS curve and dislocation patterns of fatigued Cu single crystal oriented for single slip after
(Lietal., 2011)

Figure 1.2 Reconstructed dislocation evolution of fatigued Cu single slip (yp = 0.20%) after (Ahmed et
al., 2006)

Figure 1.3 Reconstructed evolution of GND densities of copper polycrystal during tensile testing after
(Jiang etal., 2013, 2015)

Figure 1.4 Reconstructed evolution of sub-grain structure during in-situ tensile loading of copper 5%

pre-deformed without (a) and with (b) strain path change after (Wejdemann et al., 2013) ....cccoueerreeerecens

Figure 1.5 2D distribution of local orientations (a), elastic strain tensor (b) and dislocation density

tensor (c) of elastically bent Si arch after (Larson et al., 2008)

Figure 1.6 TEM and schematics of cell, vein-channel and PSB structures. Pictures taken from (Mughrabi

etal, 1986; Suresh, 1998)

Figure 1.7 Simulated PSB structure in a surface grain of a polycrystalline steel after (Déprés et al.,
2004)

Figure 1.8 Simulated cell microstructure and surface roughness in fatigued single crystal nickel after
(Hussein and El-Awady, 2016a, 2016b)

Figure 1.9 Simulated cell patterns: a) after (Chen et al.,, 2013), b) after (Xia and El-Azab, 2015a, 2015b)
and c) after (Sandfeld and Zaiser, 2015)

Figure 1.10 Simulated vein-channel structure after (Grilli et al.,, 2015)

Figure 2.1 Geometries of several shear specimens found in literature: (a-c,f) after (Mayr et al., 1995),
(d) after (Fourmeau et al., 2011) and (e) after (Ames et al.,, 2010)

Figure 2.2 Miyauchi’s geometry for simple shear test after (HufSnatter and Merklein, 2008)......cccccccrmreeurmeeennees

Figure 2.3 FEM simulation of 100 um thick foil with a local 10 pm thin area in Miyauchi’'s geometry
(courtesy of A. Bollhalder)

Figure 2.4 Developed sample geometry for reversed shear fatigue compatible with Laue micro-
diffraction: a) sketch of the sample, b) zoom of the shear area, c¢) drawings and dimensions of the

specimen

Figure 2.5 Estimated stress in the shear area as a function of applied force and thickness (Um) .....ccccuueeenes

Figure 2.6 Distribution of the yxy strain tensor component of a single slip oriented sample at
maximum force of 5N

Figure 2.7 Schematic illustration of the F-yxyres hysteresis loop and determination of yxyp......mennees

Figure 2.8 Sequence of sample preparation prior local thinning.

Figure 2.9 Sequence of thinning down via e-beam lithography route

Figure 2.10 Confocal measurement on the e-beam exposed area after electropolishing

Figure 2.11 Illustration of picosecond laser ablation technique: a) adapted from (Attodyne website,

2013) and b) after (Leitz et al., 2011)

Xi

19

21

22

23

24

26

27

28

29
30

34
34

35

36
36

37

37
38
39
39

40



List of Figures

Figure 2.12 Optical images of ablated area in polycrystalline copper using a laser power of a) 10mW
and b) 50mW; c) Schematic view of the stair case concept; d) 3D topographic view of the ablated
area revealing an RMS roughness of 500nm over a length of 280 pm

Figure 2.13 2D logarithmic scale diffraction map of a Laue reflection around the ablated zone.....................

Figure 2.14 Results of picosecond ablation on single crystal copper with final shape: a) stair-shape
ablation inside the shear zone; b) ablation in the back-side of the specimen; c) unsuccessful ablation
result where the thin area was blown out

Figure 2.15 Schematic views and real image of the deformation rig that allows applying reversible
shear

Figure 2.16 Steps during fully reversible shear cycles

Figure 2.17 Multiple step test methodology

Figure 2.18 Snapshot of the LabVIEW program to control the machine and conduct cyclic mechanical
test

Figure 2.19 Experimental setup at the MicroXAS beamline

Figure 2.20 Schematic layout of the in-situ X-ray Laue micro-diffraction setup for reversible cyclic
shear

Figure 2.21 Simulated intensity versus the energy for two different undulator gaps at MicroXAS..............
Figure 2.22 3D view of (131) peak at 13.7 keV recorded with a gap opening of 5 MM .......c.coeermeermeeecreeeenneeenns

Figure 2.23 Maximum intensity vs. center of mass (the peak corresponds to the evolution of point B3
in S1-L -Figure 3.16)

Figure 2.24 Schematic of the analyzed aspects

Figure 2.25 Misorientation described by the axis-angle representation

Figure 2.26 Decomposition of rotation in three rotations around X-, Y- and Z-axes

Figure 2.27 Geometrical interpretation of the curvature components

Figure 2.28 Influence of different simple dislocation organizations on the Laue peaks. Adapted from

(Ice and Barabash, 2007)

Figure 2.29 Principle of the template matching

Figure 3.1 Crystal orientation and primary slip system (plane and dislocation line) for single slip
orientation.

Figure 3.2 Mechanical response of single slip oriented sample

Figure 3.3 Evolution of misorientation angle of sample S1-L. a) Spatial resolved maps; b) PDF functions
Figure 3.4 Evolution of rotations on the X-, Y-, and Z- axes (wx, wy and wz) of sample S1-L......ceoreenen.

Figure 3.5 Evolution of lattice curvatures and dislocation density components of sample S1-L.....ccccouuueerenn.

Figure 3.6 Representation of the observed lattice curvatures around region F

Figure 3.7 Evolution of azz and axx — ayy components of sample S1-L

Figure 3.8 Statistical distribution of the lattice curvature and Nye tensor components of sample S1-L......

Figure 3.9 Evolution of apparent GND density of sample S1-L

Figure 3.10 Evolution of the distribution of GND length of sample S1-1

Figure 3.11 Evolution of the (400) diffraction peak in region F of sample S1-L

xii

42
43

44

44
45
45

46
47

47
48
48

49
50
51
51
52

54
55

57
58
59
60
63
64
64
65
66
67
68



List of Figures

Figure 3.12 Diffraction peaks inside region F (position 1F) at cycle 0 and 120 of sample S1-L....ccreerereeenn.

Figure 3.13 (400) diffraction peaks inside region F (position 1F) at cycle 0 and 120 with rotation
directions about X-,Y-,Z- axes

Figure 3.14 Orientation scattering in the integrated volume of positions 1F and 2F in region F..................

Figure 3.15 (400) diffraction peak and orientation spread in the integrated volume at several positions
of region F (cycle 120)

Figure 3.16 Evolution of the (400) diffraction peak in region B in sample S1-1

Figure 3.17 Misorientation spread in the integrated volume of three points in region B in sample S1-L....

Figure 3.18 Indexation error distribution for each map in sample S1-L

Figure 3.19 Evolution of misorientation angle of S1-R sample. a) Spatial resolved maps; b) PDF
functions

Figure 3.20 Evolution of rotations on the X-, Y-, and Z- axes (wx, @y and wz) of sample S1-R....cccrrmerernrens

Figure 3.21 Evolution of lattice curvatures and some Nye tensor components of sample S1-L.....ccocceneeen.

Figure 3.22 Evolution of azz and axx — ayy components of sample S1-R

Figure 3.23 Statistical distribution of the lattice curvature and Nye tensor components of sample S1-R....

Figure 3.24 Evolution of apparent GND density of sample S1-R

Figure 3.25 Evolution of misorientation and shape of four diffraction peak in position A’ and position R

of sample S1-R

Figure 3.26 Streaking directions on top of the Laue reflections of position A’ at step 0.

Figure 3.27 Orientation spread in positions R and A’ at step 0, 50 and 120

Figure 3.28 (022) diffraction peak at different points of the spatial map at cycle 0 in sample S1-R..............

Figure 3.29 Indexation error distribution for each map in sample S1-R

Figure 4.1 Crystal orientation and primary slip systems (plane and dislocation lines) for coplanar
orientation.

Figure 4.2 Mechanical response of coplanar double slip oriented sample

Figure 4.3 Evolution of misorientation angle of sample S2-Cp. a) Spatial resolved maps; b) PDF
functions

Figure 4.4 Evolution of rotations on the X-, Y-, and Z- axes (wx, wy and wz) of sample S2-Cp.....ccuwrmeeerreeeens

Figure 4.5 Evolution of lattice curvatures and dislocation density components of sample S2-Cp .......ccouuueen.

Figure 4.6 Evolution of azz and axx — ayy components of sample S2-Cp

Figure 4.7 Statistical distribution of the lattice curvature and Nye tensor components of sample S2-Cp....

Figure 4.8 Evolution of apparent GND density of sample S2-Cp

Figure 4.9 Evolution of misorientation in selected points for orientation scattering analysis in S2-Cp........

Figure 4.10 Orientation scattering in the integrated volume and (311) diffraction peak at point A in S2-
Cp

Figure 4.11 Orientation scattering in the integrated volume and (311) diffraction peak at points C, E
and F in S2-Cp

Figure 4.12 Orientation scattering in the integrated volume and (311) diffraction peak at point G in S2-
Cp

xiii

69
70

71
72
73
73

75
76
79
79
80
81

83
84
85
85
86

87
88

89
91
93
94
95
96
97

98

99

100



List of Figures

Figure 4.13 Indexation error distribution for each map in sample S2-Cp

Figure 4.14 Crystal orientation and primary slip systems (planes and dislocation lines) for collinear
orientation

Figure 4.15 Mechanical response of collinear double slip oriented sample

Figure 4.16 Evolution of misorientation angle of sample S2-Cl. a) Spatial resolved maps; b) PDF
functions

Figure 4.17 Evolution of rotations on the X-, Y-, and Z- axes (wx, wy and wz) of sample S2-Cl......cccornevurreuenn.

Figure 4.18 Evolution of lattice curvatures and dislocation density components of sample S2-Cl..................

Figure 4.19 Evolution of azz and axx — ayy components of sample S2-Cl

Figure 4.20 Statistical distribution of the lattice curvature and Nye tensor components of sample S2-Cl...

Figure 4.21 Evolution of apparent GND density of sample S2-Cl

Figure 4.22 Orientation scattering in the integrated volume and (311) diffraction peak at points A, B
and C in S2-Cl

Figure 4.23 Indexation error distribution for each map in sample S2-CI

Figure 5.1 Review of the mechanical response for different crystal orientation

Figure 5.2 Schematic diagram of the machine and representation of transmission systems between
elements

Figure 5.3 Mechanical response when increasing displacement amplitude

Figure 5.4 Orientation dependence on strain hardening

Figure 5.5 Cumulative resolved plastic strain for different crystal orientations

Figure 5.6 Relationship between simulated stress and force for single slip, coplanar and collinear
oriented samples (courtesy of N. Grilli)

Figure 5.7 Evolution of the computed and experimental yxystrain with the cycles of single slip
orientation (courtesy of N. Grilli)

Figure 5.8 Evolution of total strain distribution at different cycling stages in single slip oriented
samples (courtesy of N. Grilli)

Figure 5.9 Evolution of the computed and experimental yxystrain with the cycles of double slip
orientations (courtesy of N. Grilli)

Figure 5.10 Evolution of total strain distribution at different cycling stages in coplanar and collinear
oriented samples (courtesy of N. Grilli)

Figure 5.11 Evolution of the GND density traces at cycles 0, 11, 50, 80, 100 and 120 on top of the
misorientation map after 120 cycles

Figure 5.12 Illustration of microstructural evolution of position 1 in region F

Figure 5.13 TEM images of dislocation structures after 4% cycles of copper at yTot=0.75% after
(Hancock and Grosskreutz, 1969)

Figure 5.14 Illustration of the evolution of dislocation pile-up in region F (position 1)

Figure 5.15 Misorientation, wx, wy and wz, rotations, apparent GND and GND length maps of region F

after 120 cycles

Figure 5.16 Schematic of dislocations forming dipoles in a vein. Excess of dislocations around the vein
contribute to GNDs

xiv

101

102
103

104
105
108
108
109
110

112
113
116

117
117
118
118

119

120

120

121

122

123
124

125
125

126



List of Figures

Figure 5.17 Schematic and geometrical details of simulated bundles

Figure 5.18 Applied simulation geometry and conditions

Figure 5.19 Rotation along Z (a) and apparent GND density (b) of different simulated bundle
geometries (Courtesy of N. Grilli)

Figure 5.20 Influence of different geometries in the lattice curvature and dislocation density tensor

components

Figure 5.21 Schematic and geometrical details of long Y&X-inclined bundle configuration ...

Figure 5.22 Distribution of lattice curvature components of the simulated Y&X-inclined long bundle

(courtesy of N. Grilli) and summary of experimental results

Figure 5.23 Sectional kxx and kzy lattice curvature maps of a Y-X-inclined long bundle (courtesy of N.

Grilli)

Figure 5.24 3D illustration of the shape of the vein in region F

Figure 5.25 Evolution of misorientation angle of sample S1-L using center of mass Criteria ...

Figure 5.26 Results of template technique in point A’ in 1S-R

Figure 5.27 Rotation sensitivity of the Laue technique depending on the sample to detector distance
and peak position

Appendix Figure 1 Drawings of the geometry of the sample

Appendix Figure 2 Drawings of the machine

Appendix Figure 3 Non-parametric normal kernel distribution and definition of mode and sub-mode.

Adapted from (Mathworks website)

Appendix Figure 4 Visual representation of a boxplot. Adapted from (Mathworks website) ........ccccouenmeeennees

Appendix Figure 5 Evolution of the slip resistance parameter in single slip sample

Appendix Figure 6 Linear fits between computed and experimental strains

Appendix Figure 7 Average and sectional rotation fields of the Y&X-inclined long bundle

p.4%

127
128

128

129
130

131

132
133
134
135

137

157
159

160
161
161
162
164



List of Tables

Table 1.1 Brief summary of experimental techniques to characterize dislocation structures and
densities

Table 2.1 Laser details and ablation parameters

Table 2.2 Mean of FWHM of all Laue reflections along the radial (26) and azimuthal (¥) directions ...........

Table 2.3 Summary of the orientation of the tested samples

Table 2.4 Summary of the characteristics of the analyzed samples

Table 3.1 Schmid factors for single slip orientation

Table 3.2 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for

single slip orientation

Table 3.3 Angles between the Burger’s vector and the normal of the planes related to the observed
Laue reflections

Table 4.1 Schmid factors for coplanar orientation

Table 4.2 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for
coplanar orientation

Table 4.3 Angles between the Burger’s vector and the normal of the planes related to the observed
Laue reflections

Table 4.4 Volume of the orientation spread clouds

Table 4.5 Schmid factors for collinear orientation

Table 4.6 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for
collinear orientation

Table 4.7 Angles between the Burger’s vector and the normal of the planes related to the observed
Laue reflections

Table 4.8 Volume of the orientation spread clouds in S2-Cl sample

Table 5.1 Displacement rate obtained by angular encoder

Appendix Table 1 Material parameters used for simulations

25
42
43
56
56
57

58

67
87

88

97
98
102

103

111
111
116

158



List of symbols and abbreviations

AlMgSi
CLSM
CPFE
CSS

Cu
DAMASK
DAXM
DDD
e-beam
EBSD
ECCI
EDM
fcc

FIB
FWHM
GNB
GND
HAZ
hkl
HR-EBSD
HRRSM
LDM
LMN
LNM
MPIE
OP-S
PDF
PMMA
PSB
PSI

Si

SLS
SNF
SSD
TEM

Aluminium-Magnesium-Silicon alloy
Confocal laser scanning microscopy

Crystal plasticity finite element

Cyclic stress-strain curve

Copper

Diisseldorf Advanced Material Simulation Kit
Differential-aperture X-ray microscopy
Discrete dislocation dynamics

Electon beam

Electron backscatter diffraction

Electron channeling contrast imaging
Electric discharge machining

Face centered cubic

Focus ion beam

Full width at half maximum

Geometrically necessary boundary
Geometrically necessary dislocation

Geat affected zone

Miller indices

High resolution electron backscatter diffraction
High resolution reciprocal space mapping
Laboratory for Scientific Developments and Novel Materials
Laboratory of Micro and Nanotechnology
Laboratory for Nuclear Materials
Max-Planck-Institut fiir Eisenforschung GmbH
Oxide polishing solution

Probability density function

Poly(methyl methacrylate)

Persistent slip bands

Paul Scherrer Institute

Silicon

Swiss Light Source

Swiss National Science Foundation
Statistically stored dislocations

Transmission electron microscopy

xvii



List of symbols and abbreviations

a Local dislocation density tensor

b Burgers vector

D Thermal diffusivity

dapt Diameter of the laser beam

dhrt Spacing of the (hkl) planes in the atomic lattice
Ax Spatial separation

AO Disorientation vector

e Euler axis

€kij Levi-Civita permutation

F Force

Fl Fluence

F, Fluence threshold for ablation

Fyp, Force threshold

G Bunge orientation matrix

Y Shear strain

Ypl Resolved plastic strain

ny Resolved plastic shear strain

Yay' Total resolved shear strain

r Cumulative resolved plastic shear strain

0 Angle between (hkl) planes and the incident beam
Oomis Misorientation angle

0 Lattice rotation vector

0y, 6y, 0, Rocking rotations around the X, Y and Z- axes
1 Identitiy matrix

K Lattice curvature tensor

l Shear length

Ly Penetration depth

A Wavelength of X-ray beam

m Schmid factor

R Rotation matrix

p Dislocation density

t Thickness of the sample

T, Electron cooling time

T lattice heating time

Tp Pulse duration

Tg Shear stress

Ts Saturation shear stress

u Applied displacement

u’ Retracted displacement

U Imposed displacement

w Distance between mobile and fixed areas

Wy, Wy, Wy Decomposed rotations around X-, Y- and Z-axes
v Azimuthal direction

20 Radial direction: angle between incoming and diffracted beam

[0)] Inner diameter of thin area

xviii



Chapter 1  Introduction

Dislocations, line defects in the crystal, move across the crystal lattice in response to the applied stress
and self-organize into defined patterns that determine the macroscopic behavior of the materials (Argon, 2007;
Kubin, 2013; Kubin et al, 2002). The developed dislocation arrangements depend on the applied loading
conditions, orientation of the crystal and the structure and properties of the sample. For instance, Figure 1.1
shows the relationship between the mechanical response and dislocation patterns of tension-compression
fatigued copper single crystal oriented for single slip. Three regions can be distinguished in the cyclic stress-
strain (CSS) curve depending on the applied resolved shear strain (yp) (Mughrabi, 1978) and the obtained
saturation dislocation structures are specific to each region:

- In region A (yp < 0.006%) work hardening occurs and primary slip dominates forming the so-called
vein-channel structures.

- In the strain-independent region B (0.006% < yp < 0.75%), known as ‘plateau’, the saturation shear
stress 75 is constant and is in the range of 28-30 MPa at room temperature (Cheng and Laird, 1981). The
regime is characterized by the appearance of persistent slip bands (PSBs) that are considered
precursors of cracks.

- Inregion C (yp > 0.75%) work hardening occurs but secondary slip becomes more pronounced and as a
consequence the labyrinth and cell dislocation structures are formed.
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Figure 1.1 CSS curve and dislocation patterns of fatigued Cu single crystal oriented for single slip after (Li etal,, 2011)

A lot is known on the fundamental interaction mechanisms of dislocations. However full understanding of how
dislocations interact to evolve from a homogeneous distribution to heterogeneous structures and form patterns
is still missing (LeSar, 2014). Computational models at all lengthscales (from dislocation dynamics (107 m) to
continuum dynamics (101 m)) have been used to understand the transition. Even if the typical lengthscale of
dislocation patterns is at the micron scale, their formation involves multiple dislocation interactions and slip
mechanisms at smaller scales, as well as lattice rotation. That is why the evolution is difficult to describe as each
computational model has a characteristic lengthscale and therefore can generally address only particular aspects
of dislocation patterning. Recently, the length and time scales of different computational methods have begun to
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overlap and hierarchical or concurrent multiscale frameworks are available (Roters et al., 2010; Vattré et al,,
2014). They have the potential to provide a real breakthrough in the understanding of dislocation patterning.

Most of the computational models aiming to describe patterning do not take into account lattice rotations caused
by the presence of dislocations. How critical the latter are for accurate dislocation pattern prediction is still
unclear. Perreault and co-workers (Perreault et al, 2016) have developed a phenomenological model for
dislocation motions in 2D lattices and report that lattice rotations create local distortion of the slip planes that
can prevent dislocation annihilation of two opposite edge dislocations and assist in the formation of dipoles.
Shehadeh (Shehadeh, 2012) has analyzed the influence of lattice rotation in shock-induced deformed copper
single crystal and has evidenced that lattice rotation enhances microband formation by activating a kink
mechanism that locally reorients the slip planes. Li and co-workers (Li and Zhang, 2014), on the other hand,
suggested that the gradual lattice rotation caused during cyclic loading can be the main driving force for the
formation of deformation bands in fatigued copper single crystals oriented for double or multiple slip (Li et al.,
2002). These works suggest that the influence of lattice rotation in dislocation dynamics is essential during the
development of dislocation ensembles during the transition from uniform to non-uniform structures. Thus, to
validate ongoing simulations detailed experimental data are required. Albeit, following in-situ dislocation
patterning including involved lattice rotations experimentally at lengthscales comparable to those in simulations
is not straightforward (Pollock and LeSar, 2013; Dingreville et al., 2015).

This chapter is divided in three sections. The first section is a review of different experimental techniques that
can track dislocation dynamics, provide measurements of dislocation density and can evidence lattice rotation.
The second section summarizes briefly the latest advances done on computational field regarding patterning,
underlining the need for experimental validation. In the last section the motivation and objectives of this
investigation are presented.

1.1 Overview of experimental techniques to follow dislocation dynamics

Transmission electron microscopy (TEM) has been traditionally used to observe dislocation microstructures.
TEM images taken at specific strains after continuous deformation (Mader et al., 1963; Mughrabi, 1971a, 1971b,
1971c; Prinz and Argon, 1980) or at different stages during fatigue cycling (Ackermann et al., 1984; Buchinger et
al,, 1985; Mughbrabi et al., 1979; Winter et al., 1981) allows making a reconstruction of the dislocation pattern
evolution. This destructive procedure is nowadays still the principal technique used to investigate for example
the microstructure progression from planar to cellular structures of engineering materials such as
polycrystalline steel subjected to fatigue (Pham and Holdsworth, 2013; Pham et al,, 2011).

The advances of the last decade have allowed to couple TEM characterization with in-situ mechanical testing
where slip of dislocations can be followed during deformation (Legros, 2014). The range of in-situ applications is
very wide. Stress-induced phase transformations (Liu et al., 2016), mechanical annealing (Cui et al, 2016),
determination of slip systems (Jing et al., 2016), observations of dislocation nucleation (Oh et al., 2009), strain
measurements (Hytch and Minor, 2014) or understanding aspects of dislocation patterning during tensile test
(Landau et al., 2010) are some of the examples of the versatility. Tomography based 3D-TEM makes it now
possible to reconstruct 3D dislocation structures (Hata et al., 2011; Liu et al.,, 2014) and there are several TEM-
based techniques for orientation mapping (Zaefferer, 2011). For instance, with a TEM coupled with precession
assisted crystal orientation mapping technique (PACOM), commercially known as ASTAR, misorientation maps
can be collected in the nanometer-scale with a sensitivity of 0.10° (Viladot et al., 2013).

The information obtained with TEM misses statistics due to the limited field of view (~10 um?2). It is an ideal to
study specific dislocation mechanisms such as dislocation locking versus easy glide and compare to predictions
of first-principle calculations (Clouet et al., 2015) or to study dislocation motions (Mompiou et al., 2012) in order
to validate molecular dynamics or discrete dislocation dynamics simulations. The limited field of view is a
serious constraint to understand dislocation patterning. Additional drawbacks of TEM are sample preparation,
during which the microstructure can be altered when getting extremely thin samples, and surface.
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Electron channeling contrast imaging (ECCI) can spatially resolve dislocation patterns evolved in the first 50 to
100 nm of the material below the surface at a larger field of view than TEM (Zaefferer and Elhami, 2014). The
observed dislocations can be counted and the full dislocation density can be determined. The technique has
allowed to determine the distribution of dislocations along depth in a nanoindent (Zhang et al., 2015) and to
follow the evolution of dislocation ensembles during in-situ heat treatment (Barnoush, 2012). ECCI has also been
used to study dislocation structures of fatigued samples, most investigations however focused on the saturation
stage (Ahmed et al., 1997, 1999; Li et al,, 1998; Melisova et al., 1997). Ahmed and co-workers (Ahmed et al,,
2006) have followed the dislocation structure evolution during cyclic deformation of copper. A short
reconstruction of their work is given in Figure 1.2, where it can be observed that a vein-channel structure is
formed before its transition to PSBs.
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Figure 1.2 Reconstructed dislocation evolution of fatigued Cu single slip (yp = 0.20%) after (Ahmed et al., 2006)

ECCI has the advantage of examining larger areas than TEM and can provide quantitative statistical values of
width, separation and volume fraction of the dislocation structures formed. Such studies can be performed either
examining one sample at different levels of deformation or several different samples. In this sense, ECCI is an
excellent technique to validate the patterns predicted by discrete dislocation dynamics and continuum
dislocation dynamics simulations. Misoriented regions can also be detected as bright or dark contrast zones but
the misorientation values are seldom provided. As it provides only a surface image of the dislocation
arrangements, a 3D visualization using destructive serial sectioning is necessary to obtain bulk information, as
has been done in (Yamasaki et al.,, 2015).

Electron backscatter diffraction (EBSD) provides the crystallographic orientation field with angular resolutions
of 102 rad and 10 rad in the case of high resolution (HR-EBSD) (Wilkinson, 2011). The angular resolution
determines the sensitivity to misorientation and strain, which are reported to be 0.5-1° and 5x10-3 respectively
for conventional EBSD and 0.01° and 10-*in the case of HR-EBSD (Wilkinson and Britton, 2012; Wilkinson et al.,
2006a, 2006b). Combined with in-situ heating recrystallization and grain growth processes can be analyzed, and
combined with in-situ deformation the lattice rotation of individual grains as well as grain fragmentation or
subgrain formation can be followed (Wright and Nowell, 2009). As opposed to ECCI, EBSD can provide
information about geometrically necessary dislocation (GND) densities from orientation differences (Pantleon,
2008) and their evolution can be followed.

Figure 1.3 shows the HR-EBSD reconstructed distribution of GND densities of four copper polycrystalline
specimens deformed in tension to 0%, 6%, 22.5% and 40% strains (Jiang et al, 2013). The 500 um? maps
obtained with 0.5 pm step size cover ~1500 grains, their boundaries marked by dark lines. Before deformation
the grain boundaries have higher GND densities, at early stages of deformation the grain averaged GND density is
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higher in smaller grains and after 10% strain there is no such inverse relationship. The technique allows
following not only large areas but also specific oriented grains and permits analyzing the dislocation structure
inside grains. For instance, dislocation cells tend to form in <110> oriented grains, and in <111> and <001>
oriented grains more dislocation bands are reported. With HR-EBSD technique orientation and strain dependent
tendencies of texture, GND densities and grain size can be analyzed. The EBSD signal however degrades for
highly deformed samples (white areas after more than 20% deformation in Figure 1.3).
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Figure 1.3 Reconstructed evolution of GND densities of copper polycrystal during tensile testing after (Jiang et al.,, 2013,
2015)

Several studies have been done on single crystals too. Crystal rotation and GND distribution during in-situ micro-
compression of pillars (Maeder et al., 2011; Niederberger et al., 2010) or during in-situ 3-point bending (Jiang et
al,, 2016) have been reported. EBSD can also be coupled with ECCI (Gutierrez-Urrutia et al., 2013). For instance,
it has recently been used to investigate the orientation dependence of the formation of dislocation substructures
during fatigue for different strain and cycles in polycrystalline steel (Nellessen et al., 2015).

EBSD results can validate the outcome from continuum dynamics simulations. The EBSD technique is, however, a
surface technique and in order to extend to bulk information serial sectioning is required (Calcagnotto et al,
2010; Demir et al., 2009; Konijnenberg et al., 2015).

Synchrotron based X-ray diffraction techniques can resolve 3D and non-destructively dislocation structures up
to several microns. There are two main techniques: 3D X-ray diffraction (Poulsen et al,, 2014) and 3D X-ray Laue
diffraction (Larson et al, 2002). The former technique provides structural characterization of polycrystalline
materials. High energy (20 - 100 keV) monochromatic beam is used and the sample is rocked to obtain the
scattering intensity distribution. Near field (Li et al., 2012) or far field (Margulies et al., 2001; Oddershede et al.,
2011, 2015) with sample-to-detector distances of 3-10 mm and 20-100 cm respectively, can be used to
investigate rotation, orientation spread and subdivision of grains embedded in bulk polycrystals during
deformation. When analyzing a single reflection in a farer field using a sample-to-detector distance of 3.6 m, a
very high angular resolution can be obtained at the expense of spatial and time resolution (Pantleon et al., 2014).
The technique called high resolution reciprocal space mapping (HRRSM) has been used to study the formation of
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dislocation substructures in individual grains during continuous tensile test (Blondé et al., 2014; Jakobsen et al.,
2006, 2007; Pantleon et al,, 2009), under stress relaxation (Jakobsen et al, 2009; Pantleon et al., 2009) and
during strain path changes (Pantleon et al., 2009; Wejdemann et al., 2013). The outcome of the Wejdemann and
co-workers’ work has been reconstructed in Figure 1.4. By following the reciprocal space map and by analyzing
the radial X-ray peak profile and asymmetry the authors were are able to evidence a different behavior when
deforming a sample continuously or with a strain path change. In the latter a microplastic regime has been
identified where internal stresses are redistributed in order to establish proper load transfer. This regime is not
observed during a continuous test.
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Figure 1.4 Reconstructed evolution of sub-grain structure during in-situ tensile loading of copper 5% pre-deformed without
(a) and with (b) strain path change after (Wejdemann et al.,, 2013)

3D X-ray diffraction is a suitable technique to provide valuable quantitative input for hierarchical models that
couple the nano to the meso scale. It is however inappropriate for following dislocation patterning and the
involved lattice rotations because none of the techniques have both the necessary spatial resolution and angular
resolution.

X-ray Laue diffraction using a polychromatic beam is a well-established technique to investigate lattice
orientation and lattice strain of micron-sized single crystalline structures or individual grains in polycrystals.
The spatial resolution is at the submicron level depending on the beam diameter (Ice et al., 2011). It can be used
in transmission (Swygenhoven and Petegem, 2010) or reflection mode (Liu and Ice, 2014). Typically the energy
range used is between 5 to 30 keV but high-energy transmission Laue is available which provides higher
penetration depth (Hofmann and Korsunsky, 2013). It has been applied to characterize lattice rotations and
distortions of individual dislocations (Hofmann et al., 2013) and to investigate deformation mechanism of single
crystals during in-situ testing in compression (Marichal et al., 2013, 2014, Zimmermann et al.,, 2012a, 2012b;
Maap et al., 2006; Maaf3 et al., 2007), in tension (Kirchlechner et al., 2012a), in cyclic bending (Kirchlechner et al.,
2012b, 2015) and in three-point bending (Leclere et al., 2015). Deformation of polycrystalline materials during
in-situ testing (Joo et al.,, 2004; Korsunsky et al.,, 2012; Lynch et al, 2014) or post-mortem (Butler et al.,, 2002;
Huang et al.,, 2009; Magid et al., 2009) has also been explored.
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When working in reflection mode, lattice rotation and strain information as a function of depth can be extracted
by using white beam differential-aperture X-ray microscopy (DAXM). It consists in passing an absorbing wire
near the sample’s surface, calculating the differential intensity distribution between two wire positions and then
determining the source of the intensity (Larson et al., 2002; Yang et al., 2004). Absolute values of the dislocation
density tensor can be obtained with a micron resolution in 3D (Larson et al., 2007). When combining DAXM with
additional monochromatic energy scans the full elastic strain tensor is accessible (Levine et al., 2006, 2015) and
long-internal stresses in individual dislocation cell walls and in adjacent cell interiors can be calculated similarly
to HRRSM. Highly deformed copper single crystals in tension, compression and cyclically have been investigated
(Kassner etal., 2009; Levine et al., 2011).

Figure 1.5 shows an example of the local orientations, the elastic strain tensor components and the dislocation
density tensor components of an elastically bent silicon foil (Larson et al., 2008). The technique for obtaining 3D
information is rather slow (Chung et al., 2007; Pang et al., 2014) and that is why it is generally calculated for 2D
slices and not 3D volumes. Mohamed and co-workers (Mohamed et al, 2015) have measured rotation
magnitudes, elastic distortion and dislocation density fields of compressed Cu single crystals to compare with
results obtained by discrete dislocation dynamics simulations. Because the method is very time consuming, the
analysis has only be done after 1.0% and 2.3% compression strains in 2D slices.
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Figure 1.5 2D distribution of local orientations (a), elastic strain tensor (b) and dislocation density tensor (c) of elastically
bent Si arch after (Larson et al., 2008)

The results obtained by Laue micro-diffraction can be used as experimental validation of discrete dislocation
dynamics and continuum dislocation models. The main drawback is the time resolution required for 3D
measurements which restricts the obtained microstructural information to very limited number of stages during
the deformation process. In addition, the complexity of performing in-situ experiments during Laue micro-
diffraction due to space constrains between the sample and the detector requires specific development of
miniaturized mechanical systems.

An overview of the above described experimental techniques is given in Table 1.1. TEM and ECCI provide images
of dislocation structures. EBSD and synchrotron based X-ray Laue diffraction are sensitive to orientation and
strain and provide average measures of the dislocation content. While EBSD has finer spatial resolution, X-ray
Laue diffraction has a finer angular resolution. For 3D characterization, EBSD is destructive. X-ray Laue
diffraction can be applied non-destructively but has the disadvantage of being slow. The table clearly
demonstrates the need for a time resolved characterization technique with adequate spatial and angular
resolution that allows following dislocation patterning and that provides quantitative experimental information
for validating ongoing simulation models.
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Table 1.1 Brief summary of experimental techniques to characterize dislocation structures and densities

Resolution Sensitivity

Spatial = Angular  Misorientation Strain Obtained data

Technique

Individual dislocations and patterns
2D In-situ
3D-information with tomography
TEM 0.02 pm 104 0.1° 103 Restricted to thin films
Limited field of view
Sensitive to diffraction condition
Orientation maps with ASTAR
Individual dislocations and patterns
Superficial (100 nm)
2D In-situ
ECCI 0.02 pm 104 Combined with EBSD 3D-information after sectioning
Full dislocation tensor
Requirement of good surface quality
Sensitive to diffraction condition
Orientation and strain maps
Standard = 0.02 um 102 0.5°-1° 5x103  GND density information
Superficial (<100 nm)
2D In-situ
3D-information after sectioning
HR-EBSD | 0.02 um 10 0.01° 10 Degradation of signal for highly
deformed materials

EBSD

Near field = 1-2 um *1 0.05°-0.1° 10+ Synchrotron based technique
Orientation and strain maps

GND density information
Sample rotation required
Suitable for polycrystals & thick

HRRSM 10 pm *1 *2 104 samples
3D In-situ

Far field = 2-10 pm *1 0.1° 104

3D X-ray
diffraction

Synchrotron based technique
Orientation and strain maps
Penetration depth <50-100 um
GND density information

Suitable for single crystals or large
grain polycrystals

DAXM: 3D information (2D slices)
Energy scan: full strain tensor (2D
slices)

Usually 2D In-situ

X-ray Laue

-4 o 5 B 4
diffraction <1um 10 0.01 10-5-10

*1 The angular resolution of the 3D X-ray diffraction techniques depends on many factors (e.g. beam size, sample-to-detector distance,
wavelength of the beam, pixel size of the detector). Therefore it can vary from experiment to experiment. Briefly, the larger the sample-to-
detector distance the higher the angular resolution. The drawback is the loss of spatial and time resolution.

*2 The HRRSM technique has a very high angular resolution and can analyze substructures in individual grains but it cannot provide

misorientation values.

1.2 Overview of computational techniques to predict dislocation patterning

Computational modeling has been carried out to understand dislocation based plasticity at the mesoscale (Kubin,
2013). As previously explained, dislocation patterns have a typical lengthscale at the micron scale and their
formation involves multiple dislocation interactions and slip mechanisms at the nanometer scale. That is why the
transition from homogeneous to heterogeneous dislocation microstructures with dislocation depleted and
dislocation rich zones is difficult to describe (Ananthakrishna, 2007). Even if many theories have been proposed
to describe the collective behavior of dislocations to form cell structures under continuous deformation
involving multislip condition or the vein-channel structures and the PSBs observed in single slip cyclic
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deformations (Amodeo and Ghoniem, 1990; Fournet and Salazar, 1996; Franék et al, 1991; Hahner, 1996;
Hesselbarth and Steck, 1992; Holt, 1970; Kratochvil, 1988; Kratochvil, 2001; Kubin, 1993; Saxlova et al., 1997;
Walgraef and Aifantis, 1985a, 1985b, 1986), the effort to understand the physics of dislocation patterning is still
an ongoing challenge.

Figure 1.6 shows TEM images and schematic diagram of dislocation arrangements of the mentioned structures.
Briefly (Argon, 2007; Suresh, 1998):

- Cell structure: it consist of regions of high density of dislocations (cell walls) separated by cell interiors
of low dislocation density. Cell walls form only about 10% of the total volume and most dislocations are
trapped in these walls.

- Vein-channel structure: it consists of accumulated primary dislocations in the form of dipoles separated
by dislocations free channels. Depending on the y, the vein volume fraction varies, reaching the
maximum value of 50% in the initial part of plateau region. Very few primary screw dislocations are
observed, situated mainly in the channels, and it is believed that they mutually annihilated by cross-slip.

- PSB structure: PSB are formed by thin lamellae parallel to the primary glide plane and perpendicular to
the primary Burgers vector. They are arranged in a ladder like structure and consist of a dense set of
dipolar edge dislocations separated by channels. The channels have at least two orders of magnitude
lower dislocation density and they are mainly populated with screw dislocations. Dislocation
multiplication happens due to the bowing-out of edge dislocations from the walls and by their transport
along channels.

The basic distinction in the patterns arises from the differences in the underlying dislocation mechanisms: vein-
channel and PSB structures are structures formed by dipoles, the cell structure on the other hand is not a dipolar
configuration.

Cell structure Vein-channel structure PSB structure
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Figure 1.6 TEM and schematics of cell, vein-channel and PSB structures. Pictures taken from (Mughrabi et al,, 1986; Suresh,
1998)

In spite of their limitation in length scales and in total strain that can be simulated, discrete dislocation dynamics
(DDD) models have given access to detailed information on dislocation clustering. By activating and deactivating
different elemental interaction mechanisms they allow to determine which ones play a major role in pattern
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formation. Simulations have been done in 2D (Baké and Hoffelner, 2007; Groma and Bakd, 2000; Groma and
Balogh, 1999), in 2.5D (Gémez-Garcia et al.,, 2006) and in 3D (Hussein et al., 2015; Madec et al., 2002) and have
revealed important information. For instance they showed that during continuous deformation elastic
dislocation-dislocation interactions alone do not produce cell structures, while short-range interaction and
cross-slip or climb appear as the main mechanisms governing dislocation cell formation.

Several aspects about cyclic deformation have been investigated by DDD. Most effort has been put on
understanding the plastic deformation inside PSBs (El-Awady et al., 2007; Erel, 2015; Kolar et al., 2015; Kristan
and Kratochvil, 2007, 2010; Po et al., 2014; Schwarz and Mughrabi, 2006). Starting from realistic PSB structures,
the fundamentals of dipolar wall formations and dislocation interactions in the PSB channels have been analyzed
by (Brinckmann and Van der Giessen, 2004; Erel, 2015) to determine the mechanisms of crack formation in
PSBs.

Regarding fatigue patterning, Déprés and co-workers (Déprés et al,, 2004, 2006, 2014) have done extensive work
by investigating the evolution of dislocation microstructure and mechanical behavior in early stages of the
formation of PSBs, by looking at surface marking and crack propagation of low-cycle fatigued polycrystalline
steel. Figure 1.7-a shows a section of the dislocation microstructure obtained in cyclically deformed steel by DDD
simulations, Figure 1.7-b shows the corresponding schematic description (Déprés et al, 2004). While the
dislocation tangles represent the vein structures, the PSBs are made up of rows of parallel prismatic loops
aligned in the primary slip system. It is reported that cross-slip is necessary for the formation of PSBs.

a) b)

PSB with ladder

PSB-matrix interface
pile up

Figure 1.7 Simulated PSB structure in a surface grain of a polycrystalline steel after (Déprés et al., 2004)

More recently, Hussein and El-Awady have analyzed the microstructure evolution and cyclic hardening during
the early stages of fatigue loading of single crystal nickel oriented for multiple slip (Hussein and El-Awady,
2016a). They report that not only cross-slip plays an important role in the subsequent evolution of the cell
structure, but also the crystal size and the initial dislocation density: for a given initial dislocation density (1
um?) the formation of cell structures is not observed in small specimens (<2 pm) but it is in larger crystals (>2
um). The influence of the crystal size and initial dislocation density in the evolution of the surface roughness was
also studied (Hussein and El-Awady, 2016b). It is reported that double cross-slip is the main mechanism for
development of surface roughness. Figure 1.8 shows a brief summary of the obtained results: the predicted
microstructure is given as 2D TEM-like slices where the cell walls and interiors can be distinguished; the
roughness is reported to be proportional to the number of loading cycles and the square of the crystal size.
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a) Predicted microstructure b) Predicted surface roughness
(crystal size: 5 um; (initial dislocation density: 1 um?)
initial dislocation density: 1 um?)

Cycle #1 Cycle #19

Cell interior

Cycle #1 Cycle #14

Figure 1.8 Simulated cell microstructure and surface roughness in fatigued single crystal nickel after (Hussein and El-Awady,
20164, 2016b)

Continuum dislocation dynamics theories have been developed in order to deal with larger scales than those
accessible with DDD simulations. In those computational models, dislocations are often separated into two
different categories: statistically-stored dislocations (SSD), which evolve from random trapping processes during
plastic deformation, and GNDs (Ashby, 1970). The concept of GND was already introduced by Nye (Nye, 1953) to
rationalize the compatibility of elastic-plastic deformation in materials experiencing strain gradients. GNDs
introduce a characteristic length scale in the continuum formation of plastic deformation and give rise to
deformation-induced long-range internal stresses (Mughrabi, 2006a; Needleman and Gil Sevillano, 2003).

Different approaches have been followed to simulate the cell structure formed during continuous deformation:

- Chen and co-workers (Chen et al,, 2010, 2013) have qualitatively reproduced the cell structure using the
phenomenological approach developed by (Acharya and Roy, 2006). In this framework, dislocations are
represented in terms of an overall dislocation density tensor (including only GNDs). In this simple
model, slip systems, crystalline anisotropy, dislocation nucleation, lock formation or dislocation line
tension are not considered. The model does in some way exhibit a realistic evolution of cell structure
(see Figure 1.9-a). Nevertheless, as the model does not take into account SSDs it cannot be applied to
predict the initial stages of fatigue dislocation patterning because the dipolar clustering associated to
SSDs would not be captured.

- Xia and El-Azab (Xia and El-Azab, 2015a, 2015b) on the other hand use a statistical approach (El-Azab,
2006) that takes into account those inherent properties of dislocations not accounted for by Chen and
co-workers. They investigate the cell structure formation and report that the GND distribution is tied to
lattice misorientation (see Figure 1.9-b). Besides, their simulations underline the importance of cross
slip, short range reaction and density multiplication due to the motion of curved dislocation lines
creating the cells. Cell formation is observed to be a dynamic process between refinement, destruction
and recreation. The surface distortion created by cells is also predicted.

- Sandfeld and Zaiser (Sandfeld and Zaiser, 2015) have recently presented a model for cell pattern
formation based on the framework developed by Hochrainer and co-workers (Hochrainer et al., 2014;
Sandfeld et al., 2010). They present the first steps towards a generic model to capture patterning based
on GNDs, SSDs and specific kinematics of curved dislocation lines, all of them necessary components to
represent 3D processes. Similarly to Xia and El-Azab, they point out that cross-slip and short-range
reactions are the “minimum ingredients” for cell formation. Their results are summarized in Figure 1.9-
c.
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a) Cheng et al. (2013)
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Figure 1.9 Simulated cell patterns: a) after (Chen et al,, 2013), b) after (Xia and El-Azab, 2015a, 2015b) and c) after (Sandfeld
and Zaiser, 2015)

Continuum dislocation dynamics have also been employed to look at dislocation patterns during cyclic
deformation, where the dislocation-rich areas are characterized by edge dislocations in dipole form. These
dipoles, which are considered SSDs, play an important role in patterning. According to TEM and X-ray Berg-
Barret topography investigations, negligible lattice rotation is observed across veins and PSBs (Neumann, 1987;
Wilkens et al., 1980). The details are however dependent on the diffraction conditions and it is nowadays unclear

how the lattice rotation evolves (Mughrabi, 2006a). The latest advances in the field can be summarized as
follows:

- Kratochvil and co-workers have developed specific mechanisms for sweeping of narrow dislocation
dipoles (Kratochvil and Sedlacek, 2003) and also models to describe the interaction dynamics between
dislocations and dipolar loops (Kratochvil and Sedlacek, 2008; Minarik et al., 2010).
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- Chapman and co-workers investigated the transition from channel-vein to PSBs (Chapman et al., 2016;
Zhu and Chapman, 2014), and reported the importance of incorporating SSDs into macroscopic models
to understand the emergence of PSBs. They suggested incorporating two field variables, one to account
for GNDs and another for SSDs, whose evolution equations are different.

- Grilli and co-workers (Grilli et al.,, 2015) have elaborated a new fatigue model incorporating (1) double
cross-slip mechanisms to avoid the complete annihilation of opposite signed curved dislocations and (2)
new equations for the dipole distance distribution and dislocation multiplication law. It has been
implemented in the DAMASK crystal plasticity finite element (CPFE) framework developed by Roters
and co-workers (Roters et al, 2010). As shown in Figure 1.10 the emergence of vein and channel
structures starting from a randomly perturbed dislocation distribution is predicted after 100 cycles at
vp1 =0.1%. It has been observed that these veins cause lattice rotation, as it is discussed in Chapter 5 of
this thesis.

load
condition

Figure 1.10 Simulated vein-channel structure after (Grilli et al.,, 2015)

In addition to the simulation results explained above, other aspects of pattern formation and dynamics are
currently being investigated in order to expand the current understanding. For instance, Zhou and co-workers
(Zhou et al,, 2015) examine the dynamics of driven dislocation assemblies and show their similarity to phases
observed in superconductors vortices, magnetic domain walls, and charge density wave materials. On the other
hand, El-Naaman and co-workers (El-Naaman et al., 2016) consider the influence of high-order strain gradient to
account for high slip gradients in small region as continuum models tend to show a much smoother GND field
than reality. Further advances are expected that will help to elucidate the mechanisms for dislocation pattern
formation, a field that despite its years is not yet mastered.

1.3 Motivation and objectives

The main objective of this thesis is to develop an X-ray Laue diffraction based technique that allows following
dislocation ensembles time-resolved during deformation while providing quantitative information on the
transition from uniform to non-uniform dislocation structures useful for ongoing simulations. In other words we
aim to develop a non-destructive technique that has the spatial and angular resolution required to investigate
dislocation patterning with improved time resolution.

Dislocation pattering of copper single crystals occurring in the earlier phases of low cycle fatigue is investigated
by analyzing the crystal rotation caused by evolving microstructures with Laue diffraction in transmission mode
at the microXAS beamline of the Swiss Light Source (SLS-Switzerland). Information on rotational gradients and
GND densities are measured at lengthscales similar to those addressable in computational models. To achieve
this a new miniaturized shear-fatigue device compatible with Laue diffraction has been developed. A suitable
sample geometry has been designed and different sample preparation methods have been tested. The potential
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of in-situ Laue diffraction to follow dislocation patterning is explored and evaluated by underlining its benefits
and limitations.

This thesis is carried out in the framework of a collaborative project titled “Constitutive modelling and
microstructural validation for crystal plasticity finite element computation of cyclic plasticity in fatigue”, where
two other PhDs are involved besides the here represented experimental approach (Swiss National Science
Foundation SNF - 138240). Nicolo Grilli (LNM, PSI) develops the CPFE code of low cycle fatigue for fcc metals by
implementing constitutive laws that can reproduce the typical patterns of cyclic deformation in the DAMASK
code. Jens Nellessen (MPIE, Diisseldorf) characterizes the obtained microstructures in fatigued metals using
different electron microscopy techniques (EBSD, ECCI, TEM). The work presented in this thesis is part of this
synergic approach and in particular aims to develop a new validating experimental method allowing to provide
input and verify the computational developments performed by Grilli as well as other computational approaches.

1.4 Thesis structure

The thesis is divided in six chapters.

Chapter 2 explains the development of experimental and technical aspects. It collects details of the developed
reversed shear device and sample preparation, the description of how mechanical tests are conducted during in-
situ Laue micro-diffraction and the analysis methodology developed to interpret the data. The summary of the
tested samples is also given together with the expected dislocation structure.

Chapter 3 shows the result of single slip oriented single crystal and Chapter 4 the results of double slip (coplanar
and collinear) orientations.

Discussion of the results is presented in Chapter 5, where the suitability of the employed sample preparation and
the mechanical response of the system are reviewed. The observations derived from the results are interpreted
in terms of dislocation patterning and benefits and limitations of the technique are assessed.

Chapter 6 recapitulates the conclusions of the thesis, including both the achieved results and the outlook.
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Chapter 2  Development of
Experimental and Technical Aspects

This chapter is divided in four different sections. The first describes the development of the reversed
shear system, the second and third collect the methodology used to perform the in-situ Laue micro-diffraction
experiments and the data analysis procedure. The last section gives an overview of the tested samples and the
expected dislocation pattern for each orientation.

2.1  Reversed shear system

In this section, the description of the geometry of the specimen, the exploration of different sample preparation
routes, the design of the miniaturized reverse fatigue machine and the methodology to conduct the mechanical
tests are explained.

2.1.1 Geometry of the sample

There are several constrains to be taken into account when designing the geometry of the sample.

- First of all, the specimen must be compatible with Laue micro-diffraction in transmission mode.
Therefore, the gauge thickness of the specimen should be on the order of a few tens of microns, due to X-
ray absorption issues and question of integrating the X-ray signal over the thickness.

- Secondly, the specimen has to be able to be deformed in reversed fatigue. Judelewicz et al. (Judelewicz et
al, 1994) performed tension-tension fatigue experiment on 20-100 pm thick polycrystalline free-
standing copper foils with a dog-bone shape. However, this geometry at small scale is not compatible
with fully reversed cycling due to the buckling risk of the sheet under compression.

- Thirdly, the strain distribution must be homogeneous to facilitate the correct development of the novel
cyclic-DAMASK-CPFE model. This excludes the geometries used in reversed cyclic bending (Kiener et al,,
2010; Kirchlechner et al.,, 2015) or torsion (Liu et al., 2012) experiments that would satisfy the first two
conditions.

For all these reasons it was chosen to perform cyclic fatigue in shear mode. Several publications can be found in
the literature describing different shear geometries. The most common ones are summarized in Figure 2.1: a)
was used by (Matsuda, 1977), b) by (Rouault-Rogez, 1990), c) by (Funk and Blank, 1984), d) by (Fourmeau et al.,
2011), e) by (Rittel et al., 2002), and f) by (Mayr et al., 1995). As can be observed some geometries are deformed
in tension-shear [(a), (c) and (d)], whereas others in compression-shear [(b), (¢) and (f)]. Recently, an effort to
adapt these geometries for small scale testing compatible with SEM or TEM has been carried out (Heyer et al,,
2014; Mayer etal., 2015)
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Figure 2.1 Geometries of several shear specimens found in literature: (a-c,f) after (Mayr et al,, 1995), (d) after (Fourmeau et
al,, 2011) and (e) after (Ames et al.,, 2010)

Similar to the case of the dog-bone geometry, the above-mentioned geometries have the drawback of buckling
when performing reversed-cycling or cannot be reversed. The geometry proposed by Miyauchi (Miyauchi, 1984)
for planar shear on metal foils overcomes this issue (see Figure 2.2). It consists of two external fixed areas and a
central moving area that is displaced. In between, there are two areas where the shear deformation is localized.
A proper design of the grips and the machine allows applying reversed shear and therefore perform fully
reversed cyclic experiments. For this work a new sample geometry based on this principle has been developed in
collaboration with Alex Bollhalder from the Mechanical and Electrical Engineering Group (LDM, PSI).
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Figure 2.2 Miyauchi’s geometry for simple shear test after (Huf3nétter and Merklein, 2008)

For the case of thin and uniform thickness foils, the geometrical relationships between applied force (F) and
shear stress (7,), and between the applied displacement (u) and shear strain (y) are:
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F
Tg = eq. 1
2-1-t
u
y=; eq. 2

As shown in Figure 2.2 [ is the length of the sheared area, w is the distance between mobile and fixed areas and t
is the thickness of the sample.

FEM simulations were done for a 100 pm thick copper foil with a local 300 nm circular 10 pm thin area in the
middle of the shear area. Figure 2.3 shows that high stress is concentrated in the thin area after displacing the
mobile area by 200 nm with an applied force of 0.5 N. This suggests the need for a robust, thicker sample
geometry still maintaining a local thin area. The disadvantage of this alternative, where the thickness is not
uniform in the whole sample, is the loss of control on the real displacement transmitted to the sheared area and
therefore loss of control of the strain in the gauge section. However, this can be extracted from the DAMASK-
CPFE simulations, since the model has the capacity to simulate the whole specimen (not only the gauge volume)
and the applied force-displacement conditions.

Von Mises Stress (MPa)
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Centerthickness 0.01 mm
Force applied 0.5 N
Displacement 0.00025 mm
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Figure 2.3 FEM simulation of 100 um thick foil with a local 10 um thin area in Miyauchi’s geometry (courtesy of A. Bollhalder)

Figure 2.4 shows the developed geometry for reversed shear fatigue compatible with Laue micro-diffraction: a)
is an illustration of the specimen, b) is the zoom in the shear zone and c) are the drawings of the sample with the
dimensions in mm. Further drawings can be found in Appendix A. The two external fixed parts and the central
moving area are 2 mm thick. They are separated by channels with a width of 150 pm. In between there are two
symmetric 1 mm wide and 150 um thick grooves, corresponding to shear areas. As illustrated in Figure 2.4-b)
the shear areas are further locally thinned in order to work in Laue transmission.

These dimensions are needed to keep robustness during sample manipulation but simultaneously must be able
to deform plastically the sample in the locally thin areas during the fatigue experiments. The FEM simulations
show that 3.5 N are needed to displace the mobile area by 266 nm when the local thin area is 10 um in thickness:
seven times more than in the case shown in Figure 2.3.
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Figure 2.4 Developed sample geometry for reversed shear fatigue compatible with Laue micro-diffraction: a) sketch of the
sample, b) zoom of the shear area, ¢) drawings and dimensions of the specimen

Even if the values of stress and strain in the center of the shear area are only accessible via simulations, the range
of stresses can be estimated using eq. 1. Figure 2.5 shows the estimated 7, for forces between 1 and 7 N and
several thickness values shown in the legend in pm. The shear length (1) is assumed to be 1.2 mm which
corresponds to the shear length in Figure 2.4. For extremely thin samples (¢ ~10 pum) 7, increases drastically
when increasing F. For samples with ¢t > 30 pum 7, is maintained below 100 MPa. In reality, due to the gradual
reduction in thickness, the actual values are going to be somewhere between the thick and the thin dimensions.

300

Shear stress (MPa)

Force (N)

Figure 2.5 Estimated stress in the shear area as a function of applied force and thickness (um)

One major consideration for this complex sample geometry is the homogeneity of the applied shear in the central
thin areas. To probe that, CPFE simulations were performed using the same geometry and crystal orientation as
in the experiments in collaboration with Nicolo Grilli. Constitutive laws based on the phenomenological
description of (Hutchinson, 1976) and pure copper single crystal parameters (Déprés et al., 2008; Dmitrieva et
al,, 2009; Overton and Gaffney, 1955) were used. Zero displacement boundary conditions are set on the surface
between the copper single crystal and the fixing screws. On the central moving area symmetric boundary
conditions are imposed. More details about the model and material parameters used for simulations can be
found in Appendix B and in (Grilli et al,, 2015).
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Figure 2.6 shows the distribution of the y,,, strain tensor component of a single slip oriented sample subjected to
cyclic deformation (see Chapter 3 for further details). Simulations show that y,,, is the largest strain component
and it is uniform in the area of interest (central part of the thin area where Laue diffraction scans are done).

Yayl%)

Figure 2.6 Distribution of the yy,, strain tensor component of a single slip oriented sample at maximum force of 5N

Simulations also provided a simple geometrical relationship between the applied displacement in the mobile
area (u) and the new geometry. They show that eq. 2 can be updated to

eq. 3

ST

Vxy =

where @ is the inner diameter of the thin area.

The total resolved shear strain is calculated by dividing y,, by the Schmid factor of the primary slip system/s
(m).
res _ Yxy 4

Yxy~ = ; eq.

The plastic part of the shear strain, yfy, is calculated as the half width of the hysteresis loop (Suresh, 1998) as

drawn in Figure 2.7.

res

\

Figure 2.7 Schematic illustration of the F-y;y hysteresis loop and determination of yfy

2.1.2 Sample preparation

The sample preparation process consists of two steps. In the first step the general shape of the geometry is
reached; in the second step the local thin area is obtained.

Figure 2.8 displays the sample preparation sequence. The samples are machined starting from 19x19x2 mm3
copper single crystals with 99.999% purity, purchased from Mateck GmbH, Germany. First bores and grooves
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are machined. The back surface is mechanically polished until a roughness <1 um is obtained using a standard
colloidal silica suspension oxide polishing solution (OP-S Suspension, 0.04 pm, Struers). Then the samples are
annealed at 800°C for 2 hours with 12 hours cooling time in vacuum (~1 mbar). Later, the samples are mounted
on the sample holder with a torque of 0.6 mN in the case of steel holder and with 0.3 mN for copper holders.
Finally, the samples are machined by electric discharge machining (EDM) to a Miyauchi’s geometry shown in
Figure 2.4. Some samples have been subjected to a second annealing between the mounting and the EDM
machining steps at 450-500 °C for 2 hours to remove the remaining and the additional damage introduced
during mounting. This is possible when the samples are mounted on copper holders and not on steel due to
differences in thermal expansion coefficients. The sequence can be followed in Figure 2.8.

1 7 = 3. 4. 5; . 6.
== Machining ¥ Mechanical o’ Annealing i Mounting w Annealing™* i EDM
polishing machining

*Only those samples mounted on copper sample holders have been subjected to step 5
Figure 2.8 Sequence of sample preparation prior local thinning.

In a second step the local thin area must be created. This is rather challenging as one needs to find a method to
locally thin the sample to tens of microns thickness with a roughness less than 1 pm on a circular area ~400 um
in diameter introducing the minimum damage possible on the sample. The roughness and damage requirement
and the sample dimensioning exclude the use of focus ion beam (FIB), the traditional sample technique to
prepare miniaturized specimens. That is why other routes have been followed: electron beam lithography and
picosecond laser ablation. In what follows these two techniques are explained in more detail.

Electron beam lithography

The viability assessment of the electron beam (e-beam) lithography route was done in collaboration with Dr.
Vitaliy Guzenko (LMN, PSI). The method consists of covering the sample with a poly(methyl methacrylate)
(PMMA) polymer and exposing the desired area to e-beam in order to disintegrate the polymer. The design of the
sample was made compatible with the limitations imposed by the e-beam lithography tool in terms of total
height of sample and maximum depth of the shear area. The process is described in Figure 2.9: firstly, the bores
and grooves are machined, then the specimen is covered by the PMMA polymer and an @400 pm area is exposed
to e-beam on both sides. Afterwards, the specimen is mounted on the sample holder and cut to final external
dimensions with EDM. Finally the sample is electropolished to remove the metal that has no polymeric
protection.
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1. 2 3. 4.
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& e-beam exposure Machining

Figure 2.9 Sequence of thinning down via e-beam lithography route

Various electropolishing conditions were tested (e.g. solution, voltage, time, etc.). The results showed that the
PMMA was resistant to electropolishing solutions not containing methanol. For instance, electropolishing in 70%
H3P0O4 -30% water (vol/vol) solution at 2V with a copper electrode does not damage the PMMA and the
electropolishing process is concentrated on the area where the e-beam exposure is performed. As can be seen in
Step 4 of Figure 2.9, when too long electropolishing has been performed a hole in the shear area is created. In
fact, one can observe the PMMA circular boundaries on the front and back surfaces, slightly misaligned (see
arrows). Essentially the coating remains intact. In samples where the electropolishing did not result in a hole,
confocal laser scanning microscope (CLSM) measurement was done to check the quality of the surface. CLSM is
an optical imaging technique that enables the reconstruction of 3D structures from the obtained images by
collecting sets of images at different depth within a thick object with high optical resolution and contrast. The
result (Figure 2.10) shows that the electropolishing process is faster at the boundaries of the PMMA. As a
consequence a non-uniform profile is obtained. Thus this sample preparation route to locally thin the shear areas
was not further explored.

Depth profile
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Figure 2.10 Confocal measurement on the e-beam exposed area after electropolishing
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Picosecond laser ablation

As an alternative to e-beam lithography, a new sample preparation method has been developed based on
picosecond laser ablation (Stafe et al.,, 2014) in collaboration with Dr. Antoine Guitton (PEM, PSI) and Dr. Rolf
Bronnimann (EMPA, Diibendorf). Laser ablation consists in ejecting matter from the sample by irradiation with
short, energetic bursts of light. Due to strong absorption of the laser radiation in the surface layer, a high and
sudden increase of temperature occurs, which in turn causes material evaporation, as illustrated in Figure 2.11-
a. Figure 2.11-b shows schematically the process that occurs inside the material. As the energy of photons is
small compared with the energy of the atomic nuclei, the photons only have impact on electrons, which will gain
kinetic energy. Eventually, the electrons lose their energy by nudging the internucleei bonding of lattice and
ablation occurs (Leitz et al.,, 2011).

a) "~ Laser pulse b) ultrashort laser pulse
E = ablation
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Figure 2.11 Illustration of picosecond laser ablation technique: a) adapted from (Attodyne website, 2013) and b) after (Leitz
etal, 2011)

In laser ablation, there are three important time periods:

- The electron cooling time (t,): time for an electron to lose its energy to the lattice (e.g. Cu - 10-17
seconds)

- The lattice heating time (7;): time for the lattice to heat up (start vibrating) (order of picoseconds )

- The pulse duration (z,,)

The first two time periods are material dependent. The third, the duration of the pulse, can be chosen depending
on the tool and has an important effect on the introduction of damage into the material. In general, shorter pulse
durations reduce heat diffusion leading to low damage, better surface quality, improved resolution and higher
precision (Chichkov et al,, 1996; Xiao et al,, 2012). Thus, the shorter the pulse the smaller the heat affected zone
(HAZ) is (Jandeleit et al., 1996; Meijer, 2004; Schafer et al.,, 2002). In the cases of metals, the penetration depth
(1,) is governed by thermal diffusivity (D) and for 7,, =10 ps:

l

» = 24/D7p eq. 5

In addition to the duration of the pulse, which is given by the laser type and also determines the repetition
frequency and wavelength range, there are additional parameters that influence the laser ablation process.

- Thelaser fluence is the measure used to describe the energy delivered per unit area

I [ J 1. Laser pulse energy [J]
= Fluence cmz| = Ef fective focal spot area [sz] €q.

- Sometimes, intensity is more used than fluence
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where

_ Laser peak power [W]
" Effective focal spot area [cm?] eq. 7

. w
Intensity [m

Laser pulse energy []]
Pulse duration [s]

Peak power [W] = eq. 8

Spot diameter in case of Gaussian beam
d;: diameter of the laser beam

1. (Fl
dap = df Eln (—) where Fl:laser fluence eq. 9
E, F,: fluence threshold for ablation

Ablation threshold: the minimum energy needed to evaporate the material without melting. The regime
just above the threshold is the most interesting for precise material processing as the HAZ is minimized.

In order to get the optimum conditions to locally thin the shear area, several tests have been carried out with a
commercial picosecond laser (Lumera Laser GmbH, Germany) operated at 355 nm with 50 KHz and 10 ps pulse

duration. The optical images of

Figure 2.12 (a-b) shows the influence of the laser power when ablating polycrystalline copper after one single
loop: a) has been ablated with 10 mW and b) with 50 mW. In the former image a rose window imprint is
observable but disappears for power values larger than 50 mW, which is determined as the power threshold.

For that power (50 mW), a linear behavior is found between the ablated depth and the amount of
removing steps.

The first trials have also revealed that a trench is formed in the perimeter of the ablated area. The depth
of this trench increases with the amount of material ablated. To overcome this issue, the thinning pro-
cess is done in a staircase concept as shown in Figure 2.12-c: larger diameters have bigger steps (more
loops), smaller diameters have lower steps.

To reduce the roughness observed in the optical image of Figure 2.12-b, laser pulses are directed by a
galvano scanner in a cross hatch pattern towards the surface. The distance between hatch lines is set ex-
actly to 3 digitizing units (~4 pm) of the Digital-to-Analog Converter (DAC) for the galvano scanner to
reduce aliasing effects. Additionally, the hatch direction is constantly rotated by 60°. This results in a
root-mean-square (RMS) roughness of about 500 nm obtained for a length of ~280 um as determined
with a white light interferometric microscope. The 3D topography view of the flat ablated surface ob-
tained is shown in Figure 2.12-d.

With the final parameters listed in Table 2.1 ~300 nm per hatch is ablated
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b)
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Figure 2.12 Optical images of ablated area in polycrystalline copper using a laser power of a) 10mW and b) 50mW; c)
Schematic view of the stair case concept; d) 3D topographic view of the ablated area revealing an RMS roughness of 500nm
over a length of 280 um

Table 2.1 Laser details and ablation parameters

Manufacturer Lumera (now Coherent), Kaiserslautern, Germany
Model Super rapid with SHG, THG and first pulse killer
SHG: Second Harmonic Generation

THG: Third Harmonic Generation

Maximal power at 355 nm | ~4 W

Maximum repetition rate | 640 kHz

Material removal method | Layered ablation

Process gas Ambient air
Wavelength 355 nm
Pulse duration 10 ps
Power 50+2 mW
Frequency 50 kHz
Focal spot size ~5 um

A study of introduced damage has been done on single crystalline 100 pm thick copper foils purchased from
Goodfellow Cambridge Ltd., England. The foils were ablated into a stair shape with the parameters listed in Table
2.1 until a thickness of ~10 pm was reached. The thickness of the thin area was measured by focal depth differ-
ence using an optical microscope (Olympus BX51). This contactless method for measuring the thickness avoids
introducing further damage in the critical area. Laue scans (see section 2.2 and 2.3 for explanations) were done
in an area of 500500 pum? that covers both the ablated and non-ablated zones. Figure 2.13 shows the 2D loga-
rithmic scale diffraction map of a Laue reflection where the ablated thin area is recognizable by the bright blue
color. By analyzing the broadening of the Laue reflections the introduced damage can be evaluated. The diffrac-
tion patterns outside the red line are used to calculate the average values corresponding to the non-ablated area,
the ones inside the black line for the ablated area. The full width at half maximum (FWHM) of the reflections
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along the radial (20) and azimuthal (¥) directions are obtained by fitting a 2D Gaussian function to the diffrac-
tion peaks. The mean of all the reflections is summarized in Table 2.2. The values corresponding to an etched 10
pum thick silicon (Si) membrane are given as a reference. The mean values of the table show that the copper sam-
ples are more damaged than the silicon reference due to the preparation procedure of the foils. When comparing
the ablated and non-ablated cases, the mean values are lower in the ablated area because of reduction in thick-
ness. The fact that the values are not higher suggests that the induced damage by the laser ablation is minimal
compared to the initial microstructure. More details of the analysis can be found in (Guitton, A., Irastorza-Landa
etal, 2015).

Not-ablated

Figure 2.13 2D logarithmic scale diffraction map of a Laue reflection around the ablated zone.

Table 2.2 Mean of FWHM of all Laue reflections along the radial (26) and azimuthal (¥) directions

Total cycles A20 (°) AY (°)
Cu - ablated 0.14 0.15
Cu - not ablated 0.18 0.22
Si 0.09 0.07

The thinning procedure applied when preparing the shear samples consists of two steps: 1) on the front side a
circular area with internal diameter of #~300 um is created by gradual stair-shape reduction as previously
described; 2) on the back side a larger rectangular area is removed covering both shear areas. This procedure
ensures that any damage that may exist at the surface of the original single crystal is removed in the sensitive
area where the Laue diffraction measurements are performed. Figure 2.14 shows the front (a) and back view (b)
of the ablated areas. It can be observed in the Figure 2.14-b that the shear areas are also visible on the back side.
This is only the case for those samples subjected to a second annealing, and can therefore related to thermally
induced internal stress release.

The final thicknesses that are usually obtained are in the order of ~30-50 um within the circular area. Many
attempts have been done to go thinner but in most of the cases the thin area was blown out (Figure 2.14-c).
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Figure 2.14 Results of picosecond ablation on single crystal copper with final shape: a) stair-shape ablation inside the shear
zone; b) ablation in the back-side of the specimen; c) unsuccessful ablation result where the thin area was blown out

2.1.3 Machine

A dedicated miniaturized deformation rig has been built to apply reversible shear and to be compatible with in-
situ Laue micro-diffraction. Schematic views of the machine are presented in Figure 2.15: a) front view and b)
back view. A real picture of the machine is shown in Figure 2.15-c. The rig has dimensions of 200x90x150 mm?3.
The frame is made of an AlMgSi alloy. Reversible shear is induced by two pins that sequentially push on either
side of the sample. The pins can be displaced by two Smaract linear actuators (SLC-1760) with a 7N blocking
force, sub-nanometer scan resolution and 41 mm travel range. Two 5 N load cells (Transducer Techniques, USA)
measure the force applied on the pins. In order to compensate gravity a counterweight is installed for the lower
linear actuator. By adding additional weight higher forces can be reached (~7 N). On the top side of the specimen
a cantilever is installed in between pin and sample. This system measures the displacement on the top part of the
sample with a Renishaw Tonic optical encoder with 20 nm resolution. The center of the sample is located in the
middle of the cantilever. As a consequence, for small displacements the measured displacement at the encoder
position is considered to be the double of the actual displacement of the sample, which is later converted to
strain using eq. 3. On the back side an opening of 100° is created for a large angular acceptance necessary to
avoid blocking the transmitted beam. The drawings of the machine are attached in Appendix C.

a) b) c)

1. Linear stage

2. Load cell

3. Angular encoder
4. Pin

5. Cantilever

6. Sample

7. Counterweight

5.

g
5 '\a\'
g
’
I

£l

Figure 2.15 Schematic views and real image of the deformation rig that allows applying reversible shear

2.1.4 Mechanical test

The fully reversible cyclic shear experiments are performed under displacement control as explained in Figure
2.16. The first step consists of bringing both pins in contact with the sample. A force threshold (F,, = 20 mN) is
set to define a touch down condition. During the complete test both pins remain in contact with the sample.
During the first quarter of the cycle, a displacement U is imposed to the linear stage that controls pin 1. The
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displacement rate is fixed to 4 pm/s. The actual displacement of the pin, measured by the Renishaw system, is
lower than U (u). When one pin pushes on the sample the second pin retracts (u'). A PID-control loop ensures
that the force on this second pin remains zero and that both pins come back to touch down condition once the

maximum displacement is reached. After unloading, the same procedure is repeated for the second half of the
cycle.

1

¢ 2 3. 4. 5
s Touchdown “&¥ Displacement of pinl ' Touch down i Displacement of pin2 w Touch down
of both pins Touchdown for pin2 condition Touchdown for pinl condition

/

Figure 2.16 Steps during fully reversible shear cycles

A multiple step test methodology is followed to complete the set of cycles (see Figure 2.17): the displacement

amplitude is kept constant during a certain number of cycles and afterwards the displacement amplitude is
increased to a higher level and more cycles are applied.

k cycles

s : Time
| ( [ E|

Imposed displacement

Figure 2.17 Multiple step test methodology

The shear device is controlled with in-house LabVIEW routines written by Dr. Steven Van Petegem. Figure 2.18

shows the snapshot of the interface to control the machine and conduct cyclic mechanical test. Eight main blocks
can be distinguished:

Block 1 shows the evolution in time of the displacement and force of pin 1 (blue), of pin 2 (red) and of
the Renishaw signal (green).

Blocks 2 and 3 control de force, position and speed of pin 1 and pin 2 respectively.
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- Block 4 is the control for the touchdown procedure. Both axes can be automatically brought into
touchdown condition by setting the force threshold, speed and maximum travel distance. When the pin
touches the sample the machine stops and the light blinks.

- Block 5 is used to set the parameters for cycling: number of cycles, imposed amplitude on the linear
stage (U) in nm and speed in nm/s.

- Block 6 is used to set parameters for setting the contact conditions during cycling and unloading.

- Block 7 shows the evolution force vs displacement of both pins.

- Block 8 is used to set the path and filename to save the mechanical data.
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Figure 2.18 Snapshot of the LabVIEW program to control the machine and conduct cyclic mechanical test

2.2 In-situ fatigue during Laue micro-diffraction at MicroXAS beamline

The principle of Laue diffraction is as follows. In Laue diffraction the incoming beam is a polychromatic X-ray
beam (range of A) that interacts with an immobile crystalline sample. dy,; is the spacing of the (hkl) planes in the
atomic lattice and 6 is the angle between those planes and the incident beam. n is the order of diffraction. When
Bragg’s law is satisfied for different A — d;,;; combination, the constructive interferences result in several Laue
spots/peaks/reflections that can be collected on a detector. The indexation of the pattern gives the local crystal
orientation.

nA= Zdhklsin(a) eq. 10

The Laue diffraction experiments have been performed at the MicroXAS beamline of the Swiss Light Source
(SLS), located at the Paul Scherrer Institute. At this beamline a pink X-ray beam with energies ranging between
10 and 23 keV are focused with a pair of Kirkpatrick-Baez (KB) mirrors to a spot size smaller than 1 um? as
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determined by knife-edge scans. The sample is placed in the focal point, which is located 150 mm downstream
from the KB mirrors. The diffraction pattern is detected by a detector placed after the machine. Thus, the
working mode is in transmission. Several microscopes are used to locate the sample in the focal point. A
beamstop blocks the direct beam to avoid damaging the detector. Figure 2.19 shows real images of the setup
installed at the MicroXAS beamline where few elements are labelled by numbers: (1) - Detector, (2) - Diode
microscope, (3) - Machine with the sample, (4) - Beamstop, (5) - Sample microscope, (6) - KB mirror.

Figure 2.19 Experimental setup at the MicroXAS beamline

Once the center of one of the ablated areas is located in the beam, the sample is scanned through the beam along
the X and Y direction and at each point a Laue diffraction pattern is recorded. Scans of 10x25 pm2are performed
with a step size of 300 nm as illustrated in the schematic shown in Figure 2.20. The same area is scanned after
certain amount of cycles to follow the microstructural evolution.

Two angles are drawn in Figure 2.20 to define the position of each Laue reflection: 26 denotes the angle between
the incoming beam and the diffracted beam, and ¥ is the azimuthal angle on the detector plane. Indexation of
each pattern gives the average crystal orientation within the illuminated volume. Analysis of the Laue scans
provides a spatial resolved misorientation maps as is explained section 2.3.

Figure 2.20 Schematic layout of the in-situ X-ray Laue micro-diffraction setup for reversible cyclic shear
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Two technical aspects have to be mentioned: the intensity spectrum of the X-ray beam at the MicroXAS and the
influence of the properties of the detector.

Influence of intensity spectrum

At the MicroXAS beamline the X-rays are produced by an undulator. It provides a harmonic intensity distribution
as it can be seen in Figure 2.21. The flux and the frequency of the harmonics can be tuned by optimizing the gap
size (space between the undulator’s magnets parts): the smaller the gap, the higher the flux. Due to the presence
of these harmonics the intensity can change by one order of magnitude for a minor change in energy. This can be
reflected in the shape of Laue reflections. Indeed, from Bragg’s law it can be seen that for a given lattice spacing
the energy of a diffraction spot is directly related to the diffraction angle. In other words, diffraction spots
elongated along the radial direction (variation in diffraction angle) cover a certain energy range. Intensity
variations in the Laue peaks can therefore be either related to sample microstructure or to the intensity
distribution of the energy.

16
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Figure 2.21 Simulated intensity versus the energy for two different undulator gaps at MicroXAS

Figure 2.22 shows an example of the influence of the discontinuous intensity spectrum. It plots a 3D view of a
(131) peak at 13.7 keV recorded with a gap opening of 5 mm. A sharp drop is observed in the right side of the
small sub-peak. The arrow points to the theoretical position where the maximum intensity should lie in order to
minimize the indexation error. The position of maximum intensity of other peaks matches the theoretical
position which suggests that the drop can be related to the energy drop around the 9t harmonic. As a
consequence, this particular peak was not taken into account when analyzing the Laue patterns.

1.5}

Intensity
‘

350

250

Figure 2.22 3D view of (131) peak at 13.7 keV recorded with a gap opening of 5 mm
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Influence of detector

The properties of the detector may have a large influence of the quality and duration of the experiment.
Following important aspects need to be taken into account:

- Dynamic range: the higher the range, the higher the maximum number of counts per pixels. All the pixels
with counts higher than the maximum value are considered saturated and thus the full shape of the Laue
reflection cannot be analyzed.

- Readout time: together with the acquisition time determines the speed at which Laue patterns can be
collected: the shorter the time, the faster the scans.

- Angular acceptance: the maximum energy at MicroXAS is relatively low. As a consequence diffraction in
forward direction is limited. In order to optimize the number of reflections the detector should be placed
as close as possible to the sample. On the other hand, for optimal resolution, the sample-to-detector
distance should be maximized. Depending on the dimensions of the detector and pixel size an optimum
has to be found.

The results shown in this thesis have been collected using a DECTRIS EIGER 4M detector with an active area of
2070x2167 pixels and 75 pm pixel size. It has a dynamic range of 32 bit (maximum counts/pixel: 4.3x109). This
state-of-the-art X-ray detector operates in single photon counting mode, provides zero dark signal and zero
readout noise and has a continuous readout with 3 ps dead time. The detector was placed 6.5 cm away from the
sample, which is equivalent to a total angular acceptance of 135°. The exposure time was 0.3 ms. The setup was
calibrated with the aid of a 10 pm thin Si wafer.

More details about the beamline, in-situ mechanical setups installed in the beamline and calibration procedures
can be found in the following earlier theses (Maass, 2009; Marichal, 2013; Zimmermann, 2011).

2.3  X-ray data analysis

Each scan consists of 2856 diffraction patterns that are analyzed using an in-house software written in Matlab. A
big part of the software was developed by Dr. Steven Van Petegem and various PhD students (Maass, 2009;
Marichal, 2013; Zimmermann, 2011). For this thesis, I had written additional Matlab routines in order to deal
with the large amount of collected data.

The first step consists in identifying the positions of each Laue peak on the pattern. This is done by an automatic
indexation routine. Here the peak positions are defined by a maximum intensity position criterion. This criterion,
rather than using the center of mass of the peak, allows detecting new emerging regions. Figure 2.23 illustrates
the case of a Laue peak that changes its distribution during fatigue cycles. If the center of mass criterion is used
to define the position of the peak, one can observe that the position is rather invariant (purple arrow). However,
by choosing the maximum intensity criterion the peak position is constantly changing, reflecting the dislocation
dynamics behind. The results obtained by both methods are discussed in section 5.5.

Maximum intensity
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Figure 2.23 Maximum intensity vs. center of mass (the peak corresponds to the evolution of point B3 in S1-L -Figure 3.16)

Next, the average crystal orientation within the illuminated volume is determined by a refinement procedure
yielding a Bunge orientation matrix (G) at each point. This matrix describes the rotation from crystal frame to
laboratory frame. As will be shown further, the diffraction peaks may have irregular shapes. As a consequence
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the refinement procedure is not perfect. This will be expressed as an indexation error, which is the mean
deviation between the theoretical and experimental positions of all Laue peaks, in units of pixels.

Once each pattern is indexed, different spatially resolved maps can be calculated. On one hand, the orientation of
each point can be compared to a fixed reference. This procedure is used to calculate misorientation and rotation
maps. On the other hand, the orientation of each point can be compared to the orientation of the neighboring
point. This is done to calculate the lattice curvature, Nye tensor components and GND density maps. Finally the
shape of Laue reflections and the scattering in the orientation are analyzed. They provide information about the
heterogeneity across the integrated volume. Figure 2.24 shows a schematic of the analyzed aspects. In the
following sub-sections each of them are explained.

Misorientation map

Rotation map

>
4

Indexation of all
patterns in the scan

\

map

Nye tensor

component map

GND density map /

Indexation error

Shape of Laue
reflections

Orientation
scattering

Figure 2.24 Schematic of the analyzed aspects

2.3.1 Misorientation

Misorientation is defined as a difference in the crystalline orientation between two points. It can be described as
a single rotation by a positive angle (6,,;;) around an axis (e) according to the axis-angle representation
(Morawiec, 2004). The rotation axis is sometimes called the Euler axis. The misorientation and the Euler axis
depend on the chosen reference, but the relative misorientation between both orientations is independent of the
reference. The schematic of the axis-angle representation is plotted in Figure 2.25.
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Figure 2.25 Misorientation described by the axis-angle representation

Generally, a reference orientation matrix has been chosen as a point on the Laue map for which the crystal
orientation varied the least during cycling.

2.3.2 Rotations

The overall rotation between the reference and the orientation of the point of interest can be decomposed into
Wy, wy and w, rotations around X-, Y- and Z-axes in the laboratory frame, respectively:

R = R,(0,)R, ()R, () eq. 11

This is illustrated in

Z
Wy
2 » L ¢
y y ¥ y
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X X X X
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i

Figure 2.26 Decomposition of rotation in three rotations around X-, Y- and Z-axes

The rotations in 3D are in general not commutative and the overall total rotation matrix (R) is sensitive to the
multiplication order. For small misorientation values (<1°), however, they are commutative (Morawiec, 2004).
Therefore, after decomposing the total rotation into rotations around X-, Y- and Z-axes, wy, w, and w, values are
obtained.

The wy, w, and w, values are calculated related to the same reference chosen to compute the misorientation.

2.3.3 Curvature tensor

Calculating the relative misorientation between two neighboring points does not depend on the chosen
reference orientation as is the case of 0,,,, wy, w, and w,. The curvature tensor k;; describes the relative
misorientation and is defined as the gradient of the rotation about the ‘" axis along the ‘j’ direction:

005 . P
K = o with {i,j} = {x,y,k} eq. 12
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where 0 is the lattice rotation vector. The disorientation vector (A®), analogue to the axis-angle representation,
defines the orientation difference between two neighboring points (A and B). In sample coordinates, it can be
derived as follows:

AG = G;'Gg eq. 13
AB = arccos (%) eq. 14
with AG;; the trace of AG.
]
Aek = _ekijAGii —ZSinAe eq. 15

with { i, ], k} = {x,y, z} and €;the Levi-Civita permutation symbol.

From the disorientation of two points separated spatially by distance Ax the lattice curvatures can be
approximated as:

AB; : :
Kij = E with {l,]} = {x;y;z} e 16

When working in Laue transmission mode, the differentiation along the third direction is lost, similar to EBSD.
Therefore, only six components of the curvature tensor are available: x;, and x;, with {i} = {x,y,z}. This
procedure has been applied in EBSD by Pantleon (Pantleon, 2008). It has also been applied in 3D X-ray
diffraction by Larson et al. (Larson et al., 2007) who have access to the full curvature tensor.

The geometrical interpretation of the curvature components is given schematically in Figure 2.27. Only x;, have
been plotted but the geometrical explanation is analogue for the other components: k,, represents torsion
around X-axis, k, flexion of a plane perpendicular to the Y-axis around the X-axis and k,, a flexion of a plane
perpendicular to the Z-axis around the X-axis.

Figure 2.27 Geometrical interpretation of the curvature components

2.3.4 Dislocation density tensor

The local dislocation density tensor (), introduced by Nye (Nye, 1953), measures the density of GNDs and
therefore is related to the lattice curvature. In the absence of elastic strain (or small elastic strains, small
rotations and small gradient of elastic strain), which is the case for deformed metals, the relationship is given by
Nye’s formula:
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a=x KT — Kiil

eq. 17
with k;; the trace of k and I the identity matrix, which yields:
Axx  Oxy Ayz
Ayx  Ayy Qyz )=
Azx Ozy Ayz
Kex  Kyx  Kgx Kyx T Kyy + Ky 0 0
ny Kyy sz - 0 Kyx + Kyy + Ky 0 = eq. 18
Kyz Kyz Kzz 0 0 Ky + Kyy + Ky,
—Kyy = Kzz Kyx Kzx
Kyy “Kyx — Kzz Kzy
Kxz Kyz —Kyxx — Kyy

As only six components of the curvature tensor are available (x; and k; with {i} = {x,y,2}) only the
components in blue are available.

When combining a,, and a,,, the following component can be calculated as well:

Oyx = Oyy = Kyx — Kyy eq. 19

Note that the dislocation density tensor does not account for SSDs, dislocations of opposite Burgers vectors (b)
within the same volume (e.g. dipoles), as their individual lattice distortions are cancelled out (Arsenlis and Parks,
1999).

Each component of the dislocation density tensor, a;;, is a sum of individual dislocation densities (p) from
different dislocation types (t), each characterized by Burgers vector i and line vector j:

N
o = Z bELtpt eq. 20

t=1

where N is the number of possible dislocation types.

As only five components are available when working in Laue transmission, the dislocation density of each type of
dislocation cannot be determined because the system is indeterminate. It is possible, however, to determine an
apparent density of GNDs as (Gupta and Agnew, 2010):

1
Papparent = E(laxyl + I(szl + |ayx| + |ayz| + |azz|) €q. 21

The influence of the step size, beam size and the effect of working in Laue transmission are discussed in section
5.5.

2.3.5 Shape of Laue reflections

The shapes of the Laue reflections reflect microstructural gradients inside the gauge volume. Barabash, Ice and
co-workers (Barabash and Ice, 2005, 2014, Barabash et al,, 2001, 2002, 2003, 2005; Ice and Barabash, 2007; Ice
et al, 2005) have developed an advanced approach based on Krivoglaz’ work (Krivoglaz, 1969) for calculating
the peak profile for basic dislocation structures. This approach takes into account the influence of particular
organizations of dislocations on the Laue peaks (i.e. SSDs, GNDs and geometrically necessary boundary
dislocations (GNBs)). However, when multiple slip systems are involved, either from the beginning or during
load, the Laue peaks start often to broaden, split and/or streak in a non-interpretable manner.
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The influence of different basic dislocation organizations on the Laue peaks is illustrated in Figure 2.28 and can
be summarized as follow:

- SSDs (Figure 2.28-a) do not cause any macroscopic lattice rotation or bending as there are equal
numbers of dislocations with positive and negative Burgers vector (b). They contribute to a
homogeneous symmetric broadening of the Laue peak.

- GNDs (Figure 2.28-b) are excess of dislocations of one particular sign in presence of a plastic strain
gradient. They cause streaking along a certain direction, which is directly related the nature of the GNDs.
Two directions are shown in Figure 2.28: ¢ and v. The former is perpendicular to the line direction of the
dislocation and the scattering vector and determines the dislocation type of the GNDs; the latter is
orthogonal to ¢ and the scattering vector. Note that each Laue reflection has different sensitivity
depending on the angle between the scattering vector of the planes and the Burgers vector of the
dislocation: the lower the angle, the higher the sensitivity.

- GNDs may group into walls and form GNBs (Figure 2.28 -c). The boundary creates a local angular
misorientation (6,,) between the two sides of the crystal and the magnitude depends on the distance
between dislocations (h):

b Om

— = 2sin— eq. 22

h 2 a
GNBs cause further streaking but the intensity distribution is discontinuous. If the misorientation is

sufficiently large, the Laue reflection splits.
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Figure 2.28 Influence of different simple dislocation organizations on the Laue peaks. Adapted from (Ice and Barabash, 2007)

2.3.6 Orientation scattering

As Laue diffraction experiments are performed in transmission geometry, each Laue diffraction spot represents
the averaged signal across the sample thickness. Orientation gradients within the gauge volume result in a
spreading of the Laue spots. Statistical information of this spreading can be obtained by a template-matching
technique as suggested by Gupta and Agnew (Gupta and Agnew, 2009) and later used by Hofmann et al.
(Hofmann et al., 2012).

The basic idea is schematically shown in Figure 2.29. Firstly the experimental peak profiles are binaried by
setting the pixel intensity to 0 when the peak intensity is less than a threshold and to 1 for all other points with
higher intensity (black areas). The threshold is defined individually for each Laue reflection as the 15-20% of the
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volume integral of the intensity. Then virtual Laue diffraction patterns for various crystal orientations that
deviate slightly from the average orientation (yellow points) are generated: the orientation of the crystal is
virtually rocked around the mean position by rotating about the X, Y and Z- axes with a step size of 0.03° such
that orientation an grid |6,|= |6,|=|6,|=1.5° is covered (patterned areas). When all virtual positions of each
reflection lie inside the black areas, a match is found (green points). When at least one of the virtual positions is
out of the black areas, the orientation is not considered as a match. With all the matched crystal orientations, a
picture of the orientation spread within the gauge volume in terms of three rocking rotation angles (6, 6,,6,)
can be plotted.

Figure 2.29 Principle of the template matching

2.4  Sample overview

In this thesis, copper single crystals in three different orientations have been tested: single slip, coplanar double
slip and collinear double slip. The crystallographic axes, active slip planes and corresponding Schmid factor for
shear deformation are given in Table 2.3. The active slip systems are represented in a cuboid too, where the lines
represent the dislocation lines of primary slip systems. The expected dislocation structure for single slip oriented
fatigued sample are the so called channel-vein structure (Ackermann et al, 1984; Ahmed et al., 2006). For
coplanar a cell structure is expected in the (111) plane (Li et al, 2011). Collinear orientation is not accessible in
tension-compression experiments. Therefore no literature information is found about the saturated stage after
fatigue.

The successfully tested and analyzed samples are summarized in Table 2.4. The sample preparation condition
relates to the number of annealing steps (see section 2.1.2). The optically measured thickness and diameter are
given. Each sample has been subjected to different total amount of cycles, which is shown in the last column of
the table.
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Table 2.3 Summary of the orientation of the tested samples

. . . « Activeslip | Schmid | Representation of ].Expect(.ed
Orientation = Crystallographic axes p . dislocation
plane/s factor active slip systems structure

y=[101]

single slip A 212 1)1 701 1

x=[111]

y=[112]

s=[110] | (11D[I01]  0.866
Coplanar ‘ (111)[011] = 0.866

x=[111]

y=[110]

. L z=[00T] | (111)[110]  0.816
Collinear (111)[110] 0816

x=[110]

* Y-axis corresponds to shear-load axis and Z-axis to beam axis.

Table 2.4 Summary of the characteristics of the analyzed samples

Orientation Sample Condition Thickness Diameter Total cycles
Single slip S1-L Single annealing 31 um 297 um 120
Single slip S1-R Single annealing 31 um 300 um 120

Coplanar S2-Cp Double annealing 31.5um 304 um 95
Collinear S2-Cl Double annealing 31.4 um 301 um 80
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Chapter 3  Single slip results

In this chapter the results of the in-situ fully reversed cyclic shear experiments for copper single
crystals oriented for single slip are introduced. The mechanical data, microstructural evolution in terms of
misorientation angle, rotations about X-Y-Z-axes, lattice curvatures and GNDs, and analysis of the Laue
reflections are presented for two samples: sample S1-L (left shear zone) and sample S1-R (right shear zone).

3.1  Single slip orientation

Samples oriented for single slip have easy glide on the (111)[101] system when loaded in shear (Schmid factor of
1). The list of Schmid factors for all slip systems is shown in Table 3.1. The (111)[011] and (111)[110] have a
50% lower Schmid factor. Both share the same plane as the primary slip system but with different Burgers
vector. The (111)[101] system, which has the same Burgers vector as the primary system but a different slip
plane, has a Schmid factor that is a third of the value of the primary slip system. All other slip systems have a
much lower Schmid factor. Figure 3.1 shows the primary slip system in a cuboid and the crystal orientation in
the laboratory frame.

Table 3.1 Schmid factors for single slip orientation

Slip Plane Direction Schmid
system Factor
1 1 1 1 1 0 1 1
2 1 1 1 0 1 1 0.5
3 1 1 1 1 1 o0 0.5
4 1 1 1 1 0 1 0.333 y=[101]
5 1 1 1 0 1 1 0.167 _ z=[121]
6 1 1 1 1 1 0 0.167 X
7 1 1 1 0 1 1 0.167 » Z x=[111]
8 1 1 1 1 1 o0 0.167
9 1 1 1 0 1 1 0.167
10 1 1 1 1 1 0 0.167
- - Figure 3.1 Crystal orientation and primary slip system
11 1 1 1 1 0 1 0 (plane and dislocation line) for single slip orientation.
12 1 1 1 1 0 1 0 Y-axis corresponds to shear-load axis and Z-axis to

beam axis.

3.2 Mechanical data

The sample oriented for single slip has been subjected to a total of 120 cycles, subdivided into five series, where
the plastic strain amplitude was gradually increased from 0.027% to 0.295%. The force response as a function of
resolved shear strain for the last cycle of each series is shown in Figure 3.2. The number of cycles, force at
maximum positive displacement and the resolved total and plastic shear strain amplitudes are also listed in
Table 3.2. The crystal shows small hysteresis for plastic shear strain amplitudes < 0.095%, and larger for higher
amplitudes.
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Figure 3.2 Mechanical response of single slip oriented sample

Table 3.2 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for single slip orientation

Total cycles Maximum Resolved.total Resolved ;.)lastic
force (N) shear strain (%) shear strain (%)
1-11 4.50 0.51 0.027
12-50 4.77 0.54 0.040
51-80 5.38 0.68 0.095
81-100 5.69 0.95 0.285
101-120 5.86 1.00 0.295

3.3 Sample S1-L

3.3.1 Evolution of misorientation angle

The evolution of the misorientation angle of sample S1-L during fatigue is shown as a function of cycles in Figure
3.3-a. The initial microstructure consists of a few misoriented regions with dimensions of the order of pmz2.
Region A is rotated by 0.15° region B by 0.22°, and regions C, D and E by values less than 0.14°. In region C there
are some hot spots with misorientation values of 0.21°. The probability density function (PDF) has an arbitrary
shape with the mode value of 0.1° (Figure 3.3-b). The description of the PDF distribution is given in Appendix D.

During the first 50 cycles, the misorientation distribution changes continuously. Region A and E shrink and lower
the misorientation magnitude. Regions B and D get fragmented and the overall misorientation value reduces. In
the right edge of region D, however, a small cluster of 0.21° misorientation appears. Region C shows the opposite
trend: its overall rotation increases, probably to accommodate the initial hot spots. Analysis of the PDF reveals
that the mode has been shifted to a value of 0.07°.
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After additional 30 cycles (total of 80), the scanned region mostly homogenizes to a “background” containing
only rotation gradients below 0.05°. Region A has almost disappeared and region C lowers its misorientation
value. Region D reassembles and reaches the same initial rotation value. Overall, some pre-existing features
remain, such as the fragmented region B with maximum misorientation of 0.24°, and the footprints of regions C,
D and E, with a rotation of ~0.13°. There is another area, located in the left side of region E, labelled E’, which has
the same misorientation value and that has emerged from the pre-existing heterogeneity. All these traces are
contributing to a sub-peak with the sub-mode around 0.13° in the PDF.

During the last 40 cycles at large plastic strain amplitude, new highly rotated areas appear. The onset of these
regions is observable after a total of 100 cycles, but they further grow in rotation values and in dimensions
during the last 20 cycles (e.g. regions D’ or F). At the end, two 0.22° misoriented regions are formed, one which
evolved from the previous fragmented region B, and another (marked F) from a region that was part of the
“background”. These red rotated areas are slightly elongated in the Y=[101] slip direction and are contributing to
the sub-peak around 0.22° in the PDF plot. Region D’ expands and contains some hot red spots inside; region D
reduces its size.
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Figure 3.3 Evolution of misorientation angle of sample S1-L. a) Spatial resolved maps; b) PDF functions

3.3.2 Evolution of rotations about X-Y-Z- axes

Figure 3.4-a-c presents the evolution of the amount of rotation around the X-, Y-, and Z- axes (w,, w, and w,). The
scale bars for these rotations are |0.2°[, |0.1°| and |0.25°| respectively. For each cycle, the PDFs of w,, w, and w,
are plotted in Figure 3.4-d. On these plots a grey band with a width of |0.03°| is shown. As the rotation angles
within this band are very low, the exact values should be taken with care since the rotation axes are not well
defined. The description of the PDF distribution is given in Appendix D.

As in the case of the misorientation map (Figure 3.3), the initial distributions of w,, w, and w, before cycling are
not homogeneous. Some domains in the upper part of the w, map are rotated positively (e.g. region A with w, ~
0.04° - yellow) and other domains negatively, e.g. region E (w,< -0.05° - dark blue). More locally, one can also
find small regions with higher values of w,~ 0.20° as is for instance the case in region C. The w, values are
generally smaller in magnitude, with largest values of w,~ -0.07° (e.g. region D). The rotation around the Z-axis
is the most pronounced: positive rotated areas with w,~ 0.08° (region E and surrounds of region B) or
w,~ 0.22° (region B) can be found. These areas are embedded in a matrix with negative values for w,~ -0.06°
(light blue). These domains contribute to sub-peaks in the PDF curve.
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Figure 3.4 Evolution of rotations on the X-, Y-, and Z- axes (wy, w, and w,) of sample S1-L

The misorientation map and w, map have the strongest correlation. There are, however, some differences:
region D’, which is invisible in the misorientation map until step 100, is recognizable at step 0 in the w, map.

During the first 80 cycles at low and intermediate amplitude, the initial rotational heterogeneity is
accommodated. As it was observed in the evolution of misorientation maps, the domains start fragmenting, and
in general the PDFs tend to narrow. The yellow domains in the w, maps for example get smaller. Only region C
increases its w, value. On the other hand, new blue areas appear (region E’) and the initial ones expand. The dark
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blue-domains of the w,, map also shrink their size and magnitude. The upper part of the map tends to rotate to
positive w,, but the value is never larger than 0.05°. The evolution of w, during cycling is very similar to what
was observed for the misorientation map: the pronounced fragmentation of regions B and E, and vanishing of
region A. Region D’ tends to slowly expand and increase its rotation about the Z-axis.

During the last 40 cycles, the w, maps are the ones experiencing most of the changes. The regions with high
misorientation value also have the higher positive rotation about the Z-axis (regions B, F and D’). The three re-
gions grow in size and in magnitude upon cycling. There is another region (named G) that is not visible in the
misorientation map but has relatively high rotation about Z-axis. The PDF also confirms the development of do-
mains with large positive w, with modes around 0.07° (yellow), 0.12° (orange) and 0.21° (red). In the w, maps
after cycle 120, two defined globes with w,~ -0.07° are apparent (marked as 1 and 2). One corresponds to the
initial region D and lies between two highly + w, rotated regions (region F and D’); the other one is located be-
low region D’. Region F has also negative rotation about Y-axis ( w,~ -0.04°). No special changes are visible in the
®, maps.

3.3.3 Lattice curvatures and dislocation density tensor components

Figure 3.5 shows the evolution of the lattice curvature components upon cycling in mrad/um. The same scale bar
(|8 mrad/um|) has been given to all the components for better comparison. Most of the lattice curvature
components mark the perimeter of the abovementioned misoriented regions (see Figure 3.3-a) and exhibit
changes during fatigue.

- The maps of k,, and x,, components are given in the first two rows. Before cycling (step 0) they already
mark the perimeter of regions C, D’ and E. Upon cycling, these traces of i, and k,,, still mark the
boundaries of the three misoriented regions and none of the curvature components vanish (e.g. one can
follow the expansion of regions B and E).

There is another region, named H, which is not distinguishable in the misorientation map (Figure 3.3-a)
and w,, w, and w, maps (Figure 3.4-a-c) but shows k., and k,,, curvatures. This heterogeneous region is
relatively invariant during fatigue as its physical location and features do not exhibit major changes.

At map 80 few boundaries are marked with arrows in the ,, and x,, maps. These boundaries are
initially discontinuous, whereas after 80 cycles and until the last cycle they become connected.

The onset of region F is visible at map 100 and is clearly defined at step 120. There is another region (G)
with identical features below it. Nevertheless, this region is not created during fatigue as its traces
already exist from the beginning (G’).

- The x,, and k,,, maps are shown in the third and fourth rows. Initially there are areas without x,, and
Ky, Mainly the perimeter of regions B, G’ and E are recognizable before cycling.

At the beginning there is a faint mark of region A that vanishes upon cycling. Region B, on the other
hand, is always present and the fragmentation observed in the misorientation map (Figure 3.3-a) can be
tracked.

Regions G’ and E follow the same evolution as described above. Both maps are relatively clean of traces
during the homogenization process, until step 80, after which region D’ is noticeable.

In the last maps the formation of region F and expansion of D’ can be followed. Region G is recognizable
at step 120 too.

- The footprints of k,, and k,, are the less pronounced among all the lattice curvature components and
are shown in the last two rows. In the initial maps mainly region B and C can be detected. There are also
a few lines marked with arrows that are present during the 120 cycles.

After 100 cycles, the onset of region F is visible and after 120 cycles, the boundaries of the region are
clearly marked.
The lower parts of these maps do not show any strong k,, and k,,, curvature changes.
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Figure 3.5 Evolution of lattice curvatures and dislocation density components of sample S1-L

The dislocations corresponding to the primary slip system for single slip orientation have their Burgers vector
parallel to Y=[101] and line direction in the Z-axis. These straight dislocations cause k,,and K,y lattice
curvatures. As already mentioned mainly regions B, C and F show k,, and k,, footprints. The former two have
these traces from the beginning; the latter has evolved from the low misoriented background. This suggests that
region F is result of fatigue deformation.

All the lattice curvatures that define the evolved region F observed in Figure 3.5 can be interpreted following
Figure 2.27. Their geometrical meaning is given in Figure 3.6. On the left wall, region F has negative torsion
around X-axis, and the plane perpendicular to X-axis has positive flexion around the Y-axis and negative around
Z-axis. Reverse signs are found in the right wall. On the upper side, the region has positive torsion around Y-axis
and the plane perpendicular to the Y-axis has negative flexion around both X-axis and Z-axis. The lower part has
opposite values.
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Figure 3.6 Representation of the observed lattice curvatures around region F

The a,, and a,, —a,, maps are plotted in Figure 3.7 where most of the regions already mentioned are
observable. Regions B, D’ and F are the most noticeable, but E and G can be easily distinguished too. Regions C is
less sharply defined and region A is mainly invisible. In the a,, map the boundaries of some regions have
alternating signs particularly on the curved areas (e.g. E and F at step 120). In both maps the traces are rather
strong and evident during the 120 cycles. As in the curvature maps the density of the traces is higher in the
upper part of the maps than in the lower part.
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Figure 3.7 Evolution of a,, and a,, — a,,, components of sample S1-L
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The statistical distribution of each lattice curvature and dislocation density tensor components at cycle 0 and
cycle 120 are graphically depicted as boxplots in Figure 3.8. Briefly, each box represents the middle fifty
(interquartile = IQR) of the population and the whiskers and arms extend till |1.5 X IQR]. The points plotted as '+'
symbol are outliers that are values outside the |1.5 X IQR| range. The median of all distributions, the central
mark of the box that is almost invisible, is ~0 mrad/pm and it does not change after 120 cycles. Visual
description of boxplots is given in Appendix D.

Before deformation, all the lattice curvature components are roughly below |10 mrad/pm|. k,,, «,, and
Oy — @y, have some outliers higher than [10 mrad/um|. In the later some values are as high as |15 mrad/um|. At
cycle 120 the boxplots show that outliers of Ky, Kyy, Kyx, Ky, and a, exceed |10 mrad/pm|, whereas the limits of
K, and x,,, stay below |10 mrad/pm|. The distribution of a, — «,, broads considerably and values almost as
high as |30 mrad/pm| are reached.
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Figure 3.8 Statistical distribution of the lattice curvature and Nye tensor components of sample S1-L

3.3.4 Evolution of apparent GND density

The apparent GND density evolution of sample S1-L is displayed in Figure 3.9. Already in the as-prepared state
several tracks with non-zero GND density can be observed due to the sample preparation technique. They are
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heterogeneously distributed and the highest density traces mark partially the perimeter of rotated regions (eg.
B, C and D’). Others, however, cross regions that have similar misorientation angle (regions H and G’). The latter
means that among regions with similar rotation angle, there are sub-regions with different Euler axis.

During the first 80 cycles, the GND density distribution exhibits a dynamical behavior; in some areas the GND
density decreases whereas in others it increases. The initial faint traces (~10-20 um=2) redistribute as
consequence of the reorganization observed in the misorientation map and w,, w,, w, rotation maps (see Figure
3.3-and Figure 3.4). After a total of 80 cycles, they are still present even if the misorientation map shows a
homogeneous low misoriented background. The fragmented region B and also region D’ have the higher density
GND traces (~20-80 um=2). There is strong correlation with the w, map. For instance, right to region C there are
several closed circuits of GND traces (pointed with white arrows) that do not have direct connection with the
misorientation map but are associated to low misoriented regions observable in w, (Figure 3.4- c).

At cycle 100, a new cluster with a GND density of 100 um2 is observed corresponding with the onset of region F.
At cycle 120, region F has grown into a homogeneous rotated region surrounded by high density GND
boundaries, ranging from 70-130 um-2. Also Region B and D’ are defined by GND walls. Region G is also visible
but the density of GNDs is lower than in the previous mentioned areas: maximum of 60 um-2.
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Figure 3.9 Evolution of apparent GND density of sample S1-L

Taking into account the fact that the dislocation lines of the primary dislocations are parallel to the Z-axis and
assuming that each pixel represents a volume of ~0.5x0.5x30 um3 defined by the scanning step size, X-ray beam
size and sample thickness, the length of dislocations in pm can calculated from the GND densities. As can be
observed in the maps of Figure 3.10 there are always non-zero traces (yellow-green) that corresponds to GNDs
with lengths between 100 and 300 pm. Upon cycling there are regions where the GND dislocations increase their
length. In some cases this is related to an area that is increasing its misorientation (e.g. region D’ from cycle 50 to
120). Other times the misorientation value is similar but the length of GND dislocation changes (e.g. region B at
cycle 0 and at cycle 120). The former situation can be related to a pile-up of dislocations that increase the length;
the latter can be related to a restructuring of the microstructure. At cycle 120, Region F is defined by a perimeter
where the GND dislocations at each measurement point have a length between 300 and 800 pm (green and pink
respectively). The implication of the dislocation length is interpreted in section 5.4.
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Figure 3.10 Evolution of the distribution of GND length of sample S1-L

3.3.5 Analysis of Laue reflections and orientation spread

In this section, some of the interesting regions already mentioned above are examined more closely. This helps
to understand the evolution of the microstructure upon cycling. Table 3.3 presents the angles between the
Burger’s vector and the normal of the planes related to the diffraction spots. The lower the value the more
sensitive the reflection is to a dislocation with that Burger’s vector. According to the table (400) and (004) are
the most sensitive reflections to the primary dislocations: both form 45° angle with b =[101] (shadowed
column). In addition, the former reflection is sensitive to dislocations with b = [110], [101] and [110] but
insensitive to [011] and [011], and the latter is sensitive to dislocations with b = [011], [011] and [101] but
insensitive to [110] and [110]. Therefore each of these reflections may show different insights depending of the
activity in different slip systems. For visual representation the most sensitive values are written in green and the
insensitive in red.

Table 3.3 Angles between the Burger’s vector and the normal of the planes related to the observed Laue reflections

(hk)\ b [101] [0T11] [1T0] [011] [101] [110]

133 50 90 50 13 71 71
022 60 90 60 0 60 60
400 45 90 45 90 45 45
313 90 71 71 50 13 50
220 60 60 90 60 60 0
331 50 50 90 71 71 13
004 45 45 90 45 45 90

In what follows regions B and F are examined in more detail.
Region F

During cycling region F has developed from a region with initial low misorientation. At step 120 it has a high
rotation about the Z-axis with boundaries that are well defined by GND walls. Figure 3.11 shows a zoom-in of the
misorientation map of this region at cycles 0, 80, 100 and 120. Two positions are indicated for which the
evolution of the (400) diffraction peak is shown: position 1F is located in the area where region F is going to be
formed and position 2F is in outside but near to this area. In the latter position the misorientation remains small
during cycling. Initially, both peak profiles are relatively narrow as expected for a single crystal. The reflection
has some tails to be assigned to the defects introduced during sample preparation. In position 1F, the volume
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over which the signal is integrated progressively splits in sub-regions during the mechanical test, evidencing

dislocation accumulation. After 120 cycles the volume has largely rotated over 0.22° and the reflection has a

primary peak with residual traces with lower intensities. On the contrary, the peak profile in position 2F only
slightly changes its intensity distribution during homogenization (until cycle 80) and stays mostly unaffected by

the last shear cycles.

Analysis of the other high intensity diffraction peaks shows that the initial profiles are similar in both positions
1F and 2F. The shape of reflections at step 0 and 120 for position 1F are shown in Figure 3.12. The (004)
reflection exhibits considerable broadening after 120 cycles. The positions of the other two reflections remain

similar after cycling, and some sub-splitting and intensity drop are detected. This confirms that during shear

cycling, mainly the primary slip system is activated.
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Figure 3.11 Evolution of the (400) diffraction peak in region F of sample S1-L
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Figure 3.12 Diffraction peaks inside region F (position 1F) at cycle 0 and 120 of sample S1-L

To investigate the axis about which the crystal in position 1F has rotated from cycle 0 to 120, we have plotted the
directions that the (400) peak would follow when the crystal rotates around the X-, Y-, and Z-axes (0, 6,, and 6,)
(Figure 3.13). The arrows represent +0.2° rotation around each axis. The figure shows that the rotation seems to
correspond to the Y-load axis on this particular peak, but note that the overall rotation is given by the rotation
measured in all diffracted peaks.
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Figure 3.13 (400) diffraction peaks inside region F (position 1F) at cycle 0 and 120 with rotation directions about X-,Y-,Z-
axes

To get statistical information on the orientation spread in the illuminated volume the template matching
technique is applied in position 1F and position 2F at cycle 0 and cycle 120. Figure 3.14 shows the
misorientation spread in the illuminated volume, where the small rotation angles around X-, Y-, and Z-axes (6,,
0, and 6,) are given in degrees. It is important to note that the number of points within a certain orientation
region is not proportional to the volume of that region. The color of each point (presented by the scale bar)
corresponds to the normalized intensity of the (400) reflection shown in Figure 3.11. The orientation spread
prior to cycling is very similar for positions 1F (Figure 3.14-a) and 2F (Figure 3.14-b), which can be ascribed to
the initial defect content due to the sample preparation. After 120 cycles the positions of the points with
maximum intensity for the cloud of position 1F are shifted (Figure 3.14-c) and a new misoriented region is
formed as indicated in Figure 3.14 by the black arrow. This evidences the formation of a volume with different
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orientation and whose orientation spread is less than that of the initial microstructure. Traces of the initial
microstructure are still observable suggesting that the new region did not yet grow over the entire sample’s
thickness over which the signal is integrated. The new position is shifted in 8, (~0.4°) as analyzed in Figure
3.13. On the other hand, the points with maximum intensity for the cloud corresponding to position 2F (Figure
3.14-d) remain at similar positions.
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Figure 3.14 Orientation scattering in the integrated volume of positions 1F and 2F in region F

Other points in region F at cycle 120 have been analyzed and the results of six points are shown in Figure 3.15-a.
Two of the points are located in the upper part of region F (aF and bF) and the other four at the boundaries (nF -
north, eF - east, wF - west and sF - south). The shape of the (400) reflection and the orientation spread of these
six points are shown in Figure 3.15-b and Figure 3.15-c respectively. In all the points part of the integrated
volume has the same rotation features as position 1F in Figure 3.11: the position of maximum intensity points
are indicated by the black arrows. The orientation spread, on the contrary, varies from point to point and the
distribution of the cloud is different at each point.

Comparing the orientation spread of position 1F in Figure 3.14 with those of points aF and bF evidences small
variations in orientation spread across the thickness. For instance the initial microstructure seems to be less
distorted in the bottom part of region F than in the top, most probably due to the proximity of region B.

In all the boundary points of region F the (400) reflection shows sub-peaks similar to the peak at cycle 100 in
Figure 3.14. This is because in these points the beam is illuminating partially a volume inside region F and
partially outside that region. Due to differences in microstructure at each point (nF, eF, wF and sF) the
orientation spread is different.
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Figure 3.15 (400) diffraction peak and orientation spread in the integrated volume at several positions of region F (cycle 120)
Region B

Region B has from the beginning a high misorientation and is rotated around the Z-axis (see Figure 3.3-a and
Figure 3.4-c). Its evolution can be followed in the second column of Figure 3.16. During the first 80 cycles the
region becomes fragmented. After cycling with high strain amplitude (from cycle 80 to 120) the region
reorganizes until the final features resemble the ones of region F. In the figure, three positions are selected: one
outside region B (position 1B) and two inside (positions 2B and 3B). Position 2B is located in the center of
region B where fragmentation occurs; position 3B is located in the lower part of region B where the
misorientation lowers at step 50 and 80 before being part of highly misoriented area after 120 cycles.

Columns 1, 3 and 4 of Figure 3.16 show the (400) reflection of each position (1B, 2B and 3B) after cycle 0, 50, 80
and 120. The initial peak shapes are not the same: in position 1B the peak looks similar to the peaks in region F
prior to cycling (Figure 3.11), whereas in positions 2B and 3B the (400) reflection is more streaked due to the
presence of dislocations. During cycling, the reflection at position 1B seems almost unaffected as was the case for
the low misorientation in point 2F in region F (see Figure 3.11). The reflections at the other positions, on the
other hand, continuously split into sub-region due to the movement of dislocations while remaining streaked.
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The number of sub-regions after 120 cycles is higher in position 2B than in position 3B. During cycling the
position of maximum intensity in point 2B has just barely shifted, however in point 3B the positions of sub-
regions with maximum intensity change continuously (pointed by arrows) while the initial and final positions
are very similar. These observations point to the conclusion that there are immobile dislocations agglomerated
in region B that do not participate to microstructural homogenization during cycling.
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Figure 3.16 Evolution of the (400) diffraction peak in region B in sample S1-L

Figure 3.17 shows the orientation spread in the illuminated volume for these three points at different steps (0,
50 and 120). The orientation spread at position 1B prior to cycling is very similar to those at positions 1F and 2F
in region F, but for positions 2B and 3B the initial spread is considerably larger. A sub-region is already present
in all three positions, indicated by black circles, but the intensity of the sub-region is higher in positions 2B and
3B than in 1B. During the 120 cycles the points with maximum intensity for the cloud of position 1B remain at
similar positions, meaning that the initial microstructure is almost unchanged. On the contrary, the distributions
in positions 2B and 3B are continuously changing. In position 2B, the points with high intensity redistribute; in
position 3B the amount of high intensity points decreases after 50 cycles and after cycle 120 they are distributed
in roughly three regions (pointed by arrows). In addition, the intensity in the sub-region of point 2B remains
high after 50 cycles and decreases after cycle 120. In point 3B the sub-region gradually shrinks and almost
disappears after 120 cycles. In summary, the overall evolution at both positions 2B and 3B is dominated by the
initial microstructure.
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Figure 3.17 Misorientation spread in the integrated volume of three points in region B in sample S1-L

3.3.6 Indexation error

The distribution of the indexation error is shown in Figure 3.18 where 7 peaks were taken into account to find
the orientation. The averaged indexation error is 7.70+1.21 pixels which is not negligible. Some of the
abovementioned regions such as C and D’ are observable in the error maps and therefore they may be artifact,
others are not correlated. Particularly there is no evidence of region F in these maps.

0 1 50
12

Pixel error

Figure 3.18 Indexation error distribution for each map in sample S1-L
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3.4  Sample S1-R

3.4.1 Evolution of misorientation angle

Figure 3.19-a shows the evolution of the misorientation angle of sample S1-R. The initial microstructure shows
some heterogeneity, as in sample S1-L (Figure 3.3-a). There are three misoriented regions (A, B and C) with a
size larger than 1 um2. These regions have higher misorientation values (>0.25°) compared to what was
observed in sample S1-L. Region A is composed by a rounded sub-area misoriented by ~0.30° (red) and an
extended arm misoriented by ~0.27° (orange). Region B is misoriented by the same amount (~0.27°) and shows
inside some red hot spots. Region C is mostly misoriented by ~0.30°. The lower part of the misorientation map
has an overall misorientation of 0.19° and regions B and C are embedded in that matrix. The rest of the map
exhibit a homogenous background with misorientation of 0.11° incorporating some non-rotated areas (dark
blue) close to region A. The PDF curve (Figure 3.19-b) confirms the described distribution: the principal mode
value is 0.10° and a sub-peak at 0.19° and two around 0.28° can be recognized. The description of the PDF
distribution is given in Appendix D.

The initial configuration is reorganized during the first 50 cycles. A new yellow zone appears in the lower part of
region A, probably to accommodate the existent sharp transition from ~0.27° to almost ~0°. The red zone
shrinks slightly its size. In the upper part of region A new highly misoriented islands appear (~0.28° - orange),
which are not connected to region A. On the other hand, regions B and C disappear completely. The matrix also
fragments and only few traces remain misoriented ~0.15°. The central part of the map shows a low misoriented
background (~0.07°) that extends its area upon further cycling. The upper and lower parts of the map remain
misoriented with values between 0.10° and 0.15°. The PDF curve at step 50 shows three main peaks at 0.10°,
0.13°and 0.27°.

When increasing plastic strain amplitude from cycles 50 to 80, new rotated areas emerge. Those areas are
located near the previously vanished regions B and C and therefore are labeled as B’ and C’ in the cycle 100 map.
Their misorientation magnitude is also comparable to the initial value (~0.27°). The amount of rotation in the
surroundings of these new islands also increases. The configuration in the lower part become similar to that of
the initial microstructure: misoriented regions are embedded in a moderate misoriented matrix (~0.18°), but no
red-hot spots are observable. In the upper part of the map, region A extends and gets combined with the above
regions that have developed earlier. The PDF shows that the main peak becomes wider and the sub-peak around
0.27° increases.

From cycle 80 to 120, region A becomes larger with a mean misorientation value of 0.28° (orange). There is a
yellow subarea (misoriented ~0.20°) slowly spreading and absorbing the initial red island (map after cycle 100).
Only two red spots are visible, which after 120 cycles grow in size. In region B’ a big orange island has developed,
the position, size and shapes of which are continuously changing. The evolution of region C’, on the other hand, is
more gradual. It starts as a small island misoriented by 0.20°, then grows in size and is misoriented by 0.27°.
After 120 cycles, its shape is elongated and similar to cycle 0. Two small hot spots are noticeable. In addition,
new two regions D and E become visible after cycle 120. The onset of the former region is observable after 50
cycles (pointed by the white arrow), where there is already a small yellow spot that keeps its size until cycle 100.
During the last 20 cycles it enlarges and finally region D is formed by a yellow subarea neighbored by a
moderately rotated area (0.15°) below it. Preliminary traces of region E are apparent after 80 cycles (pointed by
the white arrow), but the region shows dynamic behavior since at cycle 100 there is no evidence of the
misoriented region. All the new rotated regions result in a PDF with a wide continuous plateau (from 0.07° till
0.17°). Furthermore the peak at 0.27° becomes even more pronounced, which implies the growth of the orange
areas.
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Figure 3.19 Evolution of misorientation angle of S1-R sample. a) Spatial resolved maps; b) PDF functions

3.4.2 Evolution of rotations about X-Y-Z- axes

Figure 3.20-a-c presents the evolution of the amount of rotation around the X-, Y-, and Z- axes (wy, w, and w,).
The scale bars for these rotations are [0.35°], |0.3°| and |0.25°| respectively. For each cycle, the PDFs of w,, w,
and w, are plotted in Figure 3.20-d. On these plots a grey band with a width of |0.03°| is shown. As the rotation
angles within this band are very low, the exact values should be taken with care since the rotation axes are not
well defined. The description of the PDF distribution is given in Appendix D.

The rotations in sample S1-R are higher than those of S1-L (see Figure 3.4-a-c). Moreover, the highest rotations
observed here are around the X-axis (w,) and not the Z-axis (w,), as was the case in sample S1-L. In fact w, has
lowest absolute values.

Analysis of the w, map of sample S1-R at step 0 shows that the scanned area is divided in two parts: the right
part with negative rotation ( w,~ -0.09° - light blue) and the left part with positive rotation ( w,~ 0.07° - light
green). Regions A, B and C, defined in the misorientation maps, have high rotation magnitudes (~ 0.25°, 0.18°
and 0.18° respectively). They contribute to the sub-modes in the PDF. The w, map, on the other hand, has the
upper part rotated negatively (w,~ -0.07° - light blue) and the lower part positively (w,~ 0.06° - yellow).
Region A is rotated by w,~ +0.14° and has some hot spots of w,~ 0.20°. The rotation values of regions B and C
are even higher ( w,~ 0.22°). The w, map shows a transition from negative to positive w, rotation values when
crossing from top-left to bottom-right (from w,~-0.08 - blue to w,~0.15 - red). Even if region A is not visible,
regions B and C are. Their rotation value is ~0.08° embedded in a 0.13° matrix (orange).

During cycling, the right side of the scanned area remains negatively rotated around the X-axis. The magnitude of
rotation, however, shifts slightly from w,~-0.07° to -0.04° as can be seen in the PDFs when comparing step 0 to
step 120. By contrast, high activity is observed on the left side of the w, map. Region A has always high
w, rotation (0.22° - 0.26°) and grows in size. The sub-mode at high w, values gets larger with increasing number
of cycles. At cycle 50, positively rotated regions B and C disappear and the area where they were located turns to
negative w, rotation (w,~ -0.07°). This is reversed from cycle 80 on, when the area shows again a positive
rotation ( w,~0.10°). Regions B’, C’ and E start developing at cycle 80 and after 120 cycles are rotated w,~ 0.20°.
Region D is rotated 0.15° (orange) with a subarea rotated w,~ 0.20° (red). As can be observed, there is a strong
correlation between the w, map and the misorientation map.
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Figure 3.20 Evolution of rotations on the X-, Y-, and Z- axes (wy, w, and w,) of sample S1-R

The evolution of the w, maps is rather similar to that described for w, but with lower values. Looking in detail

there are some differences. Region A does not expand and merges with the area located above. In fact, region A
reduces its size and its w, value upon cycling. The evolved regions B’, C’ and E are the domains with the largest
w,, rotation at cycle 120 (w,~ 0.20°).
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The evolution of the w; maps, on the contrary, has no correlation with the evolution observed in the
misorientation map. The gradual transition from —w, to +w, when examining the scanned area from top to
bottom remains during the 120 cycles. None of the regions are visible except region B and C at the beginning and
region C’ at the end. Their rotation value are rather low (w,~ 0.05°).

3.4.3 Lattice curvatures and dislocation density tensor components

Lattice curvature components of sample S1-R are plotted in Figure 3.21. Scale bars have been limited to |10
mrad/pm| for Ky, Ky, , ¥, and k,,, components and to |3 mrad/um| for k,, and x,,, for visibility reasons.

One of the most noticeable facts is the strong boundary that exists in the upper part of the spatially resolved
maps. Initially vertical and latter inclined, it appears in the four 1, ¥, , Ky, and k,,, components (pointed with

an arrow at cycle 120). This boundary is also present in the w, and w, maps (see Figure 3.20-a-b) and defines

K

the misorientation boundary between the left and right side in the spatially resolved maps.

Surprisingly k,, and k,, and also k,, and x,, are almost identical. Moreover, not only do they have similar
values but also the sign of the curvature matches. This was not the case in the S1-L sample where they had
opposite sign, and different features could be detected in each map (see Figure 3.5).

Regions A, B and C can be distinguished in the four kyy, Ky, , 1)«
the evolution of B and C are easy to follow. In fact, the initial traces of the latter two regions are not swept away
during the low amplitude cycles. There are remaining traces of region B and C at steps 11 and 50.

and x,, maps. The expansion of region A and

The origin of region D and E can also be ascribed to pre-existing structures that cause distortion on the crystal.
They are pointed as D’ and E in map 50 but their presence can be tracked back to map 0.

Moreover there are clear loops in the upper part of the maps that are present during the whole process and that
hardly change their position or size (inside black circle). Those domains are insensitive to cycling.

The evolution of x,, and k,,, maps is slightly different. Initially, the traces of lattice distortion are agglomerated
above region A and in the neighborhoods of regions B and C. These last two regions can be differentiated but not
as clearly as in the Ky, Ky, , X, and x,, maps. After the first 50 cycles, the initial traces become faint, and it is
only after cycling wiht intermediate/high strain amplitude that the rotated regions are clearly visible in the maps
(regions B’ and C’ at map 120). Regions D and E do not have x,, and k,,, lattice curvatures. Contrary to S1-L
sample, there is no evidence of formation of new regions having x,, and x,, components after 120 cycles, which
did not show these traces from the beginning.

The a,, and oy, — ay, maps, shown in Figure 3.22, mark the boundaries of the described regions A, B, C, D and
E. At step 120, the left side of the map is filled by interconnected regions with dislocation density traces mainly
in their perimeter, whereas the right side is almost clean. The boundaries of the regions in the a,, map have
alternating signs along their perimeter. The a,, — a,, show less traces than the a,, map.
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Figure 3.21 Evolution of lattice curvatures and some Nye tensor components of sample S1-L
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The statistical distribution of each lattice curvature and dislocation density tensor components map at cycle 0
and cycle 120 are graphically depicted as boxplots in Figure 3.23 (see Appendix D for detailed information about
statistical representation as boxplots) The median of all distributions is ~0 mrad/pm and it does not change
after 120 cycles. Before deformation, x,, and k;,, lattice curvature components are below |10 mrad/pm|, Kyy, Ky,
Kyx, Ky and o, — a,,,, below |20 mrad/um| and a,, have some outliers larger than |20 mrad/um|. These values

are larger than those of the S1-L sample (see Figure 3.8).

At cycle 120 the boxplots show that k,,, K., K, X,, and o, — «,, increase their extreme values but never

yr Kyxr Kyy vy
exceed |20 mrad/pm|. On the other hand, the limits of x,, and x,,, shrink slightly. a,, reaches values almost as

high as |30 mrad/um]|.
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Figure 3.23 Statistical distribution of the lattice curvature and Nye tensor components of sample S1-R

3.4.4 Evolution of apparent GND density

Figure 3.24 shows the evolution of the apparent GND density in sample S1-R. The initial microstructure contains
four well-defined high-density closed circuits that define the rotated regions A, B and C, and a small highly
rotated island below region A (pointed by an arrow).
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There are additional features that are invisible in the misorientation map (Figure 3.19), but could be detected in
the w,, w,, w, rotation maps (Figure 3.20) or lattice curvature maps (Figure 3.21). For instance, the straight line
that separates the map in left and right with different w, rotation; or the small domains with closed GND
boundaries and low misorientation value that remain permanent during cycling. These features are indicated in
map 11 by white arrows.

Additionally, there are a few non-zero initial GND traces in the surrounding of regions A, B and C. Their density is
on the order of ~20-30 um2, which is higher than for the initial traces observed in sample S1-L (see Figure 3.9.).

During the first 50 cycles, the apparent GND density decreases and the positions of the traces change in order to
accommodate the initial heterogeneity. Most of the traces of the lower part of the initial map are swept away but
a few clusters remain. In the upper part of region A, named A’, new density traces appear as a consequence of the
reorganization described in the misorientation section. The density is on the order of 50 pm-2.

After 80 cycles, the faint discontinuous traces disappear and the remaining GND footprints mark the perimeters
of the rotated regions observable in the misorientation map (A, B’, C’ and E’), as well as sharp misorientation
change boundaries. Region A’ has evolved into a closed region with dislocation densities higher than 120 pm-2.

During the last 40 cycles, there are few substantial changes. Regions B’, C’ and E are formed from the previous
arrangements and have a defined closed circuit of GNDs in their perimeter. Region D is defined by a non-closed
loop. In the area of region of A’ the close circuit opens and after 120 there is a high density inclined wall (~100

pHm-2).
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Figure 3.24 Evolution of apparent GND density of sample S1-R

3.4.5 Analysis of Laue reflections and orientation spread

The misorientation maps show that S1-R sample is more heterogeneous than S1-L (compare Figure 3.19 to
Figure 3.3). The left side of the spatially resolved maps of S1-R has higher initial misorientation values than the
right side. The misoriented areas increase in size and in misorientation magnitude during cyclic deformation. In
addition, the w, maps show that the orientations change uniformly along the vertical direction. To gain further
insight the shape of Laue reflections are analyzed.

The angles between the Burgers vector and the normal of the planes related to the observed Laue reflections are
given in section 3.3.5.

Heterogeneous microstructure

Figure 3.25 shows the evolutions of two positions: A’ which is located on top of region A and R that is located in
the right side of the map. As can be observed in Figure 3.25-a position A’ has initially a low misorientation but
after 120 cycles its value has increased to 0.28°. Position R corresponds to a relatively low misoriented region
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and its value does not change as much as in position A’. The shape of the Laue peaks of positions R and A’ are in
Figure 3.25-b and Figure 3.25-c respectively.

The Laue peaks of position R show that the initial microstructure is not free of defects. While (400) and (220)
reflections are rather round, (004) and (022) peaks are streaked. Several sub-regions are detectable. During
cycling the peaks mostly keep their shape and position. Only at step 120 a slight shift of the position of the
maximum intensity of reflection (004) is detected (point by arrows).

The initial microstructure at position A’ is more heterogeneous according to the Laue shapes:

- The (400) peak has similar shape as the (400) peak in R but is shifted in position.

- The (220) peak is split into two sub-peaks: one streaked and another rounded but with lower intensity.
The maximum intensity is not in the same position as in R.

- Several high-intensity sub-peaks are observed in the streaked (004) peak similar to (004) reflection at
position R. At position A’ the tails are more elongated and even a sub-region with low intensity is
observable.

- The (022) reflection is also streaked and two clearly separated sub-peaks are visible, where both exhibit
a high intensity. Initially, the maximum intensity lies in the right sub-peak as pointed by the arrow.

This description evidences the initial difference in crystallographic orientation between positions A’ and R as
most of the peaks are shifted in position. Moreover the presence of two crystallites along the depth of the sample
in position A is evidenced from the split (022) peak. In order to investigate whether the splitting corresponds to
a low angle boundary the streaking directions are plotted on top of the Laue shapes corresponding to position A’
at step 0 (see Figure 3.26). The labelling corresponds to that given in Table 3.1 and the possible streaking
directions on each peak are labeled in red. By analysing the three streaked peaks, it was concluded that the
boundary cannot be described by a set of GNDs of one particular type.

The evolution of the peaks at position A shows that the position of maximum intensity shifts in peak (022) from
one sub-peak to the other sub-peak (pointed by the arrows). The transition happens gradually: at step 50 both
sub-peaks have similar intensity but the automatic indexation routine still picks the initial sub-peak for
determining the orientation in that position. Closer look to peak (400) also show a shift in the azimuthal
direction but with much smaller magnitude (pointed by arrows).

Analysis of the (022) peak in other regions of the spatially resolved maps, e.g. regions A, B, C, shows also the
presence of the described initial splitting. The peaks of the right side of the map, where no regions are evolving,
do not show that splitting.
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Figure 3.25 Evolution of misorientation and shape of four diffraction peak in position A’ and position R of sample S1-R
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Figure 3.26 Streaking directions on top of the Laue reflections of position A’ at step 0.

The orientation spread at both positions R and A’ has been calculated at cycles 0, 50 and 120 and is shown in
Figure 3.27. The color of each point corresponds to the normalized intensity of the (022) reflection shown in
Figure 3.25. Before deformation both positions show high intensity points around the average orientation. The
broadening is slightly larger in position A’ than in position R. In the former position, there are additionally other
points that have a high intensity around 6, =-0.50°, where the spread is narrower. During 120 cycles, the cloud of
position R does not exhibit major changes: the position and the amount of high intensity points remain roughly
similar and there is no formation of sub-regions. In position A’, on the other hand, the position of the points with
maximum intensity gradually shifts to the sub-region. After 120 cycles, there are almost no high intensity points
in the initial region. The shapes of the clouds of positions R and A’ are also different, which evidences the
difference in microstructure at both positions.
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Figure 3.27 Orientation spread in positions R and A’ at step 0, 50 and 120

Gradient in the rotation about Z-axis

The vertical gradient in the rotation about Z-axis ( w, map - Figure 3.20-c) has been inspected by looking the
shape of the Laue peaks for different positions along the vertical direction. As an illustration the (022) reflection
for different points located in the right side of the map, where the microstructure is less distorted, is shown in
Figure 3.28. All these peaks show several sub-peaks. The position of the maximum intensity gradually shifts from
one sub-peak to another sub-peak when moving from position P1 to P4. The same behavior is also observed for
the other peaks. There is however no collective movement of the peaks, which would have suggested that the
microstructure is bent along the Z axis. Instead, it suggests that different crystallites along the thickness
contribute to the high intensity of the peaks. A similar behavior is also observed when inspecting the Laue
reflections for points located at the left side of the map.
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Figure 3.28 (022) diffraction peak at different points of the spatial map at cycle 0 in sample S1-R
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3.4.6

Indexation error

The distribution of the indexation error is shown in Figure 3.29 where 8 peaks were taken into account to refine
the crystal orientation. The averaged error is 5.46+0.99 pixels, which is slightly lower than in sample S1-L but
still relatively high (see Figure 3.18). None of the abovementioned regions can be detected in the error maps but
it is evident that the error values are higher in the lower part of the maps and during the first 80 cycles in the
middle of the map.

Pixel error

3.5

0 11 50 80 100 120

10

Figure 3.29 Indexation error distribution for each map in sample S1-R

Summary

The major observations derived from the results of single slip oriented fatigued samples can be summarized as

follows:

When the initial dislocation structure is not too heterogeneous, one can observe that the microstructure
homogenizes during the first cycles. From there, new misoriented regions are formed that are
surrounded by a GND wall and do not have apparent GNDs inside.

In regions where few non-mobile dislocations are present, the homogenization process is less effective
and the presence of dislocations influences the location of areas where larger misorientations are
formed.

At positions with high initial non-mobile dislocation densities, the applied cycles are not sufficient to
move the defects and the misoriented regions expected for single slip fatigue are not observed.

During sample preparation the crystal was damaged so crystallites with different orientation across the
sample thickness could be observed. Both sides of the shear zones do not necessarily have same initial
microstructure even if they belong to the same sample and have been prepared at the same time and
with same procedure.

The orientation spread analysis provides additional information in the third direction that is lost when
plotting 2D maps.
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Chapter 4  Double slip results

In this chapter the results of the in-situ fully reversed cyclic shear experiments for copper single
crystals oriented for double slip are introduced. The mechanical data, microstructural evolution in terms of
misorientation angle, rotations about X-Y-Z- axes, lattice curvatures and GNDs, and analysis of the Laue
reflections are presented for two orientations: coplanar and collinear. Only one case for each orientation is
presented, named S2-Cp and S2-Cl respectively.

The aim of these experiments is to observe whether the observed microstructural evolution is different
comparing to single slip and also to analyze the differences between both double slip orientations.

4.1 Coplanar double slip

Samples oriented for coplanar slip have easy glide on the (111)[101] and (111)[011] systems when loaded in
shear. Both of them share the same glide plane but have different slip direction. A list with the Schmid factors for
all slip systems is shown in Table 4.1. The (111)[101] and (111)[011] systems have a three times smaller Schmid
factor compared to the primary slip systems. Both share one of the slip directions of the principal systems but
glide on different plane. The (111)[110] system, which has a different slip plane and slip direction compared to
the primary systems, has a Schmid factor that is a fifth of the value of the primary slip system. All other slip
systems have a much lower Schmid factor. Figure 4.1 shows the schematics of the primary slip systems in a
cuboid and the crystal orientation in the laboratory frame. The magenta line corresponds to a dislocation line
with b=[101] in (111) plane and the yellow line to a dislocation line with b=[011] in the same plane.

Table 4.1 Schmid factors for coplanar orientation

Slip Plane Direction Schmid
system Factor
1 1 1 1 1 0 1 0.866
2 1 1 1 0 1 1 0.866
3 1 1 1 1 0 1 0.289
4 1 1 1 0 1 1 0.289 y=[112]
5 } } 1 1 1 0 0.192 y 2=[110]
6 1 1 1 0 1 1 0.096
7 1 1 1 1 0 1 0.096 " %Z x=[111]
8 1 1 1 1 O 1 0.096
9 1 1 1 0 1 1 0.096
10 1 1 1 1 1 0 0.096
- Figure 4.1 Crystal orientation and primary slip systems
11 1 1 1 1 1 0 0 (plane and dislocation lines) for coplanar orientation.
12 1 1 1 1 1 0 0 Y-axis corresponds to shear-load axis and Z-axis to

beam axis.

4.1.1 Mechanical data

The sample oriented for coplanar double slip has been subjected to a total of 95 cycles, subdivided into five
series, where the resolved plastic strain amplitude was gradually increased from 0.062% to 0.229%. The force
response as a function of resolved shear strain for the last cycle of each series is shown in Figure 4.2. The
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number of cycles, force at maximum positive displacement and the resolved total and plastic shear strain
amplitudes are listed in Table 4.2. Between cycle 1 and cycle 65 the hysteresis gradually increases. For the last
series (cycles 66-95) a larger increase is observed.

Comparing to the mechanical response of single slip oriented crystal (see Figure 3.2) the force at a given
resolved strain amplitude is higher for coplanar slip. This suggests that the coplanar sample is harder. In fact,
during the last series the force limit of the setup has been reached. However the maximum resolved plastic strain
amplitude is still 22% lower than the one reached in the single slip sample.
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Figure 4.2 Mechanical response of coplanar double slip oriented sample

Table 4.2 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for coplanar orientation

Total cycles Maximum Resolved_total Resolved ;_)lastic
force (N) shear strain (%) shear strain (%)
1-10 5.47 0.79 0.062
11-25 5.78 0.86 0.094
26-45 6.15 0.93 0.121
46-65 6.48 1.01 0.152
66-95 7.09 1.17 0.229
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4.1.2 Evolution of misorientation angle

The evolution of the misorientation angle of S2-Cp sample as a function of cycles is shown in Figure 4.3-a. The
initial microstructure consists of several misoriented areas. The dimensions of the misoriented areas are clearly
larger compared to the single slip sample. On the other hand the magnitudes of the misorientation are much
lower; maximum 0.15° for S2-Cp as compared to 0.25° for S1-L (Figure 3.3) and 0.35° for S1-R (Figure 3.19).

At step 0 the spatially resolved misorientation map can be divided in several regions: regions A and B exhibit low
misorientations (~0.03° - 0.05°), region C has the highest misorientation (~ 0.14°-0.15°), and regions D and E
have an intermediate misorientation of ~ 0.10° - 0.11° and occupy the largest areas. The areas between the
mentioned regions exhibit misorientations between 0.05° and 0.10°. They gradually accommodate the transition
between the misoriented areas, except between regions A and C which are neighbouring regions. The PDF
function is shown in Figure 4.3-b and presents a continuous distribution of misorientations with the mode
around 0.10° and two sub-peaks at 0.07° and 0.12°. The description of the PDF distribution is given in Appendix
D.
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Figure 4.3 Evolution of misorientation angle of sample S2-Cp. a) Spatial resolved maps; b) PDF functions

During the first 10 cycles, the misorientation distribution changes considerably and similar to S1-L sample
(Figure 3.3) a homogenization process starts. Regions C, D and E fragment and lower their misorientation. More
specifically, region C splits in three pieces with misorientation values of 0.09°, 0.11° and 0.13° and region D has
an average misorientation of 0.07°. The homogenization of region E is slower, presumable due to its large size.
The upper part of region E vanishes and joins the low misoriented region A. The lower part of E, on the other
hand, still is misoriented with a large area rotated by ~0.08°. In the middle of the misorientation map a non-
homogenized region still remains, labeled F, and it has a maximum misorientation of 0.08°. Large area of the map
has a misorientation of about 0.03° as suggested by the PDF. The distribution extends till 0.10°.

During further cycling at higher strain amplitudes the homogenization process continues. The maps after cycles
45 and 65 exhibit mostly very low misorientations (~0.03°), with some residual traces in the four corners and
the footprint of region F in the middle of the maps. The PDFs show a main peak at 0.03° with few sub-peaks at
higher angles. The highest misorientation values are in the range of 0.08° - 0.10°.

In the last 30 cycles at the highest strain amplitude, the misorientation map changes considerably. The PDF also
reveals this change. New misoriented regions emerge out of the low misorientation areas, e.g. regions G and H.
However, these regions do not have defined boundaries and their misorientation value is not constant in the
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whole region. In the lower left side of the map there is an area (region I) that has increased its misorientation
value to ~ 0.12° at cycle 95 and expanded its size. The PDF shows that there are three small sub-peaks in the
interval from 0.04° to 0.08°.

4.1.3 Evolution of rotations about X-Y-Z- axes

Figure 4.4-a-c presents the evolution of the amount of rotation around the X-, Y-, and Z- axes (w,, w, and w,). The
scale bar for these rotations is |0.10°|. For each cycle, PDFs of w,, w, and w, are plotted in Figure 4.4-d. On these
plots a grey band with a width of |0.03°| is shown. As the rotation angles within this band are very low, the exact
values should be taken with care since the rotation axes are not well defined. The description of the PDF
distribution is given in Appendix D.

The initial distribution of w,, w, and w, shows the abovementioned initial heterogeneities. The w, map shows
that most of the scanned area has low positive rotation about the X-axis (~0.03°). This area includes regions A, B,
C and E. Region D, on the other hand, has the highest w, rotation (~0.06°). There is another small loop in the
bottom-right corner, pointed with an arrow, which also has similar misorientation values. The bottom-left part of
the map has negative small w, rotation (~-0.02°).

The initial w, map shows that all the areas with intermediate and high misorientation misorientation values
exhibit a positive rotation around the Y-axis (e.g. regions C and D are rotated 0.06° and 0.05° respectively, region
E mostly 0.07° with a hot spot in the lower part of 0.085°) .The intermediate misoriented surroundings of these
regions have also positive rotation. The low misoriented regions A and B have almost no rotation around the Y-
axis. The w,, maps are the rotation maps having the strongest correlation with the initial misorientation map (see
Figure 4.3).

The w, map, on the other hand, shows that nearly the complete scanned area has negative rotation around the Z-
axis: region C has w,~ - 0.11° region D w,~ - 0.07° and region E w,~ - 0.09°. Similar to w, map, the low
misoriented regions A and B have almost no rotation around the Z-axis. The small loop of the bottom-right
corner mentioned in the w, map has w,~ 0.02°.

During cycling, the scanned area homogenizes and the rotation magnitudes decrease. After the first 10 cycles, the
scanned area exhibits almost no rotation anymore around the X-axis. Only the lower part of the fragmented
region E has w,~ - 0.04°. All the areas that are misoriented have a rotation around the Y-axis. The values range
from w,~ 0.02° to 0.10°. The w, map shows that the area still exhibits a negative rotation around Z-axis but the

magnitudes are lower compared to cycle 0. The small loop at the bottom-right corner has disappeared.

At cycle 45, most of the map does not show any rotation around the X-axis. Only region F has negative rotation
wx~ - 0.07°. The w, map is fragmented but the rotation magnitudes are low. In fact, most of the area has w,,
<|0.03°|. In the w, map most of the area exhibits basically no rotation around the Z-axis. Similar to w, map, the
values are w, <|0.03°|. The upper and lower left corners have the highest w, rotations, 0.07° and 0.05°
respectively. The microstructure after 65 cycles is rather similar compared to cycle 45, except for a few

differences. For instance, region F has shrunk and the corners with high w, have increased their size.

In the last 30 cycles, the changes observed in the misorientation map are also present in the rotation maps. The
initial high correlation of w, map with the misorientation map disappears since the rotation values of w,, are
below |0.03°|. Interestingly and contrary to the initial configuration, the scanned area exhibits negative rotations
around the X-axis and positive around Z-axis. Region G has w,~ - 0.07° and w,~ 0.05°. Regions H and I have
wy~ -0.05°and w, ranges from 0.05° to 0.11° depending on the position in the region.

It is interesting to follow the evolution of w,, w, and w, values in the PDFs. At step 0 w, and w, are shifted to
positive values whereas w, to negative. The latter has higher values than the former two. During the first 25
cycles, the distributions shift to the neutral grey band. Still part of the map has negative w, and positive w,. At
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cycles 45 and 65 most of the distribution is concentrated inside the grey band. At step 65 the distribution tail of
w, extends to positive values. After a total of 95 cycles, the scanned area has negative w, and positive w, values.
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Figure 4.4 Evolution of rotations on the X-, Y-, and Z- axes (wy, w, and w,) of sample S2-Cp

4.1.4 Lattice curvatures and dislocation density tensor components

Lattice curvature components of sample S2-Cp are plotted in Figure 4.5. Scale bars have been limited to
|3mrad/pm| for all components for better comparison.
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Figure 4.5 Evolution of lattice curvatures and dislocation density components of sample S2-Cp

The correlation of the lattice curvature maps with the misorientation map is not as strong as for the case of the
single slip oriented samples (see Figure 3.5 and Figure 3.21). For instance, none of the regions above-mentioned
are noticeable in the k,, and k,, maps. Initially there are few traces below region E, labelled as E’, that slowly
vanish during cycling. In the upper part of the maps, marked with a black rectangle, there are also traces which
after 25 cycles are mainly agglomerated in the right upper corner, labelled D’. At cycles 45 and 65, the main k,,
and x,, traces define three small rounded regions in the middle of the map. These three regions are the one that
are still misoriented: one corresponds to traces of region F and the other two are marked with arrows. After 95
cycles these traces redistribute and do not vanish. Most of the traces are agglomerated in the neighborhood of
region G, but the perimeter of this misoriented region does not have strong k,, and k,, curvatures.

Ky, and x,, maps have the strongest correlation with the misorientation map. Regions A and B, and partially C
and E can be observed. There is a high agglomeration of traces in the lower part of region A, next to region E.
Upon cycling the boundaries divide and the traces get shorter. At cycle 10 and 25 the traces mark the perimeter
of the misoriented fragmented areas and after 65 cycles region F and the other two small regions can be
distinguished. Surprisingly after 95 cycles almost all x,,, and x,,, footprints disappear and only few vertical lines

in region H are left (marked with arrows).

In the initial maps of x,, and x,, components one can also notice regions A, B and E. The values of the boundary
traces are lower than in the x,,, and k,,, maps. After the homogenization, at cycles 45 and 65, the same regions

as in the other four maps can be observed: the traces of region F and the two small areas. After 95 cycles region G
is the best defined area. Similar to k,, and k,, maps there are more traces in its surrounding too.

As the line directions of the edge dislocations belonging to the primary activated slip systems are not parallel to
any of the laboratory axes, one cannot correlate each dislocation type to a particular lattice curvature. The
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overview of the evolution of the lattice curvature maps show that there is a higher activity in the last four
components (Kyy, Kyy, Kz, and K, ) as compared to the Ky, and k,,, components.

The a,, and a,, — a,, maps are plotted in Figure 4.6. In general, the areas that have x,, lattice curvature do not
have k,,, curvature, and vice versa. These components define a,, and a,, — a,,, (see section 2.3.4). That is why,

at step 0 both maps look alike, except in region E’ or on top of region A and C where the sign is reversed. In these
areas is where k,, traces are located. After 95 cycles there is almost no «x,, trace and thus both maps are

identical but reversed in sign.
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Figure 4.6 Evolution of a,, and a,, — a,,,, components of sample S2-Cp

The statistical distribution of each lattice curvature and dislocation density tensor components map at cycles 0
and 95 are graphically depicted as boxplots in Figure 4.7 (see Appendix D for detailed information about
statistical representation as boxplots). The median of all distributions is ~0 mrad/um and it does not change
after 95 cycles. Before deformation, all components are lower than |10 mrad/um| and particularly k,, and k,,,

values are even lower than |5 mrad/pm)|.

After 95 cycles the boxplots show that, except a,, and oy, — a,,, all components have a distribution below |5
mrad/pm|. «,, and oy, — @, exhibit outliners above |5 mrad/pm| but never exceeding |10 mrad/pm|. Their
distribution is identical but reversed in sign.

In the single slip samples, the initial lattice curvature and dislocation density tensor values are higher (see
sections 4.1.4 and 4.2.4) and their distributions tend to broaden instead of narrowing.
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Figure 4.7 Statistical distribution of the lattice curvature and Nye tensor components of sample S2-Cp

4.1.5 Evolution of apparent GND density

The apparent GND density evolution of sample S2-Cp is displayed in Figure 4.8. At cycle 0, the boundaries of
region A and B are clearly defined. Along the perimeter of region A several red-yellow hot spots are observable
(e.g. in the lower part of the region A or in the top-left side). Their density is between 30-50 pm-2, values that are
lower than those observed for the single slip oriented sample (see Figure 3.9 and Figure 3.24). Inside region E
there are almost no GNDs; below this region there are some traces with densities of 10 um-2. The small loop in
the bottom-left corner exhibits a GND density higher than 50 um-2. The highly misoriented region C is also visible
in this map but the traces are rather faint (~10 um-2).

During the first 45 cycles, the GND density traces redistribute according to the homogenization process
described above (see sections 4.1.2, 4.1.3 and 4.1.4). There is less agglomeration of GNDs and the areas with low
misorientation remain free of GNDs. The strongest GND footprints correspond to the boundaries of the higher
misoriented domains shown in the misorientation map (Figure 4.3). The density of these traces is in the order of
~20-30 um2, with some hot spots with values of 50 pm-2.
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At cycle 45, the traces of region F are clearly defined by a closed circuit of GNDs. There are several areas with
entangled GND traces (pointed by arrows) that are localized at the positions of the residual misoriented areas.
After 65 cycles, the GND density map is clearer as the mentioned jumbles and region F shrink. The GND density
at these marks is in the order of ~20-30 pm2, with some hot spots with values of 50 um-2.

The last 30 cycles introduce more GND entangles in area that previously exhibit a very low GND density. In the
left side of the map at cycle 95 the GND traces are connected to each other and the network almost cross the
entire map. The average density is ~10 pm-2. Region G is defined by a circuit that is almost closed with density
values of 20 pm-2. This region has also evolved from a GND free area. The domains with high GND density after
cycle 65 have disappeared.

50

25

Apparent GND
density [um?]

Figure 4.8 Evolution of apparent GND density of sample S2-Cp

4.1.6 Analysis of Laue reflections and orientation spread

In this section, the evolution of the Laue reflections and the orientation spread at different points are analyzed in
order to obtain better insight into the dislocation dynamics in sample S2-Cp. Table 4.3 presents the angles
between the Burger’s vector and the normal of the planes related to the observed Laue reflections. The lower the
value the more sensitive the reflection is to a dislocation with that Burger’s vector. For visual representation the
most sensitive values are written in green and the insensitive in red. According to the table:

- The (113) and (311) reflections are mainly sensitive to edge dislocations with b =[101]. The former
reflection is insensitive to b=[110] and the latter to b =[011].

- The (113) reflection is most sensitive to edge dislocations with b =[011] and b =[101]. It is insensitive to
those with b=[110].

- The (131) is insensitive to primary edge dislocations with b=[101], and mainly sensitive to those with
b=[110] or b=[011].

According to the Schmid factors table (Table 4.1), the principal slip systems have b =[101] and b =[011]
(shadowed columns in Table 4.3). Therefore changes in reflections (113) and (311) should reflect activity of
(111)[ 101] primary slip system, and variations in both (113) and (131) reflections should show activity of
(111)[011] primary slip system.
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Table 4.3 Angles between the Burger’s vector and the normal of the planes related to the observed Laue reflections

(hk)\ b [101] [011] [110] [011] [101] [110]
113 31.48 64.76 90 64 64.76 @ 64.76
311 31.48 64.76 31.45 90 @ 64.76 64.76
113 64.76 31.45 90 64 | 31.48 64.76
131 90  64.76 31.45 3145 64.76 64.76

Related to their particular evolution observed in the misorientation maps, the orientation scattering of the

following points shown in Figure 4.9 are analysed:

- Point A, which always has low misorientation.

- Points C, E and F which initially have intermediate-high misorientations and slowly decrease their value.
At cycle 65 points C and E have the same misorientation as the background but point F is still
misoriented. After 95 cycles its misorientation decreases.

- Point G, which initially exhibits an intermediate misorientation, a low misorientation after cycle 65 and
a higher misorientation after cycle 95.

Figure 4.9 Evolution of misorientation in selected points for orientation scattering analysis in S2-Cp

The orientation scattering at cycles 0, 25, 65 and 95 is going to be shown together with reflection (311), which is

one of the streaked peaks that is sensitive to both active Burgers vectors.

Low misorientation (point A)

Figure 4.10 shows the evolution of orientation scattering and the shape of the (311) peak of point A during
cycling. Initially the peak reveals the presence of several crystallites in the integrated volume. During the first 65
cycles the (311) reflection narrows and only two main sub-peaks can be observed. After 95 cycles, the peak
broadens and so does the scattering cloud. The position of the points with maximum intensity hardly changes

during cycling, in agreement with its nearly constant misorientation value.
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Figure 4.10 Orientation scattering in the integrated volume and (311) diffraction peak at point A in S2-Cp

One can compare the initial orientation spread at point A in S2-C to other initial orientation spreads in slip
oriented samples. Table 4.4 collects some volume values of the orientation spread clouds at point 1F and 2F in
S1-L sample (see Figure 3.14), points R and A’ in S1-R sample (see Figure 3.27) and point A in S2-Cp sample (see
Figure 4.10). The initial cloud at point A in S2-Cp samples has half of the volume than 1F and 2F points in S1-L.
The points examined in sample S1-R have in turn double the volume than those points in S1-L. This underlines
the influence of the sample preparation route since S2-Cp has been subjected to a second annealing (see sections
2.1.2 and 2.4). The source of differences between S1-L and S1-R, and between point F and A’ in S1-R, has already
described in section 3.4.5.

Table 4.4 Volume of the orientation spread clouds

Sample S1-L S1-R S2-Cp

Point 1F 2F F A’ A

Volume [*3] | 0.0258 0.0324 0.0683 0.0964 0.0107

Decreasing misorientation upon cycling (points C, E and F)

Figure 4.11 shows the evolution of orientation scattering and the shape of the (311) peak at points C, E and F
during cycling. All the points show several crystallites in the integrated volume. The initial orientation scatter is
slightly different at each point but all of them are a bit broader than at point A. The position of maximum
intensity in all points a priori looks the same but when comparing all the reflections there are subtle differences.
Hence, the indexation yields slightly different orientation matrices. Note that the misorientation values in S2-Cp
(see Figure 4.3) are lower than in single slip oriented samples (Figure 3.3 and Figure 3.19) and as a consequence
the shift is not so evident in the graphs.
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Figure 4.11 Orientation scattering in the integrated volume and (311) diffraction peak at points C, E and F in S2-Cp

During cycling, point C behaves similar to point A. During the first 65 cycles the (311) peak and orientation
spread gets narrower and only two main sub-peaks remain. From cycle 25 to 65 there is a clear shift in the
position of the points with maximum intensity, which corresponds to the decrease of the misorientation. At cycle
95 both the shape and the orientation scattering are similar to step 65.

In point E the (311) peak initially does not show so many crystallites in the integrated volume but the
orientation scattering is not narrower. During cycling the reflection is constantly changing its shape and the

99



Double slip results

points with maximum intensity in the scattered cloud are changing their position. The total cloud is smaller after
95 cycles than at step 0.

The evolution in point F varies the most. After 25 cycles the (311) peak narrows but the scattering volume
exhibits a broadening in orientation similar to those observed in single slip oriented samples (see Figure 3.14 or
Figure 3.17 as examples). After 65 cycles the cloud narrows again and after 95 cycles the points with maximum
intensity shift their position.

Increasing misorientation at final cycles (point G)

Figure 4.12 shows the evolution in point G. Even if the misorientation is rather low at cycles 25 and 65 (Figure
4.3), the orientation spread and the shape of Laue peaks reveal that the microstructure is rather heterogeneous
across the thickness. In fact, the (311) diffraction peak is always streaked and several sub-peaks can be
observed. Similar to point E and F the steady state is not reached as both the peak and the scattering cloud are
continuously changing.
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Figure 4.12 Orientation scattering in the integrated volume and (311) diffraction peak at point G in S2-Cp
Summary

Overall, the initial orientation spreads at different points in S2-Cp sample are lower than those of single slip
oriented samples. While the evolution in single slip samples is more sequential, here there is no clear trend. The
continuous variations in the Laue shape and changes in orientation spread in a given point after cycles, together
with the differences between all the examined points, evidence the high microstructural activity in S2-Cp, which
is not reflected in the 2D maps shown in previous sections. From the orientation spread clouds, however, it is not
possible to determine the misorientation between the crystallites observed in the peaks.

4.1.7 Indexation error

The distribution of the indexation error is shown in Figure 4.13 where four peaks were taken into account to find
the orientation. The averaged error is 1.64 + 0.44 pixels which is lower than both samples oriented for single
slip (see Figure 3.18 and Figure 3.29). The error distribution map has few features similar to the misorientation
map at step 0 where some of the sharp boundaries match. In the other maps such correlation is not detected.
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Figure 4.13 Indexation error distribution for each map in sample S2-Cp
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4.2  Collinear double slip

Samples oriented for collinear slip have easy glide on the (111)[110] and (111)[110] systems when loaded in
shear. Both of them share the same slip direction but have different slip plane. A list of Schmid factors for all slip
systems is given in Table 4.5. The (111)[101], (111)[011], (111)[101] and (111)[011] have a Schmid factor that
is half of the value of that of the primary slip system. Each of them share one of the planes of the principal
systems but have different slip direction. All other slip systems have zero Schmid factor. Figure 4.14 shows the
schematics of the primary slip systems in a cuboid and the crystal orientation in the laboratory frame. The
magenta line corresponds to a dislocation line with b=[110] in (111) plane and the yellow line to a dislocation
line with same Burgers vector but in (111) plane.

Table 4.5 Schmid factors for collinear orientation

Slip Plane Direction Schmid
system Factor
1 1 1 1 1 1 0 0.816
2 1 1 1 1 1 0 0.816
3 1 1 1 1 o0 1 0.408
4 1 1 1 0 1 1 0.408 y=[110]
5 1 1 1 1 0 1 0.408 z=[007]
6 1 1 10 1 1 0.408
7 1 1 1 1 1 o0 0 x=[110]
8 1 1 1 1 0 1 0
9 1 1 1 0 1 1 0
10 1 1 1 1 1 0 0
- Figure 4.14 Crystal orientation and primary slip systems
11 1 1 1 1 0 1 0 (planes and dislocation lines) for collinear orientation
12 1 1 1 0 1 1 0 Y-axis corresponds to shear-load axis and Z-axis to

beam axis.

4.2.1 Mechanical data

The sample oriented for collinear double slip has been subjected to a total of 80 cycles, subdivided into five
series, where the resolved plastic strain amplitude was gradually increased from 0.057% to 0.107%. The force
response as a function of resolved shear strain for the last cycle of each series is shown in Figure 4.15. The
number of cycles, force at maximum positive displacement and the resolved total and plastic shear strain
amplitudes are listed in Table 4.6. The crystal exhibits a gradual slow increase in the width of the hysteresis loop
for all applied plastic shear strain amplitudes.

Comparing to the mechanical response of single slip (Figure 3.2) and coplanar oriented crystal (Figure 4.2), for a
given resolved strain amplitude the required force is higher for the collinear sample, which suggests that it is
harder. After 80 cycles and almost reaching the force limit of the system, the maximum resolved plastic strain
amplitude is only 65% of that reached in coplanar slip.
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Figure 4.15 Mechanical response of collinear double slip oriented sample

Table 4.6 Number of cycles, maximum force and resolved total and plastic shear strain amplitudes for collinear orientation

Total cycles Maximum Resolved_total Resolved ;_)lastic
force (N) shear strain (%) shear strain (%)
1-10 5.49 0.84 0.057
11-20 5.81 0.91 0.074
21-40 6.13 0.95 0.087
41-60 6.45 1.01 0.099
61-80 6.77 1.08 0.107

4.2.2 Evolution of misorientation angle

The evolution of the misorientation angle of S2-Cl sample as a function of cycles is shown in Figure 4.16-a. The
initial microstructure is divided in three areas: the upper-right zone with the highest misorientation (region A),
the middle-diagonal area which has the lowest misorientation (region B), and the lower-left corner with
intermediate misorientation (region C). The three regions contribute to the three peaks present in the PDF
function shown in Figure 4.16-b. The description of the PDF distribution is given in Appendix D. The
misorientation angle in region A varies from 0.13° to 0.20° the average misorientation value of region B is
~0.04° and of region C ~0.09°. These values are lower than in the single slip oriented samples (Figure 3.3 and
Figure 3.19) but higher than in the coplanar sample. This initial microstructure is very different from the other
samples studied in this work.

During the first 20 cycles the initial heterogeneities are accommodated: the boundaries defining each region
move and overall the misorientation values decrease. Region A shrinks and exhibits more uniform
misorientation values of ~0.11°. Region B remains with a misorientation value of ~0.02°. Region C, on the other
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hand expands. Contrary to region A, this region is not uniform and different fragments with misorientation
values ranging from 0.06 - 0.08° (bright blue) to 0.10° (green). The PDF curve shows that the maximum
misorientation value at step 20 has lowered to 0.16° and that most of the area has a misorientation value of
~0.10°.

During the last 60 cycles (cycles 21-80) the misorientation maps show the gradual transformation of the
microstructure. Region A gets fragmented and lowers the misorientation value to 0.08°. As a consequence, the
boundary with region B is less well-defined. Region C, on the other hand, continues increasing its size and
misorientation. At cycle 80, there are domains with misorientation of ~0.13° (yellow) and hot orange spots of
~0.16°. The PDF shows that the map is divided in two areas, one with average misorientation around 0.04°
(region B) and a second with misorientation from 0.08° to 0.16° (regions A and C).

Opposite to what it was observed in the single slip and coplanar double slip cases, the initial three regions still
are visible after 80 cycles and there is no clear evidence of formation of new regions in the misorientation map.
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Figure 4.16 Evolution of misorientation angle of sample S2-Cl. a) Spatial resolved maps; b) PDF functions

4.2.3 Evolution of rotations about X-Y-Z- axes

Figure 4.17-a-c presents the evolution of the amount of rotation around the X-, Y-, and Z- axes (w,, w, and w,).
The scale bars for these rotations are |0.2°|, [0.15°] and [0.05°| respectively. For each cycle, the PDFs of w,, w,
and w, are plotted in Figure 4.17-d. On these plots a grey band with a width of |0.03°| is shown. As the rotation
angles within this band are very low, the exact values should be taken with care since the rotation axes are not

well defined. The description of the PDF distribution is given in Appendix D.

The initial distribution of w,, w, and w, maps shows the three regions. Region A has positive rotation around the
X-axis with magnitudes ranging from 0.09° to 0.15°. The boundary with region B is clearly noticeable due to the
sharp transition of w, from ~0.09° to 0°. In fact, both region B and C exhibit nearly no rotation around the X-axis;
only few domains in region C have w,~-0.05°. The w, map also show similar features but with lower values.
Region A exhibits an averaged w,~0.06° (light orange) with some fragments with w,~0.08° (darker orange).
The transition to region B, which shows no rotation about w,, is more gradual than in the w, map. The change to
region C is also progressive. This region is negatively rotated around the Y-axis with w,~-0.07° but also contains
areas with w,,~-0.10°. Most of the w, rotations are in the interval of 0 to |0.03°| but there are some domains in
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region A and C that have higher rotations around the Z-axis. The former has some domains with positive rotation
w,~0.04° (red) and the latter with negative rotation w,~-0.04° (dark blue).
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Figure 4.17 Evolution of rotations on the X, Y-, and Z- axes (w,, wy and w,) of sample S2-Cl
During cycling the rotation maps evolve so that:

- Region A has during all the cycles the maximum rotation around the X-axis. w,, however, decreases from
an average of 0.11° at cycle 0 to 0.05° at cycle 80. Its size is also reduced. The w, rotation of region B is
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negligible during all 80 cycles. The initial negatively rotated region C expands and increases its rotation
value to w,~-0.07°.

- The evolution of w, show that region A lowers its positive w, rotation from 0.06° to 0.03° in the first 20
cycles and remains almost constant with further cycling. Region C, on the other hand, increases its
negative w,, rotation value to -0.09° with some spots of the order of -0.14° located in the left corner at
cycle 80. The area corresponding to region B does not show any particular evolution.

- During the 80 cycles the w, values basically do not exceed the |0.03°| band. During the first 40 cycles
region A slightly increases its rotation about Z-axis to 0.04° but during the last cycles it reduces again.
Region C lowers its misorientation and after the first 10 cycles the lower 2/3 part of the map has w, ~0.

Similar to coplanar S2-Cp sample (see Figure 4.4), the strongest rotation of collinear S2-Cl is around the X-axis
and the weakest around the Z-axis. In S2-CI there is no apparent formation of any particular region in the
rotation maps.

4.2.4 Lattice curvatures and dislocation density tensor components

Lattice curvature components of sample S2-Cl are plotted in Figure 4.18. Scale bars have been limited to |2
mrad/um| for all components for better comparison.

In all initial maps the regions A, B and C can be distinguished. Region A is rather clean of trace from lattice
curvature except in the upper-left corner and in the middle-right side close to region B.. The former area
corresponds to a domain inside region A that has a low misorientation value similar to region B (see Figure
4.16). The boundary with region B is better defined in the first four k,y, ), k), and k,, maps than in the last

two, k,, and x,,, where the traces are faint. Region B, contrary to region A, has many alternating lattice

zy’
curvature traces. Region C exhibits only few traces inside and its boundary with region B is mainly visible in the

Ky, and K,,, maps.

During cycling the boundaries between regions break and the differentiation between the regions is less clear.
Upon cycling region A increases the number of Kk, K, K, and k,, traces, similar to the trace-ensemble
observed at cycle 0 in region B. The low misoriented area embedded in region A disappears. The initial traces of
region B are present until cycle 40. Afterwards the region is rather clean of lattice curvature traces. Region C
follows a similar trend as region A. Initially clean of traces, after 80 cycles the whole region is full of entangled
footprints. This is particularly evident in the k,, and k,,, maps.

Similar to the misorientation map (Figure 4.16) and w,, w, and w, maps (Figure 4.17) there is no formation of a
particular defined region. Also, as the line directions of the edge dislocations belonging to the primary activated
slip systems are not parallel to any of the laboratory axes, one cannot correlate each dislocation type to a
particular lattice curvature. The overview of the evolution of the lattice curvature maps show that there is high
activity in the x,, and k,,, components, intermediate in K, and K,,, and almost nothing in k,, and k.

The a,, and a,, — a,, maps are plotted in Figure 4.19. The scale bars have been limited to |3 mrad/um]| for

vy
clarity. In both maps the evolution described for the lattice components apply: initially the three regions are
separated by sharp boundaries that upon cycling get fragmented and eventually vanish. Region A and C are at
cycle 0 almost free of dislocation density tensor components but after 80 cycles there are many traces. These
traces are not as in the previous samples marking the perimeter of particular areas (see Figure 3.5, Figure 3.21
and Figure 4.5) but they are a collection of red/blue points meaning that from point to point the disorientation is
changing. Region B after 80 cycles cleans the initial traces.
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The statistical distribution of each lattice curvature and dislocation density tensor components map at cycle 0
and cycle 80 are graphically depicted as boxplots in Figure 4.20 (see Appendix D for detailed information about
statistical representation as boxplots). The median of all distributions is ~0 mrad/um and it does not change
after 80 cycles. Before deformation, almost all components are below |5 mrad/um|. Only x,,, x,,, a,, and
Oex — Oy slightly exceed those values.

After 80 cycles the boxplots have hardly changed. In comparison to the single slip (Figure 3.8 and Figure
3.23)and coplanar samples (Figure 4.7), the values found for the collinear sample are the lowest and its
distribution is the one which changed the least.
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Figure 4.20 Statistical distribution of the lattice curvature and Nye tensor components of sample S2-Cl

4.2.5 Evolution of apparent GND density

The evolution of apparent GND density of sample S2-Cl is displayed in Figure 4.21. At cycle 0 the boundaries
between regions are clearly defined by GND traces marking the transition. Their density is in the order of ~25-
40 pm-2. The low misoriented area inside region A is also marked in its perimeter by GND traces with similar
dislocation density. While inside region A and C there are almost no initial GNDs, region B has several GND traces
with densities of the order of 5-20 pm-2.

109



Double slip results

After the first 20 cycles, the boundary between region A and B is still present and is continuous across the map.
Its average density is ~33 um2 but there are some hot spots as high as ~50 pm-2. At cycle 20 region B has still
the initial GND traces inside and inside region C new ones have appeared with a density of the order of ~10 pm-2.

At cycle 40 the boundary A-B gets fragmented and the traces inside region B start disappearing. Inside region A,
on the other hand, new low-density traces appear. With further cycling up to cycle 80, the wall marking the
transition from region A to B vanishes and almost the complete map is full of GND jumbles that are randomly
distributed. The averaged density is in the order of ~5-10 um2 but there are some spots particularly located in
region A and C with densities of ~20 um-2.
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Figure 4.21 Evolution of apparent GND density of sample S2-CI

4.2.6 Analysis of Laue reflections and orientation spread

The analysis of the Laue reflections and the orientation spread in sample S2-Cl is not as straightforward as in the
other samples. First of all, there are 16 indexed reflections which strongly constrains the procedure to determine
the average crystal orientation in each point. On the other hand, the S2-Cl is the hardest among all the tested and
additionally it is the one subjected to fewer cycles and at lower plastic resolved shear strain. Therefore, one can
expect smaller lattice rotations than S1-L, S1-R and S2-Cp samples. In fact, even if the 2D maps plotted in the
previous sections show certain degree of gradual evolution in lattice rotation, the movement of each reflection is
less noticeable than in single slip and coplanar samples (sections 3.3.5 m 3.4.5 and 4.1.6).

All the reflections are listed in Table 4.7 where the angles between the Burger’s vector and the normal of the
planes related to the Laue reflections are also given. The lower the value the more sensitive the reflection is to a
dislocation with that Burger’s vector. For visual representation the most sensitive values are written in green
and the insensitive in red. According to the table, the main reflections sensitive to the two principal slip systems
sharing b=[110] are (131), (311), (131), (311), (242) and (422) (shadowed column).
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Table 4.7 Angles between the Burger’s vector and the normal of the planes related to the observed Laue reflections

(hk)\b [110] [011] [T01] [011] [101] [1T0]

131  31.48 6476 90  31.48 64.76 64.76
131 64.76 6476 6476 3148 90 | 31.48
311 6476 90 | 31.48 6476 64.76  31.48
311 3148 6476 3148 90 6476 64.76
131 31.48 31.48 6476 6476 90  64.76
131 64.76 3148 90 64.76 = 64.76  31.48
311 64.76 6476 6476 90 | 31.48 31.48
311 3148 90 6476 64.76 31.48 64.76
402 50.77 71.57 1843 7157 7157 | 50.77
422 7322 | 90 | 30.00 5474 | 73.22 | 30

242 73.22 7322 5474 30 90 30

042 50.77 7157 7157 @ 18.43 7157 @ 50.77
242 30 7322 90 30 | 54.74 7322
422 30 90 | 7322 5474 30 | 73.22
402 50.77 7157 7157 7157 18.43 50.77
042 50.77 18.43 7157 7157 7157 @ 50.77

Due to the reasons explained above and as no particular region has evolved during cycling three random points,
each one belonging to a different region (A, B and C), are analysed. Figure 4.22 shows the orientation spread at
cycles 0 and 80 calculated using the highest intensity reflections. The colour of each point corresponds to the
normalized intensity of the (311) reflection which is also shown in Figure 4.22. Initially, the distribution of the
maximum intensity inside the scattered cloud for each point (A, B and C) is different. The difference is barely
noticeable in the Laue shape ¥-26 plots but the misorientation map included in the left side of the figure shows
that each point is misoriented respect to each other. The initial orientation spread is larger at point A than in
points B and C (see the volume of the orientation spread clouds in Table 4.8). Surprisingly the volume of the
cloud is larger than in point A in S1-R (compare values in Table 4.4). In points B and C, on the other hand, the
cloud is in the same order than in single slip oriented samples.

Table 4.8 Volume of the orientation spread clouds in S2-Cl sample

Point A B C

Volume [*3] | 0.1174 0.0244 0.0251

After 80 cycles, the position of the points with maximum intensity in point B and the shape of the reflections
remain similar. In points A and C a shift is observed. In the former the shift is in the direction towards point B
and that is why the misorientation value lowers; in the latter the shift is getting away from point A and B. That is
why, the misorientation in point C increases and the rotation maps show different rotations in point A at cycle 0
(positive w, and w,) and in point C at cycle 80 (negative w, and w,,).

The scattering volume in point C has enlarged after cycling but the spread of the points with high intensity is
similar.
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Figure 4.22 Orientation scattering in the integrated volume and (311) diffraction peak at points A, B and C in S2-Cl

4.2.7

The distribution of the indexation error is shown in Figure 4.23 where 16 peaks were taken into account to find
the orientation. The averaged error is 2.79+0.62 pixels which is lower than both samples oriented for single slip
(Figure 3.18 and Figure 3.29) and slightly higher than in the coplanar (Figure 4.13). The error distribution maps
show higher errors in the patterns near the transition from region A to B but the distribution homogenizes after

80 cycles.

Indexation error
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4.3 Summary

The major observations derived from the results of double slip oriented fatigued samples can be summarized as
follow:

- Introducing a second annealing in sample preparation process, between mounting and picosecond laser
ablation, may reduce the initial heterogeneities observed in samples oriented for single slip.

- In all investigated samples there is a homogenization process where the initial microstructure is
accommodated. Depending on the applied strain amplitudes and crystal orientation the process can
require more cycles.

- Both samples oriented for double slip are harder compared to the single slip sample. Also, the collinear
orientation is harder compared to the coplanar one.

- Rotation-wise there is no evidence of dislocation structure formation in any of the double slip oriented
samples under the applied conditions.

- From the orientation spread clouds it is not possible to quantify the misorientation between the
crystallites observed in the Laue peaks.
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Chapter 5 Discussion

The aim of the performed research is to explore to which extend in-situ Laue diffraction can be used to
follow the development of dislocation structures during deformation. A lot of details on the dislocation evolution
in cyclically fatigued single crystals are known. However there are also aspects that are still missing such as the
involved lattice rotations. This information is required in order to validate currently ongoing simulations.
Therefore we have developed a new in-situ method and performed experiments on copper single crystals in
three different orientations during the early stages of cyclic fatigued. We have measured the lattice rotations,
curvatures and corresponding apparent GNDs. For that purpose, a dedicated miniaturized device has been
constructed, Matlab scripts have been developed for analyzing the diffraction data and a sample preparation
based on picosecond laser ablation has developed as shown in Chapter 2. Below we address important results
coming out of the presented research:

- Suitability of picosecond laser ablation to prepare the samples

- Mechanical response of the system and the effect of the crystal orientation
- Dynamics of dislocations according to the applied deformation conditions
- Early formation of dislocation patterning in single slip oriented sample

- Benefits and limitations of the technique

51 [s picosecond laser ablation suitable for preparing small scale samples?

Picosecond laser ablation has been used to locally thin the samples. A pulse duration near 5 to 10 ps is reported
to be a good tradeoff between minimum thermal damage and the avoidance of non-linear effect through
multiphoton processes characteristic in the femtosecond regime (Dausinger et al., 2003). It is known that the
process can introduce some structural changes in the HAZ in terms of dislocations, recrystallization and/or
amorphization (Harzic et al.,, 2002). Molecular dynamics simulations predict that the HAZ in the picosecond
pulse regime exhibits a negligible concentration of defects such as vacancies and dislocations distributed over
the surface (Bouilly et al, 2007). It is important to note that the extend of the affected region depends on the
material, laser and ablation parameters (Le Harzic et al., 2005; Stafe et al., 2014).

The broadening of the Laue reflections is sensitive to dislocation defects in the probed volume (Ice and Barabash,
2007). Our Laue study performed on a copper single crystal foil shows that the induced damage is minimal when
comparing the ablated and not ablated areas (Guitton, A. Irastorza-Landa et al., 2015). Analysis of Laue
reflections taken from the prepared shear samples reveal that the starting microstructure is not free of defects
(sections 3.3.5, 3.4.5, 4.1.6 and 4.2.6 ). The orientation scattering of Laue reflections is larger in the single slip
oriented samples than in the double slip specimens. The latter have however been subjected to a second
annealing before the picosecond laser ablation. This points to a fact that most of the introduced damage
observed in the shear samples has to be ascribed to the entire sample preparation process and that picosecond
laser ablation is only responsible for a minor part of the damage.

Thus, the ultra-short pulsed laser ablation technique, either in the picosecond pulse regime (Guitton, A,
Irastorza-Landa et al., 2015) or in the femtosecond regime (Echlin et al., 2015), has the potential to prepare small
scale samples. Note that besides the limited damage introduced, another advantage is the rate of material
removal which is much faster than the popular FIB process. The technique opens new possibilities for machining
new geometries such as flat large membranes.

115



Discussion

5.2 Mechanical response of the system and effect of the crystal orientation

In this section three aspects of the developed system are discussed: (1) influence of having built an asymmetric
system in the mechanical response, (2) sensitivity of the obtained mechanical, and (3) the mechanical response
of the three orientations.

5.2.1 Consequences of an asymmetric mechanical loading system

The developed miniaturized machine allows deforming samples cyclically in shear mode. The mechanical
response is measured by two load cells and the cantilever system, which is located on top of the sample. This
gives the response of the whole system and not local information in the thin area. As observed in the mechanical
data of the tested samples (Figure 3.2, Figure 4.2 and Figure 4.15), the non-symmetricity of the device results in
deviations from ideal force-strain curves. Even if the curves have been corrected to compensate the fact that the
sample acts as a spring, the cantilever system is not very precise for reversed cycles. As a consequence, the
transition from positive to negative load is not perfect and results in non-standard features in the force-strain
plots (e.g. straighter lines in the second unloading than in the first one, discontinuities on the slopes when
reversing force, small bumps at low forces, etc.) (see Figure 5.1). This excludes analysis of the Bauschinger effect
from the force-strain curve and determination of the yield force from the force-strain curves.
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Figure 5.1 Review of the mechanical response for different crystal orientation

All the experiments are performed with a constant displacement rate imposed in the linear stages (U=4 pm/s)
(see section 2.1.4 for details). Table 5.1 shows the real measurements done by the angular encoder (u) for each
crystal orientation. These values are an order of magnitude smaller. This evidences the non-linear transfer
between the displacement of linear stage and the displacement of the pin. The difference is not significant when
comparing the crystal orientations. There is however an important difference when values for positive load and
reversed load are compared. This is again due to the asymmetry of the system.

Table 5.1 Displacement rate obtained by angular encoder

Displacement rate (nm/s)

Crystal orientation

Positive-load Reversed-load
Single slip 90 66
Coplanar 106 78
Collinear 105 83

Figure 5.2 shows the schematic diagram of the machine where each box represents an element. The ensemble
formed by the linear stage, load cell and pin moves along the fixed structure. The cantilever and the sample are
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also connected to the structure. The blue and red arrows are the representations of transmission systems to
account for the observed reduction of the displacement and displacement rate between the elements.

For the same displacement amplitudes and displacement rates in the upper and lower driving
ensembles, the cantilever measures reduced values. The blue arrows represent that loss.

The values are also different depending if the signal is coming from the top or the bottom due to gravity
and the elements in between. That is why the blue arrows do not have the same color and there is an
additional arrow between the sample and cantilever to account for the additional loss.

Li

St - Structure
Li - Linear stage
Lo - Load cell

P -Pin
C - Cantilever
S - Sample

Figure 5.2 Schematic diagram of the machine and representation of transmission systems between elements

5.2.2 Mechanical data

All the mechanical tests are done following a multiple step test methodology: the strain amplitude is kept
constant during a certain amount of cycles, afterwards the strain amplitude is increased to a higher level and
more cycles are done. As an illustration cycles 50 to 53 and 80 of the single slip case have been plotted in Figure
5.3. A similar behavior is observed in all other situations where the strain amplitude is increased. The figure
shows that the first force-strain curve after an increase in strain amplitude is different to the previous one (e.g.
51 to 50). The consecutive cycles with the new strain amplitude (from 52 till 80), on the other hand, do not show
notable variations. This should not be interpreted as having already reached the cyclic stability after only one
cycle. The experimentally measured mechanical data is a response of the whole system; what happens locally in
the thin area is at the moment only accessible by simulations. This is for each of the crystal orientation discussed

in section 5.3.
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Resolved shear strain (%)
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Figure 5.3 Mechanical response when increasing displacement amplitude
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5.2.3 Different response depending on crystal orientation

Figure 5.4 shows the force reached as function of the resolved shear strain for the different crystal orientations.
The strain hardening behavior shows that the single slip orientation is the softer and that the collinear is the
hardest orientation. This is in good agreement with the discrete dislocation calculations that show that the
collinear interaction is the strongest interaction in the fcc crystal structure (Madec et al.,, 2003).

It also has to be pointed out that in the coplanar and collinear cases the system’s load limit of 7 N was reached.
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Figure 5.4 Orientation dependence on strain hardening

5.3 Dynamics of dislocations

Combining mechanical testing with Laue micro-diffraction allows following the dynamics of dislocations during
fatigue by examining the lattice rotation and the shape of reflections. As the applied experimental conditions are
different for each crystal orientation (see sections 3.2 for single slip, 4.1.1 for coplanar and 4.2.1 for collinear
case), the final stage reached in each sample is not equivalent. In order to have a nominal measure at the end of
the cyclic loads, a cumulative resolved plastic strain has been calculated as:

N
r= 42]/1,“- eq. 23
i=1

where, y,,,; is the resolved plastic shear strain amplitude in the it cycle and N is the total number of cycles.

This parameter is used as an approximate measure of permanent damage in fatigue (Suresh, 1998). Even if it is
not suitable for low plastic strain amplitudes cases and few cycles, it allows comparing the three tested cases
from the experimental measurements. Figure 5.5 shows T for each orientation. The sample oriented for single
slip is the crystal that has been fatigued the most, followed by coplanar and finally collinear. Therefore, it is
expected to see more evolution for the single slip orientation.

80

60

(%)
8

20

w Single slip m Coplanar m Collinear

Figure 5.5 Cumulative resolved plastic strain for different crystal orientations
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Experimentally, the stress and strain in the thin area are not measurable with our device. In order to get better
insight into the deformation process, simulations using the experimental displacement amplitudes are done,
where the simulated sample geometry is similar to the experimental one. More details are given in section 2.1.1,
in appendix B and in (Grilli et al., 2015). The simulated stress-force relationship and the evolution of total strain
and its distribution for the three crystallographic orientations are shown and discussed in relation to the
experimental results.

5.3.1 Stress-force relationship

Figure 5.6 shows the computed relationship between the oy, stress in the center of the thin area and the force at
maximum load for samples oriented in single slip, coplanar and collinear. Each point in the plot corresponds to a
particular cycle; some numbers are indicated as reference. The stress values lie in the range of stresses estimated
in Figure 2.5 and are of the same order of magnitude as the normalized bending moments obtained in cyclically
deformed copper single crystal micro-beams (Kiener et al., 2010).

Comparing the stress-force levels of coplanar and collinear to single slip oriented case, one can observe that
higher forces are required in double slip oriented samples to reach the same stress level. For instance, 35 MPa
are reached in single slip by applying 3.5 N whereas ~ 6 N are needed in both double slip orientations. The
harder behavior of double slip orientations is also captured experimentally (see Figure 5.4).

The three graphs show similar change in the stress-force slope. At low initial displacements the slope between
the stress and the force is steep. At some point (red dots) the slope between stress and force lowers dramatically
and the stress in the center of the thin area is rather constant for all forces. The transition does not correspond to
an increase in displacement. The reason behind this is that the saturation value of the primary slip resistance
parameter has been reached in the center of the thin area (see appendix E for the evolution of the slip resistance
parameter used in the simulation in the case of single slip). In other words, the center of the thin area cannot
computationally harden further and the stress is going to be constant in the following cycles. Beyond that cycle
the imposed strain amplitude has to be also accommodated by the surroundings, which continue hardening.
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Figure 5.6 Relationship between simulated stress and force for single slip, coplanar and collinear oriented samples (courtesy
of N. Grilli)

5.3.2 Evolution of total strain and its distribution

Single slip orientation

Figure 5.7 compares the simulated total strain (grey line) and experimental strain (blue line) versus the number
of cycles of single slip oriented samples. The experimentally measured strain is obtained using the relationship
given by eq. 3 (section 2.1.1). The red arrows point to the cycles where an increase in displacement amplitude
has been applied and the colored points correspond to particular cycles that were also shown in Figure 5.6. The
corresponding total strain distribution is displayed after specific cycles in Figure 5.8.
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Figure 5.7 Evolution of the computed and experimental y,, strain with the cycles of single slip orientation (courtesy of N.
Grilli)
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Figure 5.8 Evolution of total strain distribution at different cycling stages in single slip oriented samples (courtesy of N. Grilli)

Overall one can say that upon cycling the total strain values are rather constant. Closer inspection reveals that at
low displacement amplitudes the simulated strain tends to decrease (cycle 1 to 30 without considering the jump
after increased displacement amplitude) and eventually stabilizes (cycles 30 to 50). During those cycles the
central point of the thin area hardens but the slip system resistance has not reached the saturation value (red
point). The rate is related to the cumulative resolved plastic strain. Concurrently Figure 5.8 shows that after the
first cycle the strain distribution is not uniform across the circular thin area. In the smaller area where Laue
scans were performed (shown in a zoom-in) the strain is however homogeneous. During the following cycles the
strain is redistributed in the thin area (see cycle 50).

Once the saturation value of the primary slip resistance parameter has been reached in the center (cycle 55), the
stress in the center of the thin area remains constant (see Figure 5.6) but the surroundings continue hardening.
As in the surroundings the primary slip resistance parameter has not reached the saturation value, its strain
decreases (analogue behavior as during the initial cycles in Figure 5.7 ). Thus in order to maintain equilibrium
between the central point and its surroundings, the strain in the thin area has to increase (see cycle 55 on). Note
that in the single slip case the increase is not so important. The strain distribution in Figure 5.8 evidences a
uniform distribution in the circular thin area (see cycle 80). For the highest displacement amplitudes (cycle 81 to
120) the thin area cannot accommodate the imposed deformation anymore and the strain distribution extends to
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the thicker area (see cycle 115). It is in these cycles (from 80 to 120) that experimentally a higher hysteresis in
the experimental mechanical data is observed (see Figure 3.2).

As it can be observed in Figure 5.7 after step 50 the computed strain exceeds the initial computed strain. This is
in good agreement with the microstructural evolution observed in the experimental results (see Figure 3.3 and
Figure 3.19). The initial microstructure is accommodated after the first map at step 11 due to the imposed strain.
The changes from map 11 to 50 are however minor. After cycle 50, the evolution in lattice rotation is more
pronounced: the strain is higher than that initially imposed and it maintains or increases slowly during the last
70 cycles (from cycle 50 to 120).

Comparing the simulated and experimental curves they are very similar, except that the absolute values differ.
Both curves scale linearly as shown by the green fitted line in Figure 5.7 (see appendix F for the linear fit). Note
that the difference between the experimental and simulated strain, force and stress curves can find their origin
in many factors such as small differences in overall sample geometries, or differences in the parameters used in
simulations. Thus, the strain values provided in Figure 3.2 and Table 3.2 have to be taken indicatively and not
absolute.

Double slip orientations

Figure 5.9 shows the evolution of the computed and experimental total strain for coplanar and collinear oriented
samples. Same representation system as in Figure 5.7 is used. The corresponding total strain distributions are
displayed after specific cycles in Figure 5.10.

The initial strain amplitudes in both orientations are similar and almost double to that imposed in single slip. As
a consequence the strain distribution after cycle 1 extends even to the thick areas (see Figure 5.10-cycle 1).
During the first 30 cycles in both double slip orientations the computed strain decreases. The trends in both
orientations are rather similar and after 40-45 cycles both orientations show similar strain distribution and
value.
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Figure 5.9 Evolution of the computed and experimental y,, strain with the cycles of double slip orientations (courtesy of N.
Grilli)
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Figure 5.10 Evolution of total strain distribution at different cycling stages in coplanar and collinear oriented samples
(courtesy of N. Grilli)

Due to the imposed displacement values (compare the jumps in the experimental total strain blue lines) the
computed strain evolution at higher amplitudes differs.

- The strain amplitudes in the coplanar sample are higher than in the collinear sample, and therefore the
strain increases faster. After cycle 65 the strain distribution is extended to the thicker part. Besides, after
the last amplitude increase the strain value goes far beyond the initial imposed strain. This is evident in
the strain distribution at cycle 95 shown in Figure 5.10. Interestingly, the misorientation map in Figure
4.3 can follow the change. Additionally, the hysteresis in the last series (cycles 66-95) is more
pronounced (see Figure 4.2).

- In the collinear case the strain evolution is steadier: the strain at cycle 80 does not exceed the initial
imposed strain value and the strain distribution is concentrated in the thin circle. The misorientation
map in Figure 4.16 does not reveal any transformation either. At the same time the hysteresis in
mechanical data is rather similar in all series (Figure 4.15).

5.3.3 Summary

The information provided by simulations underline the importance of a good design of the multistep mechanical
test. The first cycle determines the strain threshold for observing further microstructural changes. Until the
initial imposed strain is not surpassed, the spatially resolved maps do not evidence significant lattice rotation
evolution. Additionally, the orientation of the crystal also plays a role as the hardening behavior is different and
therefore the multistep mechanical test has to be adapted to each condition to obtain similar degree of evolution.
In this sense it would have been a better approach to start with a lower initial strain amplitude in double slip
oriented cases and increase the amount of cycles in each series at higher amplitudes before reaching the
restrictive force limit of the device.

On the other hand the complex evolution of the computed strain evidences that the simple geometrical
relationship between displacement and strain given by eq. 3 does not capture absolute values, however in some
cases it captures well the trends. At small imposed displacements (single slip case) and when the strain is rather
steady at high amplitudes (collinear case), both experimental and simulated curves can be linearly scaled.
Depending on the initial strain threshold, the relationship during initial cycles may fail. When the strain
evolution at high amplitudes is not constant (coplanar case), the curves cannot be fitted linearly. See appendix F
for the linear fits.
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5.4  Early formation of dislocation patterning: single slip orientation

The so-called channel-vein dislocation structure is expected for the single slip orientation under the applied
shear strain conditions explained in section 3.3. The veins consist mainly of edge dipole bundles of primary
dislocations that are aligned approximately perpendicular to the primary slip direction and extended in the third
dimension surrounded by GNDs. The channels are almost dislocation-free regions, where dislocations travel
back and forth during cycles, having low SSDs and no GNDs.

In section 3.3, an early transition from homogenous to heterogeneous microstructure is observed. The evolution
of the misorientation and GND traces are given in Figure 3.3 and Figure 3.9 respectively, where the formation of
region F can be followed. After 120 cycles, an area misoriented predominantly around Z-axis by 0.22° and with
GND walls in its perimeter is formed from a low misoriented background. Questions such as “How is this region
formed?” or “What does it represent?” are discussed in this section.

5.4.1 Are initial GNDs dominating the formation of rotated regions?

Figure 5.11 shows the apparent GND traces (in white) at cycles 0, 11, 50, 80 100 and 120 on top of the
misorientation map after 120 cycles, where rotated region F is clearly defined. As can be observed, the physical
location of the initial GND traces does not match with region F. This is different for region B where the rotated
area after 120 cycles is clearly related to the presence of pre-existing immobile dislocations. The evolution of the
GND traces shows a clear redistribution of the pre-existing GNDs and the appearance of new GNDs that are
responsible for the evolving rotated regions. The location of these regions can be determined by pre-existing
dislocations or simply evolving from the accumulation of new GNDs such as region F. Thus, the presence of the
initial mobile/immobile dislocations can play a role in the microstructural evolution as they can act as pinning
points or dislocation sources and participate in the development of dislocation ensembles.
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Figure 5.11 Evolution of the GND density traces at cycles 0, 11, 50, 80, 100 and 120 on top of the misorientation map after
120 cycles

5.4.2 Understanding dislocation microstructure in region F

A bottom-up process is going to be followed in order to understand the formed dislocation microstructure in
region F. First the evolution of the Laue reflection shown in Figure 3.11 for position 1F (inside region F) is
discussed. Next, the observed misorientation, rotation, lattice curvatures and GND traces are interpreted in
terms of dislocation structures. Finally, an overall picture of the evolved dislocation microstructure is suggested.

Implications derived from the evolution of Laue reflections

Laue reflections provide insights into lattice rotations and defect organization inside the illuminated volume. In
Figure 3.11, the (400) peak obtained in position 1F at step 0 is a representation of a single crystal with some
imperfections in the illuminated volume. After cycling, the peak gets fragmented into several sub-peaks, and the
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position of the new sub-peaks is changing when the misoriented region F is forming. That means that the
illuminated volume has obtained several misoriented microscopic crystallites/domains and that the crystal has a
mosaic structure along the integrated volume. The higher the shift the higher the misorientation value between
the crystallite and the initial orientation. After 120 cycles, the reflection shows a main strong peak shifted from
the initial position with some residual traces. This means that part of the volume has the same misoriented
orientation and some crystallites are less misoriented comparing to initial orientation. The rotation direction of
the new crystallite is mainly about Y-axis according to Figure 3.13 and Figure 3.14. A schematic illustration of the
evolution of the diffracting volumes at cycle 0, 100 and 120 in position 1F of region F is shown in Figure 5.12.
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Figure 5.12 Illustration of microstructural evolution of position 1 in region F

The interpretation in terms of microstructural evolution can be derived from the observations made by Hancock
and Grosskreutz in tension-compression fatigued copper single crystal oriented with 0.5 Schmid factor on the
primary slip and 0.47 on the critical slip (Hancock and Grosskreutz, 1969). After 4% cycles only primary slip is
activated and as it can be observed in Figure 5.13, the microstructure consists of bundles of dislocations
separated by almost dislocation free regions. These bundles tend to be oriented along the [121] direction, which
correspond to the X-ray beam direction as drawn in the figure. The alignment at this early stage is not perfect
though. It is reported that the majority of the observed bundles are formed by primary edge dislocations, which
over a portion of their length form dipoles. They observe the presence of traces belonging to critical and
conjugate slip, which interact with the primary dislocations and may be the cause of the truncation of the
bundles. After 20 cycles, an increase in dislocation density (both primary and secondary) is observed and the
bundles get extended along their length by continued entrapment.

This process is compatible and reasonable with the observations derived from the evolution of the Laue
reflection: the dislocations pile up with the cycles and eventually extend to almost the whole length of the
thickness while increasing density. The fact that the main rotation is observed around Y-axis (Figure 3.13 and
Figure 3.14) suggests that the bundle of piled up dislocations is not perfectly aligned to the Z-axis. This was also
noted by Yang et al. (Yang et al., 2001) who followed the evolution of dislocation configurations by the ECCI
technique. It was observed that the arrangement of dislocation distributions gradually transforms with
increasing cycle numbers before the saturated vein-channel structure is formed. They reported that the initial
distribution of dislocations after 40 cycles can be quite disordered comparing to the saturated stage.
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a) (111)plane b) (101)plane

— .0u—1

Figure 5.13 TEM images of dislocation structures after 4% cycles of copper at y1,,=0.75% after (Hancock and Grosskreutz,
1969)

The evolution of the dislocation structure corresponding with our Laue analysis is schematically shown in Figure
5.14. At the beginning there are a few dislocations due to the sample preparation: some mobile and other
immobile for our shear set-up. After the first 100 cycles, the mobile ones are swept away and primary edge
dislocations start piling up in form of dipoles by pinning to the immobile dislocations. After 120 cycles, their
density has increased and part of the illuminated volume has the same orientation slightly different form the
initial one due to the distortion created by almost perfect horizontal dislocations. The relative narrow
orientation spread of the new orientation (Figure 3.14) can be ascribed to the formation of dipoles in the veins.
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100

Cycle
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Figure 5.14 Illustration of the evolution of dislocation pile-up in region F (position 1)
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Implications derived from the rotation and GNDs

Figure 5.15 shows the distribution of misorientation, w,, w, and w,, apparent GND density and the length of
GNDs in region F.

Misorientation [°] w, [°] w, [°] w, [°] Apparent GND Apparent GND

density [um’] length [pm]

Figure 5.15 Misorientation, w,, @, and w,, rotations, apparent GND and GND length maps of region F after 120 cycles

The accumulation of edge dipoles on the primary (111) slip plane with Burgers vectors [101] causes rotation
about an axis parallel to the [121] direction -i.e. the dislocation line direction (Mughrabi, 2006a). In Figure 5.15-
b-c-d it can be observed that the major rotation of region F is in fact about the Z axis= [121]. Still, the alignment
of dislocation ensembles in other areas of the sample is expected to evolve during more cycles and to continue
till saturation stage (Yang et al.,, 2001).

The amount of misorientation observed in our Laue analysis is in good agreement with the range of values re-
ported by other authors (Mughrabi, 2006b; Wilkens et al., 1980). A misorientation angle of 0.33° around the
primary edge dislocation line was reported for a copper single crystals deformed in the PSB formation plateau
regime. The misorientation for a vein is expected to be lower (Mughrabi, 2006a). Assuming that the primary
edge dislocations are arranged in a way that they form a wall in the perimeter of region F, the misorientation
angle 6, across the boundary is defined by eq. 22 (section 2.3.5).

Figure 5.15-a shows that 6,, = 0.22° which leads to a mean distance of 66 nm between dislocations. In addition,
Figure 5.15-f gives an average length of ~500-600 um in the perimeter of region F. In the ideal case where
dislocations would be totally extended along the sample’s thickness (~30 pm) 16 to 20 edge primary
dislocations would be arranged in ~0.5x0.5 um? area (defined by the scanning step size and X-ray beam size).
Assuming a wall distribution, this would correspond to a distance of 25-32 nm between dislocations. In spite of
all assumptions these values are in a relatively good agreement with a 30 nm dipole distance observed in
saturation (Neumann, 1987; Suresh, 1998). According to the observations of Buchinger et al. these values are
independent of the applied strain amplitude (Buchinger et al., 1985). Moreover, the fact that region F does not
contain internally GNDs but is surrounded by a GND wall (Figure 5.15-e) supports the description of
accumulation of edge dipoles, since the latter do not contribute to curvature (Arsenlis and Parks, 1999).

Implications derived from the distribution of lattice curvatures in region F

Veins are reported to have a characteristic width of 1.5 pm in saturation (Laird et al., 1986). The feature
observed in region F is however larger. In order to derive a geometrical interpretation of region F the lattice
curvatures plotted in Figure 3.6 are analyzed.

K, and K, can be directly attributed to the presence of primary edge GND walls in the boundary of region F as
drawn in Figure 5.16. From the elastic distortion field of an infinite edge dislocation with its line along Z it can be
derived that only k,, and k,, should have non-zero values (see appendix G).
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Figure 5.16 Schematic of dislocations forming dipoles in a vein. Excess of dislocations around the vein contribute to GNDs

Therefore if the vein would consist only of long edge dislocations in dipoles, the other lattice curvature
components should be zero. It is however not the case in our observations, in fact k,, and k,,, have lower values

comparing to the other components.
In order to understand this, simulations have been done by N. Grilli for four configurations:

1- A straight bundle
2- A bundle inclined towards the Y-axis (Y-inclined bundle)
3- Abundle inclined towards the Y- and the X-axis (Y&X-inclined bundle)

4- Configuration where two bundles, both inclined towards the Y-axis (Two inclined bundle)

The schematic and geometrical details are shown in Figure 5.17.
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Figure 5.17 Schematic and geometrical details of simulated bundles
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As shown in Figure 5.18, the bundles are embedded in a 5x5x’' um3 block (Block1) where ‘1' is different for each
configuration (refer to Figure 5.17). The block is embedded in another 10x10x’l’ um3 block (Block2) as illustrated
in Figure 5.18. Dislocation-based plasticity model based on (Grilli et al., 2015) is applied to Block1 and von Mises
yield criterion (Mises, 1913) is applied to Block2. Periodic dislocation fluxes are imposed to avoid size effects
and the displacement is applied in Block2 as shown by the arrows. Each configuration is subjected to one full
cycle at applied strain of ~0.50%, after which the primary dislocations are trapped around the immobile bundle,
a configuration that resembles the one in Figure 5.16.

Block 1
Dislocation-based
plasticity model

Block 2
Von Mises yield
criteria

Figure 5.18 Applied simulation geometry and conditions

Figure 5.19 shows the rotation about Z-axis and apparent GND density distributions for the different bundle
geometries (see Figure 5.17 and text above for description of each configuration). All of them show positive
rotation about Z-axis but the rotation value is higher for the straight bundle than for the case of two inclined
clusters. The configurations of Y-inclined and Y&X-inclined bundles have intermediate rotation values.
Interestingly, the apparent GND density maps show that an inclination across the thickness is necessary in order
to have apparent GNDs in the lateral walls. Pure straight configuration only has apparent GND density at the top
and bottom of the rotated area. In the special case of two inclined clusters the apparent GND density has no clear
structure.

Straight Y-inclined Y&X-inclined Two inclined veins
15 | 5
2 10
5T 0
N ©
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o _
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g 3
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Figure 5.19 Rotation along Z (a) and apparent GND density (b) of different simulated bundle geometries (Courtesy of N. Grilli)

The statistical distributions of each lattice curvature and dislocation density tensor components of each bundle
configuration are graphically depicted as boxplots in Figure 5.20 (see Appendix D for detailed information about
statistical representation as boxplots). It can be observed that the distributions of most of the components (i,.,,
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Kyy Kyx, Kyy, Oy and oy, — Q) are very similar in all the geometries: the values are slightly higher in the Y-

inclined case than in the other configurations. x,, and x,,, on the other hand, are extremely sensitive to the

zZy
bundle configuration. Their outlier values are highly influenced (at least a factor of two) when changing the
geometry from straight to any of the other three configurations. These results can explain what is experimentally

observed.
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Figure 5.20 Influence of different geometries in the lattice curvature and dislocation density tensor components

The distribution of each lattice curvature components of a Y&X-inclined bundle is going to be analyzed further. A
new simulation has been done on a longer bundle than that shown in Figure 5.17. The schematic and geometrical
details are shown in Figure 5.21 where the bundle can be divided in 4 sections, each one 1 um long. The first
section is straight in Z-axis, section 2 is inclined in Y-axis, section 3 is inclined in X-axis and the last section is
straight in Z-axis.
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Dimensions oflong Y&X-inclined vein
Projected height (h) 2 um
hi=1 pm
Heightof each cuboid hy=2 pm
h3=1 pm
hy=1 pm
Projected width (w) 2 um
wy=1pm
Width of each cuboid wo=1ym
y ws3= 2 pm
wy=1pm
Z Projected length (1) 4 um
l;=1 pm
X Length of each cuboid L= 1 pm
I3= 1 um
ly=1 pm
Y-inclination (a,) 45°
X-inclination (2,) 45°

Figure 5.21 Schematic and geometrical details of long Y&X-inclined bundle configuration

Figure 5.22 shows the distribution maps of each lattice curvature component for the Y&X-inclined long bundle
configuration. In the right side of each box a schematic of each lattice is shown. The experimental results are
added to the same figure for easier comparison. One can observe several similarities when comparing the
simulated and experimental distributions:

- Simulated k,, and k,, components have vertical boundaries in the lateral walls of the bundle. Similar to
experimental results, the signs are reversed in the left and right walls. The distribution of the Ky,
component is not as defined as the one of k,, and x,, components, but faint left and right walls can be
distinguished. The sign is, however, reversed comparing to experimental values. This is related to the

average Y- rotation field obtained (see appendix H) and is discussed below.

- Simulated ky, and x,, components have horizontal boundaries in the upper and lower walls of the

bundle. The signs are reversed in the upper and lower walls, and the signs match when comparing to
experimental results. The distribution of k,, also shows reversed signs in the upper and lower walls but

the sign and distribution do not have strong correlation with the experimental observations.
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Figure 5.22 Distribution of lattice curvature components of the simulated Y&X-inclined long bundle (courtesy of N. Grilli) and
summary of experimental results

Figure 5.22 also shows some differences between simulated and experimental data. While all the experimental
maps do not show any trace inside region F, some of the simulated lattice curvatures do. The discrepancy relies
on the fact that simulated maps are consequence of integration along the depth, which can be sectioned. Figure
5.23 shows the sectional maps of all lattice curvature components. The sectional rotation distributions are given
in appendix H.

One can observe that in all sections the simulated k,, and k,, show localized traces forming the left-right walls
or upper-lower walls of the vein with same sign as in experiments. The values are rather similar in all sections
and they are higher compared to the other lattice curvatures. The greatest variation is observed in section 3
where the values of k,, double those of the other sections. This corresponds to the part where the vein is in-
clined along X-axis and the X- and Z-rotation are the highest (see appendix H).
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Figure 5.23 Sectional k,, and x;, lattice curvature maps of a Y-X-inclined long bundle (courtesy of N. Grilli)
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When analyzing the maps of the other four components Ky, Ky, ¥, and x,,,,, it is found that the distribution of
the lattice curvatures is different for each cuboid:

- There is no standard structure of x,, in the straight sections (1 and 4) where the vein is located: in
section 1, for instance, the inner part of the vein has positive k,, values surrounded by negative values
outside the vein; in section 4 the left and right walls have negative and positive k,, values respectively.
In the Y-inclined section 2, the x,, traces are mainly in the upper and lower walls due to the gradient
induced by the inclination. In the X-inclined section 3, the lattice curvature is only localized in the left
and right walls, and the values are highest. Besides they match in sign with those measured
experimentally: left negative, right positive. Therefore section 3 resembles more the experimental data.

- Insections 1, 3 and 4, x,, mark the upper and lower walls of the vein. The signs are in agreement with
experimental observations. The k., values are highest in section 3, similar as what was observed for
Ky - In the Y-inclined section 2, the k,y traces are localized in the left-right walls of the vein due to the
gradient induced by the inclination.

- Kyx shows similar values for all four sections. In the straight sections (1 and 4) there is no defined
structure where the vein is located. In the Y-inclined section 2, the Ky, traces are located in the left-right
walls similar to those observed experimentally and with the same signs. In the X-inclined section 3, on
the other hand, the ky traces mark the upper-lower walls of the vein. This difference is induced by the
particular inclination in each section, a piece of information that is lost when analyzing the averaged
lattice curvature distribution. This causes the dissimilarities between the experimental and averaged
computed lattice curvature maps (see Figure 5.22).

- The xy, traces in the straight sections (1 and 4) and in the X-inclined section 3 have non-zero values in
the left-right walls. Their values are however lower when comparing to those of Y-inclined section 2.
There, the Ky,
same sign. Similar as for x,y, this information is lost in the averaged plots shown in Figure 5.22.

traces mark the upper-lower walls analogue to the experimental data, and they have

In summary, the sectional analysis of the bundle reveals that vertical and horizontal inclinations are required to
explain the experimentally obtained lattice curvature distributions. Even if with Laue micro-diffraction tech-
nique in transmission mode, one cannot resolve the sectional distribution of the lattice curvatures along the
depth because the information obtained is averaged, synergy with simulations helps to elucidate the obtained
results and give an interpretation.

Final interpretation of region F

The comparison between simulations and experiments lead to a picture wherein region F corresponds with the
onset of a vein formation. The vein is formed by primary edge dipoles extended partially along the thickness of
the sample and is slightly inclined vertically and horizontally in the third direction. A schematic is given in Figure
5.24. The saturation stage has not been reached because a characteristic feature of that phase is the appearance
of slip bands in the surface (Grosskreutz, 1971), which have not been detected in out sample.

Figure 5.24 3D illustration of the shape of the vein in region F
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5.5  Assessment of the transmission Laue micro-diffraction methodology

The method here developed is a quasi 2D approach. The signal is integrated over the thickness of the sample and
the microstructural evolution is followed based on the crystal orientation obtained by indexing each diffraction
pattern according to the maximum intensity criterion. The center of mass criteria cannot be used to define the
position of the peaks since this in insensitive to the evolution of emerging regions (see Figure 2.23). As an
illlustration the evolution of misorientation angle of single slip oriented S1-L sample has been calculated using
the center of mass criteria and plotted in Figure 5.25. Comparing to Figure 3.3 there is no clear evidence of
formation of region F and one can neither follow the fragmentation observed in the upper right corner region B.

0.08
0.06

0.04

Misorientation [°]

0.02

Figure 5.25 Evolution of misorientation angle of sample S1-L using center of mass criteria

The principle of the used methodology is rather similar to EBSD: once the averaged orientation in each point is
obtained, it is compared to a fixed reference (misorientation map and wy, w, and w, maps) or to the
neighbouring point (distribution of lattice curvatures, dislocation density tensor components and apparent GND
traces). The methodology when applied in transmission can be source of several errors and the following points
have to bear in mind:

- X-ray micro-diffraction could underestimate GND densities due to the relatively coarse size and larger
beam size comparing to EBSD. Wright et al. (Wright et al., 2015) showed that GND values tend to
increase with decreasing orientation precision and that this effect is notorious at <200 nm step sizes. In
our experiments, a step size of 300 nm is used.

- As the X-ray beam size is larger than the step size used (~3:1 ratio) there is an overlap in the patterns.
Tong et al. (Tong et al, 2015) however reported that pattern overlap in HR-EBSD measurements does
not create significant artefacts in residual elastic strains and GND density near boundaries, even at step
sizes as small as 200 nm.

- By working in transmission mode the GND densities could on the other hand be overestimated. The
disorientations between two neighboring points, A and B, are calculated. These points are adjacent in
the X-Y plane (300 nm apart) but may not be in the third direction due to the thickness of the sample (in
this thesis ~ 30 pm).

- The elastic strain gradient is ignored when calculating the GND densities. Several authors have reported
that its omission affects the measured dislocation density tensor (Acharya and Knops, 2013; Mohamed
etal, 2015). It is reported that for a complete understanding of the underlying dislocation structure the
elastic strain gradient should be measured.

On the other hand, the advantage of working in Laue transmission is that each diffraction pattern is collected in a
particular (x,y) position which makes easier the determination of spatial maps as no DAMX is required (Larson et
al,, 2002; Yang et al., 2004). This is a huge benefit particularly for thin samples. In addition, the fast acquisition
time of the DECTRIS EIGER 4M detector allows acquiring spatially resolved maps in a relatively short time. As a
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consequence the evolution of the microstructure can be followed at several stages of fatigue and it is not
restricted to limited scans as it is the case with 3D X-ray Laue diffraction (Mohamed et al., 2015). One of the main
drawbacks is of course that the diffraction patterns cannot be resolved along the integrated depth.

All the 2D maps shown in Chapter 3 and Chapter 4 provide only part of the information acquired by Laue micro-
diffraction technique since each diffraction pattern harbors the information about the integrated volume. Even if
the integrated signal cannot be resolved in the beam direction, the orientation spread in the thickness can be
calculated using the template matching approach suggested by Gupta et al. (Gupta and Agnew, 2009). The
technique has shown for instance that the orientation spread is higher in single slip oriented samples than in
double slip due to different sample preparation procedure. It has also provided the orientation spread of new
formed regions (e.g. region F in S1-L sample - Figure 3.14) or the evolution in orientation spread upon cycling
even when the 2D resolved maps do not show variations (region B in S1-L - Figure 3.17, region A in S2-Cp -
Figure 4.10 or region B in S2-Cl - Figure 4.22).

The template matching technique performed on the collected diffraction patterns has however some limitations
related to the intensity distribution of the MicroXAS beamline (see section 2.2). The template matching
technique fails to cover the whole area that is defined as a peak as explained in section 2.3.6. Figure 5.26 shows a
representative example of the result obtained in point A’ in 1S-R (see section 3.4.5). Four peaks are shown: the
white crosses define the area of the peak. Note that they are not in the same scale as in Figure 3.16 and direct
comparison should be avoided. On top all the orientation matches with different color are plotted and the energy
values for fulling the Bragg condition of each reflection are also shown in the figure. The (400) and (220)
reflections are completely covered and have energy ranges further away from 17 keV. On the other hand, the
reflections which have energies closer to 17 keV ((004) and (022)) are not fully covered. By analyzing the energy
distribution of the MicroXAS beamline Figure 2.21 one can observe that for the used undulator gap of 5 mm
there is an intensity drop at 17 keV (12t harmonic). The correlation between the intensity drop and the
uncovered areas in the Laue peaks evidence the influence of the beam intensity distribution in the template
matching procedure. As a consequence the entire orientation spread along the thickness cannot be determined.

400 220
(16.2-16.3 keV) (17.7-17.8 keV)

Figure 5.26 Results of template technique in point A’ in 1S-R

The visual representation of the orientation matches helps to understand the orientation correlation between
the physical positions in different peaks. For instance, while the orientation matches are distributed vertically in
the (400) and (220) peaks, the distribution is horizontal in the (004) and (022) peaks. This points to the fact that
in samples containing defects the position of maximum intensity in all reflections do not necessarily yield to the
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same orientation. That is why the indexation error in single slip samples is higher than in double slip samples.
Also, the higher the amount of peaks to index the higher can be the source of indexation error due to energy
diversity in each reflection. This is the case when comparing coplanar and collinear samples (see sections 3.3.6,
3.4.6,4.1.7 and 4.2.7 for values).

The rotation sensitivity of the technique depends on the sample-to-detector distance and position of the
reflection in the detector. Figure 5.27 illustrates the influence of both parameters and the analysis yields to the
following conclusions:

- The diffraction pattern has been simulated for sample oriented to collinear slip at two different sample-
to-detector distances: 65 mm and 80 mm (Figure 5.27-a left and right respectively). The closer the
detector the more spots are detected.

- Figure 5.27-b shows the zoom of two reflections located at different positions in the detector. Peak 1 is
closer to the ordinate axis and Peak 2 closer to abscissa axis. Rotations about X-, ¥-and Z-axis have been
simulated from the reference orientation. The arrows point the rotation direction and the length
corresponds to 0.5° rotation about each axis. One can observe that depending on the physical position of
the reflection on the detector (Aand 26 dependent), the direction and length of the arrow varies.
Generally speaking, in transmission geometry rotations about X- and Y- axis are detected along radial
direction and rotation about Z-axis along azimuthal.

- The table given in Figure 5.27-c summarizes the rotation sensitivity defined as pixel/° of both peaks at
different sample to detector distance. Because of the physical location of the peak on the detector, peak 1
is more sensitive to rotation about X-axis while peak 2 is to Y-axis. In both cases and due to transmission
geometry the Z-axis is the less sensitive among the three rotations.

- When the detector is moved away from the sample the sensitivity of the peaks increases. The drawback
is that some peaks are lost. Peak 1 for instance is on the limit of the area detector for sample-to-detector
distance of 80 mm. This approach can be used in collinear orientation where many spots are collected at
65 mm distance. In single slip and coplanar oriented samples however only 4-6 reflections are detected
and increasing the distance will move the Laue spots out of the detector area.

- The final rotation sensitivity is given by the indexation of all the peaks.
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Figure 5.27 Rotation sensitivity of the Laue technique depending on the sample to detector distance and peak position

To sum up the assessment, the presented technique is for the moment the only technique that can follow lattice
rotation evolution and distinguish the influence of the initial microstructure and its redistribution in the
formation of new regions. The technique is particularly suitable for 2D dislocation structures (see S1-L case in
section 3.3 and its interpretation in 5.4). Even if the expected rotation during the vein-channel structure
formation in single slip oriented samples is about the Z-axis the current method can still follow the lattice
rotation evolution. Note that the analyzed peaks are generally streaked in the radial direction but are rather
narrow in the azimuthal direction. Therefore any azimuthal variation is a representation of rotation about Z-axis
regardless of being the axis with lower rotation sensitivity.






Chapter 6 Conclusion

6.1 Achieved results

This project was undertaken to design a novel in-situ Laue mechanical test to follow the crystal rotation caused
by dislocation patterning during early stages of fatigue. To accomplish this purpose the project has been divided
in two phases: a development phase and an experimental phase.

During the development phase the following tasks have been completed:

- A new miniaturized device that can deform samples in reversed-shear mode during Laue diffraction has
been developed and integrated at the MicroXAS beamline of SLS.

- In parallel the sample geometry has been designed to have simultaneously sufficient robustness during
sample manipulation and a local thin area where Laue scans in transmission mode can be obtained.

- The sample preparation route has been devised to minimize the damage. Picosecond laser ablation has
been applied to prepare the critical thin area required for the X-ray diffraction experiments.

- An analysis methodology to understand dislocation pattern evolution has been developed.

- A DECTRIS EIGER 4M detector has been integrated for the first time at the MicroXAS beamline of SLS.

The developed approach allows following the evolution of rotations during cyclic shear of Cu single crystals in a
volume of ~10x25x30 pm3 at relatively fast speed (~ 30-40 min/map). Information on rotational gradients and
GND densities can also be extracted.

During the experimental phase, the initial steps in the formation of the dislocation patterning during cyclic
deformation of elementary fcc copper single crystals are explored. Samples with different crystal orientations
(single crystal, coplanar and collinear) have been cyclically deformed up to a maximum of 120 cycles during in-
situ Laue micro-diffraction. The orientation dependency and spatial distributions of the lattice rotations caused
by dislocation arrangements have been determined in terms of accumulated strain.

The investigation of the single slip oriented samples at low initial strain amplitudes has shown that:

- A homogenization process occurs in early cycles. The process is more evident in samples where the
initial microstructure is not too damaged.

- Early formation of dislocation patterning can be followed by Laue micro-diffraction. The new
misoriented regions are surrounded by a GND wall and do not have apparent GNDs inside.

- The presence of the initial mobile/immobile dislocations plays a role in the microstructural evolution as
they can act as pinning points or dislocation sources and determine the physical position of veins.

- The misorientation spread of the emerged regions across the sample thickness can be analyzed with
pattern matching approaches (Gupta and Agnew, 2009).

On the other hand, the following conclusions can be drawn from the study of the double slip oriented samples at
higher initial strain amplitudes:

- The initial heterogeneities in the sample are strongly dependent on the sample preparation route.

- The homogenization process and pattern formation depends on the imposed strain amplitude and
crystal orientation. A proper design of the multistep mechanical test is required to observe
microstructural changes in the spatially resolved lattice rotation maps.

- The 3D arrangement of dislocation in double slip oriented samples complicates the follow-up of crystal
rotation represented in 2D maps since the dislocation arrangement is not anymore expected to be quasi-
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2D and therefore all sub-structure in the third direction are integrated in the diffraction patterns. The
evolution of misorientation spread can however, to some extent, be followed with pattern matching
approaches but the misorientation between the crystallites observed in Laue peaks cannot be
quantified.

In summary, the approach developed permits following dislocation structures during fatigue while providing
quantitative information on the transition from uniform to non-uniform dislocation structures. The procedure
sacrifices on the fully 3D aspect but it brings the time resolved aspects and the spatially resolved GND density
evolution required to validate ongoing simulations. On that note, our technique is one step further towards
synergies with computational models. Interestingly, it is applied on a sample volume that is very similar what
advanced modelling methods can now simulate. The error made by integration will depend on the design of the
deformation experiment i.e. the character of the GND network expected. For instance it can be used to validate
3DDD models or density based dislocation dynamics models (e.g. (Hussein et al., 2015; Po et al,, 2014; Sandfeld
and Zaiser, 2015)) when applied in deformation geometries where the formation of 2D dislocation patterns is
expected such as for instance dislocation accumulation in veins or persistent slip bands (Déprés et al., 2004;
Grilli et al,, 2015). However, the validation of many multi-slip deformation geometries during which 3D cell
structures are formed are limited (Chen et al, 2013; Hussein and El-Awady, 2016a; Sandfeld and Zaiser, 2015;
Xia and El-Azab, 2015a). For that purpose, the 3D X-ray Laue diffraction (Larson et al., 2002) is more suitable at
the expense of losing time resolution.

To conclude in-situ Laue micro-diffraction in transmission mode has a large potential to facilitate a breakthrough
in our understanding of 2D dislocation patterning and our possibilities to predict failure by advancing
computational models due to its time resolution. The proposed technique is complementary to 3D X-ray Laue
diffraction and 3D-EBSD, both restricted to a snapshot in time of the microstructure. All together they have the
power to boost synergies between modelling and experiment and get better insight of the basics of dislocation
patterning, which is still an open question.

6.2 Future development

In terms of directions for future research, further work should explore paths to overcome the major limitations
detected in the present study:

- The sample preparation procedure should be revised in order to improve the initial quality of the
samples. It has been shown that the addition of a second annealing has reduced the initial
heterogeneities. Longer annealing times and/or gentler machining can help diminishing the introduced
damage. Subjecting the samples to a final electropolishing step would help removing the possible
damage induced by picosecond laser ablation. Concurrently the gauge section of the sample would be
thinner and less volume would be integrated by the X-ray beam. This would help analyzing the shape of
Laue reflections and orientation spread along the thickness. The drawback is the difficulty to control the
electropolishing process by avoiding creating trenches or holes that would compromise the suitability of
the sample for the mechanical test.

- A more robust system in the beamline that permits not retracting the detector away from the machine
every time the sample has to be changed would give better calibration and therefore the source of
indexation error would be minimized. This is restricted by the limited space available taking into
account the dimensions of the machine and the need of having the detector relatively close to the sample
to collect sufficient Laue spots.

- Another type of limitation to consider is the harmonic intensity distribution of the X-ray beam at the
MicroXAS beamline. In other beamlines dedicated to white beam applications (for instance BM32 at
ESRF), a bending magnet is used to produce a completely smooth energy distribution. This is achieved at
the cost of lower fluxes and therefore lower intensities in Laue peaks.

- Due to the integrated volume and the orientation scattering across the thickness of the sample, the
shape of Laue peaks is observed to be generally rather complex. In these cases the approach of Barabash
and Ice (Barabash and Ice, 2014) is not able to unravel the arrangement of dislocation. Several forward-
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models have been developed to help interpreting intricate Laue diffraction data (Korsunsky et al., 2012;
Song et al, 2010). Starting from models that represent the microstructure of the material,
artificial /synthetic diffraction patterns are simulated based on diffraction experiment conditions. The
calculated Laue diffraction spots from virtual samples can be compared and contrasted with the
experimental ones. The first stages of a bottom-up Laue diffraction approach has been developed in our
group (SNF 132699 project), this should be further elaborated and applied to determine what
dislocation ensembles have been developed.

A number of possible future studies using the same experimental set up are apparent. The present technique is
proved to be particularly valuable to study the formation of 2D dislocation patterns in fatigue (e.g. dislocation
accumulation in veins, walls or formation of PSBs). Additionally, it would be interesting to assess the crystal
rotation maps at maximum/minimum loads when one expects to obtain the highest rotation. At the moment the
time required for each scan could induce creep and thus influence the evolution of dislocation patterning. On the
other hand, the same analysis methodology can also be applied to single crystal, bicrystals or oligocrystals
subjected to fatigue shear or other mechanical tests (e.g. biaxial deformation, strain path changes), which would
bring more insight into the lattice rotation evolution under complex strain paths.
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Appendix

A. Drawings of the geometry of the sample
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Appendix Figure 1 Drawings of the geometry of the sample

B. Simulation model and materials parameters

The computational method used for the simulations in this thesis is based on the CPFE method and the
dislocation based constitutive laws are implemented in the DAMASK, Diisseldorf Advanced Material Simulation
Kit, code. For more details see (Grilli et al., 2015; Roters et al., 2010).

The CPFE method is formulated within the framework of finite strains and the deformation gradient F is
multiplicatively decomposed into elastic and plastic components:

F=F,F,
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The elastic deformation gradient is related to the stress by an anisotropic elastic stiffness:
S = Cyj(FoFe—1)/2

On other hand, the plastic deformation evolves as L,F, where L, is the velocity gradient owing to the plastic
deformation. In the crystal plasticity formulation L, is defined as the sum of the shear rates (y*) on all slip
systems (a):

n
Lp — Z};ama ® n“

a=1

where vectors m* and n® are, respectively, unit vectors describing the slip direction and the normal to the slip
plane of the slip system a.

Constitutive laws based on the phenomenological description (Hutchinson, 1976) are used to relate the plastic
shearing rate on the a*" slip system to the resolved shear stress, 7%:

a,n
a

14 =].’0E

sgn(t%)

with y, as a reference shear strain rate, g* as slip system resistance parameter and n the stress exponent.

The slip system resistance evolves from g, to gsq with shear, y# as:

g« = Zhohaﬁ
B

Pure copper single crystal parameters from (Déprés et al., 2008; Dmitrieva et al.,, 2009; Overton and Gaffney,
1955) have been used.

ﬂ a

g .
1 -2 B
Isat |]/ |

Appendix Table 1 summarizes the material parameters used for the simulations done in this thesis.

Appendix Table 1 Material parameters used for simulations

Elastic constant [GPa] €11 165.00

C1p 117.52

Caa 75.68
Stress exponent n 20
Initial value of slip resistance parameter [MPa] 9o 10
Saturation value of slip resistance parameter [MPa] Isat 30
Reference shear strain rate Yo 0.01
Hardening paremeter hep 1

a 0.01

ho 100
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C. Drawings of the machine
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Appendix Figure 2 Drawings of the machine
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D. Statistical representation of data

In this thesis two statistical representations are used: the probability density function (PDF) and boxplots. Both
of them are briefly discussed in this section.

Probability density function

The PDF of misorientation angle and amount of rotation around the X-, Y-, and Z- axes (w,, w, and w,) are given
by the non-parametric normal kernel distribution. The kernel distribution is suitable when one wants to avoid
making assumptions about the distribution of the data. The kernel distribution builds the PDF by creating an
individual probability density curve for each data value and then summing the smooth curves. This approach
creates one smooth, continuous probability density function for the data set. More information can be found in
(Mathworks website).

On the other hand, the mode is the value that appears most often in a set of data. In the PDF is the value at which
its probability mass function takes its maximum value. In this thesis sub-mode is called to the maximum value of
a sub-peak.

Appendix Figure 3 shows graphically all the concepts. The smaller dashed curves are the probability
distributions for each value in the sample data and the larger solid curve is the overall kernel distribution.

Mode

0.04 Sub-Mode

0.035 PDF

Appendix Figure 3 Non-parametric normal kernel distribution and definition of mode and sub-mode. Adapted from
(Mathworks website)

Boxplots

The box plot is a quick way of examining one or more sets of data graphically. Each box represents the middle
fiftty of the population. The tops and bottoms of each box are the 25t and 75t percentiles of the samples,
respectively. The total length of the box is the interquartile range (IQR). The whiskers, in other words the arms,
extend till 1.5xIQR. The line inside the box is the sample median. The points plotted as '+' symbol are outliers
that are values outside the |1.5*IQR| range. The maximum and minimum outlier defines the total range of the
distribution. The visual representation of a boxplot is given in Appendix Figure 4.
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Appendix Figure 4 Visual representation of a boxplot. Adapted from (Mathworks website)

E. Evolution of the slip resistance parameter in single slip sample
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Appendix Figure 5 Evolution of the slip resistance parameter in single slip sample
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F. Relationship between computed and experimental strains
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Appendix Figure 6 Linear fits between computed and experimental strains

G. Lattice curvatures of infinite edge dislocation with its line along Z-axis

As explained in section 2.3.3, the curvature tensor k;; describes the relative misorientation and is defined as the

gradient of the rotation about the ‘" axis along the ‘j’ direction:

005 . P
Ki]'=;j with {l,]}={x'y'z}

where 0 is the lattice rotation vector:
-
0y = —k%w” with {i,j, k} = {x,y,2}

and where w is the lattice rotation tensor (Pantleon, 2008).
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This yields to:
0y = wyy By = Wy, 0, = Wy

The lattice rotation field is defined as:

1(ou; Ouj . -
oy =H(24-2) with {i,]} = (x,9,k)

ax,-
where u is the elastic distortion field (Acharya and Knops, 2013).

The elastic distortion field of a straight dislocation in an infinitely extended isotropic body with the dislocation
line along the Z- axis is as follows (deWit, 1973):

) Xy Xy ] by, x5
=b [— 1-2v)l —=
U * 21'r+47t(1—v)p2 +4Tr(1—v) ( v) np+p2
b, xZ, 1) XX
=2 |a-2)np+2Z|+b [— 7y]
Uy 4(1 —v) [( Viinp + p2 + by 2TL'+4T[(1 —v)p?
" _b.e
o 2m

where

p= ’x§+x}2,

X
=t -1 (—y)
¢ = tan! (2

Now, computing:

1(0u, OJu,
= — — =0
Wzy =3 (6xy sz)
1 <6ux Ouz) — 0
@xz =3 ox, 0x,)
1/0u, Ou,
= (===} %0
@yx =75 <6xx 6xy> ”

This yield to the fact that 6,(x,y) is the only non-zero component and therefore x,, and k,, are the only lattice
curvatures induced by an infinite edge dislocation with its line along Z-axis.
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H. Average and sectional rotation fields of long Y&X-inclined long bundle
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Appendix Figure 7 Average and sectional rotation fields of the Y&X-inclined long bundle
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