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Abstract 

A new experimental procedure has been developed in the present study in 

order to investigate the behaviour of CP titanium single crystals with 

hexagonal closed packed (HCP) crystal structure. The work is mainly focus on 

the investigation of mechanical properties such as plasticity and anisotropy, 

with an emphasis on grain boundary effects. Dog bone shaped samples were 

cut out of a CP titanium foil using wire EDM. These samples were then 

polished with an automatic polishing machine, using the chemical-mechanical 

technique. EBSD mapping was performed to know the orientations of the 

crystals and the grain boundaries misorientation angles. Two micron-sized 

gauge configurations were introduced: in the first, the gauge only contains one 

crystal; in the second, two single crystals divided by a perpendicular grain 

boundary to the tensile axis constitute the gauge. The latter configurations and 

the “speckle pattern” that is useful for digital image correlation (DIC) were 

realized with femtosecond laser micromachining. The samples were finally 

tested in-situ using a micro tensile tester  under a digital microscope, and the 

strain values were obtained using DIC technique. The experimental data 

confirmed the anisotropy of crystals and underlined different mechanical 

properties within the same principal slip system family. Large data were 

obtained on the basal family, this led to the possibility to define new Critical 

Resolved Shear Stress (CRSS) values for this family and compare them with 

previous results from the literature. It is found that the experimental basal 

CRSS values obtained in this study (CRSS = 126,1 ± 14 MPa in average) are 

effectively in agreement with the literature. It emerges from the present study 

that the grain boundary misorientation angle seems to influence the dislocation 

motion and the locus of fracture. 
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Chapter 1  Introduction 
 

1.1 Research workplace 

The work presented in this thesis was performed at the University of Ottawa, 

Ontario, Canada. As part of an enthusiastic research group, Fracture and 

Femtosecond Research Ottawa Group (FROG), most of the researches have 

been carried out in the Laboratory of Characterization of Materials at the 

Faculty of Engineering. FROG is mainly interested in the characterization of 

the mechanical properties of materials, mechanisms leading to material 

fracture, and ultrafast laser machining.  

1.2 Aim and scope 

The aim of this work is the investigation of the behaviour of commercially 

pure titanium single crystals with hexagonal closed packed (HCP) crystal 

structure and the study of the grain boundaries properties. The present 

research particularly focuses on crystal plasticity, reviewing what has been 

done whether theoretically, experimentally or analytically in previous papers. 

Hence, key concepts such as the Schmid factor and the critical resolved shear 

stress (CRSS) have been studied and implemented in order to make 

comparisons with the literature. The gauges of the samples include single 

grain boundaries that are studied to investigate mechanical properties, 

dislocation motion as well as fracture phenomena. The equipment that has 

been used for this research includes: wire EDM (Electrical discharge 

machining), a furnace for heat treatments, an automatic polishing machine, 
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optical microscopes, a digital microscope, a femtosecond laser 

micromachining system, a micro tensile tester, a digital image correlation 

(DIC) software and a scanning electron microscope (SEM). 

 

1.3 Organization of the thesis 

The following structure has been considered: 

Chapter 1: Introduction 

Chapter 2: Literature review 

Chapter 3: Material, heat treatment and microstructure investigation 

Chapter 4: From EBSD map to the gauge configuration 

Chapter 5: Data acquisition 

Chapter 6: Experiments 

Chapter 7: Results analysis 

Chapter 8: Discussions and conclusions 
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Chapter 2  Literature review 

2.1  Basic properties and applications of Titanium 

Commercially pure titanium grade 1 has been used in this research. The latter 

is the first of four grades and is characterized by the higher ductility and 

softness. It also possesses good properties in terms of formability, resistance 

to corrosion and resiliency [1]. Therefore, it is commonly available in form of 

titanium plate and tubing for many applications such as: chemical processing, 

chlorate manufacturing, dimensional stable anodes, desalination, architecture, 

medical industry, marine industry, automotive parts and airframe structure [2]. 

Its chemical composition and mechanical properties are listed in Table 2.1 [3]. 

Table 2.1 – Chemical composition and mechanical properties CP titanium grade 1.

 

Obviously the table describes the macroscopic mechanical properties of CP 

titanium grade 1. In the present work, its behaviour at a microscopic scale will 

be investigated.  
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2.2  Crystal structure 

Pure titanium presents two types of structures: a hexagonal closed packed 

(HCP) crystal structure, also known as α phase, for lower temperatures and a 

body centered cubic (BCC) crystal structure or β phase. The transition 

temperature between the two phases is equal to 882° C, but it may vary 

depending on the purity of the metal [4]. 
 

Fig. 2.1 shows the two types of unit cell of titanium. In the present activity, 

the HCP structure is the one that is studied. This cell presents two parameters: 

a (0.295 nm) and c (0.468 nm). Figure 2.1 exhibits, with reference to the HCP 

cell, the three most densely packed types of lattice planes, the (0002) plane, 

also called basal plane, one of the three {1010} planes, also called prismatic 

planes, and one of the six {1011} planes, also called pyramidal planes [4]. 
 

 

 

Fig. 2.1 – Two different lattices of titanium: HCP crystal structure on the left, BCC crystal 

structure on the right. 
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HCP crystal has an anisotropic behaviour; this means that the elastic 

properties vary depending on its orientation. In fig 2.2, the Young’s modulus 

vs the declination angle is represented [4]. 
 

 
Fig. 2.2 – Young’s modulus vs declination angle for a HCP crystal [5]. 

 

In fig. 2.3, it is possible to identify three different stages of deformation: 

 The first part is known as “easy glide” and it is characterized by low 

strain hardening, large dislocation velocity and a single slip. 

 The second region is known as “double glide” and it is represented by 

strong strain hardening, immobilization of dislocations, an increase in 

dislocation density and a decrease of dislocation velocity. 

 The last region is characterized by a reduction of dislocation density 

and the possibility for new dislocations to be created [54]. 
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Fig. 2.3 – Shear stress – shear strain for a single crystal 

 

 

2.3 Crystallographic defects 

All the atoms would occupy the correct reticular positions in the lattice if the 

crystals were ideal. It is well known that crystals are not perfect as they 

present defects that can influence the mechanical properties. The various 

defects that are found in crystalline solids are usually classified by their 

dimension: 

 The 0-dimensional defects are also called point defects because they 

affect single lattice points. The defects belonging to this category are 

further classified into intrinsic and extrinsic. Vacancies and interstitials 

(Fig. 2.4) are intrinsic defects: a vacancy is created when there is lack 

of one atom in a particular position of the crystal; an interstitial is 

caused when an atom occupies a position where no atom would 

ordinarily appear. 
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Fig. 2.4 – Illustration of an interstitial site and a vacancy. [17] 

 

Extrinsic defects are composed by foreign atoms that are called solutes 

if they are added to the material on purpose, or impurities if they are 

not. 

 The 1-dimensional defects are the dislocations that are the lines along 

which the crystal pattern is broken. The dislocations can be: edge, 

screw or mixed. Fig. 2.5 shows an illustration of these types of 

dislocations. 
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Fig. 2.5 – Illustration of screw dislocation (bottom) and edge dislocation (top). [18] 

 

In this concept, the Burgers vector assumes an important role. In fact, it 

defines the magnitude and direction of the lattice distortion resulting 

from a dislocation in a crystal lattice [19]. In fig. 2.5, it can be seen that 

the Burgers vector is perpendicular to the dislocation line in edge 

dislocations. In screw dislocations, Burgers vector and dislocation line 

are parallel [20]. 

 The 2-dimensional defects, also known as planar defects, are related to 

grain boundaries. Grain boundaries are nothing else than interfaces that 

separate grains. Its structure depends on the misorientation of the 

crystals that it separates. If the misorientation is small, the grain 

boundary structure can be assumed as a simple planar array of 

dislocations. If the misorientation is larger, then its structure is more 

complicated [18]. 

 The 3-dimensional defects are referred to voids, cracks and inclusions. 

 

2.4 Slip systems 
Fig. 2.6 exhibits the different slip systems and slip direction for the HCP unit 

cell (<a> and <c+a> are the Burgers vectors). The first slip system to be 

activated depends on the orientation of the crystal [6,7] and on the tensile 

direction. By loading a polycrystalline sample in one direction, the first 

crystals to yield will be the ones where the weakest slip systems are activated 

or rather, the slip systems with lowest critical resolved shear stress (CRSS) 

values. To better understand the mechanisms of the plastic deformation, it is 

more convenient to explain these concepts with easier systems like mono-
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crystals. “The first slip occurs when the shear stress across the plane exceeds a 

certain value. This threshold value is called critical resolved shear stress” [8].  
 

 
Fig 2.6 - Different slip systems and slip direction for the HCP unit cell [9]. 

 

It is well established in the literature that the weakest slip system for titanium 

is the prismatic because it presents lowest CRSS values. It is followed by the 

basal with medium CRSS values and the pyramidal with the highest CRSS 

values. The CRSS values depend on temperature, for any slip system it 

decreases with an increasing temperature, as shown  in fig. 2.7 [10]. 
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Fig. 2.7 – CRSS [MPa] vs Temperature [K] for different slip systems [10]. 

 

These CRSS values from fig 2.7 are referred to single crystals of Ti-6.6Al and 

therefore are not taken into account in the present research. A recent study by 

Wang L. et al [11], using high energy X-ray diffraction microscopy, has 

determined the following values:  

 CRSS = 96 ± 18 MPa for prismatic slip systems. 

 CRSS = 127 ± 33 MPa for basal slip systems. 

 CRSS > 240 MPa for pyramidal <c+a> slip systems. 

In the latter research, the average grain size was approximately 100 μm, very 

similar to this present study. 

Gong and Wilkinson [12], through finite element simulations, discovered that 

the CRSS values are subjected to size effects. In fact, by testing cantilevers 

with increasing width (and adapting length and thickness with width), they 

noticed a decrease in CRSS. The paper only involves prismatic slip systems, 

for this reason, the y axis in fig. 2.7 is referred to the prismatic CRSS values.  
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Fig. 2.8 – CRSS [MPa] vs width of cantilevers [μm] for prismatic slip systems. 

Fig. 2.8 shows how those size effects saturate after a certain width, at around 

10 μm. After saturation, the prismatic CRSS value is equal to 110 MPa [12]. 

The relation between the CRSS values and the yield strength of a single 

crystal stands in the Schmid’s law [13]. Yield depends on the orientation of 

the crystal lattice relative to the tensile direction. It will begin on a  

slip system when the shear stress reaches a critical value (CRSS) which is 

independent on the crystal lattice or the tensile direction. According to 

Schmid’s law, the shear stress is given by the following equation: 

𝜏 =  
𝐹

𝐴
 cos λ cos φ 

where F cos λ is the stress along slip direction, A/cos φ is the area over which 

the shear force is applied. The Schmid factor is given by: 

𝑚 =  cos λ cos φ 

0 ≤ m ≤ 0.5 
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Fig. 2.9 – Slip plane and slip direction. [14] 

Therefore the shear stress can be expressed as follows: 

𝜏 =  𝜎𝑌𝑆𝑚 

The Schmid’s factor is calculated for each slip system. By using the CRSS 

values for each family found in the literature, it is known that the first slip 

system to be active is the one presenting the lowest ratio CRSS/m that defines 

the yield strength. In this context, a distinction between “soft orientation” and 

“hard orientation” can be done: the former indicates that the slip plane is at 

45° to the tensile axis, the latter indicates that the slip plane is at 90° to the 

tensile axis. “Hard orientation” implies lower Schmid’s factors and, 

consequently, higher yield strength. 
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2.5 Grain boundary strength 

Degradation of grain boundary strength induced by corrosion, thermal ageing 

and irradiation is one of the causes of intergranular cracking. The decrease in 

grain boundary strength can occur because of segregation of impurities or 

solute elements (like hydrogen, helium and oxygen atoms), oxide formation, 

vacancies, and micro void formation, helium bubble formation [21]. 

Furthermore it is difficult to extract data related to the strength of an 

individual grain boundary, in fact, there is not much literature about it. In the 

last decade, mechanical properties measurements have been improved by a 

new technique called FIB (Focused Ion Beam), which allows to deal with 

specimens in micron or sub-micron scales [22]. Fig. 2.10 presents an 

illustration of the FIB technique. 

 

Fig. 2.10 – Illustration of FIB procedure for grain boundaries testing. 

Recently Fujii and Fukuya [21] used FIB to obtain a 2x2x10 µm Fe-Mn-P 

alloy sample having one grain boundary and tensioned it by FIB system. Load 
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was measured from the deflection of the cantilever and the displacement was 

monitored in situ. In the research study, aged and unaged conditions were 

analyzed; in both cases, intergranular fracture occurred in a brittle manner and 

the fracture surface suggested a mode I. Fujii et al [28] used FIB micro-

processing also for the characterization of alloy 600 oxidized grain boundary 

strength; in order to evaluate the exact stress in the specimen, they took into 

account the bending moment, given that the tensile axis inevitably shifted 

along the cantilever length. Fracture appeared to have occurred by mode I in a 

brittle manner in this research as well. Then stress normal to the grain 

boundary was calculated, that is likely to be a direct measure of the grain 

boundary strength. 

 

Fig. 2.11 – Summary of test for measuring the grain boundary strength. 
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Fig 2.12 - Summary of test for measuring the grain boundary (45°) strength. 

FIB has also been used to evaluate the bonding interface between cold sprayed 

coatings (copper) [23]. Cold spraying is a particle deposition process that 

permits to deposit different materials on a substrate, such as polymers, 

ceramics or metals [24-25].  This technique permits to obtain 1 mm thickness 

dense deposit, another advantage is that the material does not get affected 

thermally consistently [26-27]. Ichikawa et al [23] demonstrated that coating 

often present brittle properties; for this reason, crack propagation is supposed 

to occur on the interface. Usually FIB systems are reliable in revealing the 

stress state; on the other hand they cannot provide strain. The latter research 

can be considered innovative because a new setup was provided by combining 

FIB with image analysis applied to continuously recorded SIM (Scanning Ion 

Microscopy) images. As it can be seen in the fig. 2.13, the relative movement 

of A, B, P,Q and R positions can be measured and the elongation of the 

specimen can be obtained with 𝑑1−𝑑2, where 𝑑1 =  𝑑𝐴,𝐵 − 𝑑𝑅 and 𝑑2 =

 𝑑𝑃,𝑄.  
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Fig. 2.13 – Method to obtain strain values 

In this way, it is possible to obtain a coating stress-strain curve for the tensile 

test whose accuracy can be improved. The schematic diagram of their process 

can be seen in fig. 2.12, and the relationship between force and displacement 

is given by:  

𝐹 =  
16 𝐸 𝑤 𝑡3 𝑑

𝑙3
 

where E is the elastic modulus, l the length, w the width, and t the thickness of 

the sample. Based on [23], although macroscopically the material exhibited 

brittle behaviour, microscale test revealed the possibility of plastic 

deformation.   
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Chapter 3  Material, heat treatment and microstructure 
investigation 
This chapter describes the material and the experimental procedure that has 

been used to obtain the samples and the steps performed in order to reveal the 

microstructure. 

 

3.1  Material  

The material used in the present study is commercially pure titanium. The 

latter has been bought in the form of a 0.25mm thick foil (99,5% Ti) from 

Alfa Aesar company. 

 

 

 

3.2  Material fabrication 

Dog-bone-shaped samples (Figure 3.1) have been obtained from these foils 

using wire EDM (Electrical Discharge Machining). This technique is an 

unconventional machining process that, by incorporating CNC controls, 

allows the cut of metals and other conductive materials. The electro-thermal 

system is composed of two electrodes: the wire and the workpiece. Since there 

is no contact between them (sparks are generated in the process that rapidly 

cut away the material), neither cutting forces nor deformations occur [28]. 
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Fig 3.1 – Tensile dog-bone-shaped sample: side view on the left and front view on the 

right. Dimensions are in mm. 

3.3  Annealing 

Annealing is a heat treatment in which the material is brought to a temperature 

that is lower than the transition temperature α-β (883°C for CP Titanium), this 

means that the microstructure remains unchanged (HCP). In the process, grain 

growth occurs given that the total area of grain boundaries decreases; there 

will be fewer grains but their average size increases. In figure 3.2, it is 

possible to see how grain size is influenced by annealing temperature and 

time; in general, by increasing both of them, the grain size increases. Usually, 

this treatment is used to recover the deformed crystalline lattice that implies 

the elimination of residual deformations. Moreover, it gives the material a 

good ductility. [29] 
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Fig 3.2 – Grain size vs Annealing time [30] 

 

 

 

Table 3.1 – Effect of thermal treatment on the grain size in Commercially Pure Titanium 

[31]   

 

Given that the present work is focused on the study of single grains and grain 

boundaries, the annealing has not been used to reach particular mechanical 
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properties, but rather to increase grain size and make the following cutting by 

laser micromachining easier. 

It is well established that the average grain size in CP Titanium is around the 

order of magnitude of 10 μm [32-33]. This means that in order to study the 

single crystal behaviour, one should be able to obtain a final gauge width 

equal to less than 10 microns which is quite arduous. For this reason, the 

annealing becomes an important step that makes the experimental procedure 

easier. In fact, after annealing, the average grain size is approximately 90 μm. 

 

Fig 3.3 – Number Fraction vs Size [μm] in one sample analyzed: the red vertical line 

indicates the average grain size that is  ̴ 90 μm.  

The treatment has been realized with the furnace that can be seen in Fig 3.4. 

The annealing data presented in Table 3.2 come from Marina Pushkareva 

research paper [35]. 
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Table 3.2 – Annealing data 

 

 

Fig 3.4 – Furnace used for the heat treatment: starting from right it is possible to see the 

chamber, the turbo pump and the pressure gauge. 

 

After setting up the furnace, the samples are placed on a little ceramic holder. 

The latter is then placed inside the ceramic tube that is located in the chamber. 

The heating curve obtained from the process can be observed in Fig. 3.5. 
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Fig 3.5 – Annealing curve 

3.4  Metallographic preparation 

After the annealing treatment, samples were prepared metallographically by 

chemical-mechanical polishing in order to observe microstructure and prepare 

sample surface for EBSD (Electron Back Scattered Diffraction) analysis. 

 

Fig 3.6 – Automatic polishing machine used for metallographic preparation: Allied 

MetPrep 3 Grinder/Polisher with Power Head (right) and AD-5 Fluid Dispenser (left) 
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Fig 3.7 – Way to plug the sample holder into the Power Head [35] 

In Fig 3.7 it is possible to see the sample holder: macro samples are usually 

kept still with screws , but given that the samples analyzed in this research are 

thin and fragile, they were glued (with super glue) on the top of aluminum 

cylinders and then let dry for hours. The latter cylinders were then kept still by 

the visible screws in the figure. 

 

Fig 3.8 – Samples disposition on the cylinder 
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Table 3.3 Grinding/Polishing data 

 

The samples were first ground using SiC paper with a continuous water flow 

until the sample surface was plane. Then the samples were polished using a 9 

μm diamond spray on an ultrapolishing cloth. Final polishing was performed 

with 0.06 μm Struers OP-S suspension on Microcloth/Buehler cloth with an 

attack polishing agent (1:5 of hydrogen peroxide and colloidal silica). 

Between the steps, samples were put in an ultrasonic bath for 5 minutes in 

water, then rinsed in alcohol and finally a fast dry with air flow. After the last 

step, A Nikon OPTIPHOT-100 optical microscope was used for 

microstructure examination at different magnifications. 
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Fig 3.9 left - Specimen surface after annealing and before polishing steps.  

Fig 3.10 right - Specimen after polishing steps.  

After the steps, the cylinders (with the samples on top) were placed in a glass 

filled with acetone overnight in order to unglue the samples. This step could 

usually bring undesired blue spots (acetone residuals) on the surface. By 

dipping the samples in an ultrasonic bath for 5 minutes with acetone, then 

rinsing them with acetone and finally drying them with a fast air flow, their 

surfaces go back to the state visible in Fig 3.10.  
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The load during polishing is kept constant thanks to one of the black little 

columns that comes down from the power head of the machine that presses the 

cylinder (and subsequently the samples) against the SiC paper (in the first 

step) or against the ultrapolishing cloth (in the second or third step). 

The use of automatic polishing machine also permits to control the speed of 

the sample holder and the speed of the cloth, the lubricant flow by setting the 

pulses/min and the length of a pulse. 

The steps in Table 3.3 gave great polishing results and they were obtained 

after several trials and by consulting giants of the field such as Struers and 

papers on specimen preparation for EBSD [36-37]. 
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Chapter 4 From EBSD to the gauge configuration 
This chapter describes the EBSD analysis and the way the tested grains are 

chosen from the EBSD maps. Finally, the femtosecond laser micromachining 

process is explained. 

4.1 EBSD (Electron Back Scattered Diffraction)  

EBSD is a microstructural-crystallographic characterization technique that 

provides quantitative information about any crystalline or polycrystalline 

material such as: grain size, grain boundary character, grain orientation, 

texture and phase identity of the sample under the beam. Experimentally, this 

technique is performed in a scanning electron microscope (SEM) and other 

accessories that can be attached to it. The SEM is usually equipped with an 

EBSD detector that contains a CCD camera, a phosphor screen and a compact 

lens [38-39-40]. A schematic arrangement of an EBSD layout is given in 

Figure 4.1. 

 

Fig 4.1 – Schematic layout of EBSD system [41]  
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The polished sample is placed in the SEM and inclined approximately 70° 

relative to normal incidence of the electron beam. The latter is focused on the 

surface: electrons enter the sample and some of them may backscatter. The 

phosphor screen converts the diffracted electrons into light suitable for the 

CCD camera to record. These data are used to determine the orientation of the 

crystal from which the pattern was generated [38-39-40]. 

In the present work, HKL FastAcquisition 1.2 was used for the maps 

acquisition and ATOM software [53] for the post-processing. The acquisition 

was made on the black area of the sample that can be seen in Figure 4.2.  

 

Fig 4.2 – Acquisition area for EBSD. The black area dimensions are 1.1 mm (sample 

width) x 1 mm. Dimensions are in mm 

Hence, ATOM software allows the maps analysis and the knowledge of the 

crystals orientations in the black area. An EBSD map of one of the samples is 

represented in Figure 4.3. In the map, the Y axis corresponds to the vertical 
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and tensile direction and it is positive downward, the X axis corresponds to the 

horizontal direction and it is positive to the right. Consequently, the Z axis is 

positive “into the screen”. 

The software also provides the Euler angles which are three angles introduced 

by Leonhard Euler that are useful to describe the orientation of a rigid body 

with respect to a fixed coordinate system [42]. More simply, these angles help 

in distinguishing the various grains orientations. 
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Fig 4.3 – EBSD map on top left; the red arrows show the orientations of the indicated 

grains. 
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Euler angles are typically denoted with Φ, Θ and Ψ. 

It is possible for ATOM to provide the three Euler angles of any grain by 

making grain detection and by clicking on the grain of interest. For example, 

by analyzing the big grain in the center of Fig 4.3, the three Euler angles are 

(as can be seen in Fig 4.4): 

 Φ = 152.43° 

 Θ = 117.6° 

 Ψ = 49.32° 

 

 

 

 

 

 

 

 

Fig 4.4 – Grain information. Size is in μm. Surface is in μm2. 

 

Considering a fixed coordinate system 𝑋0-𝑌0-𝑍0: the first Euler angle Φ 

represents the rotation around 𝑍0, the second Euler angle Θ describes the 

rotation around the new X axis (𝑋1) and, finally, the third Euler angle Ψ 
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provides the rotation around the new Z axis (𝑍2). What is written above can be 

verified in the next figure (Fig. 4.5) 

 

 

Fig 4.5 – Schematic arrangement of the Euler angles. [43] 

 

ATOM also provides the grain boundary misorientation angle between two 

grains (see Fig. 4.6). 

 

Fig 4.6 – Example of grain boundary with reference to the atomic dispositions of the two 

grains. [] 

An example of EBSD map (Fig 4.3 EBSD map) with grain boundaries 

misorientation angles is given in Fig 4.7. 
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Fig 4.7 EBSD map with reference to the grain boundaries misorientation angles. On the 

top: colours legend. 

For example, yellow grain boundaries have misorientation angle included 

from 45° to 65°. 
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4.1.1 From the EBSD map analysis to the sample final shape 

The sample shape in Fig 3.1 is not the final one because it contains, in its 

gauge length, many grains. In order to study the single grain (Fig 4.9) or a 

single grain boundary that separates two single grains (Fig 4.10), another 

modification to the sample shape is required. This further modification is 

obtained through ablation of material with the femtosecond laser machining 

technique that is described further on. In Fig 4.8, the final outcome can be 

noticed (the dimensions will be provided in the appropriate paragraph).  

 

Fig 4.8 – Samples final shape. 
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Fig 4.9 – Configuration 1. 

 

Fig 4.10 – Configuration 2. 
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In Fig 4.9, the gauge length only contains one grain that is chosen depending 

on its orientation. In Fig 4.10, the gauge length contains two grains divided by 

a perpendicular grain boundary to the tensile axis; the grain boundary 

misorientation angle plays, in this case, an important role. If the first 

configuration only allows the study of the mechanical properties of the chosen 

grain, the second configuration permits to study two grains at a time and offers 

the possibility to examine the deformation of the grain boundary and the 

typology of fracture: intergranular or transgranular. The first configuration 

was only used for one sample (called “A2”): the presence of a big grain 

perfectly located in the middle of the specimen width and the lack of a 

perpendicular grain boundary to the tensile axis led to this choice. 

 

4.2 Femtosecond laser micromachining 

Femtosecond laser micromachining is a high resolution machining process 

that has emerged in the last few decades thanks to its applicability and to its 

numerous advantages. Femtosecond lasers allow material removal through 

ablation and micro/nano structures can be realized. Ablation occurs via fast 

creation of vapour and plasma and almost no heat affected zone [44]. 

Moreover, structural changes do not occur and the sample is characterized by 

smooth edges (no significant recast layer). The latter advantages are not 

possible with lasers with longer pulse durations which produce significant 

melting that implies heat affected areas [45-46-47-48]. Other advantages can 

be found in [49]. Fig. 4.11 enounces the differences between microsecond and 

femtosecond lasers. 
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Fig 4.11 – The effects of an ultrashort pulse laser compared to a long-pulse laser. 

Some important parameters that are used to describe femtosecond lasers 

include the pulse duration [tp], the pulse repetition rate (PRR) [Hz] and the 

average power P of a laser beam measured by a power meter [W]. The single 

pulse energy E [J] is calculated with the following relation: 

𝐸 =
𝑃

𝑃𝑅𝑅
  

The setup that has been used for laser machining is presented in Fig 4.12: the 

laser is guided to the shutter by a set of lenses. Hence, the laser follows the red 

lines towards the objective that focuses the beam on the sample. By 

developing scripts in G-CODE, it is possible to machine the sample to its final 

shape. 
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Fig 4.12 – Laser micromachining setup 
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4.2.1 Machining steps 

Step 1 

 

Fig 4.13 – Part 1 micromachining 

In step 1, a first script has been developed to machine the sample as in Fig 

4.13 (right) from the top view with a 5x objective using the following 

parameters: 

 PRR = 10 KHz 

 P = 700 mW 

 Machining speed = 80 μm/s 

 Width of the gauge (Fig 4.13 right) at the end of part 1 = 100 μm 

 E = 0.07 mJ 

The beam has to go through 100-150 μm that corresponds to the thickness of 

the polished sample (the initial thickness was 250 μm, but the polishing steps 

reduce it to 100-150 μm). 
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Step 2 

 

Fig 4.14 – Part 2 micromachining 

In step 2, the sample is rotated by 90° to be machined on its side with a 20x 

objective (Fig 4.14). The parameters are as follow: 

 PRR = 10 KHz 

 P = 250 mW 

 Machining speed = 80 μm/s 

 Thickness of the sample (Fig 4.14) at the end of part 2 = 50 μm 

 E = 0.025 mJ 
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Step 3 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.15 – Part 3 micromachining 

In step 3, the sample is again machined from the top view, but with a 20x 

objective to increase accuracy (Fig. 4.15). The parameters are as follow: 

 PRR = 10 KHz 

 P = 100-150 mW 

 Machining speed = 80 μm/s 

 Width of the sample (Fig 4.15) at the end of part 3 = 30-50 μm 

 E = 0.01-0.015 mJ 
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Step 4 

 

Fig 4.16 – Part 4 micromachining 

In the final step, the sample is once again machined on its side with a 20x 

objective (Fig 4.16) using the following parameters: 

 PRR = 10 KHz 

 P = 100-150 mW 

 Machining speed = 80 μm/s 

 Thickness of the sample (Fig 4.16) at the end of part 4 = 24-30 μm 

 E = 0.01-0.015 mJ 

As it can be seen in the previous pictures, there is still a part that needs to be 

removed to complete the sample machining. In the four steps, the specimen 

was placed over a rotating support, so that both width and thickness of the 

sample can be machined. After, with a suction pen, the sample is placed on the 

tensile machine (the part that not has been removed yet helps to avoid 

deformation of the gauge length). Once the sample is on the tensile machine, 
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the latter is placed on the 3D stage to finally remove the part of the sample 

that is no longer needed.  

4.2.2 Gauge dimensions 

 Gauge length = 100 μm 

 Gauge width = 30 - 50 μm 

 Gauge thickness = 24 - 30 μm 

 

Fig. 4.17 – Gauge dimensions. Dimensions in mm. 

Fig. 4.17 shows the front view (left) and the side view (right) of the gauge of 

the sample. The dimensions about the gauge length and the two curvatures are 

fixed. On the other hand, as already mentioned, the width and the thickness 

vary from sample to sample. 
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Chapter 5 Data acquisition 

This chapter describes the tensile testing and data post-processing procedures, 

such as the use of digital image correlation (DIC) technique to measure the 

extension and compute the strain, in order to obtain the stress-strain curves.  

5.1 Tensile testing 

Tensile testing is an important technique for materials characterization in 

which a sample is subjected to a controlled tension loading until failure [50]. 

Important properties such as the yield strength, ultimate tensile strength, 

Young’s modulus, Poisson’s ratio are defined from the test. It is usually used 

to study isotropic materials (same properties in any direction). However the 

single crystals are anisotropic; and therefore it is expected to see different 

mechanical properties by analyzing crystals with different orientations with 

respect to the tensile axis.  

The Engineering strain is found using the relation: 

𝜀 =
𝐿𝐹 − 𝐿𝐺

𝐿𝐺
 

where 𝜀 is the engineering strain, 𝐿𝐺 is the gauge length, 𝐿𝐹 is the final length. 

The engineering stress 𝜎𝑒  is then calculated with the following equation: 

𝜎𝑒 =
𝐹

𝐴𝑖
 

where F is the load applied on the tensile sample and 𝐴𝑖 is the initial cross-

sectional area. During the test, the gauge length tends to stretch while the 

thickness and width decrease (conservation of volume). This phenomenon 
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implies a reduction of the cross sectional area that decreases more and more 

until fracture of the sample in the neck.  

The true stress 𝜎𝑡 is obtained with the following equation: 

𝜎𝑡 =
𝐹

𝐴𝑡
 

where 𝐴𝑡 is the real cross sectional area. 

In some samples (such as “A3”, “A7”, “A8”), the gauge width is not constant 

because of a round part created by the laser in the middle. In such cases, the 

correction formula by Bridgman [51] has been used to revise the 

overestimated true stress values due to stress triaxiality. 

The load data (F values) are obtained from the load cell of the micro tensile 

machine visible in Fig. 5.1. A load cell of 500g maximum capacity is used 

(Model 31 Honeywell load cell) and the actuator is a PI-Micros LPS-45 

Vacuum piezo motor. 
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Fig. 5.1 – Micro tensile tester 

The tensile test has been realized under a Keyence Digital Microscope VHX-

5000 with the following precautions: 

 Pulling speed = 0.1 μm/s 

 Acquisition of 1 picture every 10 seconds 
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Fig 5.2 – Tensile test setup 

 

Fig 5.3 – Sample in tension under Digital Microscope 
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At the end of test, many pictures are available and can be related to a load 

value and, consequently, to an engineering stress value since the initial 

thickness is known from the laser micromachining last step and the digital 

microscope allows to obtain the initial width (initial cross sectional area is 

consequently known). In order to know the thickness and width values for 

each picture and therefore to know the true stress values, strain measurements 

are required. 

5.2 Strain measurement with DIC 

Digital Image Correlation (DIC) is an optical technique for measuring strain 

and displacement. By tracking blocks of pixels, a DIC system can measure 

displacements and build 2D or 3D strain maps. To properly track the 

deformation of the sample, it must be prepared with a random pattern which is 

called “speckle pattern”. In the present research, the first picture is taken 

before the beginning of the tensile test and its pattern obviously represents the 

un-deformed configuration. The pictures taken during the test express random 

patterns in deformed configurations which are then compared to the 

previously captured pattern in order to make DIC software calculate 2D strain 

maps. [52] 

Two types of speckle patterns have been tried in this study: 

 Random array of dots (about 1 μm diameter) filling the gauge length 

(Fig 5.4) obtained with laser micromachining after the Step 4 with PRR 

= 1 KHz and using a threshold power value. 



56 
 

 
Fig 5.4 – Random array of dots 

 

 Random pattern obtained exploiting the superficial debris caused from 

the laser machining (Fig 5.5). 

 

Fig 5.5 – Random pattern caused from machining debris 
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Both techniques worked on Davis LaVision which is the software that has 

been used for the analysis. For this reason, the second type of pattern was 

preferred because of its simplicity. 

Davis LaVision permits to focus the attention on regions of interest such as: a 

region where a grain boundary or a single crystal is present, or a region where 

the fracture happens. By selecting a particular area of the gauge length, the 

software can average the longitudinal strain (on Davis ε𝑥𝑥) and the transverse 

one (on Davis ε𝑦𝑦); assuming the conservation of the volume, it is possible to 

know ε𝑧𝑧 using to the following relation: 

ε𝑥𝑥 + ε𝑦𝑦 + ε𝑧𝑧 = 0 

By knowing ε𝑦𝑦 and ε𝑧𝑧, it is possible to know the variation of the analyzed 

area step by step from the beginning of the tensile test to the end. For instance, 

if the picture number n is being analyzed in a particular cross sectional area, 

this selected area will be given by the following equation: 

𝐴 = 𝑤(1 + ε𝑦𝑦)𝑡(1 + ε𝑧𝑧) 

Where w and t are respectively the width and the thickness of the analyzed 

cross sectional area A. ε𝑦𝑦 and ε𝑧𝑧 have negative values. 
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Chapter 6  Experiments 

6.1 Single grain in tensile gauge (Configuration 1 Fig. 4.9) 

6.1.1 Sample “A2” 

The EBSD map corresponding to this specimen is presented in Fig 6.1. 

  

Fig 6.1 – EBSD map sample “A2” 

The single crystal, that has been chosen for the analysis, can be observed in 

Fig 6.2. 
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Fig 6.2 – Crystal chosen for the test 

The Euler angles of the given crystal are: 

 Φ = 41.71° 

 Θ = 65.17° 

 Ψ = 27.31° 

As already said, these angles describe its orientation with reference to the 

tensile axis (vertical axis in the EBSD map, horizontal axis in the next pictures 

that summarize the tensile test) which is the green one. 
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Fig 6.3 – Orientation of the chosen crystal. Green axis = Tensile axis 

Sample “A2” in the un-deformed configuration is visible in Fig 5.4. After 

laser micromachining, its dimensions are: 

 Gauge length = 100 μm 

 Gauge width = 33 μm 

 Gauge thickness = 25 μm 
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From Fig 6.4 to Fig 6.10 – Summary of tensile test. Horizontal axis = Tensile axis. Top 

view of the sample 

The previous pictures follow the reference of the crystal in Fig. 6.3. 
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Fig 6.11 to Fig 6.17 – Longitudinal strain maps which refer to the previous seven pictures 
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Obviously, the fractured area has been selected in the DIC software to average 

the longitudinal and transverse values of strain. From the analysis, engineering 

stress – longitudinal strain and true stress – longitudinal strain curves are 

obtained. Those are compared in Fig 6.18. 

 

Fig 6.18 – Engineering stress – longitudinal strain in blue. True stress – longitudinal strain 

in orange. Stress in MPa, strain unit less. 

From Fig 6.18, the yield strength and the ultimate tensile strength (referred to 

the orange curve) are respectively equal to  ̴ 290 MPa  and  ̴ 900 MPa. 

 

Fig 6.19 – Load [g] vs Longitudinal Strain 
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Fig 6.20 – Transverse strain vs Longitudinal strain 

6.2 Gauge containing a single grain boundary separating two 

single crystals (Configuration 2 Fig. 4.10) 

6.2.1 Sample “A3” 

The EBSD map regarding this specimen can be seen in Fig. 6.19. 

 

Fig 6.21 – EBSD map sample “A3” 
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Basically, sample “A3” contains in its gauge two single crystals (underlined in 

yellow in Fig 6.21) divided by a grain boundary (marked in red in Fig 6.21). 

The “blue” crystal (the higher up) will fill the left part of the gauge length in 

the next pictures, while the “violet” one will be on the right part. 

“Blue” crystal Euler angles are: 

 Φ = 137.83° 

 Θ = 107.21° 

 Ψ = 49.57° 

“Violet” crystal Euler angles are: 

 Φ = 144.69° 

 Θ = 108.39° 

 Ψ = 5.93° 

The grain boundary misorientation is equal to 17.5°. 

Sample “A3” in its un-deformed configuration is visible in Fig. 6.22. 
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Fig 6.22 – Un-deformed configuration sample “A3” 

After laser micromachining, the dimensions of the gauge are: 

 Gauge length = 100 μm 

 Gauge width where the grain boundary stands = 42 μm 

 Gauge width where the grains are analyzed = 46 μm 

 Gauge thickness = 27 μm 
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From Fig 6.23 to Fig 6.27 – Summary of Sample “A3” tensile test. Same reference as Fig. 

6.22. 
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From Fig 6.28 to Fig 6.32 - Longitudinal strain maps which refer to the previous five 

pictures 

As it can be seen from the previous pictures, the longitudinal deformation is 

mostly on the boundary that is also the locus where the fracture occurs. 

Looking at Fig. 6.33 and Fig. 6.34, the left grain seems to be the strongest 

although it presents the lower yield strength ( ̴ 270 MPa) ; furthermore, it only 

deforms until the 0.8%. This obviously leads to a “short” stress strain curve 

that stops at the beginning of the plastic deformation. The right grain, instead 

shows yield strength equal to  ̴ 290 MPa and deforms more than 10%. 
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Fig 6.33 – True Stress [MPa] vs Longitudinal strain for grain boundary, left grain and right 

grain 

 

 

Fig 6.34 – Zoom on True Stress [MPa] vs Longitudinal strain for grain boundary, left grain 

and right grain 
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Fig 6.35 - 𝑑𝜎

𝑑𝜀𝑙𝑜𝑛𝑔
 – longitudinal strain (red) and true stress – longitudinal strain (blue) curves 

regarding the grain boundary. 

The intersection between the two curves in Fig 6.35 provides the onset of 

necking. From that value of longitudinal strain ( ̴ 7%), the load starts 

decreasing while the cross sectional area keeps on decreasing. This means that 

the increase of the true stress – longitudinal strain curve is only due to the fact 

that the cross sectional area decreases faster than the load. In the engineering 

stress – longitudinal strain curve, the ultimate tensile strength would 

correspond to that value of longitudinal strain  ( ̴ 7%), as can be seen from Fig 

6.36. The UTS value is equal to approximately 415 MPa. 
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Fig 6.36 – Engineering Stress [MPa] – Longitudinal Strain for grain boundary 

 

Fig 6.37 - Transverse strain (absolute value) vs Longitudinal strain 
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6.2.2 Sample “A6” 

The EBSD map regarding sample “A6” can be seen in Fig. 6.38. 

  

Fig 6.39 – EBSD map for sample “A6” 

Even in this case the two crystals marked in yellow (Fig. 6.39) are the ones 

contained in the gauge of the sample. The red line (Fig. 6.39), indicates the 

grain boundary. The “green” crystal will be on the left side in the next pictures 

while the “light blue” one will be on the right. 

“Green” crystal Euler angles are: 

 Φ = 151.1° 

 Θ = 104.96° 
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 Ψ = 53.34° 

“Light blue” crystal Euler angles are: 

 Φ = 38.72° 

 Θ = 71.54° 

 Ψ = 2.75° 

The grain boundary misorientation is equal to 66°. 

In Fig. 6.40, it is possible to see the gauge of sample “A6” before the 

beginning of the test. 

 

Fig 6.40 – Un-deformed configuration sample “A6” 

The gauge dimensions are: 
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 Gauge length = 100 μm 

 Gauge width = 31 μm 

 Gauge thickness = 24 μm 
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From Fig 6.41 to Fig 6.48 – Summary of tensile test for sample “A6”. Same reference as Fig. 6.40. 
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From Fig 6.49 to Fig 6.56 - Longitudinal strain maps which refer to the previous eight 

pictures 

The previous pictures show the left grain to exhibit higher yield strength (Fig 

6.50) as, with equal load, it deforms less than the right grain, but also to 

manifest lower tensile strength as it presents long deformation until fracture. 

Right grain, on the other hand, only deforms until 2.5%. Taking a look at Fig 

6.58, it emerges that left grain yield strength is   ̴ 295 MPa and right grain 

yield strength is   ̴ 270 MPa. The grain boundary behaves really similarly to 
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the right grain, in fact it deforms until longitudinal strain is equal to 2.5%. 

Moreover, Fig 6.59 shows that left grain presents a really short period of 

plastic deformation after the yield strength and long necking. 

 

Fig 6.57 – True stress [MPa] vs Longitudinal strain for left grain, right grain and grain 

boundary. 
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Fig 6.58 – Zoom on True stress [MPa] vs Longitudinal strain for left grain, right grain and 

grain boundary for yield strength analysis. 

 

Fig 6.59 – Engineering stress [MPa ] vs Longitudinal strain for left grain 
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Fig 6.60 – Transverse strain (absolute value) vs Longitudinal strain for left grain (blue), 

right grain (green) and grain boundary (red). 
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6.2.3 Sample “A7” 

 

Fig. 6.61 – EBSD map for sample “A7” 

This case presents once again the configuration “2” in Fig 4.10, in which the 

two crystals are marked in yellow and are the ones contained in the gauge of 

the sample (Fig. 6.61). The red line, indicates the analyzed grain boundary. 

The “green” crystal will be on the left side in the next pictures while the “light 

blue” one will be on the right. 

“Green” crystal Euler angles are: 

 Φ = 148.91° 

 Θ = 115.78° 

 Ψ = 33.72° 
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“Light blue” crystal Euler angles are: 

 Φ = 163.01° 

 Θ = 111.32° 

 Ψ = 11.01° 

The grain boundary misorientation is equal to 31°. 

The un-deformed configuration of specimen “A7” is visible in Fig 6.62. 

 

Fig 6.62 – Un-deformed configuration sample “A7” 

 

After laser micromachining, the dimensions of the sample gauge are: 

 Gauge length = 100 μm 
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 Gauge width where the grain boundary stands = 39 μm 

 Gauge width where the grains are analyzed = 42 μm 

 Gauge thickness = 30 μm 

 

 

 



85 
 

 

From Fig 6.63 To Fig 6.70 – Summary of tensile test for sample “A7”. Same reference as 

Fig. 6.62. 
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From Fig 6.71 to Fig 6.78 - Longitudinal strain maps which refer to the previous eight 

pictures 

As it can be noticed from the previous pictures, the right grain shows higher 

yield strength but less tensile strength if compared to the left grain. In 

particular, by observing Fig 6.80, it can be seen that the left grain yield 

strength is equal to  ̴ 280 MPa and the right grain one is  ̴ 250 MPa. As already 

said, the right grain has more strength and its longitudinal strain reaches a 

value equal to  ̴ 12%; the left grain, instead, deforms for more than  ̴ 20%. 

After this value, the deformation localized onto the boundary which is the 

place where the fracture occurs. 
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Fig 6.79 – True stress [MPa] vs Longitudinal strain for left grain, right grain and grain 

boundary 

 

Fig 6.80 – Zoom on True stress [MPa] vs Longitudinal strain for left grain, right grain and 

grain boundary for yield strength analysis 



89 
 

 

Fig 6.81 - 𝑑𝜎

𝑑𝜀𝑙𝑜𝑛𝑔
 – longitudinal strain (red) and true stress – longitudinal strain (blue) curves 

regarding the grain boundary. 

 

Fig 6.82 – Transverse strain (absolute value) vs Longitudinal strain for left grain, right 

grain and grain boundary 



90 
 

6.2.4 Sample “A8” 

 

Fig 6.83 – EBSD map regarding sample “A8” 

The gauge of the sample “A8” is filled by the two crystals marked in yellow. 

The grain boundary is indicated with the red colour (Fig. 6.83). The “green” 

crystal will be on the right side in the next pictures while the “pink” one will 

be on the left. 

“Green” crystal Euler angles are: 

 Φ = 150.83° 

 Θ = 105.24° 

 Ψ = 25.33° 
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“Pink” crystal Euler angles are: 

 Φ = 40.83° 

 Θ = 51.39° 

 Ψ = 43.65° 

The grain boundary misorientation is equal to 67°. 

 

 

Fig 6.84 – Un-deformed configuration sample “A8” 

 

 Gauge dimensions are: 

 Gauge length = 100 μm 
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 Gauge width where the grain boundary stands = 39 μm 

 Gauge width where the grains are analyzed = 42 μm 

 Gauge thickness = 30 μm 
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From Fig. 6.85 to Fig 6.91 – Summary of tensile test regarding sample “A8”. Same 

reference as Fig. 6.84. 
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From Fig 6.92 to Fig 6.98 – Longitudinal strain maps referring to the previous seven 

pictures 

The DIC study shows that the deformation is localized in the right grain. The 

left grain (Fig. 6.99 and Fig. 6.100) is stronger and its final value of 

longitudinal strain is  ̴ 2%. Right grain yield strength is about 270 MPa. Left 

grain yield strength is  ̴ 295 MPa. The grain boundary only deforms until 

6.5%. 
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Fig 6.99 – True Stress [MPa] vs Longitudinal strain for left grain, right grain and grain 

boundary 
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Fig 6.100 – Zoom on True Stress [MPa] vs Longitudinal strain for left grain, right grain and 

grain boundary 

 

Fig 6.101 – Transverse strain (absolute value) vs Longitudinal strain for left grain, right 

grain and grain boundary. 
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Fig. 6.102 – Engineering Stress [MPa] vs Longitudinal strain for right grain. 
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Chapter 7 Results analysis 

7.1 Single grain boundaries behaviour 

 

Fig. 7.1 – Grain boundaries True Stress [MPa] – Longitudinal Strain curves explaining the 

grain boundaries of the analyzed sample. Grain boundary of sample A3 in blue, sample A7 

in red, sample A6 in green and sample A8 in violet. 

Fig. 7.1 shows that it is not possible to characterize the strength of grain 

boundaries in CP titanium or, in other words, to obtain a single true stress – 

longitudinal strain curve that explains, globally, the behaviour of the grain 

boundaries. In Fig. 6.33, it can be seen how the true stress – strain curve of the 

boundary in sample “A3” has the same trend the weaker grain has too. A 

similar comment can be done for the sample “A6” grain boundary in Fig. 6.57 

and for the sample “A7” in Fig. 6.79. Although boundaries “A6” and “A8” 

have very similar misorientation angles (respectively 66° and 67°) , their 

curves are a lot different. Also, the two boundaries deform until different  
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values of longitudinal strain (2.5% for sample “A6” boundary, 6.5% for 

sample “A8” boundary”). This may confirm the fact that the behaviour of the 

boundaries depends on the strength of the adjacent crystals. 

Taking a look at the misorientation angles of the grain boundaries, it can be 

noticed that, in case of a low misorientation angle (up to 31°), the fracture 

always occurred at the boundary (intergranular fracture). On the other hand, 

with high misorientation angles, the fracture was transgranular. Moreover, as 

the misorientation angle rises, it can be observed from the tensile tests pictures 

that the grain boundary tends to decrease the deformation in percentage and to 

increase the hinder of dislocations. 

Table 7.1 – Table that explains the relation between misorientation angle and type of 

fracture. 

 Grain boundary 

misorientation 

Type of fracture 

Sample “A3” 17.5° Intergranular 

Sample “A4” 30° Intergranular 

Sample “A6” 66° Transgranular 

Sample “A7” 31° Intergranular 

Sample “A8” 67° Transgranular 

Obviously, more experiments are required to confirm the results presented in 

Table 7.1. 
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7.2 Single crystals behaviour 

Fig. 7.2 – True Stress [MPa] vs Longitudinal Strain from analyzed crystals 

In Fig. 7.2, crystals with Euler angles equal to 41.71/65.17/27.31 (blue curve), 

150.83/105.24/25.33 (green curve) and 151.1/104.96/53.34 (orange curve) 

present full curves as they were the locus of fracture. 

 

Fig. 7.3 – Zoom on True Stress [MPa] vs Longitudinal Strain from analyzed crystals 
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Fig. 7.3 and Fig. 7.4 show deep differences between the various true stress – 

strain curves of the given crystals. The differences are not only in terms of 

yield strength, but also in the evolution of the plastic deformation. In 

particular, crystals with orientation 41.71/65.17/27.31 and 40.83/51.39/43.65 

(respectively blue and red curves in Fig. 7.3 and Fig 7.4) are the ones with 

better mechanical properties; their curves almost overlap, which could be 

expected for their similar orientations. Although the other crystals have 

comparable Euler angles, grains with orientations 150.83/105.24/25.33 and 

144.69/108.39/5.93 (respectively green and pink curves in Fig. 7.3 and Fig 

7.4) present better mechanical properties in the true stress – strain curves. 

From the previous pictures, the peculiar behaviour of crystal with orientation 

151.1/104.96/53.54 (orange curve) can be noticed as well. In fact, although it 

presents one of the highest yield strength recorded, its beginning of the strain 

hardening part is pretty flat. On the contrary, by taking a look at the blue 

curve, or also at the green curves, the start of the plastic deformation is 

characterized by a rapid increase of the stress. This is likely to be due to 

different slip systems activities that take place during the plastic deformation. 

If the first slip system to activate can be in some way predicted through the 

Schmid law, it is not easy to foresee what happens after. Also, observing the 

tensile tests pictures, it is possible to notice some differences: from Fig. 6.4 to 

Fig 6.17 (pictures regarding the tensile test and DIC for the crystal in blue in 

Fig. 7.3-7.4), it can be examined how the deformation is focused in a reduced 

part of the gauge and, furthermore, how is tricky to see slip bands. On the 

other hand, observing from Fig. 6.85 to Fig 6.98 (pictures regarding the tensile 

test and DIC for the crystal in green in Fig. 7.3-7.4), the deformation is evenly 

distributed in the crystal. The same thing happens, in an even clearer way, in 
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the orange crystal from Fig. 6.41 to 6.56 (17 pictures regarding the tensile test 

and DIC for the crystal in orange in Fig. 7.3-7.4), where the slip bands are 

clearly visible. After the slip bands encounter the grain boundary and get 

hindered, the deformation localizes in a particular part of the gauge, and there 

will be the locus of fracture. 

The other crystals analyzed do not present high values of strain as they are not 

fractured grains. Of course the deformation, in these cases, stayed low because 

it was adjacent to a weaker crystal or grain boundary. All of them yielded 

though, for this reason, considerations about the primary slip system and, 

consequently, on the experimental CRSS can be done. 

  

 

7.2.1 Determination of the experimental CRSS and comparison with 

the literature 

As already explained previously, the CRSS and the yield stress are linked with 

the Schmid law. Through a parameterization of the HCP crystal lattice, it is 

possible to find, by knowing the crystal orientation and the tensile direction, 

the angles λ and φ that constitute the Schmid factor for each slip system. 

Through the knowledge of the Schmid factors and of the CRSS values found 

in the literature, the first slip system that occurs can be known and, 

consequently, the corresponding yield stress predicted. In the present research, 

a comparison between the predicted values of yield strength and the 

experimental ones extracted from the true stress – strain curves is performed. 

Then, the latter values are used to obtain experimental CRSS values that are 
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finally compared with the literature ones in order to see if there is an 

accordance between literature and experimental results. 

The average CRSS values extracted from previous studies for the prediction 

are 127 MPa for the basal <a> (3 basal slip systems), 96 MPa for the prismatic 

<a> (3 prismatic slip systems) and 240 MPa for the 1𝑠𝑡order pyramidal <c+a> 

(6 pyramidal slip systems). No data is available for the 2𝑛𝑑order pyramidal 

<c+a>, most probably because of the high values of stresses necessary to 

activate this slip system, and the difficulty to perform, identify and analyse the 

type of experiment needed to acquire this data. 
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Table 7.2 – Summary of the predicted values of yield strength, experimental values of yield 

strength and experimental values of crss obtained from the samples analysis. 

 

As it can be seen from Table 7.2, the first slip system to occur is: 

 Basal in A2, A3-LG, A3-RG, A6-LG, A6-RG, A7-LG, A7-RG, A8-RG. 

Likely to be basal in A8-LG. 

 Likely to be prismatic in A8-LG 

 Never pyramidal. 
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Table 7.3 – Experimental CRSS values and average.

 

Table 7.3 shows that the average of the experimental CRSS values which refer 

to basal slip systems is 126,1 MPa. The standard deviation regarding the basal 

family is equal to 14. On the other hand, the average of the CRSS values 

concerning prismatic slip system is 93 MPa. These results are in agreement 

with the previous researches from the literature.  

 

7.3 Fractography 

Fracture surfaces of samples were studied using scanning electron 

microscopy. The lack of fibrous appearance suggests the fracture is not 

ductile. Ductile fracture is not expected as, from previous research, fracture of 

titanium changes from ductile (in the fine grained 1 and 20 μm) [15] to brittle 

in coarse-grained CP Ti (about 1 mm) [16]. 

Fractures in fig. 7.4, 7.5, 7.6, 7.7, 7.9 are intergranular while fractures in fig 

7.8 and 7.10 are transgranular. Looking at these pictures, it is possible to 

notice how the intergranular fractures focus on a much reduced area tending to 

the outside of the cross sectional area. On the contrary, the transgranular 

fractures are recognizable from the dislocation lines and happen on a more 

central area (still reduced). 
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Fig. 7.4 – Close up view of fractured surface sample “A3”. 

 

Fig. 7.5 – Fractured surface sample “A4”. 
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Fig. 7.  6 - Close up view of fractured surface sample “A4”. 

 

Fig. 7.7 – Second close up view of fractured surface sample “A4”. 
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Fig. 7.8 - Close up view of fractured surface sample “A6”. 



109 
 

 

Fig. 7.9 - Close up view of fractured surface sample “A7”. 

 

Fig. 7.10 - Close up view of fractured surface sample “A8”. 
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Fig. 7.10 – Second close up view of fractured surface sample “A8”. 
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Chapter 8 Discussions and Conclusions 

8.1 Discussions 

In the present study, the reader has surely noticed that the cross sectional areas 

of the samples analyzed do not coincide. It can be affirmed that the size of the 

gauge section does not have an influence on the experimental CRSS that have 

been obtained from the tests. In fact, by taking a look at Fig. 2.6, the CRSS 

tends to be a stable value when the width of cantilevers reaches about 10 μm. 

The dimensions of this study are in the flat part of the curve in Fig. 2.6. The 

first idea was to obtain samples with gauge area equal to 30 μm (width) x 30 

μm (thickness). Then, in order to focus the deformation on the xy plane (the 

plane recorded by the digital camera), it was decided to increase the width and 

decrease the thickness. These small variations did not affect the results of the 

tests, as it can be seen from the experimental CRSS results that match with the 

literature. 

Although the “speckle pattern” obtained on these specimens was qualitative, 

DIC strain data regarding the very start of the tensile tests, and therefore the 

start of the elastic deformation were not fully reliable as it can be seen, for 

instance, in Fig. 6.49. A longer gauge length could be realized in order to 

improve the quality of data. Also, one could try to perform tensile tests in 

SEM where a higher magnification can be exploited; in the latter case, the 

researcher must be able to take pictures with enough contrast between the 

surface of the sample and the pattern which is not as easy as under digital 

microscope. Because of the previous considerations, this study lacks of 

comparisons between the single crystals in terms of Young’s modulus and 
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Poisson ratio which would have been interesting and would have enriched the 

literature (eventual Young’s modulus can be compared with those in Fig. 2.2). 

The accuracy of DIC in the part of surface where the fracture is occurring 

(high strain) diminishes because the portion of pattern tends to spread out 

vertiginously or even “disappear”, and also the contrast decreases 

significantly. This is one limitation of the DIC combined with the digital 

microscope. 

Another aspect that could be improved is the laser micromachining cut. As it 

can be seen in pictures taken in SEM, there are signs of debris on the side of 

the gauge that do not help at the moment of the cross sectional area definition 

and also, decrease the clarity of the images. Furthermore, once the 

micromachining process has arrived at its third or last step (Chapter 4.2.1), the 

power values are reduced in order to make a more precise cut. This may lead 

to a cut not perfectly perpendicular which implies a trapezoidal area rather 

than a rectangular area. An optimization of parameters is required to fix these 

inaccuracies. Furthermore, micromachining in vacuum seems to improve the 

quality of the surfaces and may represent a further improvement. 

Moreover, as it can be seen from the orientations of the analyzed crystals, the 

Φ values were mostly around 40° or 150°, the Θ values were mostly around 

60° or 110°. The Ψ values varied more, but were still ranged between 5° and 

53°. In the next figure, one can notice how those orientations were greater in 

number. 
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Fig. 8.1 – Number of crystals vs Euler angles. Phi1 is Φ, Phi is Θ, Phi2 is Ψ. 

Fig. 8.1 considers the totality of the crystals of all the EBSD maps created in 

this study. Because of the expectation to find random orientations, the 

coupons were all cut according to the rolling direction. By cutting the coupons 

following different directions, many more orientations could have been 

analyzed. 

Prismatic and basal slip systems are the ones occurring more frequently and 

the reason dwells in their lower CRSS value. In this study, unfortunately no 

pyramidal slip systems were possible to analyze. In order to analyze this type 

of slip systems, a reverse process could be executed. Taking the advantage of 

the excel sheet that has been implemented to find the Schmid factors, instead 

of giving Euler angles and tensile direction as input and obtaining Schmid 

factors as output, it could be done the opposite by using definite functions. 

Once the couples of tensile direction and Euler angles (that define the 

orientation of the crystal whose principal slip system is pyramidal) are known, 

a modification to the experimental procedure could be realized. The 
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modification would consist in cutting a square piece out of the titanium foil 

that includes a large number of grains, then polishing it, performing EBSD 

and finally, identifying the orientation. At this point, the researcher can cut the 

specimen (with the chosen grain in the gauge length) out of the square piece 

along the corresponding tensile direction with the femtosecond laser. 

Finally, in order to have a 360 degrees view, more experiments involving 

many type of slip system are needed. Finite element analysis (FEA) would be 

useful to simulate the tensile tests on crystals with same orientation as in the 

experiments and, consequently, to compare experimental and analytical data.  

8.2 Conclusions 

The initial aim of this project was to investigate the mechanical properties of 

CP titanium single crystals (HCP) and to characterize the strength of single 

grain boundaries. The crystals anisotropic behaviour was demonstrated by 

extracting different stress-strain curves from the tensile tests. The principal 

slip system was surely basal in all cases except one; although this, remarkable 

differences were noticed in terms of yield strength and plastic deformation 

phase. In particular, the recorded yield strength values from the experiments, 

within the basal family, went from  ̴ 250 MPa to  ̴ 295 MPa that corresponds 

to  ̴ 20% difference. This percentage could increase vertiginously if principal 

prismatic or pyramidal slip systems were analyzed. In fact, from the literature, 

the former could give lower yield strength values (minimum is  ̴ 160 MPa if 

you consider prismatic CRSS = 96 ± 18 MPa), the latter could give much 

higher yield strength values (minimum is  ̴ 480 MPa if pyramidal CRSS > 240 

MPa is considered). This research, given the large data on basal slip systems, 

orientated itself on the experimental determination of the CRSS values for this 
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family through the extraction of the yield strength values from the 

experiments and the development of tools for the Schmid factors definition. 

The outcome of the study was successful as the experiments matched with the 

literature. In fact, a value of CRSS = 127 ± 33 MPa was found in the 

literature. In the present study, the value of CRSS = 126.1 ± 14 MPa was 

obtained; that demonstrates how these values are in agreement especially on 

average. Single grain boundaries were investigated in this study as well. After 

analyzing the stress-strain curves, it is not possible to assert those to be 

independent from the behaviour of the adjacent crystals. For this reason, 

considerations about their eventual mechanical properties are omitted. On the 

other hand, interesting insights were noticed regarding the grain boundaries 

misorientation angles. For angles up to 31°, the grain boundaries highly 

permitted dislocation motion and the samples showed intergranular fracture. 

On the contrary, for larger angles than 31°, the grain boundaries behaved as a 

constraint as they tended to hinder the dislocations; accordingly, the fracture 

was transgranular. 
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