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Abstract 
Hexagonal closed-packed (HCP) metals have been extensively used in various industrial sectors, 

eg, zirconium in nuclear industry, magnesium in transportation industry, and titanium in 

aerospace industry.  Understanding deformation mechanisms of HCP metals is crucial for 

developing predictive models that can be used for performance and failures analysis of 

engineering components.  The two main deformation modes in HCP polycrystals are slip and 

twinning. While deformation by slip is well understood, many fundamental questions about 

twinning are still remained unanswered.  

The aim of this research is to employ a novel experimental technique, three-dimensional 

synchrotron X-ray diffraction, on two different HCP metals and acquire a statistical data that can 

help us understand fundamentals of deformation twinning.  After a literature review in chapter 

two, the steps used for preparing samples, conducting the experiment, and post-processing the 

collected diffraction patterns are explained in chapter 3. The results of the experiments on 

zirconium and magnesium samples are provided and discussed in chapters 4, and 5, respectively. 

This is followed by conclusions and future work. 

By updating and developing new procedures for grain matching, more than 19000 grains are 

investigated individually. It is shown for the first time that twin variant selection is preferential in 

the plastic zone, yet not at the early stages of plasticity. It is shown that due to local and 

macroscopic stress configurations, twins in zirconium are generally relaxed along the loading 

direction, but not in magnesium. In this thesis, the very first in-situ cyclic compress-tension 

experiment on magnesium was conducted where twinning and de-twinning were fully observed 

in 3D. Understanding the mechanism of twin nucleation and propagation can help us update our 

existing numerical models and improve our predictions. 

 

Keywords: 3D-XRD, Twinning, Hexagonal Close-Packed, Polycrystal, Texture, EBSD 
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Summary of Lay Audience 

A broader view of this research topic is deformation of metals. Most metals are solid in nature 

and consist of closely packed atoms.  The packing of these atoms varies from one metal to 

another, like face centered cubic (FCC) in aluminum and hexagonal close packed (HCP) in 

magnesium. The collection of crystals form lattice that can have point or line defects 

(dislocations) due to missing atoms. The population of these defect change with plasticity, 

effecting hardening.  

Ideally, the lattice of atoms would all be packed in a single direction however most metals that 

exist in nature are polycrystalline in nature. This means the metal consists of several lattices or 

single crystals of different sizes and directions.   

Most metals, like FCC and body centered cubic (BCC), deform in the plastic region through 

movement of dislocations.  However, in HCP metals, another deformation mechanism, known as 

twinning, can occur when the lattice is oriented in a specific direction.  Twinning is a mechanism 

that occurs in single lattice causing a portion of the lattice to re-orient in another direction.  

Twinning can be advantageous, in terms of improving the ductility of the material, and 

disadvantageous, in terms of providing susceptible sites to crack nucleation.  Therefore, the first 

step to understand twinning is investigating the parameters affecting its initiation. Most of the 

studies conducted before to understand twinning have viewed twins in 2D in terms of shape and 

stresses.  The experiment conducted in this research looks at twins in 3D and uses the 

synchrotron 3D-XRD method.  
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Chapter 1 

1. Introduction 

1.1 Motivation 

1.1.1  Industrial Applications of Zirconium Alloys 

Zirconium has been extensively used in nuclear industry due to its low neutron capture cross-

section, exceptional corrosion-resistance in hot water, and good mechanical properties [1]–[5].  

In Canada, 16% of electricity needs are provided by the nuclear industry.  More importantly, 

60% of Ontario’s power is provided by nuclear energy.  With the continued growth of the 

nuclear industry, the amount of carbon dioxide emissions is expected to reduce by 30 million 

tons per year in 2030 [6].  This shows that the nuclear energy plays a vital role not only in 

supporting the population’s electricity needs but also in the reduction of the greenhouse gases.  

Zirconium alloys are mainly used in the core of the CANDU (CANada Deuterium Uranium) 

reactors [2].  The outermost tube of a CANDU reactor is called calandria tube and is made of 

Zircaloy-2, composing of 1.5 wt% of Tin (Sn), 0.12 wt% of Iron (Fe), 0.10 wt% of Chromium 

(Cr), and 0.05 wt% of Nickel (Ni).  Heavy water is used to fill the Calandria as neutron reflector 

and moderator. Hot heavy water runs through zirconium pressure tubes which is enclosed by the 

calandria tube, but is separated by a ring from it.  The casing of the Uranium (U-235) fuel rods, 

known as fuel cladding, is made of Zircaloy-4 [1], [4].  The constant usage of Zirconium alloys 

is primarily based on its low neutron capture cross-section thereby permitting the use of natural 

Uranium rather than the enriched one.  Using heavy water with Hydrogen-2 (Deuterium) instead 

of Hydrogen-1 as coolant for the fuel rods is an additional approach to reducing the overall 

neutron capture cross-section of the system [3].   

Deformation of pressure tubes can be categorized into three groups.  The first is diametral 

expansion, which occurs because of irradiation enhanced creep and the hoop stresses induced by 

pressurized heavy water.  The second is cylinder ovality due to applied external pressure. 

Furthermore, creep sag is observed due to the heavy load of fuel channel.  Hence, understanding 

the fundamentals of the deformation mechanisms in Zirconium is essential in predicting service 

life of the core components and improving their performance [2], [3], [5]. 
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1.1.2  Industrial Applications of Magnesium Alloys 

Implementation of lightweight materials in the world of transportation can lead to numerous 

benefits such as reduced COଶ emissions.  Therefore, investigation and study of lightweight 

materials is a must [7], [8].  Magnesium alloys, with light weight, are shown to possess excellent 

properties such as high specific strength, low density and recyclability. However, magnesium 

alloys have hexagonal close-packed (HCP) crystal structure where dislocation movements can 

only occur on the basal or prism planes making it highly resistant to deformation at room 

temperature.  Formability, on the other hand, is possible at higher temperatures. Mg AZ31is an 

alloy of magnesium where A stands for aluminum, Z stands for zinc and 31 stands for the 

composition percentages of both elements respectively  [9].  Due to lack of easy slip system, 

deformation twinning is very active in MgAZ31.  Twinning is a deformation mechanism where a 

portion of a grain is re-oriented resulting in significant texture evolution, and is accompanied by 

a significant shear strain, eg. 13% for Magnesium. Hence, twinning may improve the ductility of 

the material, but specific twin boundaries can act as crack nucleation site due to high stress 

concentration resulting from the shear transfer.  Thus, an accurate model that captures key 

aspects of twinning would be an asset for estimating the mechanical behavior of magnesium and 

other HCP alloys [10].  

1.2 Scope of this research  

The objectives of this research are to investigate the mechanical behavior of HCP materials at 

macro- and meso-scales. This research specifically focuses on deformation twinning in dog-bone 

samples of pure Zirconium and Magnesium alloy AZ31B.  An X-ray diffraction characterization 

technique is used to investigate elastic and plastic deformation at the grain level at different 

loading steps. Prior to the experiment, pre-experimental procedures, including heat treatment and 

polishing, were carried out on the samples to generate the right material texture that activates 

twinning.  Statistical data acquired from these experiments will help us understand the 

underlying mechanism of twin formation and the parameters that affect twin nucleation.  

Investigating two separate materials with the same crystal structure, ie HCP, can give us an 

insight on the generic mechanisms that exist in HCP crystals. 
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1.3 Outline 

Chapter 1 provides a general overview of the field and the objectives of this research.  In chapter 

2, a literature review is conducted on deformation twinning and advanced characterization 

techniques.  Chapter 3 discusses the experimental procedure that was followed, starting from 

sample preparations that were done prior to the synchrotron experiments to the post-processing 

of the raw diffraction data measured at the ESRF.  This chapter is categorized into three sections, 

preparation before experiment, experimental procedure, and data post-processing.  Two in-situ 

experiments on two different specimens, zirconium and magnesium, are conducted and the 

results of the processed data are provided in chapter 4 and chapter 5.  Chapter 4 and 5 provide 

summaries of the results and focus on deformation twinning in zirconium and magnesium, 

respectively.  Finally, chapter 6 ends the thesis by stating the concluding remarks and discussing 

future work. 
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Chapter 2 

2. Literature Review 

This thesis focuses on investigating tensile twinning in HCP metals through the use of an in-situ 

diffraction technique.  Therefore, a brief review of the previous works is presented to understand 

the current state of the art.  This chapter focuses on explaining deformation mechanisms in HCP 

metals specifically in Zirconium and Magnesium.  Some of the existing and relevant 

characterization techniques are also discussed. 

2.1 Deformation Mechanisms in HCP metals 
In a unit cell of an HCP crystal, aଵ = aଶ ≠ c and α = β = 90, γ = 120. Unlike cubic crystals, 

deformation systems in HCP metals are not spread out in a symmetrical fashion. In addition, due 

to having low symmetry in the crystal, slip systems are not as numerous as cubic crystals.  As a 

result, deformation along the c-axis of the crystal (see Fig 2.1) is mainly accommodated by 

twinning.  The c/a ratio is an important metal-specific character that essentially determines the 

possible deformation mechanism.  HCP metals can be classified into two groups, in terms of the 

active slip plane [10]; the first group has c/a > 1.633  and the other has c/a < 1.633 as 

summarized in figure 2.1. 
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Figure 2.1: (a) Unit cells of BCC, FCC and HCP crystals, (b) The c/a ratios for different 
HCP metals [11] 

Unlike face-centered cubic (FCC) and body-centered cubic (BCC) metals, the slip systems in 

HCP metals are limited leading to various alternative deformation mechanisms.  Primary, 

secondary slip and twinning systems exhibit different critical resolved shear stresses (CRSS). 

Possible active slip systems of an HCP crystal are summarized in table 2.1.   

  

(a) 

(b) 
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Table 2.1: Slip systems in HCP metals [12] 

Slip 

System 

Burgers 

vector 

type 

Slip 

Direction 

Slip Plane No. of Slip 

Systems 

1 a < 112ത0 > basal 

{0001} 

3 

2 a < 112ത0 > prism type Ⅰ 

{101ത0} 

3 

3 a < 112ത0 > 1st -order pyramidal type Ⅰ 

{101ത1} 

6 

4 c+a < 112ത3 > 2nd order pyramidal type Ⅱ 

{112ത2} 

12 

 

If the local stress of a specific slip system exceeds its CRSS, then this slip system is assumed 

active.  CRSS of a specific slip system depends on several factors, including c/a ratio and 

temperature.  Generally, there are three laws that govern the activation of slip system in any 

crystal structure [11]. 

1) The crystal operates on the slip system that has the largest difference between the 

resolved shear stress and its CRSS. 

2) The slip plane is the plane with the largest number of atoms packed on it or in other 

words, its atomic density is the largest. 

3) The slip direction is the one with the shortest burger vector (i.e. the distance between two 

atoms on that plane is the shortest) 

These laws are all established in the past in Schmid’s law of resolved shear stresses [13], 1st law, 

and Peierls-Nabarro model [14], [15], 2nd and 3rd law.  The Schmid’s law was initially discovered 

through experimentation and then Schmid’s factor was later developed.  The Peierls-Naborro 

model deals with the atomic interactions and the forces involved in these interactions.  

Considering a uniaxial load applied on a polycrystalline material, the resolve shear stress (𝜏଴) 

acting on a specific slip system can be found using the magnitude of the applied load following : 
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 τ଴ = (F/A)cos∅cosλ (2.1) 

where F is the applied force, A is cross-sectional area of the specimen, ∅ is the angle between the 

slip plane normal and the direction of the applied load, and 𝜆 is the angle between the slip 

direction and force direction.  The Schmid factor, m, is given by, 

 m = cos∅cosλ (2.2) 

This is the global Schmid factor due to the angular relations with respect to the direction of the 

applied load.  In a polycrystalline material, each grain has a specific averaged local stress tensor 

depending on the interactions with the neighboring grains and the load applied.  Therefore, the 

local Schmid factor can be found using the local stress tensor.  The generalized form of Schmid 

factor for the case where state of the stress is tri-axial is given by [16]: 

 
SF஑ =

P஑: σ

‖σ‖
 

(2.3) 

where SF஑ is the Schmid factor for the slip system, α , and σ is the stress tensor.  To find the 

local Schmid factor, local stresses can be used in Eq. 2.3.  

2.2 The Mechanism of Deformation Twinning 
When there is a lack of easy slip systems, twinning may become active.  Twinning can be 

defined as the reorientation of a portion of lattice.  The twinned domain is a reflection of the 

parent domain against the twin habit plane [17], [18].  Different twin types can form depending 

on processing.  Annealing twins form during heat treatment or recrystallization. Annealing twins 

are profound in Nickel alloys. Transformation twins are another type of twins that form during 

martensitic phase transformation; this is common in shape memory alloys. In martensitic 

transformation, transformation twins normally form with a fixed size ratio and the boundaries 

interconnecting them are highly glissile thereby raising its plasticity.  Lastly, deformation twins 

are accompanied by large shear strain on the twin plane.  In contrast to transformation twins, the 

deformation twins are thin layers of atoms, as shown in figures 2.2 (c) and (d), embedded within 

a matrix and their boundaries are migratable thus enhancing metal ductility [18], [19].  The main 

focus in this research is to observe deformation twinning (tensile twinning) in two different HCP 

metals.   There are two different types of deformation twinning: tensile twinning and 

compressive twinning.  Tensile twinning is the most common type of deformation twinning and 

it is often referred to as “normal” twinning [11].  Tensile twinning happens on the {101ത2} <
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101ത1ത > system, where atoms on the opposite side of the plane are glided rather than shifted in 

the case of slip mechanism as shown in figure 2.2 (b). 

 

Figure 2.2: (a) Tensile twinning system in HCP unit cell, (b) Twinning and slip mechanism 
(c) Deformation Twins detected captured through EBSD labelled as ‘MXTX’ and X is a 

number [20] 

Understanding the crystallography of twinning has been a vital step towards understanding 

deformation twinning. From the theory of deformation twinning, atomic displacements in the 

parent lattice assists in re-orienting a part of the lattice and these displacements are equivalent to 

simple shear.  The twinning (“invariant”) plane is called Kଵ, and its shear direction is ηଵ while 

the undistorted plane is called Kଶ.  The plane containing the invariant, Kଵ, and undistorted, Kଶ, 

plane normals and the invariant shear direction, 𝜂ଵ, is the plane of shear defined as P.  The 

intersection of the plane of shear, P, with the undistorted plane, Kଶ, is the undistorted shear 

(101ത2) 

(a) (b) 

(c) 
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direction, ηଶ.  This schematic, shown in figure 2.3 (a) of crystallographic twinning is conducted 

to distinguish between type Ⅰ, reflection off a plane, and type Ⅱ twin, rotation around an axis. 

 

Figure 2.3: (a) Labelled schematics of twinning elements and plane of shear, P, [18] (b) 
Type Ⅰ and Type Ⅱ twins respectively [21] 

Twinning mode can be identified either when 𝐾ଵ and 𝜂ଶ are fixed or vice versa (𝐾ଶ and 𝜂ଵ) [18]. 

Several other models are also used to view geometric alterations in the lattice structure [12].   

Table 2.2: The six variants of tensile twins [18] 

 h k i l u v t w 

V1 1 0 -1 2 -1 0 1 1 

V2 -1 1 0 2 1 -1 0 1 

V3 -1 0 1 2 1 0 -1 1 

V4 0 -1 1 2 0 1 -1 1 

V5 1 -1 0 2 -1 1 0 1 

V6 0 1 -1 2 0 -1 1 1 

The twinning elements of these normal twins are, 

Kଵ = {101ത2}, Kଶ = {1ത012}, ηଵ = < 101ത1ത >, ηଶ = < 1ത011ത >, P = {12ത10}  

Based on the twinning elements, the mis-orientation between the c-axes of the parent and the 

twinned lattice is 85.2 degrees for a c/a ratio of 1.523 (Zirconium).  The hexagonal symmetry 

results to six variants of {101ത2} < 1ത011 > which are listed in table 2.2. The activity of each 

variant depends on the local stress and crystal orientation.  
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2.3 Evolution of Deformation Twins 
In general, deformation twinning can be divided into four steps.  In the first step, called 

nucleation, dislocations accumulate to potential twin regions within the grain.  Once these 

dislocations attain a critical value, a successful twin is formed. This is the second step. In the 

third step, known as propagation step, the formed twin extends as a line crossing the entire grain 

and in the final step, this propagated twin thickens.  Deformation by slip is a gradual process that 

involves movement of dislocations through the lattice however twinning is a sudden 

reorientation in the crystal thereby making it difficult to extract its CRSS [4], [19].  A study on 

Zinc has discovered that the stress required to nucleate twins is higher than the stresses required 

to propagate and thicken the twins [22].  The stresses required to propagate and thicken a twin 

varies greatly from one grain to another.  When twins are nucleated, the stresses are concentrated 

at the tip, and this enforces the nucleated twins to propagate at an approximately sonic velocity 

[23].   

2.3.1  Schmid Factor 
Studies have shown that the Schmid factor plays an important role when it comes to 

investigating twins [24]–[26].  Godet et al. [24] investigated the role of Schmid factor in the 

tensile twinning of an AM magnesium alloy tubes.  To easily define the twin variants, the initial 

texture was optimized for twinning.  Tensile twinning was observed to occur in crystals with 

high Schmid factor.  In other study [25], significant deviation from the maximum Schmid factor 

criterion was observed in over 300 deformation twins in alpha-Zirconium.  This study concluded 

that the local stresses have a significant impact on the twin nucleation in HCP metals.  The 

effects of local stresses and Schmid factor on twin nucleation in pure titanium was studied by 

Guo and Abdolvand [26], thereby disregarding the direct effect of external loads.  A smooth 

correlation was found to exist between the maximum LSF and the active twin variant, while 

external load showed to play a less significant role.  

2.3.2  Neighboring effects 
Studies show that local Schmid factor is not the only parameter that affect twin nucleation [27], 

[28].  Neighboring grains and their misorientations are important in predicting twin nucleation in 

the parent grain.  When twins are formed near the grain boundary, the neighboring grain must 

accommodate the alterations in the crystal geometry [27].  Therefore, the amount of deformation 
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in the neighboring grain that is essential to compensate for its shape change plays an important 

role.  For example, if considerable amounts of prismatic glide are required in neighboring grain 

but the shape change cannot be accommodated, twins will not nucleate, and internal strains will 

grow high within the grain and this is mainly observed in Mg alloys [27].  Similarly, a crystal, 

with a low Schmid factor, may have twins when the required prismatic glide to be 

accommodated by the neighboring grains is considerably low.  Moreover, misorientation of 

neighboring grains is an essential factor in determining the thickness of twins.  A study has 

demonstrated that an existence of low misorientation between c-axes of the neighboring grains 

and parent grain would essentially ease the thickening process of the propagated twins [29].  

Furthermore, several other interesting studies show that neighboring grains can affect the 

propagation process of twin embryos [30], [31].  When the misorientation between the c-axes of 

the neighboring grains and parent grain is low, twin embryos do not only propagate within the 

grain, but it extends to the neighboring grain.  An important factor that decides this behavior 

(twin transmission) is the plastic anisotropy of the material.  Plastic anisotropy in HCP metals is 

the difference between the CRSS of different slip modes, including basal < 𝑎 >, prism < 𝑐 >, 

and pyramidal < 𝑐 + 𝑎 >.   

Plastic anisotropy in HCP metals is large when compared to other FCC and BCC metals.  In the 

study by Kumar et. al. and Beyerlin et. al. [30] twin transmission was investigated in three 

different HCP polycrystals, Ti, Mg, and Zr, where zirconium had the greatest plastic anisotropy 

and magnesium had the lowest. Among the three samples, zirconium showed the highest 

probability of twin transmission thus concluding that increase in plastic anisotropy promotes 

twin transmission. 

2.3.3  Size effects 
The variation of yield stress (𝜎௬) in metals with grain size (𝑑) is known as Hall-Petch effect: 

 
𝜎௬ = 𝜎଴ + 𝑘𝑑ି

ଵ
ଶ 

(2.4) 

where 𝜎଴ and 𝑘 are material parameters.  Likewise, grain size was also found to play a role in 

twin nucleation.  Several studies have shown that formation of twins vary from small to large 

grains and others showed that the grain size effects are minimal.  Studies have shown that the 

number of twins increase with increasing grain size [32]–[35].  For instance, Ghaderi et al. [32] 
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have studied the effect of grain sizes in magnesium and titanium on twinning. Twin volume 

fraction was found to increase with grain size in titanium while no such effect was observed in 

magnesium.  Twin length varies significantly with grain size in both titanium and magnesium.  

However, in coarse grains (> 30 microns), twins do not propagate through the whole grain due to 

twin impingement and high concentrative stresses near grain boundaries.  Another study showed 

that grain size in zirconium has no impact on twin thickening but depends on the c-axes angular 

misorientation between the parent grain and neighboring grains.  The number of twins increase 

with grain size, but the twin area fraction remained the same over different grain sizes [35].    

2.3.4  Residual Stresses 
Due to high anisotropy in elastic modulus and thermal coefficient of expansion of zirconium 

crystals, high levels of residual stresses can build up even after recrystallization and heat 

treatment.  Thermal residual stresses in magnesium samples are much smaller since the degree of 

anisotropy in the elastic modulus of magnesium is much lower. Residual stresses can impact the 

stress evolution with a grain, which can subsequently affect the prediction of deformation modes 

[36], [37].     

2.3.5  Stresses in Parents and Twins 
Comparisons between the stress states in parent and twin grains were studied to understand the 

behavior of the twinned grain and the polycrystal [38]–[41].  Aydiner et al. [38] carried out an 

experiment to investigate a twin within a parent grain during compression of an Mg alloy with 

the c-axis of the parent grain approximately perpendicular to the loading axis.  The stress state of 

the twin was found to be lower than its parent grain.  Bieler et al. [41]carried out an experiment 

on a strongly textured grade 1 Titanium under tension where the average orientation of the c-axis 

was close to the loading axis.  Three parent-twin pairs were investigated separately, where two of 

them were surrounded by soft grains while the third pair was surrounded by hard grains.  The 

stresses in the loading direction of the parent grains surrounded by soft grains increased after 

twin nucleation.  Meanwhile, the stresses in the loading direction of the parent grains surrounded 

by hard grains decreased after twin nucleation.  These results support the theory of slip transfer 

from neighboring to parent grains. In all pairs, the stresses in twins were 10%-30% lower than 

the parent grains.  Similarly, Abdolvand et al. [40] has conducted a tensile experiment on 

Zircaloy-2 and the stress-states in nearly 200 twins were investigated.  Normal stresses of parent 
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grains in global coordinate was higher than those of twins.  However, when those stresses were 

transferred to the local coordinate, the stresses of the parents and twins were similar in all 

directions except for 𝜎ଶଶ & 𝜎ଵଷ.  The differences in those two stresses can be explained by the 

force continuity, twin transformation strain, and back stresses induced by formation of twins.  

Another study [39] performed on Zircaloy-2 revealed that the favored nucleation sites for twins 

in parent grains the highly stressed regions.  These regions usually exist near grain boundaries 

that are shared between three or more grains due to the development of high stress 

concentrations.  In general, RSS or Schmid factor are not the sole factors in determining twin 

nucleation.  The c-axis misorientation of neighboring grains play an essential role in determining 

twin nucleation and the overall stress state in parent grains due to slip transfer. Moreover, 

understanding the interactions occurring at the twin habit-plane can aid us in predicting the 

stress-field pattern across the twin habit plane. 

2.3.6  Twin Volume Fraction 
There is a relationship between the accommodated strain and the number of twins, and twin 

volume fraction [42]–[45].  However, when studying the relationship, several other factors must 

also be considered.  For instance, a sample with an unfavorable texture for twinning will barely 

have twins irrespective of the applied strain.  The formed twins have significant effects on the 

work-hardening of the material and they can be seen in the macroscopic true stress-strain curves 

[42], [46].  Tensile and compression experiments on magnesium AZ31 alloy were conducted by 

Chun et al. [42] to understand these trends.  Chun et al. [42] demonstrated that the trend existing 

between the strain and formation of twins is a sigmoidal relationship expressed as,  

 
𝜒 = 1 − 𝑒

ିସ.ଶ
ఌ
ఌ೗ 

(2.5) 

where 𝜒 is the fraction of tensile twins, 𝜀௟ is the macroscopic strain. Using this equation and 

work hardening laws, the overall flow stress was also predicted.   
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Figure 2.4: Twin volume fraction against applied strain  [42]–[44] 

2.3.6  Modeling 
Several approaches have been used to study twin formation and twin-parent as well as twin-

neighbor interaction.  The two common modelling techniques used in simulating deformation of 

polycrystals at the meso-scale are self-consistent modeling and finite element analysis.  In self-

consistent modelling, each grain act as an elliptical inclusion in an infinite homogenous matrix 

and the properties of which is the average properties of all grains expect the one under 

investigation.  This means that the elastic and plastic interactions between the grain and matrix 

can be captured, however the direct grain-grain interactions are neglected.  In crystal plasticity 

finite element (CPFE) framework, the whole geometry of the grains and their orientations are 

modelled.  Depending on the model and element size, a single grain can have more than one 

element thereby integrating the feature of demonstrating the variation of mechanical response 

within a single grain.  The downside of finite element modeling, in contrast to self-consistent 

modelling, is its computational cost.  Therefore, a compromise is required between the 

computational time and element size.  Modeling extends beyond the scope of this work but 

acquired results from conducted experimental work will be used for comparison and validation 

of a CPFE model [47], [48]. 
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2.4 Experimental and characterization techniques 
Deformation of polycrystalline materials depend on several parameters including elastic and 

plastic properties of the material, crystal structure, the orientation of induvial the grains, and the 

texture of the material.  The mechanical response of a single crystal can vary from one 

crystallographic plane to another depending on the interplanar spacing.  For instance, loading an 

HCP material along the basal plane will result in a different mechanical response compared with 

loading along the prism plane. This results in plastic anisotropy.  Hence, understanding the 

orientation distribution, also known as texture, of the HCP crystals within the specimen will help 

comprehend local deformation mechanisms. Different techniques are developed to study the 

effects of materials texture on deformation mechanism, yet what all have in common is that they 

are all based on Bragg’s law.  These techniques can be categorized into two groups, macroscopic 

and microscopic measurement. 

2.4.1  Diffraction Basics: Bragg’s Law 
When beams of electrons, X-rays or neutrons strike on lattice, the reflected beams will either 

interfere constructively or destructively.  Based on the cumulative effect, beams that were 

interfered destructively would fade whereas the constructively interacting beams would become 

stronger and appear as a strong peak on the detector.  Bragg law states that the condition for an 

incident beam, with the wavelength of 𝜆, to diffract constructively is 

 nλ = 2dsinθ (2.6) 

where n is an integer, d is the interplanar spacing between the atomic planes, and θ is the 

scattering angle of the diffracted beam or half the angle between the incoming and diffracted 

beams (see figure 2.5 (a)). In a single HCP crystal, atoms can have different plane arrangements 

where Miller indices are used in defining the direction of these planes. Using the Miller indices, 

the interplanar spacing for an HCP crystal can expressed as, 

 1

d୦୩୧୪
ଶ =

4

3
ቆ

hଶ + hk + kଶ

aଶ
ቇ +

lଶ

cଶ
 

(2.7) 

where a and c are the unit cell parameters representing the atomic spacing on the basal plane and 

along the crystal c-axis (see figure 2.1 (b)). Depending on the size of the detector and the 
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distance between the sample and detector, the wavelength (energy) of the beam can be adjusted 

to successfully capture as many 2θ values as possible. [49] 

 

Figure 2.5: (a) labelled Bragg's condition, (b) single crystal and polycrystal morphology 

While 2θ of any crystallographic plane can be measured using the Bragg’s law, understanding 

the intensity of the diffracted beam from a crystallographic plane is quite complex and involves 

implementation of several factors. An important feature that can be acquired through intensity is 

the volume fraction of the specimen containing those diffracted planes (i.e α-phase, β-phase).  

The main factors involved in adjusting the intensity are scattering, multiplicity, Lorentz, and 

polarization factor.  Scattering factor is a mathematical expression of the scattering of an incident 

beam by all atoms in a unit cell.  Multiplicity factor is the total number of planes with similar 

interplanar distances.  Lorentz factor is the factor that expresses the relative time spent by the 

beam during a reflection in a specific lattice plane.  Polarization factor is a factor that represents 

the scattering of unpolarized rays through the interplanar spacing (i.e. slit) thereby reducing its 

intensity.  Furthermore, absorption coefficient is a number that accounts for the amount of x-ray 

absorbed by the specimen.  The mathematical formulation and the details of these factors will be 

discussed briefly in the experimental technique used in this work. [50]–[52] 

2.4.2  Texture measurement 
Beams of X-rays, neutrons or electrons can be used for texture measurement. However, the 

spatial resolution of each technique is different [53]. 

2.4.2.1  X-ray 
X-ray is a form of electromagnetic radiation with a wavelength shorter than UV rays and visible 

light but longer than gamma rays.  The radiation energy of a typical X-ray is ranged from 0.1 

keV to 100 keV. Low energy X-rays are used to study the atomic structure of a material based on 

(a) (b) 
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the X-ray absorption spectroscopy (XAS) pattern while high energy X-rays are used for studying 

crystal structures through diffraction pattern analysis. Acceleration of charged particles is the 

most common method to produce X-rays.  Synchrotron radiation involves bending magnets that 

controls the path of electrons (charged particle) produced by electron guns.  The acceleration of 

an electron going around a circle (i.e. radial acceleration) leads to emission of X-rays.  The 

emitted beam enters through a series of focusing techniques to strike the specimen.  This can be 

used in measuring the macrotextures of material with known lattice parameters and a fixed 

Bragg’s angle for its hkl planes.  The term macrotexture refers to the texture measured for the 

entire sample (normally more than 1000 grains).  During the diffraction process, X-rays can be 

absorbed by the material, thus limiting its penetration depth.  Mass absorption coefficients are 

measured in cmଶ/g and this represents the amount of X-ray flux absorbed per single gram of the 

specimen. The larger the atomic number ‘Z’ of an element, the higher the mass absorption 

coefficient.  For instance, the mass absorption coefficient of zirconium, based on figure 2.6, 

starts sloping at a very low wavelength, and the discontinuity at ~ 0.06 nm is a result of electron 

excitation at K-edge.  Therefore, high energy X-rays are used to avoid the undesirable high 

absorptions. [49], [53], [54] 

 

Figure 2.6: Variation in the mass absorption coefficient with x-ray wavelength showing the 
K-edge and L-edge [53] 

2.4.2.2  Neutron 
Neutron is a subatomic particle with no net electric charge and a slightly larger mass than a 

proton.  Neutron diffraction techniques can only be used in very specific cases where its 
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advantages defeat those of X-ray.  For example, investigating zirconium macrotexture via 

neutron diffraction is quite ideal due to its low neutron capture cross-section.  Neutrons can be 

generated either through fission of uranium in nuclear reactors [1], [3]. The situations where 

neutrons can provide an advantage over x-rays are as follows; 

- Size: Investigating a bulk sample due to the materials irregular shape or small volume 

fraction of a second phase crystal.  In addition, texture of a large grained specimens 

cannot be acquired through x-ray diffraction due to its penetration limit. Unlike X-ray, 

neutron do not interact with the cloud of electrons around the atoms and has high 

penetration depth.  

- Speed:  A good example is investigating texture evolution based on the mechanical 

response of a specimen. 

- Irregular microstructure: Low crystal symmetry or multiphase materials require large 

statistics for validity which is time consuming to obtain with x-ray diffraction. 

2.4.2.3  Electron 
Unlike X-rays and neutrons, electrons are charged subatomic particles that interact with the 

material through Coulomb forces. Compared to X-rays and neutrons, the interaction volume is 

small allowing diffraction from a portion of individual grains rather than a volume or families of 

grains.  However, electrons interact with the material thereby having very limited penetration 

depth resulting in only surface measurement. Those signals emitted from electron-matter 

interaction can be used for different types of studies including the analysis of chemical 

composition, microstructure, and grain orientations (i.e. microtexture). Examples of such signals 

are shown in figure 2.7. For example, reflected X-rays from a sample, as a result of the electrons 

interaction with atom, can be used in a procedure known as micro-Kossel technique to 

investigate local orientations. [53], [55], [56] 
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Figure 2.7: Different beams emitted during electron microscopy [53] 

2.4.3  Characterization Techniques  
2.4.3.1  Single crystal X-ray diffraction and powder 
diffraction 
One of the oldest X-ray crystallography methods is single crystal X-ray diffraction.  The 

diffracted X-rays from a single crystal are collected on a detector as the sample rotates on a stage 

to pick up reflection from each set of evenly spaced planes in material.  Alternatively, powder X-

ray and neutron diffraction are specific to polycrystalline materials and texture measurement.  A 

polycrystal sample may have random orientations or might be textured.  Thus, some of the 

crystallographic planes of each grain of this polycrystal may satisfy the Bragg condition and 

appear on the detector. This means there is no need for sample rotation.  The state of materials 

texture can be investigated when comparing the diffraction patterns of the randomly oriented 

polycrystal and a textured polycrystal.  These techniques are used in measuring the macrotexture 

of the sample due to the large size of the incident beam striking many grains at once.  Average 

elastic strains can be measured by measuring diffraction peak shifts.  When a tensile load is 

applied perpendicular to one of the {hkil} lattice planes, the interplanar spacing between those 
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planes increases thereby reducing its diffraction angle. [57] The elastic lattice strain is 

determined as follows, 

 
ε୦୩୧୪ =

d୦୩୧୪ − d୰ୣ୤

d୰ୣ୤
=

sinθ୰ୣ୤

sinθ୦୩୧୪
− 1 

(2.8) 

2.4.3.2  Electron microscopy (EM) 
In a scanning electron microscope (SEM) electrons with a specific energy and wavelength strike 

the sample surface and interact with the atoms on the surface.  The secondary electrons, 

subsequently emitted, can be used to study sample topology and composition.  Moreover, the 

backscattered electrons can be used, in a method called electron backscattered diffraction 

(EBSD), to characterize microtexture. Microtexture is referred to the texture made by families of 

grains.  For EBSD, the sample is tilted at an angle slightly higher than 60 degree to reduce the 

energy loss of the electron beam.  This beam is diffracted, through Bragg’s condition, and hits a 

phosphor screen causing it to shine and create a Kikuchi pattern.  This pattern can be used to 

analyze the orientation of the single pixel (~3µm) on the surface that reflected the electron beam.  

Spatial resolution is the size of the pixel used in constructing the scanned area of the sample. 

Samples with various grain size can be used for orientation mapping starting from ~50 nm.  

However, samples with average grain sizes lower than the spatial resolution of specific SEM will 

result to unreliable Kikuchi patterns.  Nevertheless, through microdiffraction and transmission 

electron microscopy (TEM), spatial resolution is greatly improved for specimens with small 

grains.  In this technique, transmitted electrons are post-processed them to retrieve microtexture 

information.  The major drawback of this technique is the requirement for the sample to be very 

thin to allow electron transmission.  Through utilization of this technique with recently 

developed techniques, like transmission-EBSD or transmission Kikuchi diffraction (TKD), two-

dimensional orientation maps can be retrieved for small grains and nanoparticles with an 

excellent spatial resolution [53].  

2.4.3.3  Three-Dimensional X-ray Diffraction (3D-XRD) 
One of the main issues existing in the discussed techniques is the inability to capture 

microtexture in three dimensions.  In terms of statistical representation, the limitation of EM is 

its low penetration depth and inability to capture texture in the third dimension (i.e. beam 

direction).  Investigation of grain-grain interactions and local effect of neighborhood should not 

be limited to two dimensions and stresses in all directions should be acquired to enhance our 
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understanding of the physics behind the deformation mechanisms occurring in the material.  

Poulsen et al. [58] have developed a novel technique, called 3D-XRD, that captures materials 

microtexture non-destructively.  The technique follows similar setup to conventional XRD with 

some alteration, as shown in figure 2.9.  Like XRD, the sample thickness is restricted due to the 

attenuation issue of X-ray beam.  The beam initially impinges a sample that is mounted on a ω-

stage.  The ω-stage rotates around the ω-axis, e.g. loading direction, so that various 

crystallographic of individual grains satisfy Bragg’s condition.  The stage also allows for 

translation in all x, y, and z-axes as an additional option for the user to tailor the sample’s 

position during setup.  As shown in figure 2.8, three configurations are proposed for 3D-XRD 

depending on the problem in hand, 

- Configuration A: This configuration involves a detector that is positioned close to the 

specimen at three different distances (4 – 8 mm) for data acquisition.  While the spatial 

resolution is remarkable, the angular resolution is quite low, which means that elastic 

lattice rotations will not be precise.  Therefore, only grain map and microstructure can be 

acquired using this configuration. 

- Configuration B: This configuration involves a detector that is positioned far from the 

specimen (2500 mm).  A fraction of the pattern or diffraction spots are captured, but at 

very high angular resolution. Valuable information about lattice strains and rotations can 

be obtained. 

- Configuration C: To get a compromise between capturing the full pattern and getting 

adequate angular resolution, the detector is placed at a medium distance from the 

specimen (~400 mm).  Debye-Scherrer rings consisting of individual diffraction spot will 

form on the detector.  The captured angular resolution is lower than configuration B, yet 

higher than configuration A allowing for strain and rotation measurement at the level 

required for engineering application, i.e. 1E-4. 
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Figure 2.8: (a) & (b) are configuration A, (c) is configuration C, and (d) is configuration B 
[58] 

Furthermore, the experiment can be modified by changing the cross-section of the incident beam. 

This also depends on the problem in hand and through experience, the possible geometries of the 

cross-section are divided into three categories: 

- Box Beam: The incident beam has a square cross-section and its dimensions are much 

larger than the characterized microstructural elements. This allows for a full 

characterization in a single ω-scan. 

- Line Beam:  The square incident beam is narrowed down in one dimension until the 

beam’s cross-section appears as a line.  This forces the sample to be divided into a set of 

layers with thickness equivalent to the beam’s thickness.  The number of layers indicate 

the total number of required ω-scans to characterize the sample. 

- Pencil Beam: The beam cross-section in this case is narrowed down in both directions 

until it appears as a dot compared to the scanned area.  In a single ω-scan, the beam must 

be probed through y and z-directions to characterize the entire sample. 
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It is well-known that the EBSD’s microtexture is informative and reliable due to its high spatial 

resolution. The pencil beam setup is somewhat similar to the probing mechanism in EBSD and 

this makes it the best among the other beam cross-section’s geometries.  However, retrieving an 

entire scan through this geometry is time consuming.  Therefore, line beam is mostly used as a 

compromise for spatial resolution and scanning time. 

 

Figure 2.9: Schematic of 3D-XRD [58] 

2.4.3.4  Alternative techniques 
Differential aperture X-ray microscopy (DAXM) [59], [60] and diffraction contrast tomography 

(DCT) [61] are other advanced 3D microscopy techniques that can be used to capture the 

microtexture of a sample (see figure 2.10).  An additional advantage of these techniques over 

3D-XRD is that they capture the grains’ morphology.  However, in both techniques the number 

of grains is limited thereby restricting statistical representation of sample’s characteristics.  In 

DAXM, the detector is placed such that its normal axis is perpendicular to the beam direction 

(see figure 2.11).  This setup has proven to provide improved angular resolution.  The spatial 

resolution in both techniques is required to be high to acquire grain maps.  Moreover, DAXM 

uses the pencil beam cross-section, which is very small compared to the scanning area.  This 

means that accurate strains and strain variation can be acquired within a grain.   
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Figure 2.10: Schematics of (a) DCT and (b) DAXM 

 

Figure 2.11: Detector A (𝟐𝜽~𝟎𝒐) and (b) Detector B (𝟐𝜽~𝟗𝟎𝒐) setups in DCT based on the 
schematic in figure 2.10 (a) [61] 

Other techniques that use the same methodology as 3D-XRD are being investigated.  3D neutron 

diffraction is a potential technique that is yet to be developed and its benefit over 3D-XRD is its 

penetration depth.  This means that the studied component does not have to go through sample 

preparation processes, like machining, to optimize them for the experiment. 

  

(a) (b) 
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Chapter 3 

3. Experimental Procedures and Data Processing 

In this study, three-dimensional Synchrotron X-ray Diffraction (3D-XRD) is used to study 

deformation mechanism of HCP polycrystals. This is to provide robust data sets for numerical 

model development. The configuration C and line beam are used in the setup of 3D-XRD 

experiments to capture all the grains information in the scanned volume. More than 11000 

zirconium grains and 8000 magnesium grains are measured. This is significant and is the first 

such measurement in the materials community. The experiment was done at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France, by Dr. Abdolvand and Dr. Mareau. 

Before conducting the experiment, the sample textures and dimensions were optimized for 

twinning and de-twinning during the first cyclic experiment that has yet been conducted on HCP 

alloys. In this chapter the procedure for sample preparation, data collection, and data analysis are 

explained in detail. 

3.1 Pre-experimental procedures 
In many tensile test rigs, the loaded specimen has a dog-bone shape to ensure that deformation in 

localized in the middle of the specimen.  However, in this experiment, compressive and tensile 

loads are applied on the sample to monitor twinning and de-twinning. The failure of dog-bone 

samples due to compressive loads can occur due to buckling or bending. Therefore, the specimen 

shape and deformation rig are optimized to prevent sample buckling and this was done using 

ABAQUS finite element solver.  As shown in Fig. 3.1, four preliminary designs are initially 

introduced for finite element analysis (FEA) by Dr. Abdolvand and the sample with the best 

mechanical response was selected. 
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Figure 3.1: (a) – (d) Preliminary designs for in-situ 3D-XRD experiment, (e) the modified 
deformation grip with the final sample design and (f) dimensions of the selected specimen 

Among the four specimen designs shown in figure 3.1 (a)-(d), the third design, figure 3.1 (c), 

was selected for the experimental study.  In addition to these designs, the grips used for holding 

specimens were also designed to optimize the cycling of small samples during the in-situ 

experiment. This was necessary as the optimum thickness for zirconium sample was ~0.7 mm 

and that for the magnesium sample was ~1.1 mm. To ensure that the ends of the specimen, in the 

grips, do not slip during compressive loading, a hole was extruded through the grips and the 

specimen allowing for the specimen to hold on to the grips with the aid of screws and bolts.  

Since the hole is relatively small, the material selected and diameter of the screw are required to 

be carefully chosen.  Likewise, finite element analysis on the screw was conducted to confirm 

that the screw can sustain the applied loads.  Once the designs were finalized, a pure zirconium 

bar was firstly annealed and then machined to the geometry shown in figure 3.1. SEM image and 

EBSD maps are captured on the machined specimen to check for the texture, grain size and 

morphology to ensure they are perfect to the 3D-XRD experiment.  Before heat treatment, the 

average grain size of the as-received zirconium bar was 12 microns (see figure 3.2 (c)).  Since 

there are many grains in the as-received specimen, the characterization with 3D-XRD would be 

quite challenging due to overlapping of diffraction spots.  To avoid this issue, heat treatment was 

conducted at 700 °C for 2 straight days in an argon gas environment to prevent formation of an 

oxide layer.  The dog-bone samples were then machined out of the cleaned bar. The grain size 

approximately tripled to 41 microns and the morphology of the grains are equiaxed (as shown in 

figure 3.2 (d)).   

(a) (b) (c) (d) 

(e) 

in mm 

(f) 
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Figure 3.2: (a,b) optical image, (c,d) grain sized distribution and (e,f) EBSD maps before 
and after heat treatment of zirconium. (a), (c), and (e) are from the “as-received”. 

To eliminate the effects of Electric discharge machining (EDM) of the samples, surface polishing 

was conducted.  Samples were polished from 150 grid down to 2000 grid, and then with colloidal 

silica solution with powder sizes of 1, 0.5, and 0.3 microns.  Finally, a solution of 10% 

perchloric acid and 90% methanol was used for electropolishing the samples.  This was done at -

35 °C to minimize surface damage.  Upon completion of the process, the resulting surface was 

shiny and had no scratches. Among the 10 specimens, 5 of them were designed for in-situ 

experimentation and others were for ex-situ prior experimentation.  EBSD scans were conducted 

on two of the in-situ and one ex-situ samples. The EBSD map of the in-situ specimen used in the 

3D-XRD experiment is shown in figure 3.3 and the dimensions of the rectangular cross-section 

is 0.67mm and 0.78mm. The same procedure was followed for magnesium samples but the final 

sample cross section area is 0.93mm and 0.95mm. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.3: Final EBSD map of zirconium sample after mechanical polishing and 
electropolishing 

From the map and the inverse pole figure, almost all the grains have their prism plane normal 

oriented in the z-axis, and from the pole figure, the basal plane normal or c-axes are distributed 

along the x- and y- axes.  This illustrates that the zirconium specimen is quite textured for 

deformation twinning to occur when loaded along the x-direction in a tensile manner. Note that 

x-axis in the SEM/EBSD images is the z-axis in the 3D-XRD experiment, i.e. the loading 

direction.  

The magnesium samples were cut from a rolled plate and then annealed to increase the average 

grain size. Samples were cut from the RD-TD plane. This is to activate twinning during the 

compression test as most of the crystal c-axis were oriented perpendicular to the loading 

direction. The measured texture of the magnesium samples is shown in figure 3.4.  

 

Figure 3.4: Pole figures measured for Mg AZ31 prior to 3D-XRD experiment 
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3.2 3D-XRD experiment and setup 
The in-situ 3D-XRD experiment was conducted at a high-energy X-ray beamline ID-11 at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The experimental set up 

is shown in figure 3.5. The laboratory coordinates of the sample are defined based on the 

positioning of the sample in the uniaxial tensile rig and axes were labelled as loading direction 

(LD), X-ray beam direction (BD), and transverse direction (TD). The final dimensions of the 

targeted scanning range are 1mm height, 0.78mm width, and 0.67mm thickness for zirconium 

sample and 1mm height, 0.95mm width and 0.93mm thickness for magnesium sample.  The 

experiment is carried out by illuminating a planar beam of monochromatic X-rays.  

For the first specimen (Zirconium), the beam energy was set at 78.395 keV, calibrated at 

platinum’s K-edge, and its height was 40 microns in the z-direction, LD.  This means that 25 

scans for 25 layers are required to retrieve the microstructural data from the entire 1mm height of 

sample and the specimen is translated such that scanning starts from bottom to top.  A beam stop 

was added behind the specimen to prohibit the transmitted beam from reaching the detector. 

Toward the end of the experiment, the height of the beam is reduced to 25 microns and the 

number of layers increased to 40 to cover the entire 1mm scanning range.  The reason for this 

modification was to avoid overlapping of broadened diffraction spots coming from highly 

plastically deformed zirconium grains.  

 

Figure 3.5: The experimental setup at ID-11, ESRF 

Load cell 

Detector 

Specimen 
X-ray 
probe 

Camera 
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The load cell on the tensile rig was used to measure the macroscopic applied stress while the 

macroscopic strain is measured by mounting two silver wires on the specimen on the plane 

perpendicular to x-axis, BD.  The wires are placed at the maxima of the vertical scanning range 

and their displacements are tracked using X-ray beam to measure the macroscopic strain, which 

has an accuracy of 3(10ିହ).  The applied strain was also measured using another independent 

method where a resistive strain gauge was attached to the sample, away from the scanning range, 

and strain was recorded with a separate strain indicator.  During the in-situ experiment, the 

zirconium sample was rotated on an omega-stage around the loading direction (LD) and the 

diffraction patterns were collected in angular ranges of [−234.5୭ to −125.5୭] and [−54.5୭ to 

54.5୭] in steps of 0.25୭ to collect the diffraction spots of all grains.  This experiment used a 

more efficient way of rotating the stage while capturing the images.  In previous experiments, the 

stage was rotated by the step angle (0.25୭) and then paused for capturing the images.  In this 

experiment, the sample was constantly rotating at a low angular speed while diffraction patterns 

were captured at 0.5୭ step size.  Once the ω-range was completed, the ω-rotation reversed and 

the diffraction patterns were captured again at 0.5୭ step size such that the two sub-steps do not 

overlap.  The diffraction images were collected on a Frelon2K detector with 2048x2048 pixels 

with each pixel size of 50x50 μmଶ. The distance between the sample and the detector was fixed 

at approximately 325mm. 

Likewise, the same experiment was conducted on the magnesium sample.  The X-ray beam 

energy in this experiment was set to 51.996 keV, calibrated Terbium, Tb, K-edge.  The 

dimensions of the sample are 1mm in the vertical direction, LD, 0.95mm width (TD), and 

0.93mm thickness (BD).  The initial beam height used for scanning is 100 microns.  The beam 

height is relatively large when compared to the beam height used in zirconium due to the large 

grain size (~60 microns) in the magnesium specimen.  After the first two in-situ loading steps, 

the beam size was halved to 50 microns to capture twins and minimize overlapping of peaks.  

The total number of layers required to accommodate the full height of the scanning range was 

initially 10 and then 20 when the beam size dropped.  The sample to detector distance was 185 

mm for this experiment. 
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The total number of diffraction images captured from both experiments are slightly close to 

300,000 comprising of approximately 4TB size of data. Intensive post-processing was done by 

coding in Python and using various software by the author of this thesis to index grains.  

3.3 Diffraction data processing 
Post-processing of the diffraction data was handled by python programming in the FABLE suite 

of software [40].  This was done in two stages, identifying grains (grain indexing), and grain 

refinement.   

3.3.1  Indexing grains 
In the first stage, ImageD11 [62] was used to index the grains and make grain maps.  The grain 

map contains information about each grain such as position, orientation, elastic strain and stress 

tensors. For the code to work, the following list containing the preassigned experimental 

variables should be determined. 

- X-ray beam wavelength 

- Sample to detector distance 

- Pixel size of the detector 

- The center of the detector  

- Detector tilts 

- Sample rotation details (rotation step size (w), rotation angular range, etc) 

The first step for obtaining data is to remove the background of the collected diffraction images. 

Background image is created by firstly calculating the background of each diffraction image and 

then calculating the background average for all of the patterns measured for each load step. After 

reducing the calculated background from each diffraction image, the next step is peak-search. 

The peak-search algorithm searches for diffraction spots and adds up a connected region of 

pixels (i.e. one diffraction spot) that are above the minimum intensity, specified by the user, and 

subtracts the averaged background image intensity.  A series of output files with a ‘.flt’ and ‘.spt’ 

extensions (containing peaks) will be spewed out based on the intensity thresholds provided by 

the user.  All of the .flt output files are then merged into a single .flt file by avoiding spot 

overlaps.  The geometry and experimental setup, e.g beam energy and detector distance, can then 

be used to index grains. 
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Scattering vectors are calculated to index peaks from the ‘flt’ file and assign them to grains based 

on their estimated COM positions and crystallographic orientations. This is an iterative process 

where simulated peaks for each orientation are compared with measured ones to index a grain 

until the minimum number of peaks per grain is achieved. Peaks that have less than 5 pixels are 

removed from analysis since to remove any potential left-over noise after background reduction. 

The peaks close to the detector edges are also eliminated since they do not form full ring.  

Additional parameters, such as cosine and d-spacing tolerances, are provided into the program 

for indexing peaks and grains.  The cosine tolerance is the maximum peak width allowed for a 

diffraction spot.  The d-spacing tolerance is simply the thickness of one ring in the diffraction 

pattern used for identifying the ring number for each diffraction spot.  By reducing the ‘hkl’ 

tolerance, the indexing process selects the peaks using tighter tolerances, however the total 

number of indexed peaks is reduced.  The ‘hkl’ tolerance is the difference between the retrieved 

‘hkl’ from the peak search and the simulated ‘hkl’.  Once indexing is done, a ‘ubi’ file containing 

grain information is created. This file is then used to make grain map with reduced hkl tolerance 

to improve grain positions.  This process is iterated until the grain’s information are accurate for 

further processing (i.e. Stage II).   

The experimental, i.e. global, parameters are also iterated and averaged using the indexed grain 

from the previous step.  The change in the crystal parameters defines elastic strain.  Therefore, 

the initial crystal parameters are used to obtain the final strain tensors.  This is done for both 

specimens, zirconium and magnesium at the first step, i.e. pre-load, where the macroscopic 

applied stress and strain in the vertical direction, LD, are approximately zero.  An iterative 

process is carried on the two mentioned parameters to modify them until the average microscopic 

stresses calculated for all measured grains in the vertical, LD, is close to zero. 

3.3.2  Refining grains 
In the second stage, FitAllB [63] was used to refine the grain center-of-mass (COM), orientations 

and elastic strain tensors from the .flt files and produce the final grain map.  The term FitAllB is 

originated from program purpose of fitting all B tensors, grain specific reciprocal space metrics, 

containing information about strains of individual grains.  If the elastic stiffness tensor is known, 

stresses can be calculated using the measured elastic strains.  FitAllB also provides the errors 

associated with each grain information (i.e. COMs, orientations, stresses, and strains).  In 
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addition, relative volume for each grain is also calculated through the intensity of the grain’s 

diffracted peaks.  This essentially means that a 3D grain map of stresses or orientations can be 

obtained through tessellation for equiaxed grains.  Supplementary information, like X-ray 

absorption coefficients of specimen, can improve the prediction of the grain volumes.  The 

crystal parameters that are used for zirconium specimen are aଵ = aଶ = 3.23 Å and c = 5.151 Å 

measured in Angstrom.  Similarly, the initial crystal parameters used for magnesium specimen 

are aଵ = aଶ = 3.216 Å and c = 5.223 Å.  Maximum g-vector misorientation, volume tolerance 

and minimum reflections per grain are provided in the input file to reject undesirable peaks and 

acquire the grain’s information with high confidence. 

 

Figure 3.6: Flowchart describing the procedure of postprocessing the diffraction images 

3.3.3  Mathematical Formulation 
This section focuses on the mathematical formulations used in acquiring grain information from 

diffraction images [64]. The scattering vector, qሬ⃗  (shown in figure 3.7 (b)), bisects the incident 

beam (R଴
ሬሬሬሬ⃗ ), with the wavelength of λ, and the diffracted beam (Rଵ

ሬሬሬሬ⃗ ): 
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qሬ⃗ =

R଴
ሬሬሬሬ⃗ − Rଵ

ሬሬሬሬ⃗

λ
= r⃗୦୩୪

୥  
(3.1) 

where r⃗୦୩୪
୥  is the reciprocal lattice vector normal to the hkl plane and superscript g represents the 

following vector in the global or laboratory coordinate system.  The sample coordinate system is 

defined based on the rotation of the specimen on the ω-stage.   

 

Figure 3.7: (a) Schematic of 3D-XRD experimental setup, (b) Illustration of the scattering 
vector, 𝒒ሬሬ⃗  

Three Cartesian coordinate systems are introduced in this experiment. One is lab or global 

coordinate system, i.e. stationary system, and is based on the beam direction (BD), loading 

direction (LD), and transverse direction (TD). The second coordinate system is attached to the 

sample and rotates with the sample with ω -rotation about the loading direction. Through 

constant rotation of ω-stage, global x- and y-coordinates of the sample changes (see figure 3.7 

(a)).  This simplifies the conversion of the crystal coordinates system to the sample coordinate 

system.  The third coordinate system is the crystal (grain) coordinate system within the sample. 

The crystal coordinate system is the coordinate system for each grain, where c-axis is 

perpendicular to the other two axes lying on the basal plane. Thus, to convert any lattice vector 

in the crystal coordinate system, r⃗୦୩୪
ୡ , to the sample coordinate system, r⃗୦୩୪

ୱ , the following 

equation is used: 

 r⃗୦୩୪
ୱ = Rେ

ୗ  r⃗୦୩୪
ୡ  (3.2) 

where Rେ
ୗ  is the rotation tensor containing the Euler angles that transforms the crystal coordinate 

system to the sample coordinate system. Since the sample coordinate system changes with the 

(a) 

(b) 
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angular rotation of the ω-stage, the system can be presented in the global coordinate system 

through the following expression: 

 
r⃗୦୩୪

୥
= Rன r⃗୦୩୪

ୱ = ൥
cosω sinω 0

−sinω cosω 0
0 0 1

൩ r⃗୦୩୪
ୱ  

(3.3) 

The unit vector of the diffracted beam (Rଵ
ሬሬሬሬ⃗ ) intersect the detector at the 2θ and η angles as shown 

in figure 3.7(a): 

 
Rଵ
ሬሬሬሬ⃗ = ൥

cos2θ
−sin2θsinη
sin2θcosη

൩ 
(3.4) 

Through substitution of Eq. 3.4 in Eq. 3.1, and considering that the incident beam vector, R଴
ሬሬሬሬ⃗ , is 

[1, 0, 0], the scattering vector is expressed as: 

 
qሬ⃗ = ቎

−sinθ
−cosθsinη
sin2θcosη

቏ 
(3.5) 

η is the angle between the vertical axis of the diffraction pattern and the line connecting the 

center point of the rings to the peak’s center position (see figure 3.7(a)).  Euler angles (ϕଵ, ϕ, 

ϕଶ) are used for calculating the transformation matrix that converts the crystal coordinates of a 

grain to the sample coordinates (Eq. 3.2).  Using the Eqs. 3.3-3.5, the scattering vector in the 

sample coordinate system can be expressed as: 

 
቎

r୶
ୱ

r୷
ୱ

r୸
ୱ

቏ = ൥
cosω −sinω 0
sinω cosω 0

0 0 1
൩ ൥

−sinθ
−cosθsinη
sin2θcosη

൩ 
(3.6) 

where r୶
ୱ, r୷

ୱ, r୸
ୱ are the components of r୦୩୪

ୱ . The energy of the incident beam in zirconium and 

magnesium are 78.39 KeV and 51.996 KeV respectively therefore the angle, θ, can be 

determined for each (hkl) plane using Bragg’s law.  Hence, the ω-rotation satisfying the 

diffraction condition for a particular (hkl) plane can be calculated using the following equation: 

 r୶
ୱcosω + r୷

ୱsinω = −sinθ (3.7) 

The position of peaks on the detector can be determined by intersecting the diffracted beam 

vector at a specific ω-rotation with the plane of detector.  The peak position on the detector is 

hence expressed as: 
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P୷ =

Rଵ୷

Rଵ୶
D −

Rଵ୷

Rଵ୶
COM୶

ன + COM୷
ன 

(3.8) 

 
P୸ =

Rଵ୸

Rଵ୶
D −

Rଵ୸

Rଵ୶
COM୶

ன + COM୸
ன 

(3.9) 

where P୷ and P୸ are the peaks’ positions in the horizontal and vertical direction respectively, and 

Rଵ୶, Rଵ୷, and Rଵ୸ are the three components of the diffracted beam vector Rଵ, and D is the sample 

to detector distance. 

3.3.4  Post-Analysis of grain maps 
After indexing grains and performing grain refinement, the COM of each grain is acquired in the 

measured later.  These layers are used to create the grain map for the entire scanned volume.  

Since grain morphologies are not available from a 3D-XRD experiment, complexity arises when 

joining two layers.  The main problem that should be tackled in this process is finding grains that 

exists in two or multiple layers.   One way used in finding those grains is setting a misorientation 

limit (i.e. misorientation between c-axes of grains and total misorientation between grains) 

between the grains in their distinct layers and distance limit between their COMs.  

3.3.4.1 Misorientation limit 
The misorientation limit between the c-axes of the separated grains and their total misorientation 

limit are kept equal.  Since the zirconium specimen is textured and the magnesium sample is 

extremely textured, the appropriate limit is required to be chosen such that all the separated 

grains are picked up and pairing of grains with the “wrong” orientation is avoided.  A study is 

conducted to investigate the number of paired grains (i.e. merging of sectioned grains) as a 

function of the misorientation limit.  This investigation was conducted for the preload step. 
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Figure 3.8: Variation of number of paired grains with angular misorientation limit in 
pairing grains during grain map construction for (a) Zr and (b) MgAZ31 

For both zirconium and magnesium samples, the observed trends, in figure 3.8, are similar.  The 

number of paired grains rises significantly, with a small change in the misorientation limit, and 

then converges at a specific number of paired grains followed by a linear positive slope.  In the 

initial rise, the separated grains are picked up since their misorientation is quite low.  The 

convergence indicates that most of those separated grains have been picked up and then the 

linear slope portrays grains that have been paired up with the “wrong” grain due to their similar 

orientation.  Hence, the appropriate limit that can be used for both specimens is the point of 

convergence, which is 2° for zirconium and 0.5° for magnesium.  However, due to orientation 

distribution within grain with plastic deformation, with increasing the applied strain, an 

additional 0.5° is added to the stated limits leaving the final limits as 2.5° and 1° for zirconium 

and magnesium respectively.  The limit for magnesium is clearly lower than zirconium’s because 

of its higher texture. 

3.3.4.2 Distance Limit 
The second criterion used, limits the distance between the two separated grains.  For this 

experiment, since the size of the grain is small compared to detector pixel size, the grain’s 

morphology cannot be acquired.  However, the volume of the grain can be obtained from the 

intensity of the diffracted peaks and this feature can be used for this criterion.  Several methods 

are used to identify the separated grains based on the distance criterion (see Fig. 3.9).   
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Figure 3.9: Schematic of a single grain in two separate layers 

The first method imposes a fixed distance limit, d, between the COMs of the separated grains.  

Through this criterion, all separated grains with their COMs less than the fixed distance are 

captured and paired.  The trend, shown in figure 3.10, is the same for both specimens, where the 

number of paired grains converges at a specific point and then slowly increases again. Large 

separated grains could fall in the large distance-limit hence paired large grains might not be 

accurate through this method.  

 

Figure 3.10: Variation of the number of paired grains with the distance limit (between 
COMs of paired grains) for (a) Zr and (b) MgAZ31 

(a) (b) 
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Another distance criterion method is the addition of the radii of both grains. The grain 

morphologies are not known however the calculated volumes can be used for assuming that the 

grain shape is sphere. For the grains to be paired up, ideally the summation of the radii of both 

grains should be equal to the distance between their COMs.  Since the grains are not exactly 

sphere and the calculated volumes have their own error bars associated to them, a tolerance value 

is added to the radii summation. 

 

Figure 3.11: Variation of the number of paired grains with the added tolerance to 
summation of the radii of the paired grains for (a) Zr and (b) Mg AZ31B 

The graphs in figure 3.11 shows the variation of the number of paired grains with the added 

tolerance, to the summation of the radii of the separated grains.  The observed trend in both 

specimens is inconsistent for large tolerances illustrating that the captured large grains might not 

be the correct grains. This method could be ideal for equiaxed grains due to the assumption of 

spherical shaped grains however in the presence of nucleated or propagated twins, glitches could 

occur due to the significant difference between the assumed shape, sphere, and the actual shape, 

needle. 

The final method is having a separate tolerance for each COM coordinate of the separated grains. 

Since EBSD measurements were conducted prior to 3D-XRD experiment, measured grain sizes 

were used to validate our merging approach. The main measured EBSD was firstly sectioned 

using the thickness of 40 microns, as shown in figure 3.12, to be consistent with the X-ray beam 
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size used in the 3D-XRD experiment. In the sectioned EBSD map of zirconium in figure 3.12, 

the COM of most of the separated grains are barely changing in the y-axis compared to the other 

two axes. 

 

Figure 3.12: EBSD map sectioned into layers to illustrate the divided grains in Pairs 1, 2, 3 

If a spherical grain is separated by a plane normal to the z-axis, the COMs of the separated grains 

in the z-direction will be significantly shifted from the original position but remain the same in 

the other two direction. Likewise, the same concept can be applied when this spherical grain is 

separated by any other plane.  In figure 3.13, the separated grains in layer 11 and layer 12 of the 

first step of the zirconium specimen are shown.  From the same figure, the COM coordinates in 

the x-axis and y-axis are similar in both layers but different in the z-axis due to the shift in the z-

direction during scanning.   
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Figure 3.13: X-Y Plane of the paired grains in Layers (a) 11 and (b) 12 in the 1st step of Zr. 
The figure demonstrates that all the grains have the same x- and y-coordinates 

To summarize the above methods, the misorientation criterion can be explicitly chosen based on 

the studies carried on both specimens. However, the distance criterion for all three mentioned 

procedures do not possess a clear value.  Unlike the second method, the first and third method 

can estimate an approximate value for the distance criterion.  One main challenge in this criterion 

is pairing up large separated grains due to the large distance between the COMs of their 

separated grains.  The first and third method provide the same number of paired grains for 

similar limits, and hence were used in this study. 

  

(a) (b) 
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Chapter 4 

4. Analysis of 3D-XRD experiment on zirconium  
This chapter focuses on providing a statistical analysis of the results acquired through the 3D-

XRD experiment on zirconium.  These results are then verified with the orientation maps 

acquired from EBSD analysis by comparing the texture and grain sizes. Next, further data 

analysis are conducted to investigate evolution of stresses in individual grains through the entire 

experiment.  An algorithm that detects twins is also developed and the results including variant 

selection and Schmid factor of twins are discussed.  The development of stresses and volumes of 

the parent grain is studied pre and post twinning. 

In all of the figures presented in Chapters 4 and 5, the global Cartesian system is labeled as 11, 

22, and 33 representing Beam Direction, Transverse Direction, and Loading Direction 

respectively.  

4.1 Details of 3D-XRD Results 
The conducted synchrotron 3D-XRD experiment was carried out through nine loading steps, as 

shown in figure 4.1, to track grain stresses in the elastic and plastic zones.  Over 11,000 grains 

are captured in the first step with all six components of their stress tensors.  The grain average 

stresses and error bars are recorded in table 4.1. The applied strain provided in table 4.1 is 

measured by the strain gauge attached to the sample.  The macroscopic stress is measured using 

the applied load from load cell and the sample cross-section.  The total number of indexed grains 

acquired through data processing is recorded for each step so as the average number of peaks 

assigned to each grain.  Micromechanical properties, including grains COMs and stresses are 

acquired through data processing and their averages is recorded in the table of results. 

Errors are the highest in the BD while in the other two directions they are approximately the 

same. The reason is that the scattering vector, qሬ⃗ , is oriented toward the LD and TD due and this 

means that there is no component BD leading to high uncertainties.  The error bar becomes large 

due to limited data in the BD.  Moreover, error bars increase through the experiment due to peak 

broadening resulting from plastic deformation and the reduction in the total number of peaks 

assigned to a grain. 
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Figure 4.1: Stress-strain plot of in-situ 3D-XRD measurement of zirconium 

Similarly, the number of indexed grains reduces with the experiment due to the reduction of the 

total number of peaks.  Ideally, the number of indexed grains should increase due to twin 

nucleation, however, a lot of peaks that broaden, shown in the transition between figure 4.2 (a) 

and (b), due to plasticity and exceed the tolerances set in the indexing algorithm.  These peaks 

are rejected during peak analysis leading to an overall drop in the number of peaks in plastic 

zone. On the hand, the number of grains should remain the same, after unloading the specimen, 

however the number of indexed grains is observed to increase.  This increase originates from the 

increase in the number of indexed peaks since the broadened peaks becomes round again after 

unloading allowing it to get picked up by the peak searching algorithm.  
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Figure 4.2: Diffraction patterns of (a) Step-1 (Preload), (b) Step-8 (Applied Load = 220N), 
(c) Step-9 (Unload) 

The weighted average of grain stresses in the LD is matching with the microscopic applied stress 

and those in the other two directions are close to zero showing that the selection of crystal 

parameters in the pre-load step is done accurately.  The three macroscopic stresses provided are 

before alignment, after alignment and after measurement.  Once the sample is loaded to a 

specific load, the specimen is aligned to probe the same volume that was initially scanned.  The 

alignment takes about half an hour. Once the specimen is realigned, the collection of diffraction 

patterns started and it took about 3 hours to fully scan the volume.  During realignment and 

measurement, the stresses in the specimen relaxes, which causes uncertainties in the average 

micromechanical stresses.  In one part of the sample, the stresses could be higher than another 

part since the measurement was taken earlier.  The stress drop occurs exponentially where the 

majority of stress relaxation occurs during sample alignment.  Therefore, the average 

microscopic stress should be compared with the macroscopic stress during the diffraction 

measurement period. 

  

(a) (b) (c) 
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Table 4.1: 3D-XRD Table of Results for Zirconium 
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4.2 Comparison between EBSD and 3D-XRD 
The EBSD map was measured before conducting the 3D-XRD experiment. The post-processed 

data from the first step of 3D-XRD, the pre-load step, is compared to the EBSD measurement.  

One of the benefits of EBSD over 3D-XRD is its ability to capture grain’s morphology due to its 

high spatial resolution.  This feature is important in understanding the evolution of twins shape 

during deformation.   

The EBSD data captures the grains on the surface of the specimen while the 3D-XRD data 

captures the entire 3D scanned volume.  Therefore, only the results from sample surface 

measured by 3D-XRD is compared to those from EBSD. This is done by partitioning the top 60 

microns, in BD, of the reconstructed grain volume.  Texture and grain sizes are compared. 

4.2.1  Texture 
Since the same specimen was used in both techniques, the Euler angles should ideally represent 

the same texture.  One way to view the overall texture and compare the results is to compare the 

misorientation of the basal plane normals and the prism plane normals with the lab (global) 

coordinate.  Figures 4.3 (a)-(d) shows the distribution of the misorientations between basal and 

prism plane normals with the BD and LD from both techniques. From figures 4.3(a) and 4.3(c), 

the trend clearly demonstrates that there are almost no grains with their c-axes oriented along 

BD.  This good agreement, observed in figures 4.3 (a)-(d), illustrates that the 3D-XRD results for 

texture measurement are accurate.      
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Figure 4.3: Texture comparison between EBSD & 3D-XRD, misorientation of (a) c-axis 
with BD, (b) c-axis with LD, (c) prism plane normal with BD and (d) prism plane normal 

with LD 

4.2.2  Grain Sizes 
Grain’s volume acquired through 3D-XRD is computed using the intensity of the diffracted 

beam.  The actual volume of a grain is calculated using the following expression: 

 
V୥

୧ =
Vୖ ୥

୧

∑ Vୖ ୥
୧୬

୧ୀଵ

V୔ 
(4.1) 

Vୖ ୥
୧ is the relative volume of the grain measured in 3D-XRD experiment, n is the total number 

of measured grains, and V୔ is the physical volume of the scanned specimen.    Using the physical 

volume, and assuming that grains are spherical, grain diameters are calculated to compare with 

(a) 

(d) (c) 

(b) 



48 
 

 
 

those from EBSD.  Since grains are equiaxed it was assumed that grains are spherically shaped.  

Similarly, the grain areas, in EBSD, are directly computed from the map since their shapes are 

known and their diameters are calculated by assuming that grains are circular. From figure 4.4, a 

good agreement is observed for the grain size distribution from both techniques.  A bimodal 

distribution is observed in the trends where the first peaks is at 20 microns and the second, yet 

weaker peak is at 120 microns showing that the specimen had lots of small grains with some 

bigger grains.  The trends are well matched in both techniques confirming the validity of the 

measured 3D-XRD data.   

 

Figure 4.4: Grain size comparison between EBSD & 3D-XRD 

4.3 Post Analysis 
Diffraction measurement of each loading step during 3D-XRD experiment is independent from 

other steps.  This simply means that the ID of a grain in one step is not the same in the 

consecutive step.  Therefore, the MATLAB script developed by Abdolvand et al [65] was used 

and updated to match the grain IDs between any two steps.  The neighbors of one grain is 

recorded from one step and the same grain is searched in the next step and once found, the 

recorded neighbors are matched with the neighbors of the matched grain. The aim of this process 
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is to track stresses of a single grain through the entire experiment.  To have a unique grain ID 

assigned to each grain from each step, grains positions and orientations are independently 

compared.  Each grain from the new step is compared with all the grains in the previous step.  If 

the total misorientation as well as basal plane misorientation between the two grains in the 

different steps are less than 2.5° for Zr. and 1.5° for MgAZ31 and the distance between their 

COMs is less than 55 microns for Zr and 60 microns for MgAZ31 then the ID of the grain is 

matched.  The rigid body movement between each step is fixed however the distance tolerance is 

still high to account for grains with high plastic deformations and the misorientation tolerances 

are similar to those used in joining layers in a single step.  The neighborhood of the same grain 

ID should also satisfy the same criteria for the grains to be matched.  The neighborhood 

procedure is added to avoid cases where more than one ID is matched.  If the neighborhood is 

not matched or if the grain still has more than one match then they are considered unmatched.   

A reconstructed volume of grains that are matched in steps 2 & 8 is displayed in figure 4.5 (c) 

and compared with all the grains in step 8, displayed in figure 4.5 (d).  The color bar represents 

the c-axis misorientation with BD (x-axis).  The results of these matches can be used to generate 

a matrix of grain IDs in all 9 steps and two methods are proposed to generate this matrix.  The 

first method records grains from two consecutive steps, i.e. grains matched between steps 1&2 

should also be matched between steps 2&3 all the way to steps 8&9.  In the second method, 

grains are recorded from three consecutive steps, i.e. grains matched in steps 1,2&3 should be 

matched with steps 2,3&4 all the way to steps 7,8&9.  The second method is more conservative 

since the procedure looks at grains matched in at least three consecutive steps, rather than two, 

therefore the number of matched grains is expected to be lower than the first method.  Another 

matrix is also created that shows all the grains, even the unmatched ones, in all steps.   
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Figure 4.5: (a) Macroscopic stress-strain plot and stress-strain plots of all grains that are 
matched in all steps, (b) Macroscopic stress-strain plot and stress-strain plot of hard and 

soft grains, c-axis misorientation with BD (c) of matched grains between step 2 and 8 
plotted in step 2 and (d) sliced grain map in step 8 

The total number of grains matched in all steps is 4335 from the first method and 2557 from the 

second method. The number of matched grains in the second method is less than the first method 

since (a) it is more conservative method and (b) rigid body movement between step ‘n’ and step 

‘n+2’ might be more than the tolerances used for all grains in our grain matching analysis. Using 

the ID of the matched grain, based on the 1st method, grain stresses along the LD (S33) are 

plotted as a function of applied stresses (figure 4.5 (a)). In addition, hard grains and soft grains 

are selected for further analysis. Grains with their c-axis misorientation with LD less than 10୭ 

are hard grains and those with the misorientation higher than 80୭ are soft grains.  Grains with 

(a) (b) 
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hard orientations are those that typically deform plastically by twinning or dislocation movement 

on the pyramidal <c+a> systems. On the other hand, soft grains are those that deform plastically 

by slip on the basal or prism slip systems with low CRSS values.   

Table 4.2: CRSS of slip systems of Zircaloy-2 (α-Zr) [40] and single crystal pure Zr of size 
10 µm [66] 

 

Plane Zircaloy-2, α-Zr, CRSS (GPa) Pure-Zr CRSS (GPa) 

Prism  0.111 0.182 

Basal 0.156 0.322 

Pyramidal 0.307 0.501 

Tensile Twinning 0.232 - 

 

The stress-strain graph in figure 4.5 (a) shows the stresses in all matched grains in red and the 

black line is the applied stress measured by the load cell.  The green plot represents the weighted 

average of the stresses measured for all grains in the probed volume. This trend matches applied 

stress, i.e. macroscopic stress verifying our multi-scale approach.  In figure 4.5 (b), stress-strain 

plots of hard and soft orientation grains are plotted and the graphs clearly displays that the 

stresses in most of the hard grains are larger than soft grains.  In order for the hard grain to attain 

plasticity, a higher stress is required to exceed to the higher CRSS value.  For the same strain, the 

stresses in hard grains are larger than soft grains as shown in the plot.  After unloading the 

sample, the resulting residual stresses in hard grains are tensile stresses while soft grains have 

compressive stresses to fulfill the stress balance.  From the two grain maps in figures 4.5 (c) and 

4.5 (d), most of the grains in step 2 can be observed in step 8 and the new blue colored grains are 

the twins that are nucleated and propagated during the in-situ deformation.  Steps 2 and 8 are 

chosen as an example of the most difficult scenario, since they are the furthest steps with the 

highest rigid body movement and highest difference in plastic deformation thereby highlighting 

the effectiveness of the matching algorithm. 
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Figure 4.6: (a) Grain map and (b) stress distributions in step 4 

 

Figure 4.7: (a) Grain map and (b) stress distributions in step 8 

Stresses, 
Sଷଷ (MPa) 

(a) (b) 

Stresses, 
Sଷଷ (MPa) 

(a) (b) 
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Figure 4.8: (a) Grain map and (b) stress distributions in step 9 

With the increase in the applied load, the shift in the stress distribution along LD occurs towards 

the right.  The shape of the distribution remains gaussian, shown in figures 4.6 to 4.8, with the 

average stresses in the grains equivalent to the applied stress in all directions.  The grains 

average stresses should be equal to the applied stress to enforce force equilibrium.  During 

unload, the distribution shifts back to the left as a result of stress drop.  The distribution range 

changes in each step where it increases in the plastic zone from step 3 (onset of plasticity) to step 

8 and decrease from maximum applied strain (step 8) to unload (step 9).  The increase in the 

distribution arises from the increase in the force interaction at grain boundary due to several 

deformation mechanisms, including deformation twinning.    

The texture of the sample is engineered for twinning since a large portion of the grains have their 

c-axis oriented along the tensile loading direction.  The change in the pole figures is one of the 

methods to monitor deformation twinning since it demonstrates the evolution of the specimen’s 

texture under tensile load and this is demonstrated in figure 4.9. 

Stresses, 
Sଷଷ (MPa) 

(a) (b) 
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Figure 4.9: Stress-based (0002) pole figures for steps (a) 1 to (i) Step-9. In (a)-(h) colors are 
coded based on measured stresses within grain in loading direction and in (i) colors are 
based on stresses in LD, 𝑺𝟑𝟑. The size of each spot is proportional to the measured grain 
relative volume. 

Figure X displays the basal plane (0002) pole figures of all grains in all steps and the color bar 

represents stresses along the LD. This pole figure is basically the stereographic projection of the 

(0002) plane from each grain on a sphere. Each dot on the pole figure represents a grain and the 

size of the dot is proportional to the volume of the grain.  In all figures, the east and west sides of 

the pole figure, representing LD (z-axis), has higher stresses compared to the north and south of 

the figures, resembling the TD (y-axis).  This simply shows that the hard grains, oriented along 

(a)  

(f) (e) (d) 

(c) (b) 

(i) (h) (g) 

Sଷଷ (MPa) Sଷଷ (MPa) Sଷଷ (MPa) 

Sଷଷ (MPa) Sଷଷ (MPa) Sଷଷ (MPa) 

Sଷଷ (MPa) Sଷଷ (MPa) Sଷଷ (MPa) 
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LD, have higher stresses compared to soft grains, oriented along TD.  Moreover, there are nearly 

no poles around the center, BD (x-axis), at the beginning of the experiment.  However, as soon 

as the specimen enters the plastic region in steps 3 and 4, a cluster of spots appear around the 

center of the plot.  Those poles represent the deformed twins nucleated upon loading in the 

plasticity region.  In figures 4.9 (c) to (h), the stresses in the cluster of poles around BD are all 

lower than the stresses in the LD and this essentially means that the stresses in the twins along 

LD are relaxed compared to their parents.  The number of spots around the center increase and 

their volumes also increases toward the end of loading indicating the rise in the twin volume 

fraction. 

 

Figure 4.10: (a) Schematic of a twinned grain in two layers and (b) Verification plot of the 
orientation between the parent and twin 

4.4 Deformation Twinning Results 
In the previous section, the overall trends of deformation twinning are discussed however 

capturing parent-twin pairs requires a different strategy.  Twins in the grain maps and pole 

figures are considered as separate grains due to their unique orientation compared to their 

neighboring grain, i.e. parent grain.  The misorientation between the c-axes of a parent and twin 

grain should be 85.25୭ ± 5୭ and the twin habit plane should be the same for both parent and 

twin grains and this means that the misorientation between the plane normal of both grains 

should be less than 5୭.  Twin habit plane is the plane shared between the twin and parent, and for 

Zr and Mg samples are the {1 -1 0 2} planes. The twin-parent matching code starts by looking 

(a) 

(b) 
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for grains that are not matched in the previous step, i.e. new grains, and records them as potential 

twins.  All unmatched grains, i.e potential twins, in the same measured layer, demonstrated in 

figure 4.10, are the potential twins and are tested for both orientation criteria and distance 

criteria.  Rather than checking for the parent grain in all layers, the search is restricted to the 

layer where the twin was detected thereby improving the computational efficiency and ensuring 

that both twin and parent grains are close to each other regardless of the distance between their 

COMs.  However, before the misorientation criteria is tested, the distance between COMs of the 

potential parent and twin should less than the summation of their radii.  If these potential twins 

satisfy the first criterion of c-axes misorientations, the second criterion is tested by ensuring that 

the twin habit plane is one the six variants of {1 1 0 2} tensile twin systems. This was done by 

calculating the normal to the habit plane using the parent and twin orientation and ensuing that 

the two normals are aligned (misorientation < 5°).   Even though misorientation were kept below 

5°, the produced results of all parent-twin pairs that satisfied all the criteria are plotted in figure 

4.10 (b) and the trend show that most of the pairs have their misorientations less than 1° thereby 

illustrating excellence in the accuracy of the recorded pairs. 
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Figure 4.11: Scatter plots of parent-twin pairs for (a) Step 4, (b) Step 5, (c) Step 6, and (d) 
Step 8. Colors represent c-axis misorientation with LD and the size of spheres are 

proportional to the measured relative volume for each grain. 

Using this algorithm, the nucleated twins are captured by searching for new grains between two 

consecutive steps starting from step 1 to step 9.  Those twins are then matched with the latter 

steps to capture the trends in their stresses and volumes.  The same process is also carried out on 

the parent grains and the trends in their properties are compared to those of twins.  Figure 4.11 

shows the parent-twin pairs nucleated in steps 4, 5, 6 and 8.  From the figures, the twins are red 

in color and parents are blue and since the twins are just nucleated, the parent grains are larger 

than twins. Ideally, a cluster of three grains that includes the two split parent grains and twin 

grain would be expected in the map.  However, due to the low spatial resolution of the technique, 

(a) 

(d) (c) 

(b) 
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the diffracted beam from the split grains may overlap and appear nearly on the same collection of 

pixels of the detector.   

 

Figure 4.12: Progression of twin number and volume fraction with respect to the applied 
strain 

All grain IDs acquired for all parent-twin pair in every step is assembled in a matrix.  Using this 

matrix, the total number of twins can be quantified in figure 4.12 as twin number and volume 

fraction and the number of twins in each step is tracked through this method.  The final twin 

volume fraction, after deformation, is close to the value provided in the literature, [4], however 

the variations occurring during deformation is inconsistent with the trends in the literature. The 

twin volume fraction in this experiment is calculated as the summation of the relative volume of 

twins divided by the summation of the total volume of all grains in the scanned volume.  Another 

interesting observation is the rise in the twin volume and number fraction upon unloading the 

specimen in the last step.  Upon increasing the applied strain in the plasticity region, the 

nucleated twins continue to grow [29].  This results to larger and brighter peaks for bigger twins, 
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which can be captured by the peak-searching algorithm.  In addition, upon unloading, the elastic 

lattice rotation within grains will be restored resulting in better match between simulated peak 

and measured peak from the experiment and increasing the grain indexing rate (more peaks will 

fall under the determined tolerance for peak search).  Similar to the first three steps in the plastic 

region, bright and round peaks are easily captured by the peak-searching algorithm. 

   

 

Figure 4.13:  Twin Local Schmid Factor as a function of twin Global Schmid Factor for 
twins nucleated in steps 2 to 8 

Understanding twin nucleation is the first step for developing predicting numerical models.  The 

main factor that causes twin nucleation in any parent grain is the misorientation of the c-axis of 

(a) (b) (c) 

(d) (e) (f) 

(g) 
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the parent grain with the loading direction or simply the Schmid factor of the any six twin 

variants.  Generally, Schmid factor resembles the likelihood of activating a slip or twin system 

depending on the direction of the applied load.  The higher the Schmid factor, the higher the 

chance that the slip or twinning system is activated.  Therefore, in the case of tensile twinning, 

the variant with the highest Schmid factor is expected to twin as opposed to the other twins.  In 

an ideal case where the c-axis is oriented along the loading direction for a uniaxial loading 

situation, the Schmid factor reaches a maximum value of 0.5 and crystal is the best position to 

twin.  The results in figure 4.13 show the relation between the local Schmid factor (LSF) and  

global Schmid factor (GSF) of each nucleated twin from the 2nd step all the way to unload.  The 

LSF is calculated using the tensorial average stresses of the parent grain in the global coordinate 

in the step prior to twin nucleation step.  For example, if the twin nucleated in step 5, the 

measured tensorial stress of the parent in step 4 is used for calculating LSF.  The GSF is 

calculated using the unit vector of the applied load.  In all steps, the trend shows that most of the 

twins generate at a high Schmid factor regardless if its LSF or GSF and a linear relation between 

LSF and GSF.   In all the trends, there are few twins with low LSF and GSF that disproves the 

general understanding that the parent grain needs to be a hard grain to twin.  These grains could 

have probably twinned due to the stresses in the neighboring grains or stress/misorientation 

gradient at the grain boundary.  Another possible explanation would be twin extension from the 

neighboring grain to the parent grain.  Finite element modeling and deep analysis of 3D results 

are required to confirm which mechanism is active.   
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Figure 4.14: The rank of twinned variant (a,d), in 4 and 5 respectively, based on Global 
Twin Schmid factor (b,e), in 4 and 5 respectively, Local Twin Schmid factor using the 
measured stress in the parent before twinning (c,f), in 4 and 5 respectively, Local Twin 

Schmid factor using the measured stress in the parent after twinning. 

Figure 4.14 demonstrates the rank of twinned variant and sorts them from the highest variant to 

the lowest, where highest has the highest Schmid factor.  The top 3 figures belong to twins that 

nucleated in the 4th step and the bottom 3 figures belong to twins that nucleated in the 5th step. 

Ideally, all grains are expected to twin at the variant with the highest Schmid factor and all the 

grains would appear at the 1st rank.  According to figures 4.14 (a), (b), (d), and (e), most of the 

twins in step 4 and 5 twinned with their strongest variant.  However, there are many other grains 

that are twinned with low Schmid factor. In figure 4.14 (f), the LSF is calculated from the parent 

grains in the same step as the nucleation step and the trend is completely different from the 

expected trend since the stresses in the parent grain changes after twin nucleation. This shows 

that once twinning happen, the status of the stress within the parent changes and the most active 

variant may not stay as the predominant variant.  

(d) (e) (f) 

(a) (c) (b) 
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Figure 4.15: (a) 𝑺𝟏𝟏, (b) 𝑺𝟐𝟐, (c) 𝑺𝟑𝟑 of the parent and twin pairs in step 4 and (d) 𝑺𝟏𝟏, (e) 
𝑺𝟐𝟐, (f) 𝑺𝟑𝟑 of parent and twins in step 5 

Figure 4.15 shows the measured stresses in all parent and twin grains after twins have nucleated 

in step 4 and 5.  The stress plotted in figure 4.15 are in the global coordinate system of the 

specimen.  The numbers displayed in the figures using the tracker and the red circle are the 

average for all pairs.  In step 4, the average stress, in the LD (Sଷଷ), in the twin (253.5 MPa) is 

lower than the parent grain (295.3 MPa) and this same trend is observed between the twin (249.4 

MPa) and parent grain (296.5 MPa) in step 5.  On the other hand, the stresses in the other two 

axes are lower in the parent compared to the twin for both steps [40], [67].  Results discussed in 

the past confirm the trends acquired from figure 4.15 and the probable explanation of this 

behavior would be the crystallographic orientation of the parent and twin grains.  The parent 

grain has a hard orientation in contrast to the twin.  The lack of slip activity in a hard orientation 

causes an increase in the lattice strain as opposed to the soft oriented twins. 

4.5 Conclusions 
An algorithm was developed to capture the twins that nucleated during in-situ deformation of a 

zirconium sample. Local and global stresses were used to calculate Schmid factors and it was 

shown that many nucleated twins have high local and global Schmid factor.  It was also observed 

that a few parent grains having low twin-Schmid factors.  This indicates that resolved shear 

(a) (c) (b) 

(d) (f) (e) 
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stress is not the sole factor of deformation twinning and other mechanisms that lead up to 

deformation twinning is happening.  Variant ranks were used to determine whether twinning 

occurs on the variants with the highest Schmid factor. With using the grain-measured stresses 

after twinning the twin ranks are shown to become disordered which indicates that the active 

variant does not stay as active, once a twin is formed.  This is because the stress state in the 

parent grain after twinning is significantly changed in comparison to grain-stress prior to 

twinning.  Stresses in twins along the loading direction are relaxed compared to the stresses in 

the parent grains.  This is due to the hard and soft orientations of the parent and twin grains 

respectively.  This also explains the high stresses in twins along the other two axes. Twin volume 

and number fraction were recorded for every step and plotted with respect to strain. It was shown 

that the calculated twin volume fractions overestimate the expected twin volume for small 

macroscopic strains.  
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Chapter 5 

5. Analysis of 3D-XRD results on Mg AZ31 
This aim of this chapter is to discuss the results of 3D-XRD experiment on the MgAZ31 

specimen after post-processing the raw diffraction patterns.  This section discusses the measured 

grain maps as well as the evolution of texture as function of applied load.  Macroscopic and 

microscopic stress evolution, nucleation of twins, de-twinning, variant selection, as well as the 

state of the stress within twin and parent pairs are discussed.   

 

5.1 Details of 3D-XRD results 
This 3D-XRD experiment was carried out through nine loading steps and it is the 1st ever in-situ 

cyclic loading experiment done so far.  Over 8,000 grains are captured for which the six 

components of the stress tensor were measured individually.  The grains-average stresses and 

error bars are recorded in table 5.1 with other information such as COM error bars and the 

macroscopic applied stress. Similar to the zirconium experiment, the macroscopic strain was 

measured by tracking the movement of silver wires mounted on the specimen, as well as by the 

strain gauge that was attached to the specimen. All other measurements including macroscopic 

stress and micromechanical stresses are recorded in the same procedure as the zirconium 

experiment. 
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Table 5.1: 3D-XRD Table of Results for Mg AZ31 
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The in-situ 3D-XRD experiment was conducted on a MgAZ31 specimen and measurements were 

done at 5 different steps.  The stress-strain curves of the in-situ and ex-situ experiments are 

provided in figure 5.1 (d).  The first measurement is taken before applying any significant 

macroscopic load (pre-load strep), the second measurement is taken after the specimen was 

compressed to the onset of plasticity and the third measurement was taken after the specimen 

was loaded to the plastic zone.  The fourth measurement was taken after unloading the specimen 

and the final measurement was taken after loading the specimen to 25MPa of tensile stress. 

Using these five measurements, information about individual grains can be acquired through the 

entire cyclic loading experiment.  The maximum strain is about -0.3% at the 3rd step.  

 

Figure 5.1: Diffraction patterns in (a) Step-3, (b) Step-4, (c) Step-5, and (d) Stress-strain 
curves of in-situ and ex-situ experiments 

(d) 

(a) (c) (b) 
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During the diffraction measurement, an X-ray beam height of 0.1 mm (10 layers) was used for 

the first two steps, but this beam height was reduced in the following three steps to 0.05 mm (20 

layers).  The number of indexed grains is initially 8180 as provided in table 5.1 and then it rises 

due to the increase in the number of grains in the scanning volume as the specimen is being 

compressed thereby allowing more of the specimen to fall into the scanning range.  This is also 

reinforced by twinning. This number drops after the specimen reaches plasticity due to peak 

broadening thereby exceeding tolerances in peak searching stage.  After unload, the diffraction 

peaks become round due to releasing part of the elastic rotations thereby reducing the width of 

the peak and they fall back within peaksearch.  The number of indexed grains is then drastically 

reduced because the specimen fractured during the measurement stage. Among the 20 layers 

covering the scanned volume, only 14 layers are measured in the last step corresponding to 70% 

of the entire volume. When comparing this volume to 70% of the volume in the remaining steps, 

the number of grains increases from the previous steps due to peak narrowing as dislocations re-

arrange and may annihilate upon stress reversal [68].  The measured peaks for steps 3 to 5 are 

provided in figures 5.1 (a) to (c).  The stress drop during the measurement period is lower 

compared to zirconium since applied stresses are much lower than those applied for zirconium 

and since magnesium does not creep as much. 

 

5.2 Grain maps and texture analysis 
The matching process between any two steps is also conducted for the five loading steps in the 

magnesium experiment.  Three different matching strategies are conduced, the first is between 

two consecutive steps, the second is between three consecutive steps and the final one combines 

all grains from all steps into one matrix.  The maximum possible number of matches that can be 

acquired through all steps is equal to the step with the lowest number of indexed grains (step 5: 

5980 grains).  Using the first method, 4252 grains are captured and this is more than 70% of the 

indexed grains.  In the second strategy, 3992 grains are captured since its more conservative than 

the first strategy.  The final strategy records 9955 grains in a matrix combining all the grains 

from all steps.   
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Table 5.2: CRSS of slip systems on Mg AZ31 [45] 

Plane CRSS (GPa) 

Prism 0.06 

Basal 0.12 

Pyramidal 0.1 

Tensile Twinning 0.04 

 

From figure 5.2 (a), a good agreement is observed between the weighted average of grain 

stresses and the applied macroscopic stresses. This confirms the selection of the initial 3D-XRD 

parameters as well as the single crystal parameters.  Grains with their misorientation between the 

c-axis and LD less than 10୭ are defined as hard grains and more than 80୭ are defined as soft 

grains.  The soft grains will deform plastically on the system with low CRSS values provided in 

table 5.2.  From figure 5.2 (b), the hard grains clearly have a higher compressive stress during 

compressive loading in contrast to soft grains.  However, upon reversing the load, the soft grains 

reach higher stresses since the starting point after unload in hard grains is lower compared to soft 

grains. The average microscopic stress of soft grains in all steps is close to the macroscopic 

stresses since almost all the grains in the specimen are soft grains.  The hard grains demonstrated 

in figure 5.2 (b) are the only hard grains among all 4252 grains that are captured from the 

matching algorithm.  The two grain maps provided in figures 5.2 (c) and (d) are the results of the 

matching process.  Grain map in figure 5.2 (c) shows the matched grains between steps 1 and 5 

with their COMs plotted in the 1st step and figure 5.2 (d) shows the entire grain map in step 5.  

All grains in figure 5.2 (c) are also seen in figure 5.2 (d) and some extra grains in figure 5.2 (d) 

representing the unmatched grains where most of them are twins (blue grains). 
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Figure 5.2: (a) Macroscopic stress-strain plot and stress-strain plots of all grains that are 
matched in all steps, (b) Macroscopic stress-strain plot and stress-strain plot of hard and 

soft grains. The c-axis misorientation with LD of Step-1 & 5 matched grains are plotted in 
(c) step 1 and (d) sliced grain map in step 5 

Figures 5.3, 5.4, and 5.5 demonstrate the changes in the stress distributions and peak height upon 

stress reversal. Similar to zirconium, the range of stress distributions increases from step 1 to 

step 3 because of the rise in dislocation density in the plasticity region.  In addition, the shift in 

the peak of the distribution of stresses in LD, Sଷଷ, also occurs due to increase in the macroscopic 

load in the same direction.  Bauschinger effect is observed in the figure 5.2 (a) in the 

microscopic and macroscopic behavior of the specimen. Upon unloading and reversing the load 

in the tensile direction, the sample yields at about 2 MPa corresponding to step 4. This is 

(a) (b) 

(c) (d) 
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demonstrated in average grain stress-strain curve in figure 5.2 (a) where the slope of the curve in 

the elastic zone between steps 1 and 2 is parallel to the slope between steps 3 and 4 and not 

beyond that.  The same stress-strain curve is also observed for Mg AZ31 cyclic loading in the 

literature [69].  The same behavior is observed in a different study conducted on Mg ZK60 and 

the behavior is termed as ‘Strong Bauschinger effect’ [70].  

 

Figure 5.3: (a)Grain map and normal stresses (b)𝑺𝟏𝟏, 𝑺𝟐𝟐, and (c)𝑺𝟑𝟑 distributions in step 3 

(a) (b) 

(c) 
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Figure 5.4: (a)Grain map and normal stresses (b)𝑺𝟏𝟏, 𝑺𝟐𝟐, and (c)𝑺𝟑𝟑 distributions in step 4 

 

Figure 5.5: (a)Grain map and normal stresses (b)𝑺𝟏𝟏, 𝑺𝟐𝟐, and (c)𝑺𝟑𝟑 distributions in step 5 

  

 

(a) 
(b) 

(c) 
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The transition in stress distribution between steps 3 and 4 in figures 5.3 and 5.4 reveals that the 

stress range drops upon unloading.  The likely explanation to this behavior is the reduction in the 

stress distribution in individual grains due to elimination of elastic lattice strains and rotations.  

The stress distribution in the unload step is still higher than those of preload since the permanent 

movement of dislocations has caused orientation and elastic strain distribution between and 

within grains.  During loading in the opposite direction, steps 4 to 5, the distribution of stress is 

reduced with an increase in the height of the peak as shown in figures 5.4 and 5.5.  The possible 

explanation is that dislocations created in step 3 are now re-arranged and may annihilate when 

stress is reversed. This further confirms the trend observed in the variation of the number of 

indexed grains (section 5.1). 
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Figure 5.6: Pole figures of steps 1 to 5: each dot resents a grain, and the size of the dot is 
proportional to the measured grain volume. Dots are color codes with respect to the 

measured stress. 

Figure 5.6 shows the texture of grains in each step (Full description of the figure is provided in 

section 4.3).  In all figures, the stresses in the grains oriented along BD is lower than those 

oriented along LD.  Since most of the grains are oriented along the BD, the average stress in the 

entire map is approximately the same as the average stress in soft oriented grains.  Initially, there 

are few spots along BD however from step 3, a cluster of spots show up on the pole figure along 

LD signifying the nucleation of twins.  The nucleated twins are oriented along the LD rather than 

TD due to preferential selection of the predominant twin variant (see below). 

 

(a) (b) (c) 

(d) (e) 

Sଷଷ (MPa) Sଷଷ (MPa) Sଷଷ (MPa) 

Sଷଷ (MPa) Sଷଷ (MPa) 
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5.3 Twinning in 3D  

Figure 5.7: Grain maps of parent grains and twins in (a) Step-2, (b) Step-3, and (c) Twin 
volume fraction 

The grain maps in figures 5.7 (a) and (b) show the nucleated twins in the 2nd and 3rd loading 

steps.  The color bar represents the misorientation between the c-axis of the grains and the LD.  

The red spheres are the parent grains since they are oriented along BD and the blue spheres are 

the new grains representing twins similar to the results observed in the pole figures.  From the 

(a) (b) 

(c) 
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maps, it is clear that the red spheres are larger than the blue spheres since twins shown in the 

maps are the ones that just nucleated and therefore their volume is still small compared to the 

parent grain. 

All parent grains and nucleated twins in each step from 2nd to 5th step are used for creating a 

matrix that adds up the pairs in the all steps and tracks the ID of the grains using the matching 

matrices.  Using the final matrix with all the parent grains and twins in each step, the evolution 

of twin number and volume fraction is plotted in figure 5.7 (c).  As expected, the twin number 

and volume fraction is initially close to zero.  With increasing strain, twin volume fraction 

increases until maximum strain in step 3.  During unload and load reversal, the twin volume 

fraction in specimen reduces due to de-twinning.  The twin volume fraction acquired in the 

experiment from step 3 is larger than the values provided in literature [45].  The same 

disagreement is observed in the early stages of plasticity in zirconium but the final twin volume 

fraction after unload matches with the value in literature [4].  The possible reason for this trend is 

the fact that twins have an extremely high aspect ratio and small volume right after nucleation 

and this leads to uncertainties in the measured volumes from diffraction peak intensities. 

However, as the applied strain increases, the twins grow and the aspect ratio reduces.  The 

reduction in the twin volume fraction after step 3 is because of detwinning during unload and 

load reversal. Crystal plasticity numerical simulations are required to understand the onset and 

mechanism of de-twinning.  

 

Figure 5.8: Twin Local Schmid Factor (LSF) vs Twin Global Schmid Factor (GDF) in (a) 
Step-2 and (b) Step-3 

(a) (b) 
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The relation between twin Local Schmid Factor (LSF) and Global Schmid Factor (GSF) in twins 

nucleated in steps 2 and 3, in figure 5.8, show similar trends to zirconium.  While many parent 

grains have their twins at high GSF and LSF, some grains have low LSF and GSF in both steps.  

The LSF is calculated based on the stresses in the parent grains in the step prior to formation of 

twins.  In contrast to zirconium, the direction of the applied load is negative (compressive stress) 

which is accounted for in the calculation of GSF.  Grains with high Schmid factor in the 

twinning systems always tend to twin because their orientations favor twinning over slip.  Even 

though twins occur at high Schmid factor, some twins can also with low Schmid factor due to 

grain neighborhood effects or size effects. This should be further investigated with numerical 

simulation.  

 

Figure 5.9: The rank of twin variants: Global and local ranks based on stresses prior to 
twinning and after twinning in step-2, (a)-(c), and step-3, (d)-(f), respectively 

Similar to figures 4.13 for zirconium data, the variants that twinned in magnesium are given a 

rank depending on the value of their Schmid factors.  Figures 5.9 (a)-(c) represent the ranks of 

the twins generated at the onset of plasticity and the figures (d)-(f) belong to twins nucleated in 

the plastic zone.  The three figures are ranked based on the stresses in the step prior to twinning 

(a) (b) (c) 

(d) (e) (f) 
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and after twinning.  Results show that most of the parent grains twin at the variants with the 

highest Schmid factor in the case of GSF.  The significance of this experiment is that it shows for 

the first time that all twins are nucleated almost based on the strongest two variants using GSF, at 

the onset of plasticity; however, there is no predominant variant when LSF is used. This 

highlights the use of full-filed models such as crystal plasticity finite element for simulating 

grain-level stresses and twinning. Since the grain-stresses change after twinning a significant 

change is observed in the rank of the twin variants. This signifies the use of in-situ and advanced 

experiment for measuring stresses in-situ as measuring stresses after twinning may be 

misleading.   

 Interestingly, with increasing plasticity, while the twinned variant stays as the predominant one 

(highest GSF), there is no change in LSF comparing to GSF. This is different compared to 

zirconium and it could be related to the elastic and plastic anisotropy of magnesium which are 

much lower than that of zirconium. Further, unlike zirconium, the overall state of the stress 

throughout the grain remains the same and stress within the twin is much closer to the parent. 

This can also be related to the degree of anisotropy in magnesium, however, numerical 

simulation is required to further confirm.  
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Figure 5.10: normal stresses in the twins as a function of the stresses in their parents: 𝐒𝟏𝟏, 
𝐒𝟐𝟐, and 𝐒𝟑𝟑, in step-2, (a)-(c), and step-3, (d)-(f), respectively 

Figure 5.10 shows the stresses in parents and twins after nucleation at the onset of plasticity 

(step-2), and in the plastic zone (step-3).  Like zirconium, the x-axis represents the stresses in the 

parent and y-axis resembles the stresses in twins.  Every single point belongs to a parent grain 

and its corresponding twin and the numbers shown in the plots are the averages of the stresses 

calculated for all twin-parent pairs.  The trends in the stresses are opposite to those observed in 

zirconium.  Unlike zirconium, the twins are now the hard grains and the parent grains are the soft 

grains and this explains the higher stresses (Sଷଷ) in twins as opposed to the parent grain.  

5.4 Repeatability 
Certain techniques can be used to validate the final grain maps and confirm the repeatability of 

the results. Since grains of each loading step is measured independently from other steps, grains 

that show up in one step should also appear in the consecutive step.  This was confirmed in our 

measurements for both Zr and Mg samples. Moreover, two experiments are carried out on two 

different specimens and the results between the two experiments are compared. In both 

experiments it was observed that twins nucleated as the loading increases which is generally in 

agreement with independent 2D EBSD measurements. Another technique is comparing current 

(a) (b) (c) 

(d) (e) (f) 
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results with results in past experiments.  Figure 5.11 shows the residual stresses at preload in the 

current experiment and another experiment from literature. A good agreement is observed 

between the stress distributions of both experiments. Finally, the measured texture from 3D-

XRD for Zr was compared with those from EBSD confirming the repeatability and accuracy of 

orientation measurements.  

 

Figure 5.11: Residual stress distributions for current and past experiment. (a) – (c) is 𝐒𝟏𝟏, 
𝐒𝟐𝟐 and 𝐒𝟑𝟑 distributions respectively for current experiment. 

 
5.5 Conclusions 
With the use of the developed algorithm, twinning and detwinning were captured during cyclic 

loading of a magnesium sample. Like zirconium, many twins were observed to nucleate in grains 

with high Schmid factor with respect to both global and local stresses.  A small population of 

parent grains was also observed to have low twin-Schmid factors.  Most of the twin nucleated in 

the grains with both local and global high Schmid factors. Unlike zirconium, the twin ranks 

acquired from parent stresses after twinning stay the same which indicates that the active variant 

does stay active after twinning.  This is due to the low elastic anisotropy in the magnesium HCP 

crystals.  Stresses in twins along the loading direction are high compared to the stresses in the 

parent grains.  This is due to the soft and hard orientations of the parent and twin grains 

respectively and this also explains the low stresses in twins along the other two axes.  Twin 

volume and number fraction were recorded for every step and plotted with respect to strain.  In 

both cases, fractions were increasing linearly until maximum compressive strain and upon 

unload and stress reversal, the fraction reduced due to detwinning in both steps. Similar to the 

(a) (b) (c) 
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zirconium case, twin volume fractions are larger than expected due to the overestimation of their 

actual volume after nucleation.   
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Chapter 6 

6. Conclusion and Future Work 
6.1 Conclusion 
The scope of this work was to characterize twinning in 3D.  Three-dimensional Synchrotron X-

ray Diffraction (3D-XRD) was used for an in-situ tensile experiment on pure zirconium and an 

in-situ cyclic experiment on a magnesium alloy, Mg AZ31, specimen.  The grain center-of-

masses, Euler angles, average elastic strains and stresses, and volume fraction were measured.  

Over 11,000 grains were captured for zirconium and 8,000 grains in the case of magnesium from 

a total of 4 TB size of diffraction images.  Surface measurements were conducted using EBSD, 

prior to the 3D-XRD experiment on zirconium and the measured pole figures are compared to 

those from 3D-XRD.  The following conclusions can be made: 

- Codes were developed to match measured grains from each loading steps. This was done 

in two steps: (a) matching and adding grains from different layers of each loading step 

and (b) matching grains between two loading steps. 

- Codes were developed to identify twins and find their matching parent grain and follow 

them through deformation steps.  

 

- EBSD results acquired from zirconium were compared with the results from the 3D-XRD 

measurements. Very good agreements are observed for both texture and grain sizes 

distribution confirming the validity of the codes developed for matching layers and steps. 

 

- Both zirconium and magnesium specimen textures were favored to have tensile twins and 

most of these are nucleated at the onset and early stages of plasticity.   

 

- For the first time, twinning and de-twinning was captured in 3D and Bauschinger effect is 

captured for each grain through their stress-strain curves.  

 

- It was shown that twins of zirconium are relaxed comparing to their corresponding parent 

in the loading direction. This was due to the fact that twins mainly nucleated with their c-

axis perpendicular to the loading direction. 
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- It was shown that unlike zirconium, twins in magnesium are, on average, more stressed 

comparing to their parent. This was because the twins of magnesium have their c-axis 

along the loading direction. 

 

- Unlike zirconium, the stresses measured in twins of magnesium were higher than their 

parents.  This is because twins of magnesium are hard grains and their corresponding 

parent grains are soft grains which explains the higher stresses (Sଷଷ) in twins as opposed 

to the parent grain. 

 

- Since the grain-average stresses are measured, both twin global and local Schmid factors 

(GSF, and LSF) were studied in details. It was shown that the predominant twin variant 

has the highest contribution to twin formation, however there are many twins that 

nucleated with low SF.  

 
- For the zirconium sample, it was shown that at the beginning of the onset of plasticity, 

almost all of the twin variants are active equally; however, with more load applied, the 

predominant variant become the most active twin variant. These trends are observed 

using both GSF and LSF, but the contribution of each variant was different when GSF 

was used as oppose to LSF. This is significant for model development. 

 
- It was shown that for the zirconium sample, the use of parent stress after twinning would 

result in completely reverse trend in calculating the twin rank. This shows that once a 

twin nucleated, state of the parent stress changes so that the same twin variant is not 

immediately the favorable variant.  

 
-  It was shown that for the magnesium sample, all twins are nucleated almost based on the 

strongest two variants using GSF, at the onset of plasticity; however, there is no 

predominant variant when LSF is used. This highlights the use of full-filed models for 

simulating grain-level stresses and twinning. Since the grain-stresses change after 

twinning a significant change is observed in the rank of the twin variants. This signifies 
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the use of in-situ and advanced experiment for measuring stresses in-situ as measuring 

stresses after twinning may be misleading.  

 
- It was shown that for the magnesium sample, with increasing plasticity, while the 

twinned variant stays as the predominant one (highest GSF), there is no change in LSF 

comparing to GSF. Further, unlike zirconium, the overall state of the stress throughout 

the grain remains the same and stress within the twin is much closer to the parent. This 

can be related to the degree of anisotropy in magnesium, however, numerical simulation 

is required to confirm. 

 

6.2 Contributions 
This section provides a short summary of the contributions made towards understanding 

deformation twinning.  These contributions are as follows, 

- A method was developed to merge grain maps of individual layers in 3D-XRD and 

compare it side by side with EBSD maps measured from the same area, same sample. 

- A method was developed to find individual grains in all steps and track their evolution 

with macroscopic applied strain.  

- A method was developed to capture nucleated twins from individual grain maps and pair 

them with their parent grains. 

- Through the use of the above method, twin number and volume fractions were studied 

where twinning and detwinning for the magnesium sample was captured in three 

dimensions, for the first time. 

 

6.3 Future Work 
The next step aims at conducting finite element work to compare the results with those acquired 

through 3D-XRD.  This will be done by creating 3D microstructures via the Voronoi tessellation 

using the measured COMs and volumes of each grain.  This microstructure will be then used as 

an input to a crystal plasticity finite element (CPFE) model. 

Further analysis will also be conducted on the 3D-XRD results to search for other variables that 

could impact twinning.  These analyses include the following: 
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- Grain Size: The impact of grain size on twinning.   

- Sequence of twinning:  if chain of twins formed in mg or zr. Are the low LSF and GSF 

twins nucleated because of their neighbors?  What drives nucleation of such twins. 

- How de-twinning in Mg sample starts.   

- Study the diffraction peak shapes from twins and parents and compare them to those from 

CPFE simulation.   
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