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Abstract 
 

 Zircaloy-2 is used extensively in the nuclear industry as a structural material for 

the reactor core in both light and heavy water reactors.  The intergranular strains and 

texture greatly affect the mechanical properties of the material while in operation.  

Understanding the plastic deformation of Zircaloy-2 will improve on current plastic 

deformation models, particularly for twinning mechanisms, which are more active at 

lower temperatures, and are not yet well understood.  For this study, neutron diffraction 

was used to track the lattice spacing and peak intensity in warm-rolled and recrystallized 

Zircaloy-2 slab for various crystallographic orientations at 77 K.  Tests were performed 

in all three principle directions under tension and compression.  The texture was 

measured for the deformed samples to help interpret the dominant deformation systems 

and then Electron Back Scattering Diffraction was used to identify and image the active 

twinning modes.  Prism <a> slip, basal <a> slip, {1012} and {11 21} tensile twinning, 

and {11 2 2} compression twinning were found to be contributing deformation systems in 

Zircaloy-2 at 77K. 

 In this study, the diffraction elastic constants for Zircaloy-2 at room temperature 

and 77K are reported for the first time in open literature.  These values will be useful in 

future experimental work by allowing a conversion between lattice spacing and residual 

stress. 
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Chapter 1 General Introduction  

1.1 Applications of zirconium alloys in the nuclear industry 
 
 Zirconium and its alloys are widely used in the nuclear industry, due to their low 

neutron cross-section, good corrosive resistance at higher temperatures and the 

reasonable mechanical properties [1].  Zircaloy-2 is usually fabricated into tubes [2], used 

for two fundamental applications:  

• tubes larger than 60 mm in diameter with a wall thickness of 1-2 mm are used in 

Canadian Deuterium Uranium (CANDU®a) Pressurized Heavy Water (PHW) 

reactors as the outer shell of the fuel channel known as the Calandria tube, and 

• tubes less than 30 mm in diameter with a wall thickness of 0.5-2 mm of Zircaloy-

2 are used in Boiling Light Water (BLW) reactors as fuel cladding.   

 In a CANDU® reactor, the core is comprised of hundreds of horizontal fuel 

channels.  Figure 1-1 shows a schematic of a CANDU® fuel channel [3].  Each fuel 

channel consists of a calandria tube, which separates the pressure tubes and the heavy 

water moderator.  The pressure tube (Zr-2.5wt%Nb) is inside the calandria tube, with 4 

garter springs in place to separate the two tubes without contact.  An inert gas flows in 

the gap between the calandria tube and the pressure tube.  The fuel bundles are loaded 

into the pressure tube.  The fuel bundles in a CANDU® reactor are made of extruded 

Zircaloy-4 tubing that are bundled together, and welded at each end with Zircaloy-4 

endplates.  The natural Uranium (UO2) pellets are located within the Zircaloy-4 fuel 

bundles.   

                                                 
a CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL) 
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Figure 1-1: CANDU® reactor core schematic showing fuel channels with the calandria tube, pressure 
tube, garter springs, and fuel bundles [3] 

 

 The fuel cladding, calandria tubes, and pressure tubes are all subject to the 

irradiated environment of the reactor core and are therefore susceptible to deformation 

due to creep and irradiation growth, which causes detrimental, potentially life limiting, 

effects.  The sag of the pressure tube and calandria tube may cause contact between the 

tubes, which leads to future problems in the fuel channel [4]. 

 Understanding of the deformation mechanisms of in reactor materials is crucial 

for the safe and reliable operation of nuclear reactors. 
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1.2 This Research  

1.2.1 Motivation  
 

 Studies of the mechanical behaviour of Zircaloy-2 are of general interest due to 

the importance of zirconium alloys in the nuclear industry.  In-service deformation of 

Zircaloy-2 calandria tubes is dependant on the type-2 residual stresses (intergranular 

constraints) and texture of the material [5], which develops as a result of crystal 

anisotropy during the manufacturing process.  Manufacturing of Zircaloy-2 includes 

deformation mechanisms that occur at lower temperatures, and therefore experiments at 

lower temperatures will improve our understanding of the deformation mechanisms 

during manufacturing to help us better understand the development of texture and type-2 

residual stresses. 

 The development of lattice strains and texture during deformation of Zircaloy-2 

has been studied at room temperature by Xu [6][7][8][9].  Aside from Xu’s studies, 

however, not much information has been gathered on twinning mechanisms of Zirconium 

during deformation (reviewed in Chapter 2).  Increasing the understanding of twinning 

mechanisms during deformation will improve the current understanding of Zircaloy-2 

deformation, and the development of type-2 residual stresses that determine in-reactor 

behaviour. 

 

1.2.2 Objectives  
 

 This research aims to improve upon the current understanding of twinning in 

Zircaloy-2.  α-zirconium alloys have a hexagonal closed packed (hcp) structure and in 
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order to deform along the c-axis, it is necessary to activate either pyramidal <c+a> slip or 

twinning.  Pyramidal <c+a> slip is temperature sensitive, while twinning is relatively 

insensitive.  Therefore, the objective is to replace the pyramidal <c+a> slip with 

twinning, by decreasing the temperature to 77K.  This should make twinning the 

dominant deformation mechanism in the c-axes, and allow us to improve our 

understanding of this deformation mechanism in Zircaloy-2. 
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Chapter 2 Literature Review  
 

 In most engineering applications, zirconium alloys are polycrystalline (i.e. 

aggregates of anisotropic crystals).  During manufacturing of these alloys, a preferred 

crystallographic orientation forms in the polycrystalline material.  The interaction of 

neighbouring grains generates intergranular (type-2) stresses.  This chapter will review 

the plastic deformation mechanisms for single crystal and polycrystalline zirconium, as 

well as the development of texture and intergranular stresses.  The characterization 

techniques used in this research to investigate texture and intergranular stresses will also 

be reviewed (neutron diffraction and electron back scattering diffraction, EBSD).  

Relevant studies pertaining to this research will be summarized at the end of the literature 

review. 

2.1 Properties of Single Crystal Zirconium  
 

 Pure zirconium has a hexagonal closed packed (hcp) crystal structure at room 

temperature, Figure 2-1.  The anisotropic material properties (thermal, elastic, and 

plastic) are due to the polycrystalline texture and intergranular stresses.  The anisotropy 

of the polycrystalline material is caused by the anisotropic properties of the single crystal 

(i.e., the c-axis shown in Figure 2-1 has different properties than the a-axis), combined 

with the texture. 

 The thermal expansion coefficients for single crystal Zr have been reported by 

Goldak et al. as being within the ranges of 5.0<aa<5.7x10-6 K-1 and 7.5<ac<12.0x10-6 K-1 

[10].  The stress free lattice spacing for α-Zr in the a-axis, and c-axis are 3.2331 Å and 
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5.14897 Å at room temperature (RT) and 3.22977 Å and 5.14173 Å at 77 K respectively 

[1].  The c/a ratio at RT and 77K for Zr is 1.59257 and 1.59198 respectively.   Fisher et 

al. [11] measured the compliances of zirconium single crystals for 73K and 298K (RT), 

and are shown in Table 2.1.  Using the compliance given by Fisher, the stiffness was 

calculated by manipulating the following equations given by Nye [12].  Using the 

calculated stiffness, the elastic constants in the c-axis and a-axis of the crystal were found 

(shown in Table 2.1 below).   The elastic constant increases as the temperature is 

decreased.   

 

    C11 + C12 = S33/S      

    C11 - C12 = 1/(S11 – S12) 

    C13 = -S13/S 

    C33 = (S11 + S12)/S 

    C44 = 1/S44 

    S = S33(S11+S12) – 2S13
2 

 

 

Figure 2-1: HCP crystal structure 
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Table 2.1: Compliance [11] and elastic constants of zirconium single crystal for 77K and RT (298K) 

Temp. 0K C11 C33 C44 C66=½(C11-C12) C13=C23 C12 Ea (Gpa) Ec (Gpa)
73 154.2 171.6 35.8 43.2 64.8 67.8 115.26 133.77

298 143.4 164.8 32.0 35.3 65.3 72.8 98.79 125.35  

 

 The plastic deformation of α-Zr single crystals is determined by the operation of 

the deformation modes (slip or twinning).  Figure 2-2 shows the deformations modes for 

single crystal Zr [13].  Slip on the {1010} plane along the <11 2 0> direction (denoted as 

prism <a> slip) is, reported to be the common slip system for deformation in the a 

direction of the hcp crystal up to temperatures of 500ºC [13][14][15].  Slip in the 

<11 2 0> direction was also reported in the basal plane, i.e. (0002) plane, and on the 

{1011} plane (denoted basal <a> slip and pyramidal <a> slip respectively) [13].  Akhtar 

reported that basal <a> slip becomes increasingly easier with increasing temperatures, 

and was observed to initiate this slip system above 800K [15].  At elevated temperatures, 

slip on the pyramidal planes, {1011} and {11 2 1} in the <c+a> direction (denoted 

pyramidal <c+a> slip) was observed [13][15]. 
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Figure 2-2: Deformation modes for single crystal Zr and Zr alloys (including prism, pyramidal <a> 
and pyramidal <c+a>, and tensile and compressive twinning)[13] 

 

Twinning causes miss-orientation of the crystal with respect to itself about a 

common crystallographic direction (twin axes of <11 2 0>, or <1010>) [16].  The 

variables necessary to determine the active twinning mechanisms, the direction and 

magnitude of loading with respect to the c-axis of the single crystal, as well as the 

temperature of the crystal must be taken into account.  As seen in Figure 2-2, tensile 

twinning occurs when the c-axis is loaded in tension.   The {1012} <1011> tensile twin 

was found to be in operation at intermediate temperatures (room temperature to a few 

hundred degrees Celsius), while the {11 2 1} <1126> tensile twin is only evident at lower 

temperatures (below room temperature) [13][17][18].  During twinning, the c-axis 

reorients 85.22° away from the tensile axis for the {1012} <1011> tensile twin, 

compared with 34.84° for the {1011} <1126> tensile twin [13].   

As shown in Figure 2-2, compressive twinning occurs under c-axis compression 

[13].  In an experiment by Akhtar on compression in the c-axis of single crystal 

Prism <a>Slip 

Basal <a>Slip 
Pyramidal <a> Slip 

Pyramidal 
<c+a>Slip 
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zirconium, it was found that {11 2 2} <1123> compressive twins were observed up to 

temperatures of 800K.  Above 800K, the {1011} <1012> compressive twinning occurs in 

conjunction with <c+a> pyramidal slip, and the {11 2 2} <1123> twin is suppressed [15].  

The {11 2 2} <1123> compressive twin gives a c-axis reorientation of 64.220 away from 

the compression axis while the {1011} <1012> compressive twin gives a c-axis 

reorientation of 57.05° away from the compression axis [13]. 

 

2.2 Deformation Mechanisms in Polycrystalline Zr and Zr Alloys  
 

 The individual deformation mechanisms that occur in polycrystalline zirconium 

are the same as in single crystal zirconium, but they occur in different combinations due 

to the crystallographic texture and intergranular constraints of polycrystalline aggregates.  

In all α-Zr polycrystalline alloys the primary deformation mechanism has been found to 

be prism <a> slip at all temperatures.  To fulfill the von Mises compatibility criterion 

[19], five mutually independent deformation systems are required to accommodate 

arbitrary plastic strain in a single crystal embedded in a polycrystal.  Prism <a> slip alone 

has only two mutually independent deformation systems [6], and therefore other 

deformation systems must be activated in combination with prism <a> slip to fulfil von 

Mises compatibility criterion. 

 There is a general agreement in the literature about the deformation mechanisms 

in α-Zr and its alloys at room temperature.  Arbitrary deformation is accommodated by a 

combination of prism <a> slip, pyramidal <c+a> slip and {1012} <1011> tensile 

twinning.  Transmission Electron Microscopy (TEM) was used to show evidence of 
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prism <a> slip [20], pyramidal <c+a> slip [21], and {1012} <1011> tensile twinning [22] 

during room temperature deformation.  EBSD was also used to show the activation of 

{1012} <1011> tensile twinning at room temperature [23][24].  As mentioned earlier, 

prism <a> slip is the first deformation mechanism to activate (i.e. has the lowest Critical 

Resolved Shear Stress (CRSS) of all the deformation mechanisms).  As higher stress is 

applied, the <a> dislocations begin to accumulate, and form local stress concentrations, 

where it is possible for cross-slip to operate [8].  Cross-slip of <a> dislocations is the 

likely mechanism for the initiation of basal <a> slip and pyramidal <a> slip.  Xu et al. 

[8], shows that basal <a> slip is a likely mechanism for room temperature deformation of 

Zircaloy-2. 

 At cryogenic temperatures (77K), the primary deformation mechanism (i.e. lowest 

CRSS) is still prism <a> slip [16][25][26][27].  The other deformation mechanisms found 

present in polycrystalline Zr and Zr alloys were two tension twins ({1012} <1011> and 

{1011} <1126>) [16][22][23][25][27][28], and one compression twin ({11 2 2} <1123>) 

[16][22][23][25][27][28].  No evidence of the activation of basal <a> slip, pyramidal 

<c+a> slip, pyramidal <a> slip, or compression {1011} twinning has been found in 

polycrystalline Zr (in the open literature) at 77K. 

 

2.3 Crystallographic texture  
 

 The Zircaloy-2 slab used for this experiment is a polycrystal with a preferred 

crystallographic orientation or texture.  A polycrystal aggregate is made up of grains with 

varying crystallographic orientations.  Each grain usually has a different crystallographic 
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orientation from its neighbours.  These grains can be oriented at random, but in most 

cases the crystallographic directions tend to cluster around one or more specific 

crystallographic orientations (i.e. the orientation of the planes or directions in a crystal 

relative to an external coordinate system).  This is referred to as a preferred orientation or 

texture [29].  The thermal and mechanical processes performed during manufacturing can 

develop the texture of a material.   

 According to Murty et al. [30], texture is important for Zirconium alloys in the 

nuclear industry for two reasons: first, the texture at each stage of fabrication greatly 

influences the ease in which the next mechanical process can be accomplished.  Second, 

the texture of the fabricated material will have a significant effect on its in-service 

performance because of mechanical properties such as yield strength [31], irradiation 

growth [32], hydride formation [33], and stress corrosion cracking [34]. 

 Crystallographic texture can be represented by a pole figure, or an inverse pole 

figure.  A pole figure shows a 2-D representation of the distribution of crystallographic 

plane normals with respect to the sample coordinate system.  This shows the distribution 

of one plane (e.g. (0002)), with respect to the sample coordinates (e.g. transverse, rolling, 

or normal directions).  An inverse pole figure shows a 2-D representation of the 

distribution of crystallographic plane normals with respect to the crystal coordinate 

system.  This shows the distribution of crystallographic plane normals (e.g. {1010}, 

(0002), and {11 2 0}) with respect to one sample direction (e.g. plate normal direction).  

The volume fraction of grains with a specific orientation is proportional to the texture 

coefficient (density of the plane normals) in a pole figure or inverse pole figure.  This is 

often presented with units of ‘multiples of a random distribution’ (mrd).  
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 Figure 2-3 shows an example of texture from a CANDU pressure tube from an 

extrusion process [35].  This figure presents a quarter pole figure of the basal (0002) 

plane.  The basal normals are highly concentrated near the transverse direction, with a 

slight concentration in the radial direction.  There is little concentration along the 

longitudinal plane.  This texture gives a strong circumferential (transverse) yield strength, 

and a low longitudinal strength. 

  
Figure 2-3: Basal texture (i.e. (0002) texture) for an extruded Zr-2.5wt% CANDU pressure tube [35].  
The left figure schematically shows the three principle orientations of the a CANDU pressure tube 
(L=longitudinal direction, R=radial direction, T=transverse or circumferential  direction).  The right 
figure indicates a strong concentration of basal plane normals in the transverse direction, and 
slightly in the radial direction, with very little in the longitudinal direction. 

  

 Texture can be measured in several ways.  X-ray diffraction, neutron diffraction 

and electron diffraction are three common methods of measuring texture.  Lab X-rays are 

easily obtained, and are of common use for texture analysis [29][36][37], however they 

can only probe the material to a depth of a few microns, and are only good for analyzing 

surface textures.  Electrons are typically used to measure micro-texture and can only 

penetrate the surface of a sample a few nm [38].  Both X-ray diffraction and electron 

diffraction limit the sampling volume, and are not a true representation of bulk textures.  

Neutrons can penetrate a material to depths of centimetres with ease, and are ideal for 
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probing materials to obtain bulk textures [36][39].  In this research, neutron diffraction 

was used to obtain bulk textures of Zircaloy-2 material. 

 

2.4 Intergranular (Type-2) stress  
 

 Residual stresses are extremely important as they can be used to benefit or hinder 

the performance of a component during operation.  There are three types of residual 

stresses within a material, and they depend on the scale at which they are being measured.  

Figure 2-4 shows a schematic of the three types of residual [40][41].  The top scale shows 

the macroscopic residual stress (type-1) that is seen in the material.  This type is made up 

of many grains and is on the order the size of the component, typically several mm.  The 

second scale shows both the type-2 and type-3 residual stresses.  Type-2 residual stresses 

are the intergranular stresses varying with a scale of the order of grain size or phase.  The 

stress is averaged throughout the individual grains, and ranges in size to a few μm.  Type-

3 residual stresses are residual stresses that vary within the grains, down to the atomistic 

scale (nm).  This type can be thought of as the changes in residual stress within a grain 

associated with, for example, the strain fields around dislocations. as shown in the bottom 

scale in Figure 2-4. 
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Figure 2-4: Residual stress schematic illustrating the types of stresses within a material [40] 

 

 Residual stresses can be introduced into a material by thermal or mechanical 

processing.  Temperature changes can cause stresses in a material due to the thermal 

expansion of the crystals.  In some hcp metals, the a and c-axes have different thermal 

expansion coefficients, and depending on the crystallographic orientation within 

neighbouring grains, a thermal fluctuation can introduce type-2 residual stresses.  

Manufacturing processes can input large amounts of deformation into a material (e.g., 

rolling process).  Because Zirconium is an anisotropic material, stresses form readily 

upon plastic deformation.  The residual stress can be relaxed afterwards by annealing the 

material at an elevated temperature for a long period of time.  Residual stresses cannot be 
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eliminated in a material altogether by annealing.  As discussed, the thermal expansion can 

introduce residual stresses into a material; therefore during cool down after annealing a 

material, new stresses can be introduced. 

 Residual stresses can be measured in many ways, destructive and non-destructive.  

Table 2.2 summarizes the variety of different residual stress measurement techniques and 

their abilities [40][41].  Neutron diffraction is used for this research because it has the 

ability to measure the lattice parameters non-destructively at various stages during 

deformation (will be described in the next section). 

 

 

Table 2.2: Summary of residual stress measurement techniques [40] 

 

2.5 Neutron diffraction  
 

 Neutron diffraction is a technique used for material characterization.  Thermal 

neutrons are used for diffraction experiments because they have the capability to 

penetrate deeply into materials (several centimetres) in comparison to X-rays from a lab 

source (several millimetres).  This allows for bulk measurements to be obtained for 
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materials non-destructively (as discussed earlier in Section 2.4).  For this research, the 

neutrons are used both for texture (constant wavelength (CW) neutron diffraction) and 

lattice strain analysis (Time-of-Flight (TOF) neutron diffraction).   

 The general concept of neutron diffraction used for this experiment is explained 

with Bragg’s law, shown below in Equation 1 [29], and illustrated in Figure 2-5 [40].  

This explains how the neutrons are utilized for material characterization pertaining to 

strain analysis and texture. 

                                                     nλ=2dhkilsinθ    [Equation 1] 

where: λ is the neutron wavelength, dhkil is the lattice spacing of the crystal structure, θ is 

half the diffraction angle (it is 2θ that is measured in neutron diffraction experiments), 

and n is the order of diffraction.  The Q-vector shown in Figure 2-5 is the scattering 

vector, and is perpendicular to the diffraction plane, in which dhkil is measured. 

 
Figure 2-5: Bragg diffraction schematic 

 

2.5.1 Constant Wavelength Neutron Diffraction 
  

 A single wavelength neutron beam is obtained by inserting a monochrometer into 

the incident “white” beam from the neutron source [29].  The “white” beam is 
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monochromated by diffracting the incident beam with a single crystal of known lattice 

spacing.  This allows for a constant wavelength to be used that will generate a good range 

of diffraction angles from the sample of interest (i.e. diffraction angles that can easily be 

detected with the experimental setup).  Figure 2-6 shows a schematic of a CW neutron 

diffractormeter.  The incident beam (source) is diffracted on a monochromator, and is 

then collimated.  The size of the monochromated beam is defined by passing through slits 

(thousand of grains are typically measured in the diffraction gauge volume in the 

sample).  The neutrons diffract from the polycrystalline sample, by 2θ, passing through 

more slits and collimator to the detector [42].  Only the grains that have a lattice spacing 

that meets the Bragg condition for the wavelength and diffraction angle will diffract 

neutrons that will reach the detector.  The specific diffractometer set-up for texture 

analysis from the E-3 spectrometer in the National Research Universal (NRU) reactor at 

Chalk River Laboratories (CRL) will be discussed in the experimental section in Chapter 

3. 

 

Figure 2-6: Schematic of a CW neutron diffractometer [42]. 
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2.5.2 Time-of-Flight Neutron Diffraction 
 

 Time-of-Flight (TOF) neutron diffractometers are generally located on accelerator 

(synchrotron sources), like the ISIS facility at Rutherford Appleton Laboratories, where 

the experiments for the lattice measurements of this research were carried out.  Figure 2-7 

shows the ISIS pulsed neutron source at the Rutherford Appleton Laboratories [42].  

Pulsed protons strike a tantalum target, which produce approximately 15 neutrons for 

every proton.  The neutrons are moderated to lower energy levels by a hydrogenous 

moderator, and travel to various beam-lines.  TOF neutron diffraction allows for an entire 

spectrum of diffraction planes to be measured for a fixed scattering angle.  The ENGIN-X 

spectrometer used in these experiments is shown in Figure 2-8 [42].  The two scattering 

vectors, Q(right) and Q(left) indicate that two diffraction spectrums can be measured at a 

time.  This allows for the crystallographic planes in two sample orientations to be 

measured simultaneously.  

 



 19

 

Figure 2-7: The ISIS pulsed neutron source [42]. 

 

 

 

Figure 2-8: Schematic of the ENGIN-X instrument [42].  The Q vectors indicate the axis at which 
lattice spectrums will be measured (i.e. the crystallographic planes of a material are perpendicular to 
the Q vector) 
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 TOF neutron diffraction allows for strain measurements to be obtained in-situ for 

two orientations following Bragg’s Law of diffraction (discussed earlier in this Chapter).  

Unlike CW neutron diffraction, it is not the 2θ being measured.  For TOF neutron 

diffraction the time a neutron takes from the moderator to the detector is proportional to 

the neutron wavelength, which is proportional to the lattice spacing of the diffraction 

plane in the sample.  Therefore by measuring the changes in the TOF, and knowing the 

neutron path length and diffraction angle, the lattice spacing (dhkil) of the material is 

measured [42].  The specific diffractometer set-up and details of the TOF neutron 

diffraction for lattice strain measurements will be discussed in Chapter 3. 

 

2.6 Electron back-scattering diffraction  
 

 Electron back-scattering diffraction (EBSD) is a technique that uses a scanning 

electron microscope (SEM) to provide an overview of the material’s physical properties 

at the microstructural level.  From one EBSD map of a material surface, data is obtained 

about the micro-texture of the sample, grain statistics, grain miss-orientation, etc [38].  

The electrons from an SEM are used for electron diffraction to produce an electron back 

scattering pattern (EBSP).  In order to obtain a strong EBSP (Kikuchi pattern), a 

phosphorus screen is 90º from the source electrons and the sample is tilted 70º with 

respect to the source electrons, as seen in Figure 2-9.  Illustrated in Figure 2-9, the 

electrons strike the sample, and at the pattern source point, they are in-elastically 

scattered.  From the inelastic scattering, the electrons lose approximately 1% of their 
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energy, causing some line broadening.  The intensity shown on Kikuchi patterns differ for 

differing crystallographic planes as the planes satisfying the Bragg condition will be more 

intense.  Figure 2-9 shows three of the {220} planes from a silicon unit cell.  The 

diffraction from these planes forms cones, which are projected on the phosphorus screen 

as hyperbolae.  The hyperbolae intersections are called zones.  These zones correspond to 

a crystallographic direction and are used to indicate the crystal orientation with respect to 

the analysed surface. 

 

 

Figure 2-9: EBSP schematic for a Silicon sample [38]. 
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 Modern technology has allowed for an automated analysis to be performed on 

EBSP obtained from large surface areas.  Figure 2-10 shows a schematic of this 

automated technique.  It is important that the sample surface is perfectly flat and free of 

defects and any deformation caused by the polishing process.  Electrons can only 

penetrate approximately 50 nm into the material, and any deformation of the material 

may cause the EBSP’s to be distorted beyond analysis for the automated system. 

 

 
Figure 2-10: Schematic of the general operation of automated EBSD analysis [37] 

  

2.7 Relevant Studies 

 
 Deformation behaviour of Zircaloy-4 in tension (a similar material to Zircaloy-2, 

with slightly different alloying elements) has been studied as a function of temperature, 

between 77 K and 900 K [43].  Mechanical properties, such as the 0.2% yield stress and 
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the ultimate tensile strength (UTS) increase as temperature is decreased.  This is shown 

graphically in the stress strain curve shown below in Figure 2-11. 

 

Figure 2-11: Applied stress as a function of strain in the temperature range of –125°C to 100°C for 
Zircaloy-4 sheet material [43]. 

 

 Neutron diffraction has been used to measure the lattice strain of various 

materials.  For example, Gharghouri et al used neutron diffraction to measure the lattice 

strain in Mg [44], and Daymond et al studied the lattice strain evolution in 316 stainless 

steel [45].  In the study for the stainless steel, Daymond et al calculated the diffraction 

elastic constants (DEC) as a function of temperature from lattice strain curves.  DEC are 

slopes of the macroscopic stress vs. lattice strain curves in the region of elastic 
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deformation.  DEC allow for lattice spacing information to be converted to residual 

stresses.  DEC have also been measured on austenitic stainless steel by Clausen et al [46]. 

 Lattice strain evolution has been performed on Zr-2.5%Nb alloys in the α and β-

Zirconium [47][48].  To date, the most extensive study of lattice strain evolution in 

Zircaloy-2 at room temperature has been performed by Xu et al [6][7][8][9].  These 

experiments measured the lattice strain of Zircaloy-2 at room temperature using CW and 

TOF neutron diffraction, and texture was measured in the deformed specimens using CW 

neutron diffraction [6].  Xu then modelled his results using an elasto-plastic self-

consistent model (EPSC), and a visco-plastic self-consistent model (VPSC) to explain the 

lattice strain and texture evolution [6][9].  In his study, the lattice strains in newly formed 

twins were measured for the first time in a Zirconium alloy.  Using the EPSC model, Xu 

showed that the active deformation mechanisms in Zircaloy-2 were most likely prism <a> 

slip, basal <a> slip, pyramidal <c+a> slip, and tensile {1012} twinning.  Table 2.3 shows 

the critical resolved shear stresses determined at room temperature during Xu’s work [7]. 

Table 2.3: Critical resolved shear stresses used in modeling for Zr-2 deformation at RT [7] 

 
0τ  

(GPa) 

prism <a> slip 0.100 

basal <a> slip 0.160 

pyramidal <c+a> slip 0.320 

tensile {10-12}<-1011> 
twinning  

0.240 

 

 Using the VPSC model, Xu shows the effect of the various individual slip and 

twinning modes has on the texture evolution.  Table 2.4 shows a summary of the VPSC 
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modelled results from Xu on the effects of slip and twinning modes (if any) on the (0002) 

texture and {1010} texture. 

Table 2.4: The effects of deformation modes on the texture evolution of Zircaloy-2 at room 
temperature [6]. 

Deformation Mechanism Texture Change 
Prism <a> Slip -Reorientation of prism normals ({1010} 

normals towards tensile axis, and {11 2 0} 
away from tensile axis) about the c-axis 
-No effect on basal normals 

Basal <a> slip -reorient basal normals away from tensile 
axis towards compressive axis (but has no 
effects on basal normals located parallel to 
the loading axis as the Shmid factor is zero

Twinning (all types) -reorients the basal normals 
 
 

 McCabe et al performed experiments on high purity, polycrystalline zirconium to 

measure the effects of texture, temperature and strain on the deformation modes of 

zirconium [22][23].  McCabe used TEM and EBSD (or orientation imaging mapping 

‘OIM’) to show what deformation mechanisms were activated at room temperature and 

cryogenic temperatures (i.e. 76K) when deformed under compression through thickness 

(TT, along the c-axis of the material), and in-plane (IP, along the a-axis of the material).  

The starting texture from McCabe is shown in Figure 2-12 [22].   

 The findings of McCabe et al for in-plane compression are summarized in Table 

2.5.  In-plane compression put the c-axis of the material under tension.  Examination of 

this was done by EBSD (or OIM) to study the active twin mechanisms.  At low strain 

(<10%), tensile {1012} <1011>, and {11 21} <11 2 6 > twinning were found to occur at 

76K, in conjunction with prism <a> slip (found with TEM study of dislocations).  Up to 

25% strain, considerable secondary {11 22} <11 2 3 > compression twinning was found 
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within the primary {1012} <1011> twins.  There were considerable small twins found 

with TEM (100nm-500nm) that could not be resolved by EBSD.  At room temperature, 

only tensile {1012} <1011> twins were found in EBSD and only prism <a> slip was 

concluded with TEM investigations. 

 Compression TT (in the c-axis) at 76K and room temperature results are 

summarized in Table 2.6.  It was found that at relatively low strain (<10%), primary 

compression {11 22} <11 2 3 > twins were found with EBSD, and tensile {1012} 

<1011> twins were found in grains oriented away from compressive c-axis (i.e. grains 

with c-axis in the Poisson orientation under tensile loading).  Fine twins were found with 

TEM that were not resolved with EBSD (100nm-500nm wide).  TEM investigations 

showed that prism <a> slip was activated.  At higher strains up to 25%, compression 

{11 22} <11 2 3 > twins were found with secondary tensile {1012} <1011> twins within 

primary compression twins.  These twins occur on different twinning axes.  TEM also 

found fine twins not resolved by EBSD, and evidence of prism <a> slip.  At room 

temperature, up to strains of 25%, no twins were observed with EBSD or TEM, and 

prism <a> and pyramidal <c+a> evidence was found with TEM.  This result from 

McCabe et al, shows that as the temperature is decreased, pyramidal <c+a> slip is not 

activated, but compression twins instead form in its place. 
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Figure 2-12: Initial texture of high purity, clock-rolled, polycrystalline Zirconium used by McCabe et 
al [22]. 

 
 
 
 
Table 2.5: Summary of McCabes work of deformation modes in clock-rolled Zirconium for in-plane 
compression at 76K and 300K [22]. 
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Table 2.6: Summary of McCabes work of deformation modes in clock-rolled Zirconium for through-
thickness compression at 76K and 300K [22]. 

 
  

 In a paper by Kaschner and Tomé [49], the CRSS’s were presented (shown in 

Table 2.7) for the same high purity, clock rolled zirconium studied by McCabe et al 

[22][23].   

 

Table 2.7: CRSS at 76 K and 300 K for high purity, clock rolled Zirconium [49]. 

Temperature (K) Deformation 
Mechanism 

τ0 (GPa) τ1 (GPa) 

Prism 0.045 0.042 
Pyramidal 0.495 0.100 
Tens. Twin 0.102 0.017 

76 K 

Comp. Twin 0.270 0.030 
Prism 0.019 0.016 
Pyramidal 0.145 0.192 
Tens. Twin 0.102 0.017 

300 K 

Comp. Twin 0.270 0.030 
 

 Jain et al [50] performed EBSD on a deformed magnesium alloy after tensile 

testing.  It was found that considerable double twinning took place.  Double twins were 

found with different twinning axes (similar to McCabe’s work on Zr), and common 
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twinning axes.  The twins with a common twin axes contained a primary compression 

twin (twinning away from compression axis towards the tensile axis), with a secondary 

tensile twin (away from tensile axis, back towards compressive axis) within.   The net 

reorientation for this follows the following equation: 

 Net Reorientation = (Compressive Twin Rotation – Tensile Twin Rotation). 
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Chapter 3 Experimental  
 

 Tension and compression samples were cut from a warm rolled and recrystallized 

Zircaloy-2 slab (description of material in Section 3.1).  The sample schematics for both 

compression and tension are shown in Appendix A.  The compression samples had a 

gauge diameter of 8 mm and a gauge length of 18-20 mm (gauge length varied due to 

material constraints).  Three samples for each orientation were prepared.  Two of the 

samples were used to measure all three principle orientations (ND=Normal Direction or 

thickness, RD=Rolling Direction, TD=Transverse Direction) in-situ during neutron 

diffraction measurements of lattice strain evolution, and the final sample was used as a 

backup in case problems arose during testing.  The tensile samples had a gauge diameter 

of 6 mm and a gauge length ranging from 22mm for the ND orientation and 34mm for the 

TD and RD depending on the orientation of the sample with respect to the slab.  The ND 

orientation is not thick enough to give a sample length of 34 mm.  These samples were 

deformed in-situ on the Engin-X beamline, at ISIS lab, then texture analysis was 

performed on the centre gauge of the deformed samples on the E-3 spectrometer at the 

Canadian Neutron Beam Centre (CNBC) at Chalk River Laboratories (CRL), and finally 

electron backscattered diffraction (EBSD) analysis was performed at the Canadian Centre 

of Electron Microscopy (CCEM). 

3.1 Description of Material  
 

 The source material used for this research was a 60 mm thick warm-rolled 

Zircaloy-2 slab.  The chemical composition of the slab is 1.43-1.45 wt% Sn, 0.13-0.14 
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wt% Fe, 0.1 wt% Cr, 0.05 wt% Ni, 1260-1440 wt pm O, 150-160 wt ppm C, and Zr 

(remaining) [51].  The manufacturing sequence starts with forging a vacuum arc melted 

ingot into a 5 5/8" x 9 1/4" x 26" slab at 1289 K, then β-quenching in water from 1289 K 

minimum.  The slab is then conditioned (removing the oxide layer and excess material) to 

5 1/4" x 9" by 26", and pre-heated to 700 K minimum to be rolled to obtain a 50% 

reduction in thickness.  The slab is then conditioned to 2 1/2" minimum thickness x 9" 

wide, and finally cut to the appropriate length.  The grain structure of the as-received 

Zircaloy-2 slab is equiaxed with an average grain size of approximately 20 μm as shown 

in Figure 3-1 [52].  It is believed that the recrystallization of the material occurs during or 

immediately after the rolling at 700K.  During rolling, adiabatic heating is believed to 

have increased the temperature up to at least 900 K in the region of recrystallization [53].   

There is a low dislocation density with a typical rolling and recrystallized texture [54] 

shown in Figure 3-2 [55].  A rolling and recrystallized texture refers to: the basal plane 

(0002) normal orientation is largely in the normal direction (ND) of the slab with a +/- 

500 deviation towards the transverse direction (TD) and a +/- 300 deviation towards the 

rolling direction (RD); the {1010} normal concentration is +/- 300 from the RD slab 

orientation in the RD-TD plane; and the {11 2 0} plane normals are highly concentrated 

in the RD direction of the slab.  The texture was found to be fairly uniform through the 

thickness of the slab, except at the surface of the material [55].  As with the tests 

performed at RT (Room Temperature), the specimens for mechanical testing will be cut 

such that the centre of the gauge length is at mid-thickness of the Zircaloy-2 slab [55]. 
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Figure 3-1: Zircaloy-2 microstructure in the as-received condition [52] 

 

Figure 3-2: As received texture of Zircaloy-2 slab for the a) (0002) plane b) (1010) plane and c) 
(11 2 0) plane [55] 

 

3.2 Neutron Diffraction at Engin-X  
 

 In-situ lattice strain measurements were performed on the Engin-X beam line at 

ISIS [42].  The tensile and compression samples were mounted at an angle of 450 to the 

white incident beam.  Fixing the scattering angle, 2θ, allowed us to measure a diffraction 

spectrum in two principle orientations of the sample. As mentioned in Chapter 2, the TOF 
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of the neutrons is proportional to the wavelength of the beam, and therefore proportional 

to the lattice spacing, dhkil.  

 Figure 3-3 shows the experimental beam line and a schematic of the diffracted 

beams.  The nomenclature for the samples is XD/YD, where XD refers to the axis of 

applied load and YD refers to the scattering vector direction (example: RD/TD indicates 

that the sample is loaded in RD and measured in TD). 

 

 

Figure 3-3:  a) Engin-X beamline, ISIS.  b) Diffracted beam schematic for in-situ experiments[56].  
Two detector banks allow for diffraction with a diffraction vector along the transverse axis (Poisson’s 
axis) and the axial axis (loading axis).  This figure shows the schematic for tensile loading, the same 
principle applies for compression. 

 

 The cryogenic loading rig used for this experiment was supplied by ISIS lab [56].  

Figure 3-4 below shows a schematic of the rig, with the key components marked.  The 

cryogenic test rig is made of an aluminium alloy.  The rig is operated under a vacuum 

(~10-4 torr), and the two Leyboid 1245 cryocoolers were used to cool down the ram heads 

using two thermal copper links.  The cryocoolers work at full power during the duration 

of the experiments, and the temperature of the sample is measured and controlled using 

copper heating blocks on both ends of the sample as shown in Figure 3-5.  The ends of 
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the compression samples were lubricated with a copper paste to ensure thermal 

conductivity between the sample and the ram heads.  The sample was mounted up to a 

load of -10 MPa for sample alignment.  The threads on the tensile samples were 

lubricated with the copper paste and threaded into the two threaded ram heads.  Once the 

samples are aligned in the rig, a radiation shield is screwed into place, and then the outer 

vacuum chamber is then sealed.  Once sealed, the chamber is put under vacuum, and 

cooling of the sample begins. 

 

Figure 3-4: Cryogenic rig design showing each component of the cryogenic chamber for the in-situ 
deformation testing.  The outer vacuum vessel is constructed of aluminium (a front face which is 
screwed into place after the sample placement and alignment).  The Cryocoolers are connected via a 
thermal link of copper to the ram heads made of a Beryllium Copper, which then brings the sample 
temperature to the desired temperature by conduction.  The sample geometry and internal 
components better depicted in Figure 3-5.  The hydraulic rig jaws are connected to an INSTON 
machine through a series of bellows to allow for a proper vacuum [56]. 

 

 

 

 

Bellows

Beryllium Copper 
Ram heads 
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Figure 3-5: Schematic of the compressive sample setup (similar to tensile sample setup, except in 
tension the sample is threaded into the Beryllium copper heads) within the cryo-rig shown in Figure 
3-4.  The sample has an area for the sensor and heater copper blocks to sit on the ends of the sample.  
Through a control loop, the temperature is monitored and controlled through these copper blocks.  
From the cryocoolers (CCR’s), the temperature is transferred from the beryllium copper ram heads 
to the sample via conduction.  A G10 glass-epoxy composite is used as a thermal barrier to make 
controlling the sample environment temperature easier.  The epoxy composite is sandwiched between 
the beryllium heads and the hydraulic rig jaws made of 17-4PH stainless steel. 

 

 After the temperature of the specimen reaches 77 K, the in-situ mechanical test 

was started.  The tests are run under load control in increments of 25 MPa.  During the 

load holds a diffraction spectrum (shown in Figure 3-6) is obtained for each of the two 

detector banks.  Prior to yielding, the mechanical test is switched into position control, 

because it is of importance not to overshoot the yield point of the material and fail the 

material.  In the region of yielding the position increments were ~0.1% elongation.  The 

increment in millimetres was adjusted depending on the initial gauge length of the 

sample.  Some increment variations were made during testing due to the time constraints 

on the experiment.  At each increment, 30 seconds was given to allow for relaxation of 

the sample in order to get consistent diffraction spectra.  An extensometer was not used 

for this experiment due to the low temperature.  Because there is no measured strain data, 
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an adjustment is done to the cross head position data, in order to accommodate the 

compliance of the testing rig (i.e. the elasticity of the test rig shown in Figure 3-4).  The 

DEC for the {1010}, (0002), {1011}, {1012} and {11 2 0} lattice strains were averaged, 

and assumed equal to the Young’s modulus of the bulk material.  Using this assumed 

modulus, the compliance of the test rig was calculated as the difference between the slope 

of the macroscopic stress-strain curve (calculated with the cross head displacement) and 

averaged DEC’s.  This calculation was performed for each test direction to verify 

consistency in the rig compliance.  Because a consistency was found for different loading 

directions, a weighted average for Young’s modulus using the DEC values was deemed 

unnecessary.  The component of displacement associated with the compliance of the rig 

was subtracted from the cross head displacement, which gives a better representation of 

the strain in the material.  The strain associated with the testing rig was subtracted from 

the position output, and macrostrain was calculated for each specimen. 

 
Figure 3-6: Typical diffraction spectrum for Zr-2 
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 The elastic lattice strain is determined by changes in the lattice spacing (i.e. 

wavelength or TOF).  Equation 3-1 shows the elastic lattice strain equation, where ε is 

elastic lattice strain, d is the plane spacing, λ is the wavelength, and t is the time of 

neutron flight [51].  The reference point for this calculation is the initial measured dref, 

λref, or t ref for each lattice plane before deformation of the material, and therefore does 

not include the thermal strain on the material during cooling. 

 

εhkil = (dhkil-dref) / dref = (λhkil – λref) / λref  = (thkil - t ref) / t ref   Equation 3-1 

 

The GSAS Rawplot program was used to fit all individual diffraction peaks over the 

whole spectrum of collected data [57].  The intensity of each peak was measured using 

the GSAS Rawplot program, and normalized with the GSAS factors, which is an output 

along with the diffraction spectrum.  The intensity used for the results is the measured 

intensity from GSAS divided by the GSAS factor for that spectrum. 

 

3.3 Neutron Diffraction at NRU on the E3 Spectrometer 
 

Texture measurements were performed at Chalk River Labs (CRL) in the National 

Universal Research (NRU) reactor on the E-3 spectrometer.  Table 3.1 summarized 

which samples were measured for which HKIL orientation.  The heads of the samples 

were used to measure the pre-deformed sample texture (just for the {0002} pole figures).  

This was done for two reasons: 1) to obtain the true starting texture of the samples as 

slight texture variations are present within the original Zircaloy-2 slab, and 2) to verify 

the sample orientation (ND, TD, and RD).  The neutron beam was monochromated using 
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a germanium crystal on the (113) plane which gave a constant wavelength of 2.37 Å.  An 

Eulerian cradle was used in order to rotate the samples from 00 to 900 about χ and 00 to 

3600 about η, with a step size in both angles of 50 (shown in Figure 3-7)[28].  The 

samples were cut to approximately 1cm long (6mm diameter for tensile samples and 

8mm diameter for compression samples) to give approximately 1 cm3.  The samples were 

mounted to an aluminium stub with varnish with the ND orientation pointing vertical.  

The sample holder is a rotating hexagon with a sample on each face. Five texture scans 

were performed for each deformed sample.  The {0002}, {1010}, {1011}, and {2110} 

were measured along with a background scan for each deformed sample.  The measured 

data was corrected with a background subtraction.  The experimental set-up for the 

texture experiments is shown in Figure 3-8 below. 
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Table 3.1: Texture measurement summary 

Sample 
Identification 

Deformed 
Orientation 

Measured 
HKIL Pole 
Figures at 
centre gauge 

Measured HKIL 
Pole Figures for 
un-deformed 
sample heads 

C-7 Compression ND {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

C-10 Compression TD {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

C-13 Compression RD {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

T-10 Tension TD {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

T-17 Tension ND {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

T-14 Tension RD {0002}, {1010}, 
{1011},{2110}, 
and Background 

{0002}, and 
Background 

 

 

Figure 3-7: Schematic of a Eulerian cradle used for texture analysis [58] 
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Figure 3-8: E-3 spectrometer and Eulerian cradle from NRU at CRL 

 
 

3.4 Microscopy and EBSD 
 

 The EBSD measurements used were completed at McMaster University using a 

field emission JSM-7000 F SEM equipped with an automated data acquisition and 

analysis software (Channel 5).  The most important aspect to obtain successful EBSD 

data is proper sample preparation.   The EBSD samples were cut from the centre of the 

gauge from the tensile and compressive samples to ensure consistency with the lattice 

strain and texture measurements.  Table 3.2 shows the sample identification, deformation 

axis, and sample plane measured with EBSD.  

Incident 
Beam 

Eulerian Cradle

Diffractometer

Detector
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Table 3.2: EBSD sample identification and deformed orientation 

Sample IDb Deformed 
Axis 
(Direction of 
View) 

Visible 
Plane 
(Measured 
in EBSD) 

C-7 Compression 
ND 

RD-TD 

C-10 Compression 
TD 

RD-ND 

C-13 Compression 
RD 

TD-ND 

T-10 Tension TD ND-RD 
T-17  Tension ND TD-RD 
T-14 Tension RD ND-TD 

 

The initial polishing process for microscopy and EBSD is: 

 The sample was mechanically polished without mounting the sample in a 

medium: 

− SiC wet sand paper: 220, 320, 400 and 600 grit 

− Diamond paste (varsol lubricant): 6 μm, 3μm, 1μm 

− Colloidal silica polish 

 The samples were then electropolished: 

− The electropolish solution is 120 ml perchloric acid, 1200 ml methanol, 

and 720 ml butycellosolve 

− The sample and solution were cooled down to -300C using dry ice 

− The sample was held at a voltage of 30V for 20 seconds 

It is important for the samples to be placed directly into the Scanning Electron 

Microscope (SEM) to perform the EBSD immediately after the electropolish to ensure 

                                                 
b C=Compression, T=Tension 
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the highest level of grain indexing.  Oxidation is possible immediately after the 

electropolish.  The electropolishing was performed at Queen’s University, and the EBSD 

measurements were performed at McMaster University, so an oxygen free container was 

required for transport.  Directly after the electropolishing process, the individual samples 

were placed into their own argon flushed capsule.  All six capsules were then placed into 

a nalgene bottle, which was also flushed with argon.  The nalgene bottle added a second 

layer of argon protection to protect against harmful oxidation.   

 The samples placed in the scanning electron microscope were mapped at a 

working distance of 18.4 mm, rotated at 700, and under an accelerating voltage of 20 kV.  

A step size of 0.1 μm was used to map each area.  For every point, a JPEG image was 

created of the Kikuchi pattern in order to allow re-analysis of the data if the automated 

indexing was unsuccessful.  An area with a relatively large grain sampling (>200 grains 

generally) was chosen as an area to map for each sample.  The specific size of the 

individual EBSD maps depended on the time constraint.  The time allotment for each 

sample was <10 hours, which gave approximately enough time to map an area 50 μm by 

150 μm. 

 Data analysis was performed using Channel 5 HKL software.  Band contrast 

images were done for each specimen (band contrast is an image quality factor, which is 

derived from a Hough transformation which describes the maximum intensity gradient at 

the margins of the Kikuchi bands in an EBSP) [38].  An overlay on the band contrast 

images was done for some of the EBSD maps to indicate the grains that have the (0002) 

plane parallel with the plane of view (i.e. the deformation axis).  Finally, two twin axis 

were set (which match those for Zr twin planes): 
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• <11 2 0> twin axis (with a twin rotation of 85.22º) 

• <1010> twin axis (with a twin rotation of 34.84º and 29.34º) 

An angular range was given for the twin axis and twin rotation of +/- 5º and +/-2.5º 

respectively. 
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Chapter 4 Results and Analysis 
  

 In this section, the results of the experimental work will be presented in sections 

pertaining to the sense of deformation (tension or compression) and the loading axis (ND, 

RD, or TD).  Each section will present the lattice strain evolution, texture of the material 

after deformation, and the EBSD measurements for the samples tested.  The texture of the 

as-received Zircaloy-2 plate is shown in Figure 3-2 in Section 3.1.  The macroscopic 

stress strain curves for compression and tension along the ND, RD and TD axis are 

shown in Figure 4-1.  The 0.2% yield strength has been tabulated for each loading axis 

(ND, RD, and TD) deformed at 77 K under compression and tension, and is shown in 

Table 4.1.  During loading at 77K, the temperature systematically spiked approximately 

±20K.  This temperature spike is believed to be responsible for the variations in 0.2% 

yield strength between the samples loaded in the same axis.  To calculate this error, a 

linear trend was taken between the 0.2% yield strengths of Zircaloy-2 at room 

temperature [59] and 77K as a function of temperature for each loading axis (in 

compression and tension).  The change in 0.2% yield strength for a temperature change of 

±20K is taken as the error in 0.2% yield strength, reported in Table 4.1.  Another source 

of error could be the variation in texture between samples, which cannot be quantitatively 

determined.   

 The 0.2% yield strength of the material under tensile loading in all three principal 

directions is relatively close together between 615 MPa and 700 MPa.  In compression, 

the 0.2% yield strength in RD and TD are close at -640 MPa and -700 MPa, but the yield 

strength in the ND orientation is much higher at -1030 (-940) MPa. 
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Figure 4-1: The macroscopic stress strain curves for ND, RD and TD orientations for  
a) tension and b) compression 

 
Table 4.1: The 0.2% Yield Strength of Zircaloy-2 deformed under compression and tension at 77K 

Deformation Type 
(Compression or 
Tension) 

Loading 
Direction 
(ND, RD or 
TD) 

0.2% Yield 
Strength 
(MPa)c 

Error for ± 20K 
Temperature 
Fluctuations (MPa) 

ND -1030 (-940) ±52 
RD -640  (-640) ±26 Compression 
TD -700 (-700) ±32 
ND 675 (680) ±20 
RD 615  (600) ±26 Tension 

 TD 700  (709) ±32 
 
                                                 
c The stresses shown in brackets are the 0.2% YS of the second sample deformed along the same loading 
direction.   

B 

A 
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4.1 Plastic Deformation by Compressive Loading in the Normal 
Direction  

 

 Figure 4-2 shows the in-situ lattice strain evolution of the {1010}, (0002), 

{1011}, {1012} and {11 2 0} grainsd in the compressive loading direction (ND/ND) and 

the two Poisson orientations (ND/TD, and ND/RD).  Due to machining errors that were 

not recognized until the experiments were underway at ISIS, the “true” Poisson 

orientations were not measured.  This was determined during post deformation texture 

analysis at CRL.  The textures were obtained with respect to the marked principle 

orientations of the sample.  The resulting pole figures indicated that the samples were 

marked incorrectly during machining and measurements at ISIS were completed at 27° 

from TD in the RD-TD plane and 15° from RD in the RD-TD plane.  These directions 

will be designated as ~TD and ~RD for the analysis.  Figure 4-3 shows the approximate 

orientations that measurements were taken at ISISe on a basal pole figure.  The lattice 

strain evolution of the {1013}, {20 2 0}, {11 2 2}, {20 2 1}, {0004}, and {20 2 2} grains are 

reported in Appendix B. 

                                                 
d All Grains that have the designated lattice planes oriented perpendicular to the measured axis (diffraction vector (e.g. grains with the 
c-axis parallel to the measurement axis is referred to as an (0002) grain).  This definition will be used throughout this thesis. 
e Although these errors make qualitative interpretations more difficult, the use of models to interpret the measured data allows for the 
data to be used quantitatively (see Chapter 5: Discussion). 
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Figure 4-2: Lattice Strain evolution during compression in ND  a) ND/ND b) repeated ND/ND c) ND/~TD and d) ND/~RD 
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Figure 4-3: Approximate location of Poisson direction lattice strain measurements (blue is ND/~RD 
and red is ND/~TD) 

 

 The lattice strain evolution in ND/ND (shown in Figure 4-2 a) has four stages of 

interest (designated by the dotted lines).  The lattice strain in ND/~TD (shown in Figure 

4-2 b) and ND/~RD (shown in Figure 4-2 c) have two and three stages of interest 

respectively (designated by the dotted lines).  The stress levels and the notes of interest 

(e.g. deviations from linearity) are summarized for the lattice strain development in Table 

4.2. 

 Intensity data was obtained for all of the grains measured in the in-situ 

experiments.  The intensities measured for the (0002) and {1010} grains were normalized 

with the starting texture coefficients obtained from Figure 3-2 in Section 3.1.  The 

intensity evolution of the (0002) and {1010} grains in the ND orientation are shown in 

Figure 4-4.  The initial (0002) texture coefficient in ND was 4.25, and at the 0.2% YS of -

1030 MPa, the grain population in ND began to decrease to the final texture coefficient of 

3. 
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 Table 4.2: Notes on the lattice strain development of ND/ND, ND/~TD, and ND/~RD 

Measured 
Axis 

Stress 
(MPa)* 

Notes of Interest 

-450 (-500) • {1010}, and {11 2 0} grains deviate from 
linearity (towards positive strain) 

-666 (-700) • {1011} grains deviate from linearity (towards 
positive strain) 

-806 (-882) • {1012} grains deviate from linearity (towards 
positive strain) 

Compression 
ND/ND 

(Figure 4-2 a) 
0.2% YS 
location 
-940 (-1030) 

• (0002) grains deviate from linearity (towards 
positive strain) 

• load drops {1010},{11 2 0}, {1011}, and 
{1012} grains 

(-945) • (0002) and {1012} grains deviate from linearity 
(towards negative strain) 

• {1010} and {11 2 0} grains deviate from 
linearity (towards more positive strain) 

• {1011} grains continue a linear trend Compression 
ND/~TD  

(Figure 4-2 b) (-1030) • {1010} and {11 2 0} grains deviate (towards 
negative strains) 

• (0002) and {1012} grains begin to accumulate 
positive strain again 

• {1011} grains continue a linear trend 
-806 • {1012} and {1011} grains deviate from 

linearity (towards negative strains) 
• {1010} grains deviates from linearity (towards 

positive strain) 
• {11 2 0} grains continue a linear trend 

-940 • {1012} grains begin towards negative strains 
more rapidly 

• all other grains follow pre-existing trends 

Compression 
ND/~RD  

(Figure 4-2 c) 

-1006 • {1010} grains deviate towards negative strain  
• {11 2 0} grains continue a linear trend  

* The stresses shown in brackets are representative of the second sample compressed in ND/ND.  The two values are not in agreement 
due to a difference in the 0.2% YS (to be discussed in Chapter 5) 
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Figure 4-4: Intensity evolution of the (0002) and (1010) grain populations in ND during compression 
in ND 

 
 
 The {1010} textures for the un-deformed sample and the sample deformed under 

compression in ND are shown in Figure 4-5.  The texture of the prism planes has not 

changed or strengthened appreciably during deformation in ND.  The (0002) textures 

prior to deformation and after deformation are shown in Figure 4-6.  The (0002) texture 

shows a decrease in intensity in the ND orientation with a spread towards TD in the ND-

TD plane.  The {1011} and {2110} textures from the deformed specimens are presented 

in Appendix C. 

 The texture coefficients in the ND-TD plane and in the ND-RD plane (obtained 

from the basal pole figures presented in Figure 4-6) are plotted in Figure 4-7 as a function 

of the angle from the ND direction.  An average was taken +/- 5° towards RD in ND-TD 

plane, and +/- 5° towards TD in the ND-RD plane. 
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        a)              b) 

Figure 4-5: {1010} texture of the a) initial un-deformed specimen [55], and b) deformed specimen 
from compression along ND 

 
a) b) 

Figure 4-6: (0002) texture of a) un-deformed specimen and b) deformed specimen from compression 
along ND 
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b) 

Figure 4-7: Cross section of the (0002) texture coefficient change for the sample compressed along 
ND for a)TD-ND plane and b)RD-ND plane 

 
 The cross section shown in Figure 4-7 a) and b) shows a significant decrease in 

the texture coefficient in ND from 4.25 to 2 in the range of 0º-15º.  The ND-TD plane 

shows a slight increase in intensity between 30° and between 60° and 85°, and the ND-

RD plane shows no other respective change.  Figure 4-4 and Figure 4-7 show a similar 

trend in (0002) grain populations in ND, however give different values.  The 
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measurements obtained at E-3 are likely more absolute, while Engin-X will be reasonable 

and show the intensity development during testing. 

 EBSD mapping was done on the TD-RD section.  Figure 4-8 shows the EBSD 

maps for the deformed sample compressed along ND.  The red highlighted grains in 

Figure 4-8 a) are oriented with the c-axis within 15º of the ND orientation (i.e. grains 

oriented favourably for compression twinning).  The twin boundaries shown in Figure 4-8 

b) represent the different twin relations.  The red boundaries represent a <11 2 0> twin 

axis (+/- 5°) with a rotation of 85.22° (+/- 2.5°) from the parent grain.  The blue 

boundaries represent a <1010> twin axis (+/- 5°) with a rotation of 34.84° (+/- 2.5) from 

the parent grain.  Finally, the purple boundaries represent a <1010> twin axis (+/- 5°) 

with a rotation of 29.34° (+/- 2.5°) from the parent grain. 
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Figure 4-8: EBSD Maps in the RD-TD section from a sample compressed in ND a) with ND 
orientations highlighted that are orientated in the loading direction b) twin boundaries highlighted 
(The red boundaries represent a <11 2 0> twin axis (+/- 5°) with a rotation of 85.22° (+/- 2.5°).  The 
blue boundaries represent a <1010> twin axis with a rotation of 34.84° (+/- 2.5°). The purple 
boundaries represent a <1010> twin axis (+/- 5°) with a rotation of 29.340 (+/- 2.5°).)  

 

4.2 Plastic Deformation by Compressive Loading in the Rolling 
Direction 

  
 Figure 4-9 shows the in-situ lattice strain evolution of the  {1010}, (0002), 

{1011}, {1012} and {11 2 0} grains in the compressive loading direction (RD/RD) and 

the two Poisson orientations (RD/TD and RD/ND).  Due to machining errors that were 

not recognized until the experiments were underway at ISIS, only the TD orientation is a 

“true” Poisson orientation.  The ND orientation was measured at 20º from ND in the ND-
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TD plane.  This direction will be designated ~ND for the analysis.  Figure 4-10 shows the 

approximate orientations in which the measurements were taken at ISIS on a basal pole 

figure.  The lattice strain evolution of the {1013}, {20 2 0}, {11 2 2}, {20 2 1}, {0004}, 

and {20 2 2} grains are reported in Appendix B. 

 The lattice strain evolution in RD/RD (shown in Figure 4-9 a) has three stages of 

interest (designated by the dotted lines).  Note that the lattice strain of the (0002) grains 

on first appearance was calculated using a reference dhkil spacing for an unstrained (0002) 

crystal.  The lattice strain evolution in RD/TD (shown in Figure 4-9 b), has only one 

significant point of interest, while RD/~ND (shown in Figure 4-9 c) has three points of 

interest (designated by the dotted lines).  The stress levels and notes of interest are 

summarized for the lattice strain development in Table 4.3. 

 The intensities measured for the (0002) and {1010} grains were normalized with 

the starting texture coefficients obtained from Figure 3-2 in Section 3.1.  The intensity 

evolution of the (0002) and {1010} grains in the RD and TD orientation are shown in 

Figure 4-11.  The intensity evolution for the ND orientation is not given because it was 

not measured due to the machining miss-alignment.  The initial texture coefficients in RD 

were 0.1 and 2.25 for the (0002) and {1010} grains respectively.  In TD, the starting 

texture coefficients were 0.75 and 2.25 for the (0002) and {1010} grains respectively.  At 

the approximate 0.2% YS location, the grain populations in RD significantly change, with 

an increase in the (0002) grains from a texture coefficient of 0.1 to 1.3, and the {1010} 

texture coefficient from 2.25 to 1.5.  The grain population in TD also changed, but less 

substantially.  The (0002) texture coefficient did not change significantly, and the {1010} 

texture coefficient changed from 2.25 to 2.5. 
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Figure 4-9: Lattice Strain Evolution for a) RD/RD b) repeated RD/RD c) RD/TD and d) RD/~ND 
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Figure 4-10: Approximate location of in-situ measurements perpendicular to applied load 

 

 The {1010} textures for the un-deformed sample, and the deformed sample from 

compression along RD are shown in Figure 4-12.  The {1010} texture developed a six-

fold symmetry with poles located at 60º intervals.  Concentrations are on the TD axis, and 

30º from RD in the RD-TD plane. 

 The intensity changes shown in Figure 4-11 are further verified with bulk texture 

measurements taken at CRL.  The {1010} textures for the un-deformed specimen, and 

the specimen compressed along RD are shown in the form of a pole figure in Figure 4-12 

below.  The {1010} texture has strengthened and has formed a six-fold symmetry with 

high prism concentrations in the TD orientations and +/-60º from TD in the TD-RD 

plane.  The pre-deformed and post-deformed textures for the (0002) grains are shown in 

Figure 4-13.  The texture change shows the development of (0002) concentrations in the 

RD, and the (0002) poles moved from TD towards ND.  The {1011} and {2110} textures 

are reported in Appendix C.   
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Table 4.3: Notes on the lattice strain development of RD/RD, RD/TD, and RD/~ND 

 Measured Axis Stress 
(MPa) 

Notes of Interest 

-500 • {1010}, and {11 2 0} grains deviate from 
linearity (towards positive strain) 

• {1011} and {1012} grains continue a linear 
trend 

• no appearance of the (0002) grains 
-600 • {1011} grains deviate from linearity (towards 

positive strain) 
• {1012} grains continue a linear trend 
• (0002) grains appear in one specimen, but not 

the other (intensity of diffraction peak is weak) 
• A change in the {1010}, and {11 2 0} grain 

trend, deviating towards more positive strain. 

Compression RD/RD 
(Figure 4-9 a) 

-740 • {1012} grains deviate from linearity (towards 
positive strain) 

• (0002) grains are present in both specimens, and 
a change in linearity occurs (towards positive 
strain) 

Compression RD/TD  
(Figure 4-9b) 

0.2% YS 
location 
-640 

• (0002) and {1011} grains deviate from linearity 
(towards negative strain) 

• {1010} {11 2 0}, and {1012} grains continue a 
linear trend 

-640 • {1010}, {11 2 0} and {1011} grains deviate 
from linearity (towards negative strains) 

• {1012} and (0002) and grains continue a linear 
trend 

-666 • {1012} deviate from linearity (towards negative 
strains) 

• (0002) grains deviate from linearity (towards 
positive strains) 

• all other grains follow pre-existing trends 

Compression 
RD/~ND  

(Figure 4-9 c) 

-716 • (0002) deviate from existing path (continuing 
towards positive strains) 

•  {1010}, {11 2 0} and {1011} grains deviate 
from negative strain path to positive strain path 
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Figure 4-11: Texture Coefficient Change of the (0002) and (1010) grain population for a) RD/RD 
b)RD/TD   
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       a)       b) 

Figure 4-12:  {1010} texture of the a) un-deformed specimen [55], and b) deformed specimen from 
compression along RD 

 
 

                                
a)                                                                 b) 

Figure 4-13: (0002) texture of the a) un-deformed specimen, and b) deformed specimen from 
compression along RD 
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 The texture coefficients from the texture data were plotted along the ND-TD and 

the ND-RD planes (shown in Figure 4-14) for the (0002) pole figure (shown in Figure 

4-13).  An average was taken from +/- 5º towards RD in the TD-ND plane and +/- 5º 

towards TD in the RD-ND plane.   

 The cross section shown in Figure 4-14 a) indicates a decrease in the texture 

coefficient from approximately 20º-90º in the ND-TD plane, and a local increase at ND.  

Figure 4-14 shows an increase in the ND orientation (0º-20º), and an increase in texture 

coefficient from approximately 50º-90º in the ND-RD plane. 

 EBSD mapping was done on the TD-ND section.  Figure 4-15 shows the EBSD 

maps for the deformed sample compressed in RD.  Figure 4-15 a) shows the EBSD map 

and the reconstructed microstructure (band contrast image).  Figure 4-15 b) shows the 

EBSD map with red highlighted grains representing grains that are orientated within +/- 

15º from the RD orientation (compressive axis).  Figure 4-15 c) shows the EBSD map 

with twin boundaries highlighted.  The red boundaries represent a <11 2 0> twin axis (+/- 

5º) with a rotation of 85.22º (+/- 2.5°).  The blue boundaries represent a <1010> twin axis 

(+/- 5º) with a rotation of 34.84º (+/- 2.5º). 
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Figure 4-14: Texture Coefficient Change from compression in RD in the a) ND-TD plane and b) ND-
RD plane 
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a) 

 
b) 

 
c) 

Figure 4-15: EBSD Maps in the ND-TD section for a sample compressed in the RD axis a) 
reconstructed microstructure b) (0002) grains highlighted +/-15º from the loading direction (TD) 
orientation c) twin boundaries highlighted [red boundaries (The red boundaries represent a <11 2 0> 
twin axis (+/- 5º) with a rotation of 85.220 (+/- 2.5º allowance).  The blue boundaries represent a 
<1010> twin axis (+/- 5º) with a rotation of 34.84º (+/- 2.5º)]. 
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4.3 Plastic Deformation by Compressive Loading in the Transverse 
Direction  

 

 Figure 4-16 shows the in-situ lattice strain evolution of the {1010}, (0002), 

{1011}, {1012}, and {11 2 0} grains in the compressive loading direction (TD/TD) and 

the two Poisson orientations (ND/TD, and ND/RD).  Due to machining errors that were 

not recognized until the experiments were underway at ISIS, the “true” Poisson 

orientations were not measured.  The discovery of this error is explained in Section 4.1.  

However, measurements were taken at 45º from ND in the ND-RD plane, and 25º from 

RD in the RD-ND plane.  These directions will be designated as ~ND and ~RD for the 

analysis.  Figure 4-17 shows the approximate locations that measurements were taken at 

ISIS.  The lattice strain evolution of the {1013}, {20 2 0}, {11 2 2}, {20 2 1}, {0004}, and 

{20 2 2} grains are  reported in Appendix B. 

 The lattice strain evolution in TD/TD (shown in Figure 4-16 a) has three stages of 

interest (designated by the dotted lines).  The lattice strain evolution in TD/~ND (shown 

in Figure 4-16 b) has three stages of interest, and TD/~RD (shown in Figure 4-16 c) has 

one stage of interest (designated by the dotted lines).  The stress levels and notes of 

interest are summarized for the lattice strain development in Table 4.4. 
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c)        d) 

Figure 4-16: Lattice Strain Evolution for Compression in TD for a) TD/TD b) repeated TD/TD c) TD/~ND and d) TD/~RD 
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Figure 4-17: Approximate location for the perpendicular in-situ measurements 

 
 
 

 The intensity data shown in Figure 4-18 shows a switch in intensity between the 

(0002) and {1010} grains in the TD orientation.  The intensities were normalized with 

the starting texture coefficients obtained from Figure 3-2 in Section 3.1.  The initial 

texture coefficient in TD for the (0002) grains was 0.5 and increased to 1.1 after plastic 

deformation.  The {1010} texture coefficient dropped from 1.75 to 0.75 during plastic 

deformation.  The change in intensity for both the (0002) and {1010} occurred at the 

0.2% YS location of -700 MPa.    

 The {1010} texture for the un-deformed sample and the deformed sample from 

compression along TD is shown in Figure 4-19.  The texture of the prism planes has not 

significantly changed during compressive deformation in the TD.  A slight rotation of the 

prism poles towards the RD orientation occurred, but no texture strengthening is evident.  

The (0002) texture of the specimen, without deformation, and after deformation is shown 

in Figure 4-20.  The basal texture has spread towards the TD direction from the ND 
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orientation.  No maturity has occurred in the RD.  The {1011} and {2110} textures from 

the deformed specimens are presented in Appendix C. 

Table 4.4: Notes on the lattice strain development of TD/TD, TD/~ND, and TD/~RD 

Measured 
Axis 

Stress (MPa) Notes of Interest 

-450 • {1010}, and {11 2 0} grains deviate from linearity 
(towards positive strain) 

• (0002), {1011} and {1012} grains continue a 
linear trend 

0.2% YS 
location 
-700 

• {1011} grains deviate from linearity (towards 
positive strain) 

• A change in the {1010}, and {11 2 0} grain trend, 
deviating towards more positive strain.  

• (0002) and {1012} grains deviate from linearity 
(towards more compressive strain) 

-750 • (0002) and {1012}grains deviate from linearity 
(towards positive strain) 

• there are load drops occurring in the {1010}, 
{1011}, and {11 2 0} grains 

Compression 
TD/TD 

(Figure 4-16 
a) 

-700 • (0002) and {1012} grains deviate from linearity 
(towards negative strain) 

• {1010} {11 2 0}, and {1011} grains continue a 
linear trend 

-750 • {1011} grains deviate from linearity (towards 
negative strain) 

• {1010} and {11 2 0} grains continue a linear trend 
Compression 

TD/~ND  
(Figure 4-16 

b) 
-850 • {11 2 0} grains deviate from linearity (towards 

negative strain) 
• {1010} continues a linear trend 

Compression 
TD/~RD  

(Figure 4-16 
c) 

0.2% YS 
location 
-700 

• {1012}, {11 2 0} and {1011} grains deviate from 
linearity (towards negative strains) 

• {1010} grains continue a linear trend 
• (0002) grains not present throughout deformation 

along this axis. 
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Figure 4-18: Intensity evolution of the (0002) and {1010} grain population in TD during compression 
in TD 

 
 

 

     
a)      b) 

Figure 4-19: {1010} texture of the a) un-deformed specimen [55], and b) deformed specimen from 
compression along TD 
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a)                                                                        b) 

Figure 4-20: (0002) texture of a) pre-deformed specimen and b) post-deformed specimen from 
compression along TD 

 
 
 
 The texture coefficients from the texture data were plotted along the ND-RD 

plane and the ND-TD plane (shown in Figure 4-21) from the (0002) pole figure (shown in 

Figure 4-20).  An average was taken +/- 5º towards RD for the ND-TD plane and +/- 5º 

towards TD for the ND-RD plane. 

 The cross section shown in Figure 4-21 a) indicates a decrease in the texture 

coefficient in the ND-RD plane from 0º-35º and no increase in intensity from 35º-90º.  

The cross section shown in Figure 4-21 b) shows a decrease in the texture coefficient in 

the ND-TD plane from 0º-50º, and an increase from 50º-90º. 
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Figure 4-21: Texture Coefficient change in the a) RD-ND plane and b) TD-ND plane 

 

 EBSD mapping was done on the RD-ND section.  Figure 4-22 shows the EBSD 

maps.  Figure 4-22 a) shows the reconstructed microstructure from the EBSD analysis 

(band contrast).  Figure 4-22 b) shows the EBSD map with red highlighted grains 

representing grains that are orientated within +/- 15º from the TD orientation.  Figure 

4-22 c) shows the EBSD map with twin boundaries highlighted.  The red boundaries 
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represent a <11 2 0> twin axis (+/- 5º) with a rotation of 85.22º (+/- 2.5º).  The blue 

boundaries represent a <1010> twin axis (+/- 5º) with a rotation of 34.84º (+/- 2.5º). 

 
a) 

 
b) 

 
c) 

Figure 4-22: EBSD Maps in the RD-ND section for a sample compressed in the TD axis.  a) Grain 
Structure b) (0002) grains highlighted in the loading direction (TD) c) twin boundaries highlighted 
(The red boundaries represent a <11 2 0> twin axis (+/- 5º) with a rotation of 85.22º (+/- 2.50).  The 
blue boundaries represent a <1010> twin axis (+/- 5º) with a rotation of 34.84º (+/- 2.5º). 
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4.4  Plastic Deformation by Tensile Loading in the Normal Direction  
 
 Figure 4-23 shows the in-situ lattice strain evolution of the {1010}, (0002), 

{1011}, {1012}, and {11 2 0} grains in the tensile loading direction (ND/ND) and the 

two Poisson orientations (ND/TD, and ND/RD).  The lattice strain evolution of the 

{1013}, {20 2 0}, {11 2 2}, {20 2 1}, {0004}, and {20 2 2} are reported in Appendix B. 

 The lattice strain evolution in ND/ND (shown in Figure 4-23 a), has three stages 

of interest (designated by the dotted lines).  The lattice strain evolution in ND/RD (shown 

in Figure 4-23 b), and ND/TD (shown in Figure 4-23 c) have two and three stages of 

interest respectively (designated by the dotted lines).  The stress levels and the notes of 

interest are summarized for the lattice strain development in Table 4.5. 

 The (0002) and {1010} intensities were normalized with the initial texture 

coefficients taken from the textures shown in Figure 3-2 in Section 3.1.  Figure 4-24 

shows the in-situ intensity evolution of the (0002) and {1010} grains during tensile 

loading in ND and the two Poisson orientations (TD and RD).  At the location of 0.2% 

YS (708 MPa), the intensity of the {1010} grains increases in ND and decreases in TD 

and RD.  At the same stress level, the intensity of the (0002) grains decreases in ND and 

increases in RD and TD. 
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c)         d) 

Figure 4-23: Lattice Strain Evolution for tension in ND for a)ND/ND b) repeated ND/ND c) ND/RD and d) ND/TD 
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Table 4.5: Notes on the lattice strain development of the ND/ND, ND/RD, and ND/TD 

Measured 
Axis 

Stress (MPa) Notes of Interest 

640 • (0002) grains deviate from linearity (towards 
negative strain) 

• {1010}, {1011}, {1012}, and {11 2 0} deviate 
towards more positive strain 

708 • (0002) grains deviate again towards more negative 
strain 

• {1010}, {1011}, {1012}, and {11 2 0} deviate 
again towards more positive strain 

Tension 
ND/ND 

(Figure 4-23 
a) 

740 • (0002) grains begin accumulating positive strain 
once again 

• {1010}, {1011}, {1012}, and {11 2 0} deviate 
once more towards negative strain 

708 • {11 2 0}  grains deviate to more positive strain 
• {1010}, {1011}, {1012}, and (0002) grains 

continue a linear trend Tension 
ND/RD  

(Figure 4-23 
b) 

740 • (0002) and {1012}deviate from linearity (towards 
more positive strain) 

• {1010}, {1011}, and {11 2 0} follow their pre-
existing trends 

640 • (0002) deviate from linearity (towards more 
negative strain) 

• {1010}, {1011}, {1012}, and {11 2 0} continue 
the linear trend 

708 • (0002) and {1012} grains begin towards negative 
strains more rapidly 

• {1010}, {1011}, and {11 2 0} deviate from 
linearity (towards positive strain) 

Tension 
ND/TD  

(Figure 4-23 
c) 

740 • (0002) and {1012} grains begin towards negative 
strains at a decreased rate 

• {1010}, {1011}, and {11 2 0} begin accumulating 
negative strains once again 
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Figure 4-24: Intensity evolution of the (0002) and {1010} grain population during Tension parallel to 
ND a) in ND b) RD and c) TD orientations 
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 The {1010} texture for the un-deformed sample and the sample deformed under 

tension in ND is shown in Figure 4-25.  The texture of the prism planes has increased in 

ND, but has not otherwise changed substantially.  The (0002) texture of the prior 

deformation and post deformation is shown in Figure 4-26.  The (0002) texture shows a 

re-orientation of (0002) poles towards TD and around RD in the RD-TD plane.  The 

{1011} and {2110} textures from the deformed specimens are presented in Appendix C. 

 

 
a)      b) 

Figure 4-25: {1010} texture for the a) un-deformed specimen [55], and b) deformed specimen from 
tension along ND 
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            a)                                                                           b) 

Figure 4-26: (0002) Texture of a) un-deformed specimen and b) deformed specimen from tension 
along ND 

 

 The texture coefficients from the texture data were plotted along the ND-TD 

plane and the ND-RD plane (shown in Figure 4-27) from the (0002) pole figure (shown 

in Figure 4-26).  An average was taken from +/- 5º about RD for the TD-ND plane and 

+/-5º for the RD-ND plane. 

 The cross section (shown in Figure 4-27 a) indicates a decrease from 0º-50º and 

an increase from 50º-90º in the ND-TD plane.  The cross section (shown in Figure 4-27 

b) shows a decrease from 0 º-45 º and an increase from 75 º-90 º in the ND-RD plane. 
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b) 

Figure 4-27: Texture Coefficient Change from tension in ND in the a) TD-ND plane and b) RD-ND 
plane 

 
 

 EBSD mapping was done in the TD-RD section.  Figure 4-28 shows the EBSD 

maps for the deformed samples pulled in ND.  Figure 4-28 a) shows the reconstructed 

grain structure obtained from the EBSD data.  Figure 4-28 b) shows the EBSD map with 

red highlighted grains representing grains that are oriented within +/- 15º from the ND 

orientation (i.e. grains favourable for tensile twinning).  Figure 4-28 c) shows the EBSD 
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map with twin boundaries highlighted.  The red boundaries represent a <11 2 0> twin axis 

(+/- 5º) with a rotation of 85.22º (+/- 2.5º).  The blue boundaries represent a <1010> twin 

axis (+/- 5º) with a rotation of 34.84º (+/- 2.5º). 
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a) 

 
b) 

 
c) 

Figure 4-28: EBSD Maps in the RD-ND section for a sample under tension in ND a) reconstructed 
grain structure (band contrast) b) (0002) grains oriented +/- 15º from ND highlighted in red c) twin 
boundaries highlighted (The red boundaries represent a <11 2 0> twin axis (+/- 5º) with a rotation of 
85.22º (+/- 2.50).  The blue boundaries represent a <1010> twin axis (+/- 5º) with a rotation of 34.84º 
(+/- 2.5º). 
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4.5 Plastic Deformation by Tensile Loading in the Rolling Direction  
 

 Figure 4-29 shows the in-situ lattice strain evolution of the {1010}, (0002), 

{1011}, {1012}, and {11 2 0} grains in the tensile loading direction (RD/RD) and the 

two Poisson orientations (RD/TD, and RD/ND).  The lattice strain evolution of the 

{1013}, {20 2 0}, {11 2 2}, {20 2 1}, {0004}, and {20 2 2} grains are reported in 

Appendix B. 

 The lattice strain evolution in RD/RD (shown in Figure 4-29 a) has four stages of 

interest (designated by the dotted lines).  The lattice strain evolution in RD/TD (shown in 

Figure 4-29 b) has three stages of interest and in RD/ND (shown in Figure 4-29 c) has 

three stages of interest (designated by the dotted lines).  The stress levels and notes of 

interest are summarized for the lattice strain development in Table 4.6. 

 The intensity data obtained from the in-situ experiments were obtained for all 

grains.  The (0002) and {1010} intensities were normalized with the initial texture 

coefficients taken from the textures shown in Figure 3-2 in Section 3.1.  Figure 4-30 

shows the in-situ intensity evolution of the (0002) and {1010} grains during tensile 

loading in RD, and the two Poisson orientations (TD and ND).  At a stress of 800 MPa, 

the intensity of {1010} grains increases in RD and decreases in TD.  There was no 

significant change in ND (had relatively zero intensity initially).  The intensity of the 

(0002) grains did not change at all in RD, and decreased slightly in ND and TD. 
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c)          d) 

Figure 4-29: Lattice Strain Evolution for Tension in RD for a)RD/RD b) repeated RD/RD c) RD/TD and d) RD/ND 
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Table 4.6: Notes on the lattice strain development of RD/RD, RD/TD, and RD/ND 

Measured 
Axis 

Stress 
(MPa) 

Notes of Interest 

600 • {1011} and {1012} grains deviate from linearity 
(towards positive strain) 

• {1010} and {11 2 0} grains deviate from linearity 
(towards negative strain) 

650 • {1011} grains deviate back to linearity from more 
positive strain 

• all other grains continue their pre-existing trends 
800 • {1012} grains deviate towards more negative strain 

• {1011} grains deviate again towards more negative 
strain 

•  {1010} and {11 2 0} grains deviate towards more 
positive strain 

Tension 
RD/RD 

(Figure 4-29 
a) 

900 • {1011}, {1012},  {1010} and {11 2 0} deviate 
towards positive strain 

600 • (0002) and {1012} grains deviate from linearity 
(towards negative strain) 

• {1010}, {1011} and {11 2 0} grains deviate from 
linearity (towards positive strain) 

800 • (0002) and {1012} grains deviate towards positive 
strain 

• {1010}, {1011} and {11 2 0} grains continue along 
its pre-existing trend 

Tension 
RD/TD  

(Figure 4-29 
b) 

900 • {1010} and {11 2 0} grains deviate towards more 
negative strain (holding a constant strain at 
approximately 0 until the end of plastic deformation) 

600 • {1010}, {11 2 0} and {1011} deviate from linearity 
(towards positive strain) 

• (0002) grains deviate from linearity (towards more 
negative strains) 

• {1012} grains continue a linear trend 
800 • {1012} grains deviate from linearity towards positive 

strain 
• {1011}, {1010} and {11 2 0} grains deviate from 

their trend to almost constant strains (not changing) 

Tension 
RD/ND  

(Figure 4-29 
c) 

900 • {1012} and (0002) grains deviate towards negative 
strain   

• {1011}, {1010} and {11 2 0} grains deviate towards 
positive strain 
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c) 

Figure 4-30: Intensity evolution of the (0002) and (1010) grain population during tensile deformation 
in RD in a) RD b) TD and c) ND 
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 The {1010} texture for the un-deformed sample, and the sample deformed under 

tension in RD is shown in Figure 4-31.  The texture of the prism planes increased 

drastically in RD, and decreased in TD.  There are lobes located at +/- 30º from TD in the 

TD-RD plane.  The (0002) texture of the prior deformation and post deformation is 

shown in Figure 4-32.  The (0002) texture shows very little change.  The textures for the 

{1011} and {2110} grains are reported in Appendix C. 

   

 
   a)         b) 

Figure 4-31: {1010} texture for a) un-deformed specimen [55], and b) deformed specimen from 
tension along RD 

 

Lobes
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a)      b) 
Figure 4-32: (0002) texture of a) un-deformed specimen and b) deformed specimen from tension 
along RD 

 
 The texture coefficients from the texture data were plotted along the ND-TD 

plane and the ND-RD plane (shown in Figure 4-33) from the (0002) pole figure (shown 

in Figure 4-32).  An average was taken from +/- 5º towards RD in the ND-TD plane and 

+/- 5º towards TD in the ND-RD plane. 

 The cross section (shown in Figure 4-33) shows not much change in either plane, 

other than some local increases and decreases. 

 EBSD mapping was done in the ND-TD section.  Figure 4-34 shows the EBSD 

map with the reconstructed grain structure (band contrast image).  There was no evidence 

of twinning in this sample.  The black dots are areas of poor band contrast, and are likely 

a result of a poor electropolish located around precipitates. 
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b) 

Figure 4-33: Texture Coefficient Change during tensile loading in the RD axis in the a) ND-TD plane 
and b) ND-RD plane 
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Figure 4-34: EBSD Map for the sample deformed under tension along the RD axis.  This map shows 
the reconstructed grain structure using band contrast (i.e. Kikuchi image quality). 

 

4.6 Plastic Deformation by Tensile Loading in the Transverse 
Direction  

 
 Figure 4-35 shows the in-situ lattice strain evolution of the {1010}, (0002), 

{1011}, {1012} and {11 2 0} grains in the tensile loading direction (TD/TD), and the two 

Poisson orientations (TD/RD, and TD/ND). The lattice strain evolution for the {1013}, 

{20 2 0}, {11 2 2}, {20 2 1}, {0004} and {20 2 2} grains are reported in Appendix B. 

 The lattice strain evolution in TD/TD (shown in Figure 4-35 a) has four stages of 

interest (designated by dotted lines).  The lattice strain evolution in TD/ND (shown in 

Figure 4-35 b) has four stages of interest, and TD/RD (shown in Figure 4-35 c) has three 

stages of interest (designated by the dotted lines).   The stress levels and notes of interest 

are summarized for the lattice strain development in Table 4.7. 
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c)         d)  

Figure 4-35:  Lattice Strain Evolution for Tension in TD for a)TD/TD b) repeated TD/TD c) TD/ND and d) TD/RD 
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Table 4.7: Notes on the lattice strain development of the TD/TD, TD/ND, and TD/RD 

Measured 
Axis 

Stress 
(MPa) 

Notes of Interest 

550 • {1010} and {11 2 0} grains deviate from linearity  
(towards negative strain) 

• {1011} and {1012} grains deviate from linearity 
(towards positive strain) 

• all other grains continue linearly 
730 • (0002) and {1012} grains deviate towards negative strain 

• {1010} and {11 2 0} grains deviate from linearity 
(towards positive strain) 

760 • (0002) and {1012} grains deviate towards positive strain 
• all other grains continue their pre-existing trends 

Tension 
TD/TD 

(Figure 4-35 
a) 

910 • (0002) and {1012} grains deviate to hold a constant 
strain (until end of test) 

660 • {1010}, {11 2 0}, {1011} and {1012} grains deviate 
from linearity (towards positive strain) 

• (0002) continues to deform linearly 
709 • (0002) grains deviate from linearity (towards negative 

strain) 
• {1012} grains deviate towards positive strain 
• all other grains continue their trends 

760 • {1010}, {11 2 0}, {1011} and {1012} grains deviate 
towards negative strain 

• (0002) grains continue their trend 

Tension 
TD/ND  

(Figure 4-35 
b) 

870 • (0002) grains deviate towards negative strain 
• {1010}, {11 2 0} and {1011} deviate towards positive 

strain 
660 • {1010} and {11 2 0} grains deviate from linearity 

(towards positive strain) 
• {1011} and {1012} grains deviate from linearity 

(towards negative strain) 
760 • appearance of the (0002) grain peaks in this orientation 

• {1011} and {1012} grains deviate towards positive 
strain 

• {1010} and {11 2 0} grains deviate towards negative 
strain 

Tension 
TD/RD  

(Figure 4-35 
c) 

910 • (0002) and {1012} grains deviate towards negative strain 
• {1011}, {1010} and {11 2 0} grains deviate towards 

positive strain 
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 The intensity data obtained from the in-situ experiments were obtained for all 

grains.  The (0002) and the {1010} intensities were normalized with the initial texture 

coefficients taken from the textures shown in Figure 3-2 in Section 3.1.  Figure 4-36  

shows the in-situ intensity evolution of the (0002) and {1010} grains during tensile 

loading in TD and the two Poisson orientations (ND and RD).  At a stress of 760 MPa, 

the {1010} intensity increased in TD, decreased in RD, and there was no change in ND.  

The (0002) intensity did not change in TD, increased in RD, and did not significantly 

decrease in ND.  

 The {1010} texture for the un-deformed sample, and the sample deformed under 

tension in TD is shown in Figure 4-37.  The texture of the prism planes changed to 

having a strong six-fold symmetry with concentrations in the TD axis, and +/- 60º from 

TD in the TD-RD plane.  The (0002) texture of the prior deformation and post 

deformation is shown in Figure 4-38.  The (0002) texture shows a decrease in poles 

towards TD (bringing them in towards ND).  The pole figures for the {1011} and {2110} 

grains are reported in Appendix C.   
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c) 

Figure 4-36: Intensity  evolution of the (0002) and (1010) grain population during tension in TD  in 
a) TD,  b) RD and c) ND orientations 
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a)      b) 

Figure 4-37: {1010} texture for a) un-deformed specimen [55], and b) deformed specimen from 
tension along TD 

 
a)      b) 

Figure 4-38: (0002) texture of a) un-deformed specimen b) deformed specimen from tension along TD 
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 The texture coefficients from the texture data were plotted along the ND-TD 

plane and the ND-RD plane (shown in Figure 4-33) from the (0002) pole figure (shown 

in Figure 4-32).  An average was taken from +/- 5º towards RD in the ND-TD plane and 

+/-5º towards TD in the ND-RD plane. 
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b) 

Figure 4-39: Texture Coefficient Change during tensile loading in the TD axis in the a) RD-ND plane 
and b) TD-ND plane 
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 The cross section (shown in Figure 4-39 a) shows a decrease from 0º-20º and an 

increase from ~30º-90º in the RD-ND plane.  The cross section shown in (shown in 

Figure 4-39 b) shows a decrease in concentration from 0º-90º in the ND-TD plane. 

 EBSD mapping was done on the RD-ND section.  Figure 4-40 shows the EBSD 

maps.  Figure 4-40 a) shows the reconstructed microstructure from the EBSD analysis 

(band contrast).  Figure 4-40 b) shows the EBSD map with twin boundaries highlighted.  

The red boundaries represent a <11 2 0> twin axis (+/- 5º) with a rotation of 85.22º (+/- 

2.5º).  The blue boundaries represent a <1010> twin axis (+/- 5º) with a rotation of 34.84º 

(+/- 2.5º).  The black dots are areas of poor band contrast, and are likely due to a poor 

electropolish around precipitates. 
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a) 

 
b) 

Figure 4-40: EBSD Maps in the RD-ND plane from a sample deformed by tension in TD a) Grain 
Structure b) twin boundaries highlighted (The red boundaries represent a <11 2 0> twin axis (+/- 5º) 
with a rotation of 85.22º (+/- 2.50).  The blue boundaries represent a <1010> twin axis (+/- 5º) with a 
rotation of 34.84º (+/- 2.5º). 
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4.7 Diffraction Elastic Constants 

 The DEC were obtained for the {1010}, (0002), {1011}, {1012} and {11 2 0} 

planes, using the lattice strain evolution data from the tension in ND, RD and TD in 

Figure 4-23, Figure 4-29, and Figure 4-35 respectively.  The slope of the linear section of 

the curves was calculated in the deformation axis and the two Poisson orientations for 

each sample.  The error in the slope (standard deviation), sd, is also calculated.  The DEC 

and error are presented in Table 4.8.   

Table 4.8: Diffraction Elastic Constants from tension in ND, RD, and TD along with the respective 
Poisson orientations 

{1010} (0002) {1011} {1012} {11 2 0} 
DEC sd DEC sd DEC sd DEC sd DEC sd XD/YDf 
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

TD/TD 111 2.2 118 1 103 0.6 102 1.2 114 1.3 
TD/TD 118 2.0 128 5.1 101 0.8 101 1.1 117 1.9 
TD/ND -441 37.2 -390 36.1 -339 31.7 -328 30.4 -407 35.4 
TD/RD -350 6.7 N/A N/A -340 4.6 -299 14.3 -350 4.9 
RD/RD 111 0.7 N/A N/A 108 0.4 109 1.1 112 0.3 
RD/RD 112 1.1 N/A N/A 105 0.7 107 2.3 111 0.7 
RD/TD -344 7.4 -364 8.2 -340 3.5 -346 6.6 -343 5.6 
RD/ND -365 21.4 -386 6.6 -364 6 -350 6.5 -346 14.9 
ND/ND 112 3.6 124 0.9 109 0.8 110 0.5 108 2 
ND/ND 124 7.6 126 1.5 109 1 109 0.8 112 4.5 
ND/RD -427 20.1 -271 54.6 -350 2.7 -315 13.5 -402 6.3 
ND/TD -410 10.4 -373 21.2 -347 5.2 -324 11.8 -393 6.2 

 

                                                 
f XD/YD (Deformation Axis/Measured Axis) 
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Chapter 5 Discussion  

 In this section, the results of the experimental work will be interpreted and 

discussed in relation to the active slip and twinning mechanisms that are occurring in the 

material.  First the macroscopic data will be discussed for the deformation in compression 

and tension in the three principle sample orientations (ND, RD and TD) at 77K.  The 

lattice strain data will be generally discussed as it pertains to the active slip mechanisms.  

Individual loading directions will be discussed as they pertain to twinning, and a general 

discussion section will follow indicating the similarities of different loading directions as 

they pertain to the evolution of {1010} texture and (0002) texture for slip mechanisms.  

The diffraction elastic constants (DEC) calculated from the in-situ data will be discussed 

and compared to the room temperature DEC calculated from Xu’s data [6]. 

5.1 Macroscopic Stress-Strain 
 

 The stress-stain curves and the tabulated data for the 0.2% YS of Zircaloy-2 at 

77K are presented in Figure 4-1 and Table 4.1 respectively.  This data shows the 

mechanical anisotropy of the material at low temperatures.  The 0.2% YS at 77 K is 

significantly higher in all three principle directions (ND, RD, and TD) than the 0.2% YS 

at RT [7].  This behaviour has been seen in deformation of Zircaloy-4 for tensile 

specimens, as discussed in Section 2.7 [43].  The tensile Zircaloy-2 specimens deformed 

at 77K appear to be more isotropic when compared to the RT data presented by Xu [7].  

This can be explained by the CRSS’s at room temperature, Table 2.3, compared to the 

CRSS’s at 77K, Table 5.1 in Section 5.2.  At room temperature, the CRSS’s are spread 
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between 100 MPa for prism <a> slip and 320 MPa for pyramidal <c+a> slip [7].  At 77K, 

the CRSS’s are spread between 220 MPa for prism <a> slip and 350 MPa for tensile 

{1012} <1011> twinning.  This indicates a larger variation in activation stresses for 

deformation at room temperature compared to 77K, and explains why deformation at 77K 

is more isotropic compared to deformation at room temperature.   

 At room temperature under tension, the 0.2% YS in ND was ~450 MPa (~100 

MPa higher than in TD, and ~150 MPa higher than in RD) [59].  At cryogenic 

temperatures the 0.2% YS in ND is ~675 MPa (~25 MPa lower than in TD, and ~60 MPa 

higher than in RD).  At room temperature there was a spread in the data of ~150 MPa, 

and at 77K the spread was reduced to ~75 MPa).  In compression, the results are similar 

to RT results shown by Xu [7], except the 0.2% YS values are approximately double at 

77K compared to RT.  The ND orientation is much stronger than RD and TD planes.  At 

77K, the TD orientation has a higher strength than RD.  These results make sense, as the 

c-axis is the strongest under compressive loading, and the ND and the TD axis have a 

higher concentration of basal normals oriented in their axis compared to RD, as shown in 

Figure 3-2 in Section 3.1.  Compression in the c-axis requires the highest stress because 

compression along the c-axis at 77K requires the activation of compression twinning, and 

as reported by Kaschner and Tomé [49], the CRSS for compression twinning is 

respectively higher than tensile twinning and prism <a> slip in high purity polycrystalline 

zirconium (CRSS values for slip and twinning in Zircaloy-2 at 77K are discussed in 

Section 5.2).   

 The 0.2% YS for compression in ND varied significantly, Table 4.1.  This could 

be a combination of temperature fluctuations during mechanical testing and texture 
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variations in the Zircaloy-2 slab.  There was some relaxation (local decrease) during 

deformation in materials under compression shortly after the 0.2% YS.  Load drops have 

been attributed to activation of twinning: behaviour also seen at RT [7].  All other tests 

performed had good agreement between the two test specimens, Table 4.1. 

5.2 Lattice Strain Evolution 

 Lattice strain evolution data can be difficult to interpret without the aid of a good 

model.  For this reason, F. Xu was asked to help with the project and use EPSC4, which 

is better suited to model twinning compared to EPSC3 [60].  Xu’s preliminary modelling 

results are reported in Appendix D: EPSC4 Modeling.  The modelling shows that in order 

to best match the experimental data, five deformation mechanisms are necessary (prism 

<a> slip, basal <a> slip, tensile {1012} twinning, tensile {11 2 1} twinning, and 

compressive {11 2 2} twinning).  Table 5.1 obtained from Appendix D, shows the 

mechanisms used and the CRSS for each deformation system.  It was determined with 

modelling, that incorporating pyramidal <c+a> slip does not match the experimental 

results, and does not likely contribute to deformation of zircaloy-2 at 77K.  Table 2.3 in 

Section 2.7 shows the CRSS for the deformation mechanisms determined to be activated 

at RT [7].  These tables outline the change in the CRSS as a function of temperature.  All 

similar mechanisms between RT and 77K increase as the temperature is decreased 

(including tensile twinning).  For details of the preliminary modelling results by Xu, refer 

to Appendix D.  



 101

Table 5.1: Critical resolved shear stresses used in modeling for Zr-2 deformation at 77K 

  
0τ  

(GPa) 

prism <a> slip 0.220 

basal <a> slip 0.260 

tensile {10-12}<-1011> 
twinning  

0.350 

tensile {11-21}<-1-126> 
twinning  

0.280 

compression              
{11-22}<-1-123> twinning

0.540 

 

 Prism <a> slip is easy to interpret from the lattice strain data, as it is well known 

that prism <a> slip is activated first at all temperatures [16][25][26][27], and has been 

shown at room temperature to relax the {1010} and {11 2 0} lattice strains [6][7][9]; 

therefore, the deviation from linearity of the {1010} and {11 2 0} lattice strain curves 

parallel to the loading direction is a good indication of the activation of prism <a> slip.  

In compression along ND, RD and TD, the {1010} and {11 2 0} lattice strain curves 

deviate from linearity (towards positive strain) at a stress lower than the macroscopic 

0.2% YS, at stresses between -450MPa and -500MPa.  At room temperature the similar 

deviations occurred at stresses of -180MPa and -250MPa, indicating a fractional increase 

of approximately 2 for the activation of prism <a> slip as temperature is decreased from 

RT to 77K. 

 It has previously been reported that inflections in the higher order pyramidal 

planes ({1011} and {1012}) can be a result of basal <a> slip [6][7][8].  Deviations in 

these lattice strains (towards positive strain) are seen in:   

• ND/ND at a stress of -666MPa (-700MPa), and -806MPa (-882MPa) respectively 
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• RD/RD at a stress of -600MPa and -740MPa respectively, and  

• TD/TD at a stress of -700MPa, and -750 MPa respectively. 

 TEM analysis would be needed to experimentally verify the activation of basal 

<a> slip in these samples. 

 The 0.2% YS from compression in ND is respectively higher than those in RD 

and TD.  Reviewing the CRSS’s in Table 5.1 for deformation at 77K, it is shown that the 

stress required to activate compressive twinning is high compared to prism <a> slip, basal 

<a> slip and tensile twinning.  Because it was shown that pyramidal <c+a> slip does not 

match the experimental data when modelled, compression twinning is required to 

accommodate plastic deformation along the c-axis, and is the reason why the 0.2% YS is 

so much higher than RD and TD. 

 During tension in ND, the grains are not favourably oriented for <a> slip, so 

stresses become large before lattice strains deviate from linearity (compared to RD and 

TD orientations).  In ND/ND (shown in Figure 4-23), there is a slight deviation in the 

(0002) lattice strains from linearity at 640 MPa (towards negative strain), and the 

remaining grains towards more positive strain.  It could be the initiation of slip systems 

(other than the unfavourable prism slip).  At the 0.2% YS (i.e. 730 MPa), the (0002) 

grains deviate once again; this time towards more positive strain (possibly the activation 

of twinning). 

 In tension in RD (shown in Figure 4-29), the grains are favourably oriented for 

<a> slip to take place, and deviations from linearity occur at a relatively low stress 

(compared to ND).  In RD/RD, the prism lattice strains deviate from linearity at a stress 

of 600 MPa (towards negative strain), while the pyramidal lattice strains deviate towards 
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positive strain.  At 800 MPa the {1012} lattice strains show a distinct deviation (towards 

negative strain), and again deviate at 900 MPa (this time towards positive strain).  This 

could be a result of basal <a> slip, as Xu has reported similar behaviour at room 

temperature [6][7][8]. 

 In tension in TD (shown in Figure 4-35), there is a deviation in lattice strain for 

the prism planes at 550 MPa in TD/TD (towards negative strain), and a matching 

deviation in lattice strain for the pyramidal planes (towards positive strain) which is likely 

due to prism <a> slip.  At 730 MPa, the (0002) and {1012} lattice strains deviate towards 

negative strain.  This deviation in {1012} lattice strains is similar (yet less significant), to 

that seen in tension in RD at 800 MPa, and could be due to basal <a> slip.  At 760 MPa, 

all grains begin accumulating positive strain once again.  At 910 MPa, the (0002) and 

{1012} lattice strains stop accumulating strain (i.e. remain at constant lattice strain), until 

the end of the test. 

 Under tension in RD and TD at 77K, the activation of prism <a> slip (by the 

deviation of the prism planes) occurs at stresses of 600MPa and 550MPa respectively.  

Compared to RT tests by Xu [6][7][8] (activation stresses of 245 MPa in RD and 290 

MPa in TD), there is an fractional increase in applied stress of approximately 2, as 

temperature is decreased to 77K. 

 It has been shown that the stress-strain curves for tension in ND, RD and TD are 

respectively similar.  This is likely because of the similar CRSS’s for tensile twinning, 

prism <a> slip and basal <a> slip.  No matter the test direction, all required deformation 

mechanisms take place at relatively similar stress levels. 
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5.3 Twinning in Zircaloy-2 at 77K 

 Texture analysis helps show which deformation modes may have been activated 

during deformation in compression or tension.  As discussed in Chapter 2, twinning 

reorients the crystal structure, which rotates the (0002) and {1010} planes.  As discussed 

in Chapter 2, twinning rotates the crystal structure about a twin axis by specific angles 

(see Section 2.1 for more details), while the angle of rotation for slip mechanisms 

depends on the amount of plasticity in the material.  Tensile twinning occurs when the c-

axis of the hcp crystal is deformed by tension, while compression twinning occurs when 

the c-axis is deformed by compression.  Tension and compression of the c-axis can occur 

in the loading axis or in the Poisson axis. 

 The intensity evolution plots in Chapter 4 (i.e. the changes in (0002) and {1010} 

intensity as a function of applied stress) are a good indication of the activation of 

twinning.  The changes in intensity occur at or just after the 0.2% YS, indicating that 

twinning is activated with the onset of macroscopic plasticity.  As shown in Section 5.2, 

slip can occur prior to the 0.2% YS. 

 

5.3.1 Compression in ND 

 We will first look at the compression in the normal direction.  There was 

relatively no change or strengthening in the {1010} texture as seen in Figure 4-5.  In the 

(0002) texture, no significant change is seen in the pole figure in Figure 4-6, but changes 

are more apparent when the cross-section of the texture coefficients is looked at in Figure 

4-7.  There appears to be a decrease in the (0002) texture concentration in the 
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compressive axis (ND), and a slight increase in concentration between 30º and 60º, and 

60º and 85º in the RD-TD plane.  This increase in concentration at approximately 60º, 

and the decrease in (0002) concentration in ND corresponds to the idea that compressive 

{11 2 2} <1123> twinning (rotation of 65.22º) twinning has taken place.  The EBSD data 

shown in Figure 4-8 was intended to verify this finding, yet inconclusive results were 

found.  There appear to be tension {1012} <1011> twins present (rotation of 85.22º 

along the <11 2 0> twin axis), and twins with a rotation of 29.34º with a twin axis of 

<1010>.  This twin axis is common to the tensile {11 2 1} <1126> twin (rotation of 

34.83º from tensile axis) and the compressive {11 2 2} <1123> twin (rotation of 65.22º 

from the compressive axis).  As discussed in Section 2.7, there has been evidence of 

secondary twinning within primary twins (with different twin axes and the same twin 

axis) [22][50], as well as the presence of fine twins not observed with EBSD techniques 

[22].  A rotation of 29.34º matches the idea that grains favourably oriented for 

compression twinning have twinned (rotating 65.22º away from the compressive axis) 

into a tensile state in the Poisson direction, and then twinned a second time (rotating 

34.83º towards the compressive axis).  If the stress to activate the {11 2 1} tensile twin is 

significantly lower than the stress to activate the compressive {11 2 2} twin (~280 MPa 

vs ~540 MPa as Xu’s preliminary model in Appendix D: EPSC4 Modeling suggests), 

then it is likely that nearly the entire prior twinned grain was consumed by secondary 

twinning.  This will need to be verified with TEM investigations, and if evidence is 

found, this would be the first {11 2 1}-{11 2 2} double twinning witnessed in a Zirconium 

alloy.  Similar double twinning has been found in Mg alloys; however different tensile 

and compression twins were involved [50].  Also, double twinning was found in high 
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purity, clock rolled polycrystalline zirconium, however these twins had different twin 

axes [22][23].  The increase in concentration at approximately 30º in the ND-TD cross 

section plot in Figure 4-7 a) would be explained if TEM verifies the existence of this 

double twin.  The absence of the compressive {11 2 2} <1123> twins in the EBSD map 

could also be that the majority of the compressive twins were too fine to be resolved with 

the EBSD technique, and may only be resolved with TEM (as mentioned earlier).   

 The intensity data from the in-situ experiments presented in Figure 4-4 show that 

at the 0.2% YS of -1020 MPa, the (0002) texture coefficient decreased, which would also 

verify the activation of twinning.  The intensity data for the two sets of Poisson 

orientations were not plotted, as the true orientations were not measured.  Modelling this 

data is still useful and can help explain what is occurring, but for the purposes of this 

study, they have been left out.  Studying the lattice strain evolution for compression in 

ND, Figure 4-2, it can be seen that local load drops in the lattice strain data, and 

corresponding load drops in the macroscopic stress-strain curves, Figure 4-1, are present.  

This has previously been attributed to the activation of twinning in single crystal 

zirconium by Ahktar [15], and has also seen by Xu in his studies on lattice strain 

evolution of Zircaloy-2 at room temperature [6][7][8][9]. 

5.3.2 Compression in RD 

 During compression in RD, the {1010} texture (as seen in Figure 4-12) shows 

that the texture has developed a six-fold symmetry.  The (0002) texture (shown in Figure 

4-13) has developed a concentration in the RD (compressive axis).  This data is similar to 

that seen by Xu at room temperature for compression in RD of the same material [6].  It 

is believed that tensile {1012} <1011> twinning (rotation of 85.22º from the tensile axis 
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to compressive axis) is responsible for this concentration development in RD.  The 

(0002) and {1010} poles will roughly switch locations during tensile {1012} <1011> 

twinning.  This is evident in the intensity evolution from the in-situ measurements shown 

in Figure 4-14 a).  The (0002) concentration increases in RD and the {1010} 

concentration decreases.  This switch in concentrations is a clear sign of tensile {1012} 

<1011> twinning.  EBSD measurements shown in Figure 4-15 have verified the 

activation of both types of tensile twinning common in Zirconium alloys (i.e. {1012} 

<1011>, and {11 2 1} <1126> tensile twins).  It is easy to distinguish the {1012} 

<1011> twin by texture analysis as the re-orientation is evident at 85.22º, however the 

{11 2 1} <1126> twin can easily be missed as a rotation of 34.83º still lies within the 

initial (0002) texture concentrations. 

5.3.3 Compression in TD 

 During compression in TD, the {1010} texture (as seen in Figure 4-19) did not 

significantly change or strengthen from the original texture.  The (0002) texture shown in 

Figure 4-20 spread the concentration of (0002) normals towards the TD orientation.  This 

would suggest that twinning has taken place in the grains with c-axis oriented in the 

normal direction (tensile Poisson direction).  The texture coefficient data shows that the 

(0002) concentration in TD increases from 0.5 mrd to 1.1 mrd throughout plastic 

deformation.  The {1010} concentration decreases respectively from 1.75 to 0.75 

throughout plastic deformation.  It is important to note that these changes began to occur 

at the 0.2% YS, as this would indicate that some amount of plasticity must occur in order 

to activate twinning.  These results are further verified by the cross sections from the 
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(0002) pole figure shown in Figure 4-21.  This shows a decrease in concentration 

between 0º and 50º in the ND-TD plane and an increase from 50º to 90º.  There is also a 

decrease in (0002) normal concentrations from 0º to 35º in the ND-RD plane, and no 

change from 35º to 90º.  The Poisson orientations were not analyzed for a texture 

coefficient change as measurements were not made in the proper locations.  EBSD 

analysis in Figure 4-22 c) shows that the two known tensile twins common to Zirconium 

alloys were activated (i.e. the {1012} <1011> and {11 2 1} <1126> tensile twins).  These 

are represented by the red grain boundaries ({1012} <1011>tensile twin), and the blue 

grain boundaries ({11 2 1} <1126> tensile twin) in the EBSD image. 

 

5.3.4 Tension in ND 

 Tension in the ND is of great importance, as it should be favourable to activate 

many tensile twins.  The {1010} texture of the deformed specimen shows an increase in 

concentration in the ND orientation, and a slight weakening of concentration strength in 

the outer rim of the pole figure (i.e. RD-TD plane) (as seen in Figure 4-25).  The (0002) 

texture shows a spread of concentration towards the TD orientation and the appearance of 

(0002) concentration in the pole figure rim (i.e. the TD-RD plane).  The intensity 

evolution data shown in Figure 4-24 shows the change in intensity in the {1010} and 

(0002) concentrations in all three principle sample orientations.  There is a decrease of 

(0002) concentration in ND, and an increase in TD and RD planes.  The {1010} 

concentration increases in ND, and decreases in TD and RD.  The (0002) results are 

verified with the cross sections from the (0002) pole figure (as shown in Figure 4-27).  

The (0002) texture seems to have levelled off in the ND-TD plane (with slight local 
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maximums and minimums).  There is a decrease in concentration from 0º to 50º in the 

ND-TD plane and an increase from 50º to 90º.  The (0002) concentration is decreased 

from 0º to 40º in the ND-RD plane and increased from 75º to 90º. 

 The EBSD mapping for this material shown in Figure 4-28 shows the evidence of 

twinning under deformation in ND.   Figure 4-28 b) shows the red highlighted grains that 

are favourable for twinning (i.e. c-axis parallel to the tensile loading).  Figure 4-28 c) 

shows the highlighted grain boundaries that are twins.  As mentioned earlier, the red 

boundaries correspond to the tensile {1012} <1011> twin boundaries, and the blue 

boundaries correspond to the tensile {11 2 1} <1126> twin boundaries.  This is the first 

clear appearance of significant cross-twinning.  Figure 5-1 shows the area boxed in black, 

with the twinned grains of interest highlighted with the same colour as the corresponding 

boundaries to indicate the twin type.  It is shown that the {11 2 1} <1126> twins pass 

through the entire prior grain, while the {1012} <1011> twin stop at the {11 2 1} <1126> 

twin boundaries.  This gives a timeline for the activation of the twinning mechanisms.  It 

indicates that the {11 2 1} <1126> twins were activated in this grain first, and the {1012} 

<1011> twin was activated second.  Xu’s CRSS values for twinning in Table 5.1 also 

have the {11 2 1} twins with a lower CRSS than the {1012} (0.280 compared to 0.350), 

which helps validate this hypothesis. 
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Figure 5-1: EBSD image for tension in ND with the grains highlighted to match the twins.  Red 
grains and grain boundaries correspond to {101 2} <1 011> twins and blue grains and boundaries 
correspond to {11 2 1} <1 1 26> twins. 

 

5.3.5 Tension in RD 

 Tension in the RD orientation would put the majority of the c-axes under 

compression.  There should be very little if any tensile twinning mechanisms activated in 

this deformation axis, as the population of c-axes ((0002) grains)) in this orientation is not 

measurable from neutron diffraction measurements performed at ISIS labs (shown in 

Figure 4-30).  This figure also indicates that there is no strengthening of the (0002) 

concentration, which is further verified with the (0002) pole figures in Figure 4-32.  The 

{1010} textures, shown in Figure 4-31 show a strong strengthening of {1010} normal 

concentration in the tensile (RD) axis, with two lobes at +/-60º from RD in the RD-TD 

plane.  As the EBSD plot in Figure 4-34 showed no visual evidence of twinning 



 111

(compression or tension), it is a clear sign that the change in texture is a response to the 

activation of slip (i.e. because there are lots of easily activated slip modes in this 

orientation).  This is not conclusive evidence that twinning has not occurred in this 

situation, however, as there have been instances as discussed earlier (Section 2.7), that 

fine twins occur that EBSD may not be able to resolve [22][23]. 

5.3.6 Tension in TD 

 Tension in the TD axis puts a combination of c-axes under tension (in TD) and 

under compression (in ND).  This has the potential to activate both compression and 

tension twinning.  The {1010} pole figures shown in Figure 4-37 show that a drastic 

change in {1010} texture has occurred.  A six-fold symmetry is present in the deformed 

specimen with equal {1010} pole concentrations in TD (tension axis), and +/-60º from 

TD in the TD-RD plane.  The (0002) pole figures, Figure 4-38, show that the (0002) 

poles are concentrated in a circle about the centre ND axis.  The increase of the (0002) 

concentration towards the ND axis is likely to be a result of slip, as the EBSD maps 

shown in Figure 4-40 show {1012} <1011> tensile twins, which would rotates the (0002) 

poles 85.22º from the tensile axis (TD) towards a compressive axis (ND or RD), and 

small {11 2 1} <1126> tensile twins.  {1012} twins could help explain the increase in 

(0002) concentration in ND and the decrease in TD. 

5.3.7 Activation Stresses 

 The applied stress for the deformation mechanisms inferred from the lattice strain 

evolution curves, Chapter Chapter 4, are summarized and tabulated in Table 5.2 for 

deformation by compression and Table 5.3 for deformation by tension.  This has shown 
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that prism <a> slip is the easiest slip mechanism to activate, followed by basal <a> slip.  

Twinning appears to initiate at or just after the 0.2% YS has been reached.  This makes 

sense, because if only prism and basal slip are the only major slip systems active in the 

material, twinning is required in order to fulfill Von Mises compatibility (explained in 

Chapter Chapter 2).  The three highest CRSS’s at 77K, Table 5.1, are the three twinning 

mechanisms (~280 MPa, ~350 MPa, and ~ 540 MPa) and once the stress required to 

activate twinning has been reached, plastic deformation can occur. 

Table 5.2:  Applied stresses and inferred deformation mechanisms for compression in ND, RD, and 
TD 

Test Direction Applied Stress 
(MPa) 

Believed 
Deformation 
Mechanism 

Evidence 

-450 Prism <a> slip Deviation of prism 
lattice strains 

-666 and -806 Basal <a> slip Deviation of higher 
order pyramidal 
planes 

ND 

0.2% YS (-940) Twinning 
(tensile and 
compressive) 

(0002) intensity 
change and EBSD 

-500 Prism <a> slip Deviation of prism 
lattice strains 

-600 Basal <a> slip Deviation of higher 
order pyramidal 
planes 

RD 

0.2% YS (-640) Twinning 
(tensile) 

Intensity evolution 
and EBSD 

-450 Prism <a> slip Deviation of prism 
lattice strains 

Basal <a> slip Deviation of higher 
order pyramidal 
planes 

TD 

0.2% YS (-700) 

Twinning 
(tensile) 

Intensity evolution 
and EBSD 
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Table 5.3: Applied stresses and inferred deformation mechanisms for compression in ND, RD, and 
TD 

Test Direction Applied Stress 
(MPa) 

Believed 
Deformation 
Mechanism 

Evidence 

640 Slip (unknown) None ND 
708 Twinning Intensity 

evolution and 
EBSD 

600 Prism <a> slip Deviation of 
prism lattice 
strains (towards 
negative strain) 

RD 

800 and 900 Basal <a> slip Deviations of 
higher order 
pyramidal planes  

550 Prism <a> slip Deviation of 
prism lattice 
strains 

730 Basal <a> slip Deviation of 
higher order 
pyramidal planes 

TD 

760 Twinning Intensity 
evolution, (0002) 
lattice strain 
deviation, and 
EBSD 

 

5.4 Diffraction Elastic Constants 
 

 The DEC at 77K presented in Table 4.8 reports slope of the elastic region of each 

lattice strain for the {1010}, (0002), {1011}, {1012} and {11 2 0} planes.  This data is 

the first obtained for Zircaloy-2; however single crystal elastic constants were calculated 

for room temperature and 73K (presented in Section 2.1, Table 2.1).  For single crystals, 

the elastic constant in the a-axis (i.e. {1010}), and the c-axis (i.e. (0002)) were calculated 

to be 115 and 133 GPa.  This is not unlike the values obtained for the DEC using 
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experimental data from ISIS labs on Zircaloy-2 at 77K.  The DEC are slightly different 

under different loading orientations due to the differing intergranular constraints.  

 The room temperature data was calculated by Xu [61].  This is not unlike the 

calculated single crystal elastic constants reported in Table 2.1 in Section 2.1.  The elastic 

constants in the a-axis (i.e. {1010}), and the c-axis (i.e. (0002)) were calculated to be 99 

GPa and 125 GPa respectively. 

 Table 5.4 reports the DEC for room temperature and 77K for the {1010}, (0002), 

{1011}, {1012} and {11 2 0} planes.  Using EPSC, Xu was able to model the DEC for 

room temperature and 77K,Table 5.5.  Figure 5-2 shows the averaged {1010} and (0002) 

DEC parallel to the loading direction (i.e. average of DEC from tension in RD, ND and 

TD) from the experimental data and the model.  The DEC in the Poisson directions were 

averaged together and plotted as a function of temperature for {1010} and (0002).  The 

modelled data and experimental data are in good agreement for the {1010} DEC in the 

loading direction and the Poisson direction.  The modelled data and the experimental data 

are in good agreement for the (0002) DEC at RT and 77K in the loading direction.  In the 

Poisson direction, the experimental and model data are only in good agreement at RT.  

There is a significant difference between the model and experimental DEC at 77K. 

 There is a good correlation between the modelled DEC and the experimentally 

measured DEC for RT and 77K in the loading direction for both the {1010} and (0002) 

planes, Figure 5-2.  In the Poisson directions, there is a good agreement between the 

model and the experiment for the {1010} plane at RT and 77K, Figure 5-3; however the 

model did not capture the temperature trend in the (0002) plane in the Poisson direction, 

Figure 5-4.  This indicates that using single crystal properties as an input into the EPSC 
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model will give a good approximation of the material behaviour of Zircaloy-2 in the 

loading direction, but does not properly capture the temperature trends in the Poisson 

directions. 

Table 5.4: Diffraction Elastic Constants for Zr-2 from experimental data obtained during tension in 
ND, RD, and TD along with the respective Poisson orientations at 77K compared to room 
temperature 

Diffraction Elastic Constant (GPa) Experimental 
298 77 298 77 298 77 298 77 298 77 

  [10-10] [0002] [10-11] [10-12] [11-20] 
ND/ND 100  118 112  125 96  109 96  110 100  110 
ND/RD -279  -427 -354  -271 -292  -350 -292  -315 -296  -402 
ND/TD -324  -410 -351  -373 -286  -347 -274  -324 -320  -393 
TD/TD 97  115  108  123 93  102  94  102  97  116 
TD/RD -273  -350 -335  N/A -276  -340 -285  -299 -273  -350 
TD/ND -332  -441 -351  -390 -283  -339 -270  -328 -332  -407 
RD/RD 97  112  109  N/A 93  107  93  108  97  112 
RD/TD -279  -344 -341  -364 -274  -340 -276  -348 -282  -343 
RD/ND -326  -365 -361  -386 -288  -364 -282  -350 -324  -346 

 

Table 5.5: Diffraction Elastic Constants for Zr-2 from modelled results for tension in ND, RD, and 
TD along with the respective Poisson orientations at 77K compared to room temperature 

Diffraction Elastic Constant (GPa) Modelled 
298 77 298 77 298 77 298 77 298 77 

  [10-10] [0002] [10-11] [10-12] [11-20] 
ND/ND 100 114 112 122 96 109 96 107 100 114
ND/RD -326 -393 -361 -411 -288 -341 -282 -330 -324 -391
ND/TD -332 -381 -351 -392 -283 -321 -270 -307 -332 -381
TD/TD 97 114 108 120 93 109 94 107 97 114
TD/RD -279 -389 -341 -417 -274 -371 -276 -358 -282 -389
TD/ND -324 -368 -351 -389 -286 -333 -274 -315 -320 -368
RD/RD 97 115 109 122 93 109 93 108 97 115
RD/TD -273 -386 -335 -423 -276 -379 -285 -373 -273 -386
RD/ND -279 -373 -354 -404 -292 -355 -292 -352 -296 -373
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Figure 5-2: Averaged DEC as a function of temperature for (0002) and {1010} in Zircaloy-2 
compared with the EPSC model of DEC 

 

 

Figure 5-3: Averaged DEC in the Poisson Direction as a function of temperature for {1010} in 
Zircaloy-2 compared with the EPSC model of DEC.  Grey area represents the uncertainty in the 
modelled results and the blue area represents the uncertainty in the experimental results (i.e. the 
calculated standard deviations at 77K and RT) 
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Figure 5-4: Averaged DEC in the Poisson Direction as a function of temperature for (0002) in 
Zircaloy-2 compared with the EPSC model of DEC.  The grey area represents the uncertainty in the 
model results and the red area represents the uncertainty in the experimental results (i.e. the 
calculated standard deviations at 77K and RT) 

 

5.5 Comparative {1010} Textures Due to Prism Slip 
 

 The compression and tension in RD and tension in TD show a similar trend in the 

texture evolution for the prism plans.  Compression in RD and tension in TD have 

{1010} pole concentrations in the same location (tension TD has a stronger texture, i.e. 

higher mrd).  The {1010} poles are oriented (in equal concentrations) in TD and +/-60º 

from TD in the RD-TD plane (i.e. {1010} moves towards the tension axis with the 

activation of slip).  The sample deformed from tension in RD shows a similar trend (the 

{1010} poles become oriented in the tensile axis).  The texture is slightly greater in the 

tensile axis compared to +/-60º from RD in the RD-TD plane.  This could be the result of 

different slip interactions or the combination of twinning; however twinning is unlikely 
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as no evidence was found with EBSD, although TEM investigations may show evidence 

of fine twins (<500nm).  

 Compression in TD and compression in ND show similar {1010} texture changes 

after deformation.  No significant changes or strengthening has occurred in either 

deformed specimen {1010} textures.  The tension in ND is similar to the compression in 

TD and ND with no significant changes in {1010} texture after deformation, with one 

exception: there is an increase in {1010} poles in ND.  In Section 5.3.4, this was 

discussed as being a result of crystallographic rotation due to tensile twinning. 

5.6 (0002) Texture Change Due to Basal Slip 
 

 Basal <a> slip has been reported [6][8][9] to rotate the (0002) poles away from 

the tensile axis towards the compressive axis.  The (0002) texture of the sample deformed 

by tension in TD (shown in Figure 4-38) shows the concentration of (0002) poles with a 

circular pattern around ND.  Basal slip could have caused a rotation of the (0002) poles 

originally in TD (tensile axis) towards the ND axis (compressive axis).  This would 

account for the circular texture formed after deformation. 
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Chapter 6 Conclusions  
 

 Neutron diffraction was used to track the evolution of lattice strain and peak 

intensity in three sample orientations in a warm rolled and recrystallized Zircaloy-2 slab 

at 77K.  The samples were plastically deformed under tension and compression at 77K 

in-situ at the ENGIN-X beamline at the spallation neutron source at Rutherford Appleton 

labs.  The textures of each sample were measured after deformation using the E-3 neutron 

spectrometer at the Neutron Beam Centre at Chalk River labs.  EBSD analysis was 

performed on the samples after deformation to characterize the twinning mechanisms that 

were activated under the different deformation axis. 

 This research has led to the following contributions: 

(1) The current data set on the deformation behaviour of Zircaloy-2 has been 

expanded upon with the addition of in-situ lattice strain measurements, texture 

analysis, and EBSD for compression and tension in three principle orientations for 

deformation at 77K.   

(2) The macroscopic stress strain curves show that under tensile loading, the material 

response is fairly isotropic (i.e. very similar 0.2% yield strengths).  The CRSS’s 

for the active deformation mechanisms are all relatively similar at 77K, and 

therefore the strength dependence on texture becomes less important.  The 

exception to this is for compression in ND, which requires the activation of 

compression twinning, which has a higher CRSS compared to the other 

deformation mechanisms at 77K, resulting in a higher 0.2% YS for compression 

in ND. 
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(3) {1012}<1011> and {11 2 1}<1126> tensile twinning were found in EBSD 

analysis for deformed under compression in ND, RD and TD, and under tension 

in ND, and TD.  There was no evidence of twinning found with EBSD in the 

sample deformed by tension in RD. 

(4) Double twinning is inferred upon during compression in ND for {11 2 1}-{11 2 2} 

double twinning. 

(5) The active slipping mechanisms at 77K were determined by the lattice strain 

development, and texture evolution.  It was determined that prism <a> slip and 

basal <a> are strong contributors to the deformation of Zircaloy-2 at 77K, 

determined by the lattice strain and texture data. 

(6) The diffraction elastic constants are reported at 77K and room temperature for 

Zircaloy-2 for the first time in open literature.  This data will aid future 

experimental work by allowing a conversion between lattice spacing and residual 

stresses.  It was determined with EPSC that single crystal properties can be used 

to accurately determine DEC at RT and 77K for Zircaloy-2 in the loading 

directions. 

(7) The lattice strain and texture evolution from this work will aid further progress in 

the development of VPSC and EPSC models to help better characterize twinning 

mechanisms. 
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Chapter 7 Future Work 
 

 This research has furthered the understanding of deformation of Zircaloy-2 by 

expanding the knowledge of the known twinning mechanisms.  However, much work is 

still required to fully interpret the deformation mechanisms at 77K. 

 Future work is recommended in the following areas: 

(1) A complete TEM analysis of all deformed specimens would give experimental 

evidence for the active deformation mechanisms.  TEM would verify the 

activation of certain slip systems, and twinning mechanisms (specifically the 

presence of double twinning, and fine compressive twins not resolved by EBSD 

(100-500nm)). 

(2) Appropriately modelling the deformation mechanisms and twinning mechanisms 

for the lattice strain, intensity evolution and texture development during plastic 

deformation at 77K. 

(3) Use the EPSC model to interpret the lattice strain data that was collected for the 

specimens improperly aligned in the spectrometer. 

(4) Expand the Zicaloy-2 plastic deformation data set to include lattice strain and 

texture evolution at elevated temperatures to simulate the in-service temperatures.  

These will also further the knowledge of DEC as a function of temperature for 

Zircaloy-2. 

(5) Testing on irradiated Zircaloy-2 will help determine the active deformation 

mechanisms and the impact on lattice strains for irradiated conditions.  This will 

lead to a better understanding of in-reactor deformation. 



 122

References 
 
[1] Canada Enters the Nuclear Age, Atomic Energy of Canada Limited (1997). 

[2] ASM International.  Filing Code Zr-3, Zirconium Alloy.  July 1967.  Zircaloy-2 

(Nuclear Reactor Alloy), Engineering Alloys Digest, Inc. Upper Montclair, New Jersey. 

[3] NDT.net: THE E-JOURNAL OF NON-DESTRUCTIVE TESTING, Website: 

http://www.ndt.net/article/pacndt98/1/1.htm, Date visited: March 21, 2009, Copyright © 

NDT.net, info@ndt.net. 

[4] G.J. Field, J. Nucl. Mater. 159 (1988) 3-11. 

[5] R.A. Holt and A.R. Causey, J. Nucl. Mater. 150 (1987) 306-318. 

[6] F. Xu PHD Thesis, Queen’s University (2007). 

[7] F. Xu, R.A. Holt, M.R. Daymond, R.B. Rogge, and E.C. Oliver, “Development of 

internal strains in textured Zircaloy-2 during uni-axial deformation”, Materials Science 

and Engineering A 488 (2008) 172-185 

[8] F. Xu, R.A. Holt, M.R. Daymond “Evidence for basal <a>-slip in Zircaloy-2 at room 

temperature from polycrystalline modeling”, J. Nucl. Mater. 373 (2008) 217-225 

[9] F. Xu, R.A. Holt, E.C. Oliver, M.R. Daymond, “Evolution of lattice strains in three 

dimensions during in situ compression of textured Zircaloy-2” The Journal of Neutron 

Research, Vol.15, No. 2 (June 2007), pp. 121-130 

[10] J. Goldak, L.T. Lloyd, C.S. Barrett, Phys. Rev. 144 (1966) 478-484. 

[11] E.S. Fischer and C.J. Renken, Phys. Rev. A. 135 (1964) 482-494. 

[12] Nye “ Physical Properties of crystals”. 

[13] Tennckhoff “Zirconium in Nuclear Applications” pp180-198. 

http://images.google.ca/imgres?imgurl=http://www.ndt.net/article/pacndt98/1/fig1.gif&imgrefurl=http://www.ndt.net/article/pacndt98/1/1.htm&h=316&w=500&sz=16&hl=en&start=56&tbnid=9rxYdlDRmtRnzM:&tbnh=82&tbnw=130&prev=/images%3Fq%3Dcandu%26start%3D54%26ndsp%3D18%26svnum%3D10%26hl%3Den%26lr%3D%26sa%3DN
mailto:info@ndt.net


 123

[14] A. Akhtar “Prismatic Slip in Zirconium Single Crystals at Elevated Temperatures”, 

Metallurgical Transactions A Vol. 6A, June 1975 

[15] A. Akhtar, J. Nucl. Mater. 47 (1973) 79-86. 

[16] T.A. Mason, J.F. Bingert, G.C. Kaschner, S.I. Wright, and R.J. Larsen, “Advances in 

Deformation Twin Characterization Using Electron Backscattered Diffraction Data”, 

Metallurgical and Materials Transaction A Vol. 33A, March 2002 

[17] E.J. Rapperport “Room Temperature Deformation Processes in Zirconium”, Acta 

Metallurgica, Vol. 7, April 1959. 

[18] E.J. Rapperport, “Deformation Processes in Zirconium”, Acta Metallurgica, Vol. 3, 

1955. 

[19] R von Mises, Zeitschrift angewandte Mathematik Mechanik 8 (1928) 161-185 

[20] J.E. Bailey, J. Nucl. Mater. 7, (1062) 300-310. 

[21] O.T. Woo, G.J.C Carpenter and S.R. MacEwen, J. Nucl. Mater. 87 (1979) 70-80. 

[22] R.J. McCabe, E.K. Cerreta, A. Misra, G.C. Kaschner, C.N. Tome , Philosophical 

Magazine, Vol. 86, No 23, 11 (2006) 3595-3611. 

[23] R.J. McCabe, G.Proust, E.K. Cerreta, and A. Misra,. International Journal of 

Plasticity, Vol. 25, Issue 3, pp. 454-472 (2009). 

[24] D.G. Westlake, J. Nucl. Mater 13 (1964) 113-115. 

[25] R.G. Ballinger G.E. Lucas and R.M. Pelloux, J. Nucl. Mater. 126 (1984) 53 – 69. 

[26] H. Bergqvist and U. Bergenlid, J. Nucl. Mater, 56 (1975) 314-318. 

[27] R.G. Ballinger and R.M. Pelloux, J. Nucl. Mater. 97 (1981) 231-253. 

[28] J.F. Bingert T. Mason, G. Kaschner, G. Gray, and P. Maudlin. Metall. and Mater. 

Trans. A, 33 (2002). 



 124

[29] B.D. Cullity, Elements of X-Ray Diffraction, 2nd ed., Addinson-Wesley, Reading, 

Ma (1978). 

[30] K. Linga Murty, I. Charit., Progress in Nuclear Energy 48, (2006), 325-359. 

[31] T.G. Nieh, M. Zhang, S.J. Zinkle, T.E. McGreevy, D.T. Hoelzer, and S.A. 

Speakman. Scripta Materialia, Vol 55, Issue 8, oct. 2006. 

[32] A. Rogerson, R.A. Murgatroyd. J. Nucl. Mater., Vol 80, Issue 2, pp. 260-266 May 

1979. 

[33] Young Suk Kim, Yuriy Perlovich, Margarita Isaenkova, Sung Soo Kim, Yong Moo 

Cheong, J. Nucl. Mater, Volume 297, Issue 3, Sept. 2001. 

[34] D.B. Knorr, R.M. Pelloux, and L.F.P. Van Swam,  J. Nucl. Mater., Volume 110, 

Issue 2-3, Oct 1982. 

[35] R.A. Holt, S.A. Aldridge, J. Nucl. Mater., 135 (1985) 246-259. 

[36] V. Randall and Olaf Engler “Introduction to Texture Analysis” CRC Press 

[37] U.F. Kocks, C.N. Tome, H.-R. Wenk “Texture and Anisotropy.”  

[38] HKL Technology Channel 5, HKL Technology, (2001) 

[39] G.E. Bacon, Neutron Diffraction (1975) Clarendon Press, Oxford, UK. 

[40] P. Withers and H. Bhadeshia, Materials Science and Technology Vol 17 (2001) 355-

365. 

[41] P. Withers and H. Bhadeshia, Materials Science and Technology Vol 17 (2001) 366-

375. 

[42] “Analysis of Residual Stress by Diffraction using Neutron and Synchrotron 

Radiation”, (2003) Taylor and Francis, London, UK 



 125

[43] J.L. Derep, S. Ibrahim, R. Rouby, and G. Fantozzi, Acta Metallurgica, Vol. 28, pp. 

607-619. 

[44] M.A. Gharghouri, G.C. Weatherly, J.D. Embury, and J. Root., Philosophical 

Magazine A, 1999, Vol 79, no 7. 

[45] M.R. Daymond and P.J. Bouchard  Metallurgical and Materials Transactions A, Vol 

37A, June 2006. 

[46] B. Clausen, T Lorentzen, M.A.M. Bourke, and M.A. Daymond., Materials Science 

and Engineering A259 (1999) 17-24. 

[47] S. Cai, M.R. Daymond, R.A. Holt,. Acta Materialia 57 (2009) 407-419. 

[48] S.Cai, M.R. Daymond, R.A. Holt, M.A. Gharghouri, E.C. Oliver,. Materials Science 

and Engineering A 501 (2009) 166-181. 

[49] G.C. Kaschner, C.N. Tome, Acta Materialia 54 (2006) 2887-2896. 

[50] A. Jain et al. Materials Science and Engineering A 486 (2008) 545-555. 

[51] S.R. MacEwen, J. Faber and A.P.L Turner, Acta Metall. 31 (1983) 657-676. 

[52] I.A. Yakubstrov, unpublished data (2006) 

[53] D. Lee, J. Nucl. Mater. 37 (1970) 159-170.  

[54] E. Tenckhoff and P.L. Rittenhouse, J. Nucl. Mater 35 (1970) 14-23. 

[55] R.A. Holt, D. Dye and R.B. Rogge, Annual Report of the National Research Council 

(2004). 

[56] E. Oliver Private Communications (2008). 

[57] A.C. Larson and R.B. Con Dreele, General Structure Analysis System, Report No. 

LAUR 86-748 (1994). 

[58] H.J. Bunge, Texture and Microstructure 10 (1989) 265-307. 



 126

[59] F. Xu Private Communications (2009). 

[60] Quote from EPSC3 paper. 

[61]  F. Xu.  Unpublished data (2009) 

 

 
 



 127

Appendix A: Sample Design 
 
Compression Sample Design 
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Tensile Sample Design 
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Appendix B: Lattice Strain Evolution 
In this section, the lattice strain evolution for the [1013], [20 2 0], [11 2 2], [20 2 1], [0004], and [20 2 2] grains are presented for the 

loading and poison orientations for compression and tension in ND, RD and TD. 
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Appendix 0.1: Lattice strain evolution in compression for a) ND/ND b) ND/RD (15 degrees to TD) and c) ND/TD (27 degrees to RD) 
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Appendix 0.2: Lattice strain evolution in compression for a) RD/RD b) RD/ND (20 degrees to TD) and c) RD/TD  
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b)        c) 

Appendix 0.3: Lattice strain evolution in a)TD/TD b) TD/ND (45 degrees to RD) and c) TD/RD (25 degrees towards ND) 



 133

0
100
200
300
400
500
600
700
800
900

1000

0 2000 4000 6000 8000 10000

Lattice Strain (Microstrain)

Tr
ue

 S
tre

ss
 (M

Pa
)

[10-13]
[11-22]
[20-21]
[0004]
[20-22]

0
100
200
300
400
500
600
700
800
900

1000

0 2000 4000 6000 8000 10000

Lattice Strain (Microstrain)

Tr
ue

 S
tre

ss
 (M

Pa
)

[10-13]
[11-22]
[20-21]
[0004]
[20-22]

 
a) 

0
100
200
300
400
500
600
700
800
900

1000

-5000 -4000 -3000 -2000 -1000 0

Lattice Strain (Microstrain)

Tr
ue

 S
tre

ss
 (M

Pa
)

[10-13]
[20-20]
[11-22]
[20-21]
[20-22]

0
100
200
300
400
500
600
700
800
900

1000

-6000 -4000 -2000 0

Lattice Strain (Microstrain)

Tr
ue

 S
tre

ss
 (M

Pa
) [10-13]

[20-20]
[11-22]
[20-21]
[0004]
[20-22]

 
b)        c) 

Appendix 0.4: Lattice strain evolution in tension for a) ND/ND b) ND/RD, and c) ND/TD 
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b)         c) 

Appendix 0.5: Lattice strain evolution in tension for a) RD/RD b) RD/TD, and c) RD/ND 
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Appendix 0.6: Lattice strain evolution for tension for a)TD/TD b) TD/RD and c) TD/ND 
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Appendix C: Texture 
 
 

In this section the texture analysis for the (1011) and (2110) grains are shown for 

compression and tension in ND, TD and RD (Appendix B.1-B.6). 

 

 

Appendix 0.1: (1011) and (2110) texture for compression in ND 

 

Appendix 0.2: (1011) and (2110) texture for compression in RD 

 

Appendix 0.3:  (1011) and (2110) texture for compression in TD 
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Appendix 0.4: (1011) and (2110) texture for Tension in ND 

 

Appendix 0.5: (1011) and (2110) texture for tension in RD 

 

 

Appendix 0.6: (1011) and (2110) texture for tension in TD 
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Appendix D: EPSC4 Modeling 
 

An elasto-plastic self-consistent model (EPSC4) was used to interpret the lattice 

strain development observed in the three different directions. The model, EPSC4, has 

included a new twinning model, allowing predictions of stress relaxation in the twinned 

grains, which represent a significant advancement compared to EPSC3 [60]. The purpose 

of performing the modeling is to infer the underlying micro-mechanic deformation 

mechanisms. 

In the model, the influences of prism<a> slip, basal<a> slip, pyramidal <c+a> 

slip, tensile {10-12}<-1011> twinning, tensile twinning II, and compressive twinning 

have been considered. The initial critical resolved shear stress (CRSS) and hardening 

parameters for each of the deformation modes was obtained by simultaneously a ‘good-

fit’ with part of the lattice strain development. Latent hardening parameters due to 

dislocation interactions have not been considered as fitting parameters. This fitting 

process is still at a preliminary stage; more rigorous fitting will be conducted in the 

future.  

The elastic constants and thermal coefficients of Zircaloy-2 single crystal, and the 

initial texture of Zircaloy-2 slab were set to be the same as the respective values reported 

in [6]. The temperature in the model was set to be 77K. A ‘good-fit’ set of the CRSSs and 

hardening parameters were derived as shown in Table 5.1.1. Prism slip, basal slip, tensile 

{10-12}<-1011> twinning, tensile {11-21}<-1-126> twinning, and compressive {11-

22}<-1-123> twinning were found to be indispensable, while <c+a> slip seemed to be 

unnecessary.  
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It is shown that the ‘micro-yielding’ [6][8] of {10-10} strains observed in the 

loading directions were in general well captured, which strongly indicate that the CRSS 

of prism slip is reasonable. Yielding of the {10-11} and {10-12} strains seem to be 

controlled by the activation of basal slip. This has been explained in details in [8]. 

Yielding of {0002} grains in the loading direction is controlled by either type of tensile 

twinning or compressive twinning. Since the CRSS of tensile {11-21}<-1-126> twinning 

is much lower than that of the {10-12}<-1011> counterpart, tensile {11-21}<-1-126> 

twinning is more likely to be responsible for the yielding of {0002} grains.  This has been 

shown in other Zr materials in section 2.2. 

Compressive twinning has been found to be indispensable in Comp.ND/ND, in 

order to explain the micro-yielding of {0002} grains, and also the significant stress 

relaxation of {10-12} grains at ~-920MPa, Appendix 7.  <c+a> slip cannot reproduce the 

stress relaxation of these two sets of grains, even if its CRSS was set to be at a relatively 

low value. This might suggest that compressive twinning, rather than <c+a> slip, is an 

active deformation mode in Zircaloy-2 at 77K, in contrast to the activation of <c+a> slip 

at room temperature in the material [8]. 

Although the CRSS values need to be refined, these preliminary results have 

indicated that the activation of prism slip, basal slip, the two types of tensile twinning and 

compressive twinning. Experimental evidence, especially for the compressive twinning, 

is highly needed to verify the modeling derivations. 
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Table 0.1: Critical resolved shear stresses and Voce hardening parameters used in modeling 

  
0τ  

(GPa) 

1τ  (GPa) 0θ  1θ  

prism <a> slip 0.220 0. 0.035 0.035 

basal <a> slip 0.260 0. 0.020 0.020 

tensile {10-12}<-1011> 
twinning  

0.350 0. 0.100 0.100 

tensile {11-21}<-1-126> 
twinning  

0.280 0. 0.100 0.100 

compression              
{11-22}<-1-123> twinning 

0.540 0. 0.150 0.150 
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Appendix 7: Comparison with the experimental data and EPSC model results with modeling 
parameters shown in Table 0.1 
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Using pyramidal <c+a> slip (same CRSS as compressive twinning), instead of 

compressive twinning, it is not able to capture the relaxation of {10-11}, {10-12} and, 

not much for {0002}. This may indicate that compressive twinning was occurring. 

Appendix 8 shows the model comparing compression in RD in the RD 

orientation.  The (0002) grains still cannot be properly modeled, and can be a result of not 

knowing the proper starting point of the (0002) grains once appearance has occurred or 

the limited ability of the EPSC4 model.  Appendix 9 shows the Poisson orientation 

RD/TD. 
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Appendix 8: EPSC4 model comparison to compression in RD/RD 
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Appendix 9: EPSC4 model comparison to compression in RD/TD 

 
 

Appendix 10 shows the comparison between the model results and the 

experimental results for compression in TD/TD.  The yielding of the {1010}, the {1011} 

and {1012} grains are in good agreement.  The {0002} lattice strain evolution is not 

properly matched well below -700MPa. 
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Appendix 10: EPSC4 model comparison to compression in TD/TD 

 
 

Appendix 11 shows the comparison between the experimental results and the 

EPSC4 model calculations for tension in ND/ND.  Appendix 12 shows the Poisson 

orientation TD while loaded in tension in ND.  Appendix 13 shows the Poisson 

orientation RD while under tension in ND. 
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Appendix 11: EPSC4 model comparison to tension in ND/ND 
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Appendix 12: EPSC4 model comparison to tension in ND/TD 
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Appendix 13:  EPSC4 model comparison to Tension ND/RD 
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 Appendix 14 shows the comparison between the modeling results and the 

experimental lattice strain for tension along TD/TD.  The yielding of the {1010}, {1011} 

and {1012} is accurately represented in the modeling, however the development of the 

{0002} lattice strain could use some further analysis to properly explain. 
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Appendix 14: EPSC4 model comparison to tension in TD/TD 
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  Appendix 15 shows the comparison between the modeling and experimental data 

for the lattice strain during tension in RD/RD.  This model does not adequately represent 

the deformation that has occurred experimentally.  More modeling work is required to 

properly explain what is occurring. 
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